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ABSTRACT 

 This dissertation describes the development of a self-contained high-frequency, 

high sensitivity implantable microfluidics flow sensor using MTJ magnetic sensors to 

detect motion of slow-moving fluids. A motivating application for the proposed device 

is the development of an implantable flow sensor, capable of monitoring the amount of 

cerebral spinal fluid drained from the ventricles of the brain. Micro-fabricated 

ferromagnetic flaps are used to detect motion of the surrounding fluid. The deflection 

of the flaps is detected by an ultra-sensitive MTJ magnetic field sensor placed outside 

of the lumen of the catheter. Numerical and experimental results are provided 

demonstrating a resolution of 0.4 ml/h, a working range of 0 - 40 ml/h, and a maximum 

uncertainty of 4% RMS. The present study identifies thermal noise as the main source 

of low-frequency drift. Using thermal compensation, it was found that the drift can be 

reduced below 2 ml per 24-hr. Combining an array of four transducers operating in 

series, it has been demonstrated that a sensitivity can be increased 10.9-fold. 

Furthermore, the report examines the long-term structural stability of the sensors and 

produces a corrosion report suggesting a lifespan of 15 to 55 years. MRI compatibility 

analysis showed a sensitivity reduction of 64% in the device. Several in vivo 

recalibration methods were introduced to eliminate the calibration error. A protein 

deposition study showed stable sensor performance under 1.5 mg/ml protein 

concentration. 
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1. INTRODUCTION 

1.1 Cerebrospinal Fluid (CSF) 

CSF is the acronym of Cerebrospinal fluid which is a clear and colorless fluid. 

This fluid contains small quantities of glucose and protein. CSF fills the ventricules of 

the brain and the central canal of the spinal cord.  

Ependyma is an epithelial membrane in the central nervous system facing the 

ventricular system of the brain and spinal cord. It is believed that this membrane is 

involved in the production of CSF at a rate of 0.3~0.5 ml/min. Figure 1 shows the CSF 

circulation in the brain. CSF produced in the Ependyma of the Choroid plexus passes 

through third and fourth ventricles by diffusion and then CSF arrives in the 

subarachnoid space. It circulates around brain and spinal cord. Arachnoid granulations 

periodically permit CSF accumulated in the subarachnoid space to be diverted into the 

Figure 1. The circulation of Cerebral Spinal Fluid in the brain 
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superior sagittal sinus. The average volume of intracranial CSF is 125 ml in an adult 

[1]. The CSF pressure in the subarachnoid area varies according to the age group.  

The pressure is estimated to be 40~50 mm H2O for infants and 40~100 mm H2O 

for children. In adults, it remains constant at about 150 mm H2O which is usually about 

40~50 mm H2O above the intracranial venous pressure. The total volume of CSF is 

turned over 4~5 times in a 24h period. The production and absorption of CSF maintains 

in a dynamic equilibrium that keeps the pressure constant. 

 CSF in the brain has three major roles. First, CSF surrounds the brain and 

cushions the brain and spinal cord from some shocks. Secondly, CSF serves to rinse the 

metabolic waste from the nervous system. Lastly, the constant presence of adequate 

levels of CSF maintains pressure balance in the brain. Failure to fulfill any of these 

major roles may cause serious damage to the nervous system, resulting in brain damage 

or death. 

Arachnoid granulations are small protrusions of the arachnoid (membranes 

covering the brain and spinal cord) through the dura mater (Figure 2). CSF is produced 

inside ventricles and then leaves to surround the whole brain and spinal cord. Arachnoid 

granulation enables excessively accumulated CSF to be drained into the superior 

sagittal sinus (blood stream), which keeps the balance of the intracranial pressure in the 

brain [2].  
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1.2 Hydrocephalus 

Hydrocephalus can be defined as an excessive accumulation of CSF within the 

subarachnoid space of the brain. This accumulation causes high pressure difference 

above 200 mm H20 in the brain, which results in central nervous system problems. 

Hydrocephalus can be categorized into two types of communicating and non-

communicating hydrocephalus according to the conditions. Non-communicating 

hydrocephalus occurs when the flow of CSF is blocked along the narrow channels 

between the ventricles. Communicating hydrocephalus occurs when the flow of CSF is 

blocked after passing through the ventricles. The most common type is communicating 

hydrocephalus. Figure 3 shows a baby whose head swelling was caused by severe 

communicating hydrocephalus. Without proper medical care, this pediatric 

hydrocephalus results in developmental disabilities or death. Children and adults may 

experience the typical symptoms such as gait disturbance, balance problems, and 

headache.  

Figure 2. Schematic of cross-sectional view near the arachnoid granulations [3] 

0 
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1.2.1 Diagnosis of hydrocephalus 

Nowadays, hydrocephalus is characterized and diagnosed by clinical symptoms 

of dementia (a loss of brain function that occurs with certain diseases), urinary 

incontinence, and gait disturbance as well as analysis of neuroimaging by ultrasound, 

computed tomography (CT) and magnetic resonance imaging (MRI) coupled with 

mean value of intracranial pressure (ICP) measured by an epidural pressure sensor. An 

ultrasound is a sophisticated method of outlining structures within the head using high 

frequency sound waves. It can be performed to examine the size of the ventricles 

especially for babies. However, once the skull bones have closed over the fontanels, 

this method cannot be done as ultrasound cannot go through bone. Normally a CT brain 

scan is a technique in which tiny beams of x-ray outline the skull, brain, ventricules, 

and subarachnoid space. In addition to visualizing the size and shape of the ventricules, 

abnormalities such as tumors, cysts, and other pathology can also be seen. An MRI is a 

Figure 3. Infant with brain swelling due to hydrocephalus 
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non-invasive diagnostic tool that uses radio signals and a magnetic to form computer 

images of the brain, its ventricular system and coverings, and pathological lesions. 

1.2.2 Shunt surgery as main treatment 

The most common treatment to manage hydrocephalus medically is the 

insertion of a shunt system which consists of two catheters and a one-way valve. The 

ends of the catheter connect a space within a ventricle and another space within the 

abdominal (or peritoneal) cavity in which negative pressure is generated. A valve along 

the catheter is a one-way valve that drains excessive CSF from the brain, and the shunt 

regulates the flow or pressure of CSF from the ventricles. A reservoir is located in the 

shunt or added as a component, and this reservoir allows CSF to be extracted for testing 

purposes. Valve types available are categorized according to the medical condition.  

The fixed pressure valves include a single valve mechanism that regulates the 

shunt flow rate. The valves are typically available in three pressure ranges: low, 

medium or high. The adjustable valve includes a mechanism that can be non-magnetic 

tools. The different types of shunts are shown in Figure 4. This gives the doctor the 

ability to change the valve pressure setting in the office without using a surgical 

procedure. 
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(a) 

(b) 

Figure 4. (a) Fixed pressure valve with overdrainage protection and cutaway, and 

(b) adjustable valve that can be adjusted to difference pressure settings for surgery and 

cutaway 
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2.  MOTIVATION 

Recent advances in micro-sensor technology have demonstrated  ultra-sensitive 

magnetic tunnel junction (MTJ) magnetic sensors capable of resolving magnetic fields 

of 1 nT. When combined with flexible cilia-like micro-beams, MTJ sensors could lead 

to a new class of bio-mimettic flow sensors capable of resolving minute fluid motion 

akin to the detection of motion of otoliths in the mammalian vestibular system [4]. This 

dissertation presents the development of a novel micro-flow sensor based on a 

combination of MTJ sensor with surface-micromachined ferromagnetic sensing 

element. A motivating application for this work is the detection of the flow of biological 

fluid inside the lumen of implantable drainage catheters such as the vertricular-

peritoneal (VP) drainage shunt. Drainage of cerebral spinal fluid through shunting is a 

long-term treatment option for hydrocephalus and is one of the most common 

neurosurgical procedures with an incidence rate of 5.5 per 100,000 [5]. The shunts are 

Figure 5. Placement of VP shunt. 
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placed through the skull into the ventricle and drain the CSF into the peritoneal cavity 

as illustrated in Figure 5.  

Implanted cerebrospinal fluid shunts have been in use since 1950s and today 

over 40,000 shunt surgeries are performed every year in the US. Although the shunt 

systems have been evaluated by new technologies, the shunt system is not perfect in 

terms of the medical care. The inconvenience, financial cost, psychological problem, 

and shunt failure present major issues associated with the shunt system. The failure rate 

for all implanted shunts is as high as 40% by 1 year and 50% by 2 years. This failure 

rate stems from several shortcomings. The most common reasons for the failure of the 

shunt system are obstruction and mechanical failure. Obstruction is the flow 

interruption through the shunt due to occlusion of the shunt lumen. Mechanical failure 

is caused by one of the following: a fracture of the distal tubing, disconnection of shunt 

components, migration of the intraventricular catheter after initial insertion, 

misplacement of a ventricular catheter, and misplacement of a distal catheter. Less 

common reasons are as follows: Overdrainage and underdrainage, loculation (isolated 

segments of ventricle), abdominal complications (loculated intra-abdominal fluid 

collection) [6]-[10].  

These problems after shunt surgery result in additional operation in half of all 

patients with the shunt system within two years and significant monetary cost. 

Recognizing the need for monitoring of the performance of VP shunts, the first 

published account of a telemetric, in-line, implanted device for monitoring the 

performance of VP shunts dates back to Atkinson et al. in 1967 [11]. The device was 

aimed at measuring intra-cranial pressure (ICP) instead of flow. Some efforts were 



19 

 

carried out to produce a batteryless prototype [12], however these early efforts did not 

result in a functioning prototype.  

Maturation of micro-electromechanical system technology over the last 3 

decades, has brought about technological advances that make this problem solvable. 

Early examples of micro-flow sensors were based on hot-wire anemometry [13]. 

Subsequently, differential thermal anemometers with larger sensitivity and resolution 

have been developed [14, 15] reaching resolution of 300 nl/min [16]. In parallel, micro-

mechanical cantilever flow sensors able to detect Stokes drag have also been developed 

using piezo-resistive [17, 18] and optical detection [19, 20] 

 The later have demonstrated detection limits of 80 μl/hr [20]. Despite their 

high resolution, the optical detectors in these sensors are bulky, require fiber-optic 

waveguides, light source, optical spectrum analyzer, and are therefore more suitable for 

bench-top applications. 

More recent efforts showcased prototypes relying on calorimetric principles to 

measure flow rate using external power sources and readers. Bork et al. [21] 

demonstrated a sensor range of 2 - 40 ml/h with a ± 10% uncertainty using thermal 

anemometry. This device was capable of collecting samples at 10 Hz but required an 

external reader and power supply which didn’t allow for continuous 24h monitoring of 

CSF flow data. Qin et al.[22] also using hot-wire anemometry, achieved a working 

range of 3-52 ml/h with a 6.3% RMS error collecting samples every 30 s. Hudson et al. 

[23], used impedance measurements of transiently heated CSF on a micromachined 

single die sensor to demonstrate sensitivity of 2.9 ml/hr and resolution of 3 ml/h, 

collecting samples every 30 s. Flow sensing based on hydraulic pressure difference was 
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demonstrated by Raj et al. [24] using an external spectrometer to measure passive 

subcuteneous components with a claimed sensitivity of 0.6 ml/h. 

 

 In this work, we present a feasibility study of a new micro flow sensor utilizing 

ferromagnetic micro-cantilevers. The cantilever deflection is detected via proximally 

placed magnetic tunnel junction (MTJ) sensor. Due to its non-contact nature, the 

proposed signal readout allows complete separation of the detection electronics from 

the fluid sensing element and is therefore, more suitable for use in implantable devices. 

2.1 Operating Principle 

The principle of operation of the proposed implantable MTJ sensor-based flow 

sensor is illustrated in Figure 7. The proposed flow sensing element is a simple elastic 

rod or flap which could have permanent magnetization, or can be a ferromagnetic 

material such as Ni, where the magnetization is generated by an external permanent or 

electromagnet. Under the action of viscous drag, the flap deflects laterally and alters 

a) 
b

) 

Figure 6. Measurement schematic for a) Bork et al. [21] b) Raj et al. [24] 

and c) the micromachined sensing element for Hudson et al. [23] 

c) 
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the distribution of the magnetic field. These small changes are then detected by an MTJ 

sensor placed adjacent to the elastic beam. 

 

An order-of-magnitude estimate of the drag force applied on the elastic beam 

by a slowly moving fluid can be obtained from the solution of Stokes flow past a prolate 

body with major axis 𝑎 and minor axis 𝑏 (𝑏 < 𝑎) using the method of superposition of 

internal distributions of singularities [18] 

𝐹𝑑 = 32𝜋𝜇𝑎𝑣𝑒3 [2𝑒 + (3𝑒2 − 1) ln
1 + 𝑒

1 − 𝑒
]

−1

 

where 𝜇 is the dynamic viscosity of CSF, and 𝑣 is its mean velocity, and 

𝑒 = √1 −
𝑏2

𝑎2 , (𝑎 ≥ 𝑏) is the eccentricity of the spheroid. In the case of water with 

nominal flow rates of 20-30 ml/hr in a channel with cross-sectional area of 1.8 mm × 5 

mm, Eq. (2.1) predicts forces in the range of 40-60 μN. Detection of such forces is well 

within the capabilities of micro-cantilevers. Experimental and numerical analysis 

described in the following sections confirms these estimates and outlines an optimized 

design that could lead to a functional prototype for the envisioned application. Possible 

(2.1) 

Figure 7. Flow detection principle 
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design concepts of the device are shown in Figure 8. These designs use an array of 

transducers to increase accuracy and eliminate external disturbances. 

   

 

 

 

 

 

 

 

 

(a) (b) 

Figure 8. (a) A dome shaped design that can be implanted on top of the scull. 

(b) In line design that can be implanted in the abdominal cavity 
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3. SENSOR DESIGN 

3.1 Mechanical Design 

Accurate prediction of the response of the transducer element to fluid flow 

requires fluid-structure interaction analysis. The drag force model represented in Eq. 

(2.1) neglects the effects of the channel walls and the shape of the transducer element. 

Rectangular geometry was selected due to the ease of manufacturing of the test channels 

with conventional milling. The sensing element is a folded micro-cantilever anchored 

to the bottom of the channel as shown in Figure 7. A commercial software (Ansys CFX) 

was used to carry out two-step finite element analysis in order to optimize the size of 

the flap and the stiffness of the micro-cantilever hinges. The fluid analysis utilized a 

mesh containing 329420 tetrahedral elements with a zero-slip boundary condition on 

the side walls of the channel and zero relative pressure at the outlet of the channel. The 

inlet boundary condition was the desired mass flow rate. Because the estimated 

deflection of the sensing element was on the order of several tens of micrometers, while 

its transversal dimension was several thousand microns, the transducer element was 

represented by a solid fixed plate with the same dimensions as the transducer. Figure 9 

shows the result of the CFD analysis, including the streamlines and the pressure 

distribution across the transducer element. 
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The pressure distribution from the fluid flow analysis was imported into a static 

structural analysis of the transducer deflection, thus completing the one-way fluid-

structure interaction. Due to the MEMS fabrication process the ratio between the 

thickness and the width of the transducer element was very small, therefore shell-type 

Figure 9. Fluid flow simulation around a flat plate for a flow rate of q=20 

ml/hr 

Figure 10. The imported pressure distribution and deflection of the sensing 

element for a flow rate of q=20 ml/hr 
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elements were used for the structural analysis. Mapped face mesh consisting of 1376 

elements was created and the pressure output from the fluid analysis was interpolated 

onto the face of the transducer element. Figure 10 shows the resulting deflection of the 

transducer element for a flow rate of q=20 ml/hr. 

A channel with a width of 2 mm and depth of 4 mm was chosen in order to meet 

the constraints of available machining tools and size restrictions of a future implantable 

device. The gap between the transducer and the channel wall was chosen to be 0.15 

mm, which turned out to be the lowest value allowing semi-manual assembly, however 

the effect of this gap is critical to the sensitivity of the resulting flow sensors. 

Figure 12 shows the deflection of the transducer element as a function of the 

gap separating it from the side walls of the channel. It can be noticed that the deflection, 

and therefore, sensitivity can be doubled if the gap is reduced from 150 μm to 50 μm. 

Assembly of such device requires the use of a special assembly rig. The top end of the 

transducer should be as close as possible to the MTJ detector. Our machining tolerances 

Figure 11. Sensing element 
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allowed a separation of 100 μm which was used in the subsequent experimental 

validation. 

Another important parameter turned out to be the length of the hinges, L, used 

to provide additional flexibility of the transducing element (see Figure 11). For a fixed 

total flap height (H= const.) it is clear that increasing L leads to softer cantilever with 

larger deflection, while at the same time reducing the drag force acting on it due to the 

increased bypass area around the hinges. A series of two-pass finite element simulations 

were carried out in order to determine the optimal ratio of L/H for a given value of H. 

Figure 13 shows the resulting deflections for a nominal flow of 100 ml/hr, H=3900 μm 

and a variable length L. As we can see in Figure 13, maximum deflection for a given 

flow rate occurs at L=350 μm, therefore this dimension was used in the experimental 

device. 

Figure 12. Decreasing the gap between the wall and the transducer 

increases the deflection 
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3.2 Magnetic Field Analysis 

The magnetic field analysis was carried out using commercial finite element 

software (COMSOL Inc.). The associated geometry is as shown in Figure 14. The 

model includes a neodymium magnet (dimensions: φ 1.6 mm × 0.8 mm) with remanent 

magnetization of 1.3 T. The transducer material was electroplated Ni with permeability 

μ=600, while the MTJ sensor was represented by a 1 mm × 1 mm interrogation area. 

The distance between the magnet and the bottom of the transducer is 1mm, which is the 

thickness of the glass wafer used to fabricate the transducer element. The distance 

between the top of the transducer and the magnetic sensor is equal to the thickness of 

the channel ceiling plus the thickness of the SOIC package lid surrounding the MTJ 

sensor die. The goal of the analysis is to determine the magnetic field change in the y-

direction on the MTJ sensor (coinciding with the flow direction) before and after the 

transducer has been deflected. The values for the deflection were taken from the fluid-

Figure 13. Optimization of hinge length 
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structure analysis described earlier and the element was assumed to rotate rigidly about 

its anchor points at the base of the hinges. As anticipated, the simulation shows that the 

nickel transducer is directing the magnetic field lines along its longitudinal axis to the 

top of the transducer and thus distorting the magnetic field around the MTJ sensor when 

the transducer is deflected (see Figure 15 a-b). 

 

Figure 14. Geometry for the magnetic field analysis 
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(a) 

(b) 

Figure 15. Contours of the magnetic flux density around the transducer element: (a) no 

deflection; (b) after 5˚ rotation 



30 

 

Finally, a series of combined electro-mechanical simulations for flow rates 

between 5 and 100 ml/hr have been shown to produce a near-linear relation between 

the flow rate and the resulting magnetic field change (see Figure 16).  

The linearity of the plot indicates near-constant sensitivity of over the 

measurement range of interest. The resulting change of 70 nT per 1 ml/hr albeit small, 

is well above the detection limit of the MTJ sensors. 

 

 

 

 

 

Figure 16. Flow rate vs. magnetic field change based on simulation data 
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4. MEMS DEVICES 

Microelectromechanical systems or MEMS are small integrated devices or 

systems that combine electrical and mechanical components. They range in size from 

the sub micrometer level to the millimeter level, and there can be any number, from a 

few to millions, in a particular system. MEMS extend the fabrication techniques 

developed for the integrated circuit industry to add mechanical elements such as beams, 

gears, diaphragms, and springs to devices. 

Examples of MEMS device applications include inkjet-printer cartridges, 

accelerometers, miniature robots, microengines, locks, inertial sensors, 

microtransmissions, micromirrors, micro actuators, optical scanners, fluid pumps, 

transducers, and chemical, pressure and flow sensors. New applications are emerging 

as the existing technology is applied to the miniaturization and integration of 

conventional devices. 

These systems can sense, control, and activate mechanical processes on the 

micro scale, and function individually or in arrays to generate effects on the macro 

Figure 17.  Example of a MEMS gyroscope sensor and a MEMS ratchet 

mechanism 
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scale. The micro fabrication technology enables fabrication of large arrays of devices, 

which individually perform simple tasks, but in combination can accomplish 

complicated functions.   

4.1 Device Fabrication 

A substrate is needed for mechanical support or a platform upon which to build 

the MEMS device. MEMS devices are generally built using the fabrication processes 

developed in the microelectronics industry and the MEMS device may need to be 

integrated with electronics.  

To a large extent, the microelectronics industry has been developed using 

silicon-based materials. Silicon dominates this industry because silicon forms a stable 

oxide essential in the formation of a MOS-FET (metal-oxide semiconductor field effect 

transistor). Another popular material for electronics is gallium arsenide (GaAs). GaAs 

has a higher electron mobility than silicon, but the hole mobility is lower, and GaAs 

has a poor thermal oxide. GaAs-based microelectronics is generally limited to high-

speed analog circuits; however, GaAs has found applications in optical devices and 

MEMS in recent years [25]. 

For our simplified case where the substrate microcrystalline structure doesn’t 

have a significant effect on the functionality of the finished product, a polished glass 

wafer will be used with physical vapor deposition for the deposition of sacrificial layers 

and nickel electroplating as surface micromachining techniques of the transducer. 

Photolithography will also be used as a patterning method for transferring the device 

outline onto the glass wafer. The sacrificial layers will be removed by wet chemical 

etching. 
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4.2 Surface Micromachining 

Surface micromachining enables the fabrication of complex multicomponent 

integrated micromechanical structures that would not be possible with traditional bulk 

micromachining. This technique deposits specific structural parts of a device in layers 

of a sacrificial material during the fabrication process. The substrate wafer is used 

primarily as a mechanical support on which multiple alternating layers of structural and 

sacrificial material are deposited and patterned to realize micromechanical structures. 

The sacrificial material is then dissolved in a chemical etchant that does not attack the 

structural parts.  

4.3 Physical Vapor Deposition (PVD) 

Physical deposition processes are a class of material deposition methods that do 

not require a chemical reaction for the deposition process to occur. Physical deposition 

methods have the capability to deposit thin films of conductors and insulators that are 

used in MEMS application for optical coatings or electrical conductors. The most 

widely used physical deposition processes is called evaporation. 

4.4 Evaporation 

Evaporation is a “line of sight” deposition phenomena from the molten material 

source to the wafer. Several wafers may be fixed around the crucible in various 

orientations to increase throughput or enhance deposition on particular features. Alloys 

or multilayer films can be deposited via evaporation using an evaporator equipped with 
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(4.1) 

multiple crucibles and a shutter system to control deposition times of the various 

materials.   

At low pressures and elevated temperatures, materials exhibit a vapor pressure, 

Pv. The physical process for material loss from a molten sample due to the elevated 

vapor pressure is evaporation. The process for material loss from a solid due to an 

elevated vapor pressure is sublimation. Most practical processes involve evaporation of 

material from molten samples. For materials of interest in MEMS fabrication, vapor 

pressures less than a millitorr (i.e., 1 torr = 1 mmHg) are typical. The required 

temperature to achieve a vapor pressure of 10–3 torr ranges from 889 °C for aluminum 

(Al) to 3016 °C for tungsten (W). 

The kinetic theory of gases can relate the evaporator chamber pressure, Pv, and 

temperature, T, to the flux of atoms leaving the surface of the molten sample, J 

𝐽 = √
𝑃𝑣

2

2𝜋𝑘𝑇𝑀
 

Figure 18. Evaporation schematic 
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Where Pv is the vapor pressure, k is the Boltzmann constant (1.38 × 10–23 J/°K), T is 

the temperature (°K), M is the atomic mass and J is the atomic flux. 

Another method for vapor deposition is the chemical vapor deposition (CVD) 

process that involves a chemical reaction in the deposition of a material. The chemical 

reactions can occur in the gas phase or on the surface, however, the reaction that occurs 

on the surface is generally more useful. The reactions that occur in the gas phase tend 

to produce particles, which is not usually beneficial. 

4.5 Patterning 

The ability to pattern deposited layers is an essential capability required in 

microelectronics and MEMS processing. Lithography is the mainstream process 

utilized for patterning in MEMS processes. The current research and development in 

patterning for very fine line widths (<0.35 μm) involve the development of 

sophisticated tools such as x-ray lithography. Microelectronics will need the capability 

to pattern features of this size in the future in order to continue development of 

microelectronic devices of increasing speed and capability. 

The basic components of a photolithographic system include an illumination 

source, a shutter mask, wafer alignment/support system and a   photosensitive layer 

(photoresist or “resist”) on a wafer (see Figure 19). 
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Lithography is the most critical process in microelectronics and MEMS 

processes, and the equipment is generally the costliest in a microelectronics or a MEMS 

fabrication facility. For example, a surface micromachine process will require 10 or 

more lithography steps A lithography process step will generally require application 

and prebaking of the photoresist to harden the resist, the exposure of the photoresist in 

the lithography tool, development of the photoresist, and a post bake of the photoresist 

to fully harden the resist to define the feature accurately. Thus, a lithography step 

requires several subprocesses that are repeatedly performed to fabricate a MEMS or 

microelectronic device. 

Masks contain the patterns that need to be etched into the material to implement 

the MEMS design. The masks can be the same size (1:1) as the patterns to be transferred 

and etched into the MEMS material. Depending on the lithographic system, the masks 

may be larger than the patterns to be etched into the material. Masks are typically 1×, 

5×, or 10× larger than the patterns to be imaged and etched. The mask is made of 

Figure 19. Lithography schematic 
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materials that are transparent at the illumination wavelength, with the patterns defined 

by an opaque material at the illumination wavelength. The mask will need to be very 

flat and insensitive to changes in temperature. 

Photoresist is a photosensitive organic compound applied to the wafer surface. 

The lithographic process will transfer the image from the mask to photoresist on the 

wafer surface. Two types of photoresist can be used: 

- Negative resist. The region of photoresist that has not been exposed to the 

illumination will dissolve during the development process and be removed. 

- Positive resist. The region of photoresist that has been exposed to the 

illumination will dissolve during the development process and be removed. 

Positive resist has the best resolution and is more widely used. 

After it is exposed and developed, the photoresist will be used as a physical mask 

during subsequent etching processes to transfer the pattern in photoresist on to the thin 

film of MEMS material beneath the photoresist. 

4.6 Etching Processes 

Etching process is a fundamental process used in microelectronics and MEMS to 

impress a desired pattern into a material. There are several options, depending on the 

various features that are important to be achieved. The considerations for selection of a 

particular etch process include: 

- Etch rate. The speed of the etch needs to be fast enough to be viable for 

production but controllable. 

- Uniformity. The etch is not location dependent. 
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- Selectivity. The etch rate ratio of the material desired to be etched vs. the 

material that is not desired to be etched is important in selecting the mask to be 

used in the etch process and the layer or material upon which the etch will stop. 

- Directionality. The etch can be isotropic (omnidirectional), or anisotropic 

(directional). 
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5.  SENSOR FABRICATION 

A Ni flap with lateral dimensions of W=1.7 mm, L=350 μm, H=3.9 mm and 

thickness of 10 μm was fabricated via electro-plating over a sacrificial Cu seed layer. 

Release holes of 30 μm were used over the free-standing part of the transducer to 

facilitate the release of the device from the handle glass substrate. The fabrication 

procedure is illustrated in Figure 20.  

Briefly, Cr adhesion layer is evaporated onto borosilicate (Pyrex) glass wafer. 

A 2 μm thick Cu layer is then evaporated to serve as a sacrificial release layer. The 

process in detail is shown in Tab.1. A 10 μm thick layer of photoresist (AZ P4620) was 

spun and patterned to produce an electroplating mold. The electro-deposition was 

carried out using 48 mA current for 49 minutes at 50 ˚C, resulting in a 10 μm thick 

Figure 20. MEMS fabrication steps 
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layer of nickel deposited on the exposed areas of Cu. The details of the electroplating 

process are shown in Tab.2. The wafer was diced into individual dice and subsequently 

each die was processed individually by etching the Cu layer for 17 minutes and the Cr 

layer for 2 minutes following previously published protocol [19]. In order to erect the 

transducers to a 90˚ position relative to the wafer, powerful neodymium magnets were 

used (see Figure 21) followed by careful adjustment of the devices under the 

microscope. The released devices can be seen in Figure 22. 

Steps 

 

Soak Cr Deposition of 

Cr 

Soak Cu Deposition of 

Cu 

Pressure 

[μTorr] 
0.27 26 2.8 15 

Growth Rate 

[mm/s] 
0.2 2 n/a 0.6 

Power [%] n/a 55 n/a 45 

Table 1. Deposition of sacrificial layers by PVD 

 

 

 

 

 

Table 2. Nickel electroplating process 

  

Parameter Value 

Current [mA] 48 

Time [min] 49 

Ni Thickness [μm] 10 

Surface Area [mm2] 22.76 

Temperature [°C] 50 
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Figure 21. Erecting the transducers to a 90˚ angle 

Figure 22. The finished nickel transducers on the glass substrate. 
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5.1 Channel Fabrication and Assembly 

 The 2 mm wide, 4 mm deep and 40 mm long channel was machined into a 4.5-

mm-thick polycarbonate plate using a CNC milling with a 2-mm two-flute carbide flat-

end milling bit. An inlet and an outlet holes were drilled into each end of the channel 

and two 0.8 mm inner-diameter IV-tubing was glued into each hole. The die carrying 

the two transducer flaps was carefully lowered into the channel under a microscope 

observation. Prior to lowering the sensing elements into the channel, an adhesive was 

applied around its perimeter to produce a water-tight seal upon closure. Figure 23 shows 

the assembled flow channel with the nickel transducers inside and a luer fitting at the 

end of the inlet tube. 

 

 

 

 

 

Figure 23. Assembled channel with nickel transducers inside 
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6.  EXPERIMENTAL VALIDATION 

 Figure 26 shows the setup used to test the functionality of the device. A 1.6 mm 

× 0.8 mm neodymium magnet with the remnant magnetization of 1.3 T was placed 

directly under one of the transducers. The magnetic field was measured with a 

Micromagnetics MTJ-240 magneto-resistive sensor placed above the channel as shown 

in Figure 24. The manufacturer-supplied sensitivity of the sensor was 1 %/G. Based on 

the FE analysis described earlier, the expected magnetic field change is between 0.006 

and 0.07 G corresponding to a resistance change of 0.1 to 1 Ω for a 1340-Ω sensing 

resistor. A signal amplification circuit comprised of a Wheatstone bridge, a two-stage 

amplifier with a total gain of 3300, and a second-order low-pass filter with a cut-off 

frequency of 6 Hz (see Figure 27) was used to condition the sensor signal. The output 

from the measurement circuit was connected to a Textronix TDS 3014B oscilloscope, 

and a Dataq DI-155 13-bit analog to digital converter. The flow rate was controlled by 

an Alaris PC 815 ICU/8110 syringe pump. 

To verify and calibrate the measurement circuit, a test run has been performed using 

only a small permanent neodymium magnet with known properties. The magnet was 

moved by a micrometer screw along the sensitive axis of the sensor. A graph showing 

Figure 24. MTJ sensor on top of the transducer-channel assembly 
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the relationship between the distance of the magnet from the sensor and the magnetic 

field strength have been obtained. The output of the measurement circuit is shown in 

Figure 25. From the figure we can see that by deflecting the magnetic field a couple of 

μm, our operating range is well within the linear range of the sensor response. 

 After the test procedure we prepared the device for fluid flow measurement. The 

test procedure consisted of setting the flow rate to values between 10 and 100 ml/hr in 

increments of 10 ml/hr. At least three interruptions of the flow were made at each flow 

setting, in order to examine the repeatability of the measurements. A sample data from 

the measurement taken at 50 ml/hr is shown in Figure 28. 

Figure 25. Sensor output vs the distance between the sensor and magnet 

Figure 26. Schematic of the test setup for our device 
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 Voltage changes between the on- and off-periods were recorded for each flow 

level to obtain a differential (sensitivity) plot of the sensor response shown in Figure 

29 along with an error plot in Figure 30 and a linear approximation in Figure 31. 

Possible sources of the observed errors are the temperature drift of the sensor, 

environmental EM interference, and bubble formation around the transducer elements. 

Figure 27. Schematic of the measurement circuit 

Figure 28. Raw output data after the three cycles at 50 ml/h 
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Figure 29. Differential sensor output vs. flow rate for the three cycles 

Figure 30. Averaged sensor output along with the error bars 
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(6.1) 

(6.2) 

 

To further analyze the response, the sensor output data were converted to an equivalent 

magnetic field change according to 

∆𝐵𝑒𝑥𝑝 = ∆𝑅𝑒𝑥𝑝/(𝑅𝑠𝑆) 

where S=1% is the manufacturer supplied sensitivity data vs sensor resistance values 

and RS is the sensor resistance at zero magnetic field. The resistance change of the 

sensor at each flow level was estimated using 

∆𝑅𝑒𝑥𝑝 = ∆𝑉(𝑅𝑠 + 𝑅3)2/3300𝑅𝑠𝑉0 

Where R3=1500Ω is one of the resistors in the Wheatstone bridge and V0=5V is the 

supply voltage for the sensor. 

  

Figure 31. Sensor output and linear approximation of the output 
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 The above estimation allowed comparison between the experimentally 

estimated magnetic field changes and the simulation predictions as shown in Figure 32. 

From this figure we can conclude that the magnetic field change values obtained from 

the experiment are close to the values obtained from the simulation and both exhibit 

linear tendencies. Therefore, the linear approximation shown in Figure 31. can be used 

as a valid representation for both calibration curves. Possible sources of error are 

rounding errors during the simulation when data was transferred from one finite 

element software to another, insufficient number of elements and the lack of 

optimization for the mesh in the finite element analysis. 

 

 

 

Figure 32. Flow rate vs magnetic field change from experimental and 

simulation data 
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7. MTJ MAGNETIC SENSORS 

The raw output of our measurement device contains a significant amount of low 

frequency noise, as it is shown in Figure 28. The majority of the noise can be 

contributed to the type of magnetic field senor used in our device, which uses Magnetic 

Tunnel Junction technology that is very sensitive to magnetic field changes but is also 

known for being susceptible to low frequency noise. 

  A magnetic tunnel junction (MTJ) consists of two layers of magnetic metal, 

such as cobalt-iron, separated by an ultrathin layer of insulator, typically aluminum 

oxide with a thickness of about 1 nm. The insulating layer is so thin that electrons can 

tunnel through the barrier if a bias voltage is applied between the two metal electrodes. 

In MTJs the tunneling current depends on the relative orientation of magnetizations of 

the two ferromagnetic layers, which can be changed by an applied magnetic field. If the 

magnetizations are in a parallel orientation it is more likely that electrons will tunnel 

through the insulating film than if they are in the oppositional (antiparallel) orientation. 

This phenomenon is called tunneling magnetoresistance (TMR) which is a consequence 

of spin-dependent tunneling.   

Figure 33. Tunneling magnetoresistance: (a) antiparallel and (b) parallel 

spins 
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(7.1) 

MTJ sensors have become more and more popular in various industries 

including storage devices, medical sensors and military due to their high sensitivity, 

low cost and high tunneling magnetoresistance (TMR) ratios. TMR can be defined by 

the spin-polarized tunneling model 

𝑇𝑀𝑅 =
2𝑃1𝑃2

(1 − 𝑃1𝑃2)
 

where P1 and P2 are the spin polarizations of current in the electrodes. 

 

MTJ sensors are regarded as a competitive candidate in ultra-low field detection, 

such as biochips and biosensors, current imaging on integrated circuits, biomedical 

imaging such as magnetocardiography and magnetoencephalography, and weapon 

detections. One of the greatest concerns of the sensor application is the presence of 

noise originating from multiple noise sources. These noise sources are especially 

prevalent at room temperature. 

7.1 Noise Sources in MTJs 

Noises in MTJ sensors come from different mechanisms including thermal 

noise, amplifier noise, thermal electronic 1/f noise, shot noise, electronic 1/f noise, 

thermal magnetic noise, magnetic noise, and random telegraph noise (RTN). These 

noise sources were intensively studied in the past decades and the research results 

illustrated that all these noise sources in MTJs are incoherent and the total noise can be 

recognized as the summation or superposition of each noise component 
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(7.2) 

7.1.1 Thermal Noise 

Thermal noise, also known as thermal electronic noise or Johnson-Nyquist noise 

appears in all types of conductors due to the thermal agitation of charge carriers 

(electrons). This agitation is dependent on temperature. These variations provide energy 

gradient for electrons to overcome the barriers in conducting media. Such an electron 

migration phenomenon can be regarded as Brownian motion. In MTJ sensors, this 

thermally induced noise has the characteristics of white noise and it appears in both 

high- and low-frequency regimes. 

 7.1.2 Amplifier Noise  

MTJ sensors need amplification to increase the amplitude of the output signal. 

These amplifiers can have noise sources of their own, which interfere with the sensor 

output signal, decreasing the sensitivity of the sensor. For this reason, a high quality, 

low noise amplifier has to be implemented with MTJ sensors in order to maximize 

sensor performance, 

7.1.3 Shot Noise 

Shot noise or Poisson noise was discovered in vacuum tubes, when even after 

disconnecting all external sources, two types of noise still remained, thermal noise and 

shot noise. Shot noise is especially prevalent in low current circuits, and it is completely 

independent of temperature. The noise is caused by the discrete nature of charged 

particles that are stochastic in nature. The corresponding fluctuations power density is 

described by 

𝑆𝐼
𝑠ℎ𝑜𝑡 = 2𝑒𝐼 = 𝑆𝑃𝑜𝑖𝑠𝑠𝑜𝑛 
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Where 𝑒 is the electron charge and I is the average dc current of discrete pulses. The 

factor of 2 appears due to the identical contribution of both positive and negative 

frequencies. 

7.1.4 Thermal Magnetic Noise 

Unlike the Johnson-Nyquist white noise, thermal magnetic noise is dependent 

of the external magnetic field. Over the years the size of MTJ junctions have decreased 

dramatically which has increased the dominance of the thermal noise caused by the 

fluctuations in the external magnetic field. Studies have shown that magnetic noise 

originates from the rotations of magnetization in the small volume of a free layer. It has 

also been theorized that it originates from thermally excited hopping of domain walls 

between magnetic layers. Another theory states that magnetic noise is independent of 

frequency and inversely proportional with the thickness of the free layer 

 

7.2  𝟏/𝒇 Noise 

MTJs also exhibit 1/f or flicker noise. As the name suggests the power density 

of the noise is inversely proportional to the frequency. This characteristic is also known 

as pink noise. Unlike the above-mentioned noise sources, 1/f noise is frequency 

dependent, and it dominated the noise characteristics of most devices at low 

frequencies. In MTJ sensors the 1/f noise has two components, a magnetic and an 

electronic component. These two components are called the magnetic 1/f noise and the 

electronic 1/f noise, respectively. 
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(7.3) 

7.2.1 Electronic 𝟏/𝒇 Noise 

Electronic 1/f noise originates from electrons being trapped in the barriers 

between the tunnel junction interfaces. When current flows through MTJs, some of the 

charges became trapped at the defects in the barriers and the mobility of carriers is 

slowed down. As a result, the transmission processes of electrons disrupt each other. It 

was experimentally verified that highly crystallized tunnel barrier does not only 

enhance the TMR ratio but also lower the effect of 1/𝑓 noise in MTJs. This effect is 

probably the consequence of the reduced number of defects in the tunneling barriers 

and enhanced quality of interfaces between the thin films.  

The electronic 1/𝑓 noise spectrum level can be evaluated by Hooge parameter 

which is defined by  

𝛼𝑒𝑙𝑒𝑐 = 𝐴𝑓𝑆𝑉
𝑒𝑙𝑒𝑐.1/𝑓

/𝑉2 

where 𝑆𝑉
𝑒𝑙𝑒𝑐.1/𝑓

is the measured power spectrum of electronic 1/𝑓  noise, 𝐴  is the 

junction area, 𝑓 is the frequency and 𝑉 is the voltage across the junction. The Hooge 

parameter is empirical and material specific. The parameter has been established based 

on large numbers of experimental data on the magnitude of noise in semiconductor and 

metal films. In MTJs, the value of 𝛼𝑒𝑙𝑒𝑐 changes with resistance-area (RA) product. 

Both Al2O3 and MgO MTJs exhibit comparatively large 𝛼𝑒𝑙𝑒𝑐 with larger RA. Also 

decreases with the biasing voltage of a junction. Therefore, the Hooge parameter 

depends on various parameters (e.g., RA, TMR, and biasing conditions) of MTJs. 
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7.2.2 Magnetic 𝟏/𝒇 Noise 

Besides the electronic 1/𝑓 noise, magnetic fluctuation is observed as well in 

low-frequency regime. Its noise power spectrum is also found to be increasing with 

decreasing frequency. This magnetic fluctuation is associated with the magnetization 

alignment switching status at the interface between pinned layer and free layer. This 

fluctuation is different from the one induced by external magnetic field. Instead, it 

represents the noise provoked in the direction of internal magnetizations. The maximum 

value of power density always appears when the ferromagnetic layers are switching in 

directions.  

7.3 Random Telegraph Noise (RTN) 

Random telegraph noise (RTN) or popcorn noise is a low-level signal that 

switches between two or more discrete values at random times. This type of noise is 

generally found in MOSFETs and thin film devices. It has been shown that RTN is 

caused by microscopic defects in the substrate, and the superposition of multiple defects 

can be the source of the 1/f noise [26]. In MTJs, after eliminating magnetic noise by 

saturating the junctions with external magnetic field, RTN was observed intertwining 

with electronic noise in low-frequency regime and it became more obvious with the 

increase of biasing current where the RTN increased by increasing the biasing current. 
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Additionally, in the time domain, the spectrum reveals random step-like spikes with 

high and low states between distinct voltage levels, as presented in Figure 34. 

This complicated noise behavior is created by the superposition of multilevel 

amplitude fluctuations due to the trapping centers. Therefore, RTN in tunneling 

junctions can be explained by repeated random capture of one electron into a single trap 

and emission of this electron from the trap. Another explanation of RTN is thermal 

fluctuation of magnetization in free layer. It was observed that the RTN can be 

eliminated by proper annealing and they attributed this phenomenon to the decrease of 

fluctuating magnetic domains in the electrodes. After annealing, the magnetic layers 

become better crystallized, resulting in the decline of magnetic fluctuations [27]. 

 

 

Figure 34. The variation of the noise voltage in the time domain showing 

discrete high and low states 
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8. OPTIMIZATION 

8.1 Low Frequency Noise Analysis 

One of the greatest limiting factors of the sensor design was the presence of a 

significant low-frequency signal drift. 

Possible causes of the drift could be a mismatch between the temperature 

coefficient of resistance (TCR) of the resistors in the Wheatstone bridge. Another 

source of thermal noise are the two amplifiers producing a combined gain of 3300. 

Thus, the investigation focused on correlating temperature fluctuations of the 

environment around the sensor with its output. To this end a laboratory test has been 

performed where a temperature sensor was attached to the MTJ sensor and recordings 

were made at 10 Hz sample rate over a period of 24 hours resulting in 864000 

temperature and voltage output data points. During the data collection the flow rate was 

set to 0 ml/h in order to isolate the noise from the signal. The data collected is displayed 

in Figure 35. This figure revealed a strong correlation between the temperature readings 

Figure 35. Data output from temperature and magnetic sensors 
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and the sensor output. A correlation analysis showed a temperature sensitivity of 3.9 

V/°C.  

A linear dynamic model was extracted using the temperature signal as its input 

and the sensor signal as the model output. The model was then used to subtract the 

component due to temperature fluctuations. Since experiments were carried at zero net 

flow, the compensated signal has zero mean as shown by the red trace in Figure 36. 

Fourier transforms of the raw (original) signal and the compensated one are shown in 

Figure 37. As evident from the figure, the highest peak in the spectrum appeared near 

0.4 mHz, corresponding to a period of about 40 minutes. Most likely this period 

corresponds to the cycle of the air conditioning system in the lab. Additionally, a lower 

frequency peak near 2.3 × 10−5 𝐻𝑧 (12 hours) is also noticeable. Its magnitude was 

also attenuated as a result of the dynamic compensation, resulting in 0.2 V-rms 

amplitude (flow rate of 10.5 ml/hr RMS). Over 12-hour period, such drift would 

Figure 36. Raw voltage output vs. temperature compensated output with single 

MTJ sensor 
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constitute a significant volumetric error of about 126 ml, not acceptable for the 

envisioned application.   

Further reduction of the thermal drift requires detailed analysis of each sensor 

component. These are the three resistors and the magnetic field sensor forming the 

Wheatstone bridge. Data from the manufacturer indicated that the MTJ sensor has a 

coefficient of thermal resistance of 0.0006 Ω/°C and a nominal resistance of 1340 Ω.  

Correspondingly, the anticipated resistance change is 0.8 Ω for every degree Celsius of 

thermal fluctuation. Assuming that no other component varies with temperature, under 

the gain of 3300, the output fluctuation is expected to be 2.456 V for each degree of 

temperature change. The measured thermal sensitivity was however, 3.9 V/°C, thus 

suggesting that other components contribute to the thermal drift. To investigate this, the 

MTJ sensor was placed in an oven and tested over a range of 26 to 33 °C, while the rest 

of the circuitry was kept outside at room temperature. The sensor and temperature 

output data of this test are shown in Figure 38.  A thermal sensitivity of 2 V/°C was 

Figure 37. FFT of original vs. temperature compensated signal 
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observed while the value estimated from the MTJ sensor manufacturer's data is 2.456 

V/°C. The good agreement between the two values suggests that indeed in addition to 

the MTJ sensor, other components in the circuit contribute to the overall sensitivity of 

3.9 V/°C. Most likely these are the resistors used to complete the bridge. Solutions to 

reduce the overall temperature sensitivity are presented in the following section by 

placing four MTJ sensors with a similar TCR in a Wheatstone bridge. This 

implementation has reduced the temperature sensitivity from 3.9 V/°C to 1.1 V/°C 

8.2 Multi Sensor Array 

The noise amplitude of the temperature compensated signal presented in the 

previous section corresponds to ±15 ml/h of uncertainty in the accuracy of the sensor 

and over 200 ml of volumetric error over 24 hours. This does not meet the sensor 

specifications stated above, therefore further improvements in sensitivity and noise 

reduction will be necessary. One solution to increase sensitivity and reduce noise is to 

introduce multiple sensors that work together. To demonstrate the sensitivity gain, four 

Figure 38. Temperature and voltage output of the circuit 
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MTJ magnetic sensors have been implemented in a Wheatstone bridge with four nickel 

transducers underneath the sensors to help increase the signal to nose ratio. The 

orientation of the sensors has been optimized for maximum sensitivity when placed in 

a bridge configuration. The physical placement of the sensors along with their sensitive 

directions is shown in Figure 39. An additional benefit of using four sensors in a 

Wheatstone bridge is the reduced temperature sensitivity of the device due to the similar 

TCR values of each MTJ sensor. 

The effects of the MTJ sensor array have been evaluated using the following 

equations. In these equations we compared the voltage output of the sensor to a given 

magnetic field change in two cases. In the first case there was only one MTJ sensor in 

the Wheatstone bride, the rest were standard resistors. In the second case all four of the 

resistors in the Wheatstone bridge were MTJ sensors. The two configurations are shown 

in Figure 40. For this calculation, all resistors and sensors had an initial resistance value 

of 2000 Ohms. 

 

 

 

Figure 39. Orientation of the MTJ sensors along the flow channel 
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(8.1) 

(8.2) 

(8.3) 

(8.4) 

(8.5) 

(8.6) 

(8.7) 

 

𝑅𝑆1 = 𝑅𝑆2 = 𝑅𝑆3 = 𝑅𝑆4 = 2000Ω 

𝑅2 = 𝑅3 = 𝑅4 = 2000Ω 

Resistance changes of MTJ sensors due to a given magnetic field change: 

𝑑𝑅𝑆1 = −𝑅𝑆1 ∗ 𝑆 ∗ 𝑑𝐵 = −1.2Ω 

𝑑𝑅𝑆2 = 𝑅𝑆2 ∗ 𝑆 ∗ 𝑑𝐵 = −1.2Ω 

𝑑𝑅𝑆3 = 𝑅𝑆3 ∗ 𝑆 ∗ 𝑑𝐵 = −1.2Ω 

𝑑𝑅𝑆4 = −𝑅𝑆4 ∗ 𝑆 ∗ 𝑑𝐵 = −1.2Ω 

Where 𝑆 = 0.01 is the resistance change per Gauss of the MTJ sensors, 𝑑𝐵 =

0.0725 𝐺 is the magnetic field change at the sensor position due to 100 ml/h flow rate. 

The voltage change between the output terminals of the Wheatstone bridge 

when only one MTJ sensor is present: 

𝑉𝐺1 = (
𝑅𝑆2 + 𝑑𝑅𝑆2

𝑅𝑆1 + 𝑅𝑆2 + 𝑑𝑅𝑆2
+

𝑅𝑆4

𝑅𝑆3 + 𝑅𝑆4
) = 2.989 𝑉 

Figure 40. Wheatstone bridge with a) one MTJ sensor and b) four MTJ sensors 

a) b) 



62 

 

(8.8) 

Voltage change between the output terminals of the Wheatstone bridge when 

all four MTJ sensor are present: 

𝑉𝐺1 = (
𝑅𝑆2 + 𝑑𝑅𝑆2

𝑅𝑆1 + 𝑑𝑅𝑆1 + 𝑅𝑆2 + 𝑑𝑅𝑆2
+

𝑅𝑆4 + 𝑑𝑅𝑆4

𝑅𝑆3 + 𝑑𝑅𝑆3 + 𝑅𝑆4 + 𝑑𝑅𝑆4
) = 11.955 𝑉 

 

From Eq. 8.7 and 8.8 we can see that the voltage change between the output 

terminals of the Wheatstone bridge is four times larger in the case where four MTJ 

sensors are present compared to the case where only one sensor is installed. This means 

the sensitivity of the device has increased by a factor of four due to the implementation 

of the MTJ sensor array. 

8.3 Mechanical Design Optimization 

Early prototypes of the sensor (Gen. 1) used a 3.9 mm × 1.7 mm flap with a 

relatively simple hinge design with two 20 µm wide legs with height H and an open 

area between them that led to some of the fluid to bypass the sensor. (See Figure 41 

left). The updated version utilizes a flap that is extended down to the substrate. This 

design reduces the bypass area and allows for longer, more flexible hinges (See Figure 

41 right). Having excessively long legs is also undesirable, as it leads to bending in the 

opposite direction due to the shift of the center of pressure. To determine the optimal 

value of H, finite element-based optimization procedure was performed using 

commercially available software (CFX, Ansys Inc.). The FEA model contained 

329,420 tetrahedral elements with zero-slip boundary conditions applied on the side 

walls of the channel, while the nodes at the outlet were subjected to zero relative 

pressure. A preset mass flow rate was applied to the nodes corresponding to the channel 
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inlet. The resulting hinge length vs deflection is shown in Figure 41. During the 

optimization process the hinge length H was varied from 50 to 1000 µm in the case of 

the first-generation transducer and from 200 to 3500 µm for the second generation. 

During the optimization process the gap G was kept constant at 100 µm and the hinge 

width, W was kept at 20 µm. From the figure we see that the maximum achievable 

deformation with the first-generation design was 32.8 µm with a hinge length of 0.35 

mm while the second generation allowed for 159 µm of deflection with a 2 mm long 

hinge at 100 ml/h. This change represents a 4.8-fold increase in sensitivity. The 

deflection mode shapes as a function of hinge length are shown in Figure 42. 

 

 

Figure 41. Optimization of hinge length 
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This design (H = 2 mm, W = 20 µm) proved to be challenging to manufacture and 

implement as the large aspect ratio of the legs caused it to be very fragile during the 

assembly process and even after successful assembly the pulling force of the permanent 

magnet caused buckling to occur in the legs, thus hindering the mobility of the 

transducer.  The buckling of the legs caused the bottom of the transducer to latch against 

Figure 42. Deflection values in µm and mode shapes at hinge lengths of a) 

H1=0.5 mm, b) H2=2 mm, c) H3=3.5 mm from FEA analysis for 100 ml/h (16x scale 

deformation) 

Figure 43. Buckling behavior and the dimension changes made to eliminate it 
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the bonding pad, limiting flexibility at low flow rates. At higher flow rates (above 300 

ml/h), the fluid pressure was large enough to release the top part of the transducer from 

the bonding pad, which resulted in a sudden voltage change in the signal output. In 

order to reduce the aspect ratio of the hinges while still retaining the reliability of the 

original design and improving on the sensitivity, the width of the hinges W was 

increased from 20 µm to 40 µm and the height H was decreased from 2 mm to 1.5 mm. 

The FEA optimization was also performed with the 40 µm wide hinges and the 

maximum deflection was found to be 55.9 µm at H=2 mm hinge height. While the 

overall sensitivity was reduced, this change still represents a 1.7-fold increment over 

the first-generation design. Figure 44 shows the updated transducer array on the glass 

substrate after the manufacturing procedure. 

The optimized transducer array was evaluated using the setup described in 

previous chapters. The glass substrate carrying the transducers has been placed in a 2 

mm × 4 mm milled acrylic channel with 0.81 mm ID silicone tube inlet and outlet leads. 

A syringe pump was used to generate flow rates between 1-50 ml/h. The pump was 

alternating between flow and no flow regimes in order to acquire a calibration curve. 

Raw data output is shown in Figure 45 at 20 ml/h. Correlating the voltage levels at 

Figure 44. Nickel transducer array with optimized geometry 
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various flow rates, a linear relationship can be observed. The slope of the curve 

represents the sensitivity of the transducer.  As anticipated, combining the benefits 

redesigned transducer and the multi-sensor array the sensitivity has improved from 25 

mV/ml/h to 272 mV/ml/h without increasing the noise level. This corresponds to a 10.9-

fold increment in signal to noise ratio compared to previous efforts. Figure 46 shows 

the circuit response at different flow rates. Repeated measurements showed an 

uncertainty of 4% RMS with respect to a linear curve and a resolution of 0.4 ml/h.  The 

increased sensitivity allowed for a reduction of signal amplification from 3000 to 700, 

further reducing the temperature sensitivity of the device from 1.1 V/°C to 0.3 V/°C. 

One concern regarding the introduction of multiple transducers in series is the 

increased pressure drop across the sensor. Based on the FEA stated above, it has been 

shown that the pressure drop across the four transducers is 0.018 mmHg, which 

represents a 0.7 % increase over the nominal pressure drop of a typical 1.2 m long shunt 

tubing. 

Figure 45. Sensor output during flow and no-flow regimes at 20 ml/h 
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8.4 System Integration and Evaluation 

To test the flow transducers, a custom low power data acquisition board has 

been developed. The board contains the four MTJ sensors, Wheatstone bridge with 

digital tuning rheostats, an AD8426 Instrumentational amplifier for two stage signal 

amplification including a low pass filter, temperature sensor, 512 kB of EEPROM 

memory and a 12-bit ADC connected to an Atmega 328P microcontroller. The circuit 

block diagram and the circuit board are shown in Figure 47 and Figure 48. Low power 

consumption of the circuit is achieved by cycling between sleep and wake modes 

between sample points with a 3% duty cycle. The built-in memory allows for 196608 

data points to be collected over 24 hours at 2 Hz sample rate, although higher sample 

rates and larger memory modules are possible to implement. 

Figure 46. Calibration curves comparing one sensor vs four sensors 
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Figure 47. Data acquisition circuit board block diagram 

Figure 48. Data acquisition circuit 
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8.4.1 Self balancing Whetstone bridge 

A key feature of the data acquisition board is the automatic Wheatstone bridge 

balancing procedure using digitally addressable rheostats. This feature has been 

implemented to combat the discrepancies in MTJ sensor resistance values. Due to the 

high amplification values of the analog sensing circuit, it is crucial to have the two 

branches of the Wheatstone bridge perfectly balanced. Unfortunately, the MTJ sensors 

are manufactured with varying resistance values thus requiring additional resistors to 

achieve a perfect balance between the output terminals of the bridge. In order to 

eliminate the use of manually adjustable potentiometers, we chose to implement 

digitally addressable rheostats, that can change their resistance values by sending a 

command from the microcontroller on the data acquisition board. A bridge balancing 

algorithm has been implemented in the sensor firmware which finds the appropriate 

resistance values for the rheostats every time the sensor is powered on. The rheostats 

used on the circuit are the AD5175 digital potentiometers. These potentiometers have 

a maximum resistance value of 10k Ohms and 1024 possible resistance values. This 

means the rheostats are adjustable in 10 Ω increments. In order to achieve finer 

adjustments, two rheostats have been used in parallel configuration in one of the 

branches of the Wheatstone bridge. In total three rheostats have been used across the 

two branches of the Wheatstone bridge. This configuration guarantees a successful 

balancing procedure regardless of the initial resistance values of the MTJ sensors. The 

Wheatstone bridge configuration along with the three digitally addressable rheostats is 

shown in Figure 49. 
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8.4.2 Thermal drift evaluation 

The performance of the data acquisition board was evaluated by cycling the 

syringe pump at various flow rates, establishing a calibration curve relating flow rates 

and sensor voltage output. A sample of the raw data output from the sensor is shown in 

Figure 50. In this figure 30 ml/h flow rate was cycled between flow and no-flow 

regimes, as described in previous sections. 

 

Figure 49. Wheatstone bridge configuration including four MTJ sensors and 

three digitally adjustable rheostats 

Figure 50. Raw data output from the custom data acquisition board at 30 ml/h 

cycling between flow and no-flow regimes 
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Thermal drift performance has also been evaluated by monitoring output signal 

of the device during multiple 24-hour periods. Data was collected at 2 Hz sample rate 

and stored in the non-volatile memory on the data acquisition board. Higher sample 

rates are possible, at the expense of greater power consumption requiring larger 

batteries. A sample output data from one of the 24hour measurements is shown in 

Figure 51. 

In order to quantify the amount of thermal drift over a 24-h period, the signal data was 

integrated to obtain volume fluctuation over a 24-h period (under net zero flow). Figure 

52 shows the results of the integration where we can see that the maximum 

measurement error during the day is +2 ml. 

Figure 51. Sample 24-hour thermal drift data before and after temperature 

compensation 
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In adults the upper limit of normal intracranial pressure is 15 mmHg, and the lower 

limit of elevated pressure is 20 mmHg, therefore a sensitivity within ±5 mmHg [28] 

should allow to detect volumetric errors leading to clinically significant elevations in 

intracranial pressure. A typical patient has an average brain pressure-volume 

compliance of 0.68 ml/mmHg [29], and assuming that they require total CSF diversion 

due to complete CSF resorption obstruction, the device is required to detect intracranial 

pressure changes of 5 mmHg, which corresponds to the accumulation of 3.4 ml of 

additional volume within the CSF space. 

Figure 52 shows the results of four separate 24-hour long zero-flow tests. The resulting 

volumetric error is +0.5/ -1.5 ml which stays below the critical value of 3.4 ml, 

corresponding to ±5 mmHg pressure fluctuation. Thus, the proposed sensor has 

sufficient accuracy for taking flow measurements without clinically significant 

elevations of ICP. 

 

Figure 52. Volume error during multiple 24-hour periods 
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8.4.3 Wireless data transfer 

Another key feature of the data acquisition board is the wireless data 

transmission and wireless charging capability. These features are crucial for the 

intended use of this device as an implantable flow sensor. NFC near-field 

communication has been chosen as the wireless transmission protocol. The advantages 

of NFC transmission compared to other types of wireless communications, such as 

Bluetooth and Wi-Fi are the low power consumption and compatibility with wireless 

charging. The NFC communication takes place at 13.56 MHz at 106 kbps, with a range 

of 20 mm. The integrated circuit used for this application is the NXP NT3H1101 RFID 

tag. This chip has up to 30 times lower standby power consumption than a Bluetooth 

device and it has energy harvesting capabilities which can be used for wireless 

charging. The data acquisition circuit along with the NFC antenna, flow channel and 

external wireless reader are shown in Figure 53. 

Figure 53. Data acquisition board along with the NFC antenna and external 

wireless reader 

NFC antenna board 

 

External NFC reader 
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Using this communication, a series of commands can be transmitted to the 

device, such as starting and stopping data collection, initiating the Wheatstone bridge 

balancing procedure, resetting the device, etc. The whole list of available commands is 

shown in Table 3. One of the most important commands is the Auto Setup command, 

which initiates a sequence including the bridge balancing procedure, resetting the 

memory, setting the number of pages to be written and initiating a 24-hour 

measurement cycle.  

Command name Description 
Hex 

Code 
Parameter 1 Parameter 2 

Set Pages to Read 
Sets the max number of pages to read for 

the next reading cycle (0-1024) 

0x01 

 
Bits[10:8] Bits[7:0] 

Read Status Regs 

Reads different information from status 

registers depending on the passed 

parameters. Includes information for 

numPagesWritten, Initial Balance Value, 

and pot0/1/2 values. 

0x02 

 

-- 

 

Bits[1:0]  

{0x00, 0x01, 

0x02} 

Read External 

EEPROM Page 

Reads a 256-byte page of data from the 

EEPROM. 

Parameters indicate page index (0-1024) 

0x03 Bits[10:8] Bits[7:0] 

Read All External 

EEPROM 

Reads back all data from external 

EEPROM from last read cycle 
0x13 -- -- 

Calibrate 

Calibrates Bridge Once 

(Will Implement version that calibrates 

until finding a middle value, returning a 

value until done) 

0x04 -- -- 

Start Reads 
Begins reading until max pages have 

been read 
0x05 -- -- 

Stop Reads Stops read cycle 0x06 -- -- 

Auto Setup 

Automatically sets number of pages set 

in parameters to read, then calibrates, 

and finally starts reading 

0x07 Bits[12:8] Bits[7:0] 

Reset µC Software Reset of Microcontroller 0xA5 -- -- 

Erase External 

EEPROM 

Erases entire contents of external 

EEPROMs to 0xFF 
0xF0 -- -- 

Read Status 

Registers 

Reads out an ASCII table of the status 

register names and values 
0xF3 -- -- 

Table 3. List of executable commands for the data acquisition board 
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8.4.4 Circuit power consumption 

The power consumption of the circuit has also been analyzed by calculating the 

power requirements of each component. Most components have short duty cycles and 

the whole circuit goes into sleep mode between each data collection point. The highest 

power components are the MTJ sensors and the microcontroller, but they also have 

short duty cycles, so the overall power consumption of the circuit stays below 2 mAh 

per day. This is significantly less than the designs based on thermal anemometry and 

would allow us to use ether a small battery that needs daily charging or a larger battery 

that needs to be charged once every couple months. Table 4 shows the power 

consumption and duty cycles for each circuit component on the data acquisition board. 

 

Current [mA] 
Standby 

Current [mA] 
Duty Cycle [%] 

Power 

Consumption 

Per Day [mAh] 

Temperature sensor 0.33 0.0005 0.6 0.033 

12 Bit ADC 0.33 0.000005 0.1 0.008 

MTJ Sensors 2 0 2 0.96 

Instrum. Amplifiers 0.1 0.0001 2 0.05 

Op-Amps 0.1 0.0001 2 0.05 

EEPROM 0.33 0.0001 0.125 0.016 

Atmega 328p MCU 0.6 0.001 5 0.743 

Total    1.86 

 

 

 

 

Table 4. Power consumption and duty cycle for each circuit component 
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8.5 Electromagnetic Shielding 

Another issue presented in the previous analysis was the presence of the high 

frequency noise induced by electromagnetic fields. In order to decrease the amount of 

noise, an electromagnetic Faraday cage (shield) was placed around the sensors. The 

shield is made of a 0.25 mm Mu-metal material, which is able to reduce the amplitude 

of frequencies above 30 Hz according to the skin effect equation [30].  After placing 

the shield around the sensors, the amplitude of the random noise picked up by the 

sensors has been reduced from 400 mV to 100 mV. This improves the resolution of 

high frequency flow sensing from 1.5 ml/h to 0.4 ml/h. The comparison between the 

signals with and without the shield is shown in Figure 54. In order to achieve the 1 ml/h 

resolution stated in the design specifications, the use of the shield is necessary. 

 

 

Figure 54. Signal noise with and without electromagnetic shielding 
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8.6 Corrosion Analysis 

Another concern of the thin nickel transducer design is its corrosion resistance 

and the health concerns about nickel ions entering the human body. The maximum 

allowable nickel intake per day for the human body is 128 - 137 µg [31], the weight of 

one nickel transducer is 5.85 µg which indicates that gradual corrosion of the transducer 

cannot cause harm to the patient's health, however excessive corrosion could lead to 

structural degradation of the transducer thus compromising its functionality.  In order 

to determine the corrosion rate of the nickel transducers, a corrosion analysis was 

performed using cyclic voltammetry. The test was performed using the Gamry 

PCI4/300 potentiostat and an electrolytic cell. The cell consisted of a graphite counter 

electrode a cylindrical nickel working electrode with and without synthetic resin 

coating and a Ag/Agcl reference electrode. The resin coat was applied by dip coating 

method, resulting in a 70 µm thick layer on the 0.47 mm diameter nickel electrode. The 

solution used in the cell was 1000 ppm NaSO4 with a pH level of 6.85 which is close 

to the pH level of CSF, thus providing a good representation of an implanted device. 

The test was repeated multiple times with and without a corrosion resistant coating on 

the nickel. The model we use for the corrosion rate calculations is based on Tafel 

equation [32], which is expanded for anodic-cathodic reactions resulting in a corrosion 

model based on Butler-Volmer equation (Eq. 8.1).  

𝐼 = 𝐼𝑐𝑜𝑟𝑟 (𝑒
2.303(𝐸−𝐸𝑐𝑜𝑟𝑟)

𝛽𝑎 − 𝑒
−2.303(𝐸−𝐸𝑐𝑜𝑟𝑟)

𝛽𝑐 ) (8.1) 
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where I is the measured current from the cell, Icorr is the corrosion current, E is the 

electrode potential, Ecorr is the corrosion potential and 𝛽𝑎 and 𝛽𝑐 are the anodic and 

cathodic Tafel constants. 

The resulting I-V curve in logarithmic scale is shown in Figure 55. The corrosion 

current is then obtained by extrapolating the linear portions of the logarithmic curves 

in Figure 55 and determining the current at their intersection point for the anodic and 

cathodic regime and taking the average of the two. The corrosion rate is then calculated 

from Eq 8.2, where Icorr is the corrosion current, K defines the units for the corrosion 

rate (in our case K=3272 A-cm-year), We is the equivalent weight d is the density and 

A is the sample area. 

𝐶𝑅 =
𝐼𝑐𝑜𝑟𝑟 ∙ 𝐾 ∙ 𝑊𝑒

𝑑 ∙ 𝐴
 

Figure 55. Corrosion analysis output 

(8.2) 
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The tabulated results for the measured corrosion rates can be seen in Table 5. Data from 

the table indicate a lifespan for the uncoated and coated 10-µm-thick transducer element 

is 15 and 55 years, respectively. In the event of material failure due to corrosion, the 

dislodged transducer would not enter the patient’s peritoneal cavity as the dimensions 

of the transducer exceed the diameter of the shunt tubing. This breakage would 

immediately be detected by the MTJ sensors. 

 𝑰𝒄𝒐𝒓𝒓 𝑪𝑹 

Test 1 (Uncoated) 22 nA 0.24 µm/year 

Test 2 (Uncoated) 30 nA 0.32 µm/year 

Test 3 (Coated) 12 nA 0.13 µm/year 

Test 4 (Coated) 9 nA 0.09 µm/year 

Table 5. Corrosion analysis results 
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9. DYNAMIC FLOW TESTING 

Given the anticipated pulsatile nature of the CSF flow, the sensor will likely be 

exposed to variable flows with frequency near that of the heart. Therefore, analysis of 

its performance under variable flow conditions was undertaken. Transient response of 

the sensor has been investigated by subjecting it to a flow impulse produced by 

dropping a small (15 g) proof mass onto a syringe plunger. In order to determine the 

bandwidth of the sensor, a second order model was fitted to the data using system 

identification approach. The resulting system model is shown in Eq. 9.1. Figure 56 

shows the impulse response of the sensor and the response of the model.  The Bode 

analysis of the resulting system revealed a 3 Hz bandwidth, which corresponds to the 

cutoff frequency of the low-pass filter in the data acquisition board. This means the 

mechanical design of the transducers is not the limiting factor in the system bandwidth 

(Figure 56). 

𝐺(𝑠) =
48600

𝑠2 + 31.64𝑠 + 478.5
 

Figure 56. Transient impulse response of flow sensor 

(9.1) 
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Figure 57. Magnetic field lines around the main MRI coil and the generated 

mesh 

10. MRI COMPATIBILITY 

10.1 Finite Element Analysis 

 To determine MRI compatibility of the device, finite element magnetic field 

analysis and plastic deformation simulations have been performed for the ferromagnetic 

transducers. For the magnetic field analysis Comsol software was used to simulate the 

field distribution around the outer coil of an MRI machine, and to determine the 

magnetic forces on the nickel transducers. The simulated model contains an 

electromagnetic coil generating a homogenous 3T magnetic field inside the coil. The 

dimensions of the coil are equivalent to the dimensions of a real MRI machine. In the 

middle of the coil there is a model of the nickel transducer and the 1.6 mm × 3.2 mm 

neodymium magnet. Due to the size differences between the coil and the flap, the mesh 

for this simulation was built in a way that it gets exponentially finer as it gets closer to 

the flap in order to maintain accuracy of the simulation. Figure 57 shows the results of 

the magnetic field simulation and the generated mesh. A nonlinear B-H curve was used 

for the material model of the nickel to represent the saturation of the magnetic domains 
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inside the flap (Figure 58). The result of the simulation was a 604 µN force on the 

transducer parallel to the bore of the MRI coil. 

The results of the magnetic force analysis were imported into a nonlinear 

structural analysis in order to determine if the magnetic force will cause plastic 

deformation in the transducer. For this simulation Ansys finite element software was 

used. The model used is a simplified model of the transducer where the flap has been 

reduced to just one hinge, assuming the forces on the flap will concentrate at the top of 

the hinge. The model only contains one hinge, therefore the results from the magnetic 

force analysis were reduced by half. For the material model a nonlinear stress-strain 

curve was used [33]. The exact material model used for the simulation was the HI 

MEMS model from Figure 59. The simulation consisted of 5 steps. The first two steps 

applied and removed the 302 µN force, during the third step the force was kept at 0 N 

and during the fourth and fifth steps the 302 µN force was again reapplied and removed 

to check if repeated exposure to the same forces would cause further plastic 

deformation. The simulation showed a remanent deformation after the forces have been 

Figure 58. Magnetic field lines around the transducer and the nonlinear B-H 

curve of the material model 
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removed. The magnitude of the plastic deformation was 93.6 µm at the top of the hinge 

which results in a 230 µm deflection at the tip of the transducer if we extrapolate the 

displacement of the hinge. Figure 60 shows the five steps for the structural simulation 

along with the residual deformation. 

  

Figure 59. Stress-strain curves of electroplated nickel microstructures 

Figure 60. Residual deformation of the nickel hinge 
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After the magnitude of the plastic deformation was determined, the results were 

imported into the magnetic field simulation in order to determine the change in 

calibration slope of the device. In this simulation the change in magnetic field strength 

was checked at 100 ml/h before and after the plastic deformation occurred. The plastic 

deformation was represented by a 3.44˚ rotation of the transducer. The deflection of the 

transducer at 100 ml/h is equivalent to a 0.88˚ rotation of the transducer. This value was 

added to the transducer angle both before and after the plastic deformation. (Figure 61) 

Flow rate 

[ml/h] 

Relative 

deformation 
B [G] dB [G] 

Sensitivity 

change [%] 

0 0 1.29   

100 0.88 -5.86 7.15  

0 3.44 -25.32   

100 4.32 -31.14 5.82 -18.64 

 

Table 6. Magnetic field values at the sensor before and after MRI exposure 

Figure 61. Transducer deflection at 100 ml/h before and after MRI exposure 
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Table 6 contains the results of the simulation. Since the magnetic field change at the 

sensor position has a direct correlation to the sensitivity of the sensor, from the table 

we can see there is an 18.64 % reduction in sensor sensitivity.  

 The above analysis assumed an ideal case where the initial inclination of the 

transducer was 0˚. However due to manufacturing errors it is likely that the transducers 

have a slight initial inclination after the manual lift off and assembly procedure. Taking 

into consideration these manufacturing errors, the previous simulation was repeated for 

multiple cases where the initial inclination of the transducer was in the range of -10˚ to 

10˚. Figure 62 shows the possible deflection modes at various initial deflection angles. 

Manufacturing errors that are larger than 10˚ are unlikely since they would be detected 

and corrected before assembly is finished. From these series of simulations, we have 

obtained a range of expected sensitivity changes after the MRI exposure. From Figure 

63 we can see that the sensitivity of the device could potentially decrease by 237 % and 

increase by 256 %.  

Figure 62. Initial manufacturing errors and deflections at 100 ml/h before and 

after MRI exposure 



86 

 

 

 

10.2 MRI Exposure Test 

To verify the results of the previous analysis we proceeded to test the device 

compatibility with MRI machines in real world conditions. This test was conducted in 

a 3 tesla Siemens MRI machine (Figure 64). The first test conducted was a basic 

compatibility test to determine whether the data acquisition circuit and mechanical 

components of the device would remain undamaged after exposing them to the 3T main 

magnetic field and the high frequency electromagnetic fields of the transmit-receive 

coils. Another concern was the electromagnetic heating of the metal components in the 

device due to the 128 MHz RF radiation produced by the transmit-receive coils. The 

RF heating of the metal components was estimated using Eq. 10.1 – 10.3 [34] 

Figure 63. Calibration slope change after the MRI exposure as a function of 

initial manufacturing error 
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𝑃 𝑆⁄ =
1

𝜎𝑑
(

𝐵1
0

𝜇0
)

2

𝑓(𝑏 𝑑⁄ ) 

𝑓(𝑏 𝑑⁄ ) =
sinh(𝑏 𝑑⁄ ) − sin(𝑏 𝑑⁄ )

cosh(𝑏 𝑑⁄ ) + cos(𝑏 𝑑⁄ )
 

∆𝑇 =
𝑃/𝑆

𝑏

𝐷𝑡0

𝐶
 

Where 𝑃 𝑆⁄  is the power loss over surface area, 𝑏  is the thickness of the 

conductor, 𝑑 is the skin depth for the given material, 𝜎 is the electric conductivity of 

the material, 𝐵1
0 is the amplitude of the magnetic field strength at the surface of the 

material, 𝜇0  is the permeability of vacuum. Based on these equations the expected 

temperature rise of the nickel transducers is 0.1 ˚C and the copper ground plane of the 

data acquisition circuit is 2 × 10−5 ˚C.  

During the 15-minute procedure the circuit was exposed to multiple different 

signal sequences, all of them at 128 MHz. The device was tested both with battery 

powered operation and USB power. During the USB powered test, the circuit was 

remotely initiated, the Wheatstone bridge balancing procedure was performed, and the 

magnetic field data was collected. From the data we can see that the sensor stayed 

functional during the MRI session and was able to detect some of the high frequency 

signals generated by the transmit-receive coils. Temperature data has also been 

collected during the MRI procedure and from the data in Figure 65 we can see the 

sequence during the last few minutes of the procedure had the most aggressive 

amplitudes and it shows a 0.5 ˚C rise in temperature in the sensor. 

(10.1) 

(10.2) 

(10.3) 



88 

 

 

 

After the initial compatibility test a more in-depth investigation was performed 

in the MRI machine determining the magnitude of the sensitivity change of the sensor. 

For this test we used two identical data acquisition circuits, and one flow channel with 

four nickel transducers built in.  One of the circuits was inserted into the MRI machine 

Figure 64. Placement of the sensor and the USB cable during MRI  

Figure 65. Temperature and magnetic field data collected during the MRI 

session 
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along with the flow channel, the other circuit remained unexposed to the 3T magnetic 

field. Both circuits have been calibrated to the same sensitivity prior to the MRI 

exposure. After the 15-minute MRI session using the same RF sequences as before, the 

sensitivity of both circuits was tested using the same flow channel. The results from 

Table 7 show that the sensitivity of the flow channel using the unexposed circuit has 

decreased by 42.4 %. The sensitivity of the same channel using the exposed circuit has 

decreased by 64 %. The difference between the two circuits shows that in addition to 

the expected plastic deformation of the transducers, the sensitivity of the MTJ magnetic 

field sensors changes as well, likely due to the permanent magnetization of the 

tunneling barriers. The sensitivity decrease of the flow channel using the unexposed 

circuit is within the expected range from the finite element analysis, indicating an 

average 3˚ manufacturing error on each nickel transducer. 

Flow channel exposed to MRI 

PCB1 NOT exposed to MRI PCB2 exposed to MRI 

Calibration 

slope before 

MRI [V/ml/h] 

Calibration 

slope after 

MRI [V/ml/h] 

Sensitivity 

change [%] 

Calibration 

slope before 

MRI [V/ml/h] 

Calibration 

slope after 

MRI [V/ml/h] 

Sensitivity 

change [%] 

0.05 0.029 -42.4 0.05 0.018 -64 

 

10.3 In Vivo Sensor Calibration  

The above test has revealed a significant change in sensor sensitivity after the 

MRI procedure. In order to retain accurate sensor measurements after the procedure, an 

in vivo recalibration method needs to be developed. A possible method for in vivo 

Table 7. Calibration slope values before and after the MRI exposure test 
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sensor calibration is the displacement of a known volume of fluid through the sensor 

and extracting the calibration slope from the collected data. To verify this method, we 

have devised a test where we would use the built-in fluid reservoir of the CSF shunt 

valve as the known volume of fluid and we would use the silicone dome of the reservoir 

to displace the fluid from the reservoir through the sensor. For this test we used a 

Codman Hakim programmable shunt valve with a built-in silicone dome fluid reservoir. 

The user manual of this valve describes a procedure to flush the device by pushing on 

one of the built in occluders and pressing on the silicone dome reservoir to flush the 

valve (Figure 66). Using this method, a consistent volume of fluid can be pushed 

through the sensor, making the sensor calibration possible.  

 

Figure 66. Schematic of the CSF shunt valve and the valve flush procedure 
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The calibration test consisted of filling up the shunt valve with fluid, connecting the 

flow sensor in line with the valve, pressing down the occlude to stop the flow in one 

direction and pressing on the reservoir until the silicone dome reached the bottom of 

the reservoir. Data was collected during this test at 100 Hz and the test was repeated 

nine times, each time the silicone dome was depressed at different speeds. Examples of 

the collected data is shown in Figure 67.  

The flow rate data was integrated in each case to obtain the volume of the displaced 

fluid. The results of the test were consistent with an average value of 0.1332 ml and a 

2% standard deviation. The slope of the calibration curve can be calculated using Eq. 

10.4.  

𝑠𝑙𝑜𝑝𝑒 =
𝑉

3600𝑓𝑉0
 

Figure 67. Sensor output during the reservoir flush procedure 

(10.4) 
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Where 𝑉0 is the known volume of the displaced fluid, 𝑉 is the measured volume after 

integrating the sensor data and 𝑓 is the sampling frequency. 

 Another possible method for in vivo sensor calibration is finding a correlation 

between the individual rheostat values after the Wheatstone bridge balancing procedure 

and the slope of the calibration curve. To test this hypothesis, we have exposed the data 

acquisition circuit and the flow channel to a 50 mm × 50 mm × 25 mm neodymium 

magnet, generating a 500 – 3200 G magnetic field inside the flow channel. The circuit 

and flow channel were exposed to this magnetic field from multiple different directions 

and calibration data was collected after each exposure. The calibration data included 

the values of the three digital rheostats 𝑅𝑟1, 𝑅𝑟2, 𝑅𝑟3 and the calibration slope of the 

sensor. The results of the tests were plotted in Figure 69. A linear fit was then applied 

to the data points. The collected data had a standard deviation of 25 % compared to the 

linear fit. This method of calibration needs further investigation to improve the 

correlation between the rheostat values and the calibration slope. 

Figure 68. Circuit schematic showing the placement of the digital rheostats in 

the Wheatstone bridge 
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Figure 69. Calibration slope values after exposing the sensor to 500 – 3200 G 

magnetic fields from various angles 
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11. PROTEIN DEPOSITION TEST 

Sensor performance and longevity were tested at different protein 

concentrations. The normal protein concentration of CSF in a healthy adult body is 

between 0.15 – 0.6 mg/ml [35], Hydrocephalus surgery can increase the protein levels 

to 0.87 – 1.5 mg/ml [36], other diseases like meningitis or head trauma can increase it 

even further to 5 mg/ml [37]. For the sensor evaluation, protein concentration levels of 

0 mg/ml, 0.6 mg/ml, 1.5 mg/ml and 5 mg/ml were used.  

For testing purposes artificial CSF mixed with powdered albumin protein was 

used, where each concentration was verified using protein test strips. The artificial CSF 

was oxygenated with a 95% oxygen and 5% carbon dioxide gas mixture.  During testing 

the mixture was cycled through the flow sensor using a peristaltic pump. The pump 

produced a flow rate fluctuating between 10 and 20 ml/h. Based on the amplitude of 

these fluctuations it was possible to determine the calibration slope of the sensor (Figure 

70). If the amplitude of the flow rate oscillations would change over time, that would 

be an indication of protein particles depositing on the transducers, changing its 

mechanical properties.  

The result shows a slight change in the slope values for concentrations between 

0 – 1.5 mg/ml and a significant jump at 5 mg/ml protein concentration (Figure 71). 

From this we can conclude that the sensor calibration is not significantly affected for 

Hydrocephalus patients but sensor performance decreases for patients with diseases 

causing high protein concentration levels. 
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CSF from 

meningitis patient 

(5 mg/ml)  

Figure 71. Calibration slope values for artificial CSF with different protein 

concentration levels. 

Figure 70. Peristaltic pump test showing a sensitivity drift for aCSF with 5 

mg/ml protein concentration 
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12 RESULTS AND DISCUSSIONS 

12.1 Sensor Design 

- A finite element magnetic field and structural analysis was performed verifying 

the feasibility of the flow sensor design principle using flexible transducers and 

MTJ magnetic field sensors. 

- Using MEMS micromachining technologies, prototypes of the 10 µm thick 

nickel transducers were successfully manufactured. 

- Using experimental analysis, the transducers were successfully tested, showing 

a linear calibration curve with a sensitivity of 25 mV/ml/h 

12.2 Design Optimization 

- Temperature related low frequency noise was eliminated using thermal 

compensation on the sensor output signal, reducing the temperature sensitivity of 

the circuit from 3.9 V/°C to 1.1 V/°C. 

- Sensor performance was further improved by the introduction of a four-sensor 

array, using four nickel transducers in a single flow channel along with four MTJ 

sensors arranged in a Wheatstone bridge configuration, increasing sensitivity from 

25 mV/ml/h to 100 mV/ml/h. 

- The mechanical design of the nickel transducer was improved by implementing 

a filler plate between the hinges of the transducer and an optimization procedure 

was performed to determine the optimal length for the hinges resulting in a hinge 

length of 2 mm. 



97 

 

- Using improved manufacturing techniques and the above-mentioned design 

optimizations, the sensitivity of the sensor was increased from 100 mV/ml/h to 272 

mV/ml/h. 

12.3 System Integration 

- A custom data acquisition circuit was designed and manufactured including an 

Atmega 328P microcontroller, 512 kB of EEPROM memory, 12-bit ADC, 

temperature sensor and the analog sensing circuit. 

- The circuit was successfully tested for continuous 24h operation, data storage 

and data transmission. 

-    Using electromagnetic shielding, the signal to noise ratio was improved 3-fold. 

- A self-balancing Wheatstone bridge circuit was demonstrated using digitally 

controlled adjustable rheostats. 

- A sensor resolution of 0.4 ml/h and a repeatability of 4% RMS has been 

demonstrated using the data acquisition circuit. 

- NFC near-field wireless data communication has been successfully 

implemented and tested showing a transmission range of 20 mm and 106 kbps 

transfer speed. 

- Through repeated 24 h tests, daily volumetric error was proven to be lower than 

the allowable limit at +0.5/ -1.5 ml/day. 
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12.3 Corrosion Analysis 

- A corrosion analysis using a Gamry PCI4/300 potentiostat revealed a potential 

life expectancy of 15 to 55 years for the nickel transducers. 

12.4 Dynamic Flow Testing 

- A dynamic flow analysis and system identification revealed a sensor bandwidth 

of 3 Hz which is equivalent to the bandwidth of the low pass filter in the circuit, 

proving a sufficient mechanical design for the expected signal bandwidth. 

12.5 MRI Compatibility Analysis 

- Finite element magnetic field analysis of the main MRI coil revealed a magnetic 

force on the nickel transducer of 0.6 mN. 

- Nonlinear structural analysis on the transducer reveled a permanent plastic 

deformation of 230 µm at the tip of the transducer due to the 0.6 mN magnetic force. 

This deformation would be equivalent to a flow rate offset error of 380 ml/h and a 

calibration slope error of -237 to +256 %. 

- Experimental evaluation using the data acquisition circuit and flow transducers 

in a 3T Siemens MRI machine revealed a calibration slope change of -42.4 % due 

to the plastic deformation of the transducers and additional 21.6 % reduction due to 

the permanent magnetization of the circuit. 

-  Sensor heating was also tested using the built-in temperature sensors during the 

15-minute MRI procedure. The test showed an acceptable 0.5 °C temperature 

increase during the procedure. 
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-  In vivo calibration methods have been proposed to eliminate the calibration 

error of the device after MRI exposure.  

- Displacing a known volume of liquid using the silicone dome fluid reservoir in 

the shunt valve showed consistent recalibration values at 2% RMS. 

- Finding correlation between the rheostat values and the calibration curve 

showed an average 25 % error in the calibration curve after recalibration. 

12.6 Protein Deposition Test 

- The deposition of protein particles was tested using artificial CSF and albumin 

protein. The results showed a stable sensor performance at protein concentration 

levels under 1.5 mg/ml. 
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APPENDIX A: DRAWINGS 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



101 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



102 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



103 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



104 

 

APPENDIX B: CIRCUIT SCHEMATIC 
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Circuit board layout: Top: 

 

 

 

 

 

 

 

 

 

Circuit board layout: Bottom: 
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APPENDIX C: PHOTOLITHOGRAPHY MASK 

- AutoCad drawing of the nickel transducer for the photolithography mask. 

- All dimensions are in µm. 
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- Full photolithography mask made in AutoCad including 64 transducers to be 

printed on a 5” x 5” mask substrate. 
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APPENDIX D: FLOW SENSOR USER MANUAL 

The CSF flow sensor is used to monitor flow rates of the Cerebrospinal Fluid for 

Hydrocephalus or head trauma patients. The device consists of an acrylic flow channel 

containing the flexible ferromagnetic transducers, and the measurement circuit 

containing the magnetic field sensors. For the measurement procedure the flow channel 

will be connected in line with the existing shunt tubing for the patient, the channel will 

be inserted onto the data acquisition circuit, and the circuit will be powered from an 

external battery. 

 

 

 

 

 

 

 

 

  

 

 

Enclosure lid Battery Flow channel 

Data acquisition circuit USB cable 
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Setup procedure: 

1.) Remove the flow channel from the sterile bag 

2.) Connect one end of the flow channel to the outlet of the CSF shunt tube using 

the luer fitting. 

3.) Hold the channel in a vertical position until it fills up with fluid. This is to 

avoid bubbles being trapped in the channel. 

 

4.) Once the fluid level reaches the outlet tube connect the outlet luer fitting to the 

tube leading to the fluid collection system.  

 

5.) Once the channel is filled with fluid place the channel inside the enclosure 

using the alignment pins and alignment holes. The channel should be inserted 

with the small cylindrical magnets facing up. 

 

Channel inlet with 

luer fitting 

Outlet tube 
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Alignment pins 

Alignment holes 

Magnets 
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6.) Place the lid on the enclosure by latching the two pins into the two brackets on 

the enclosure and firmly pressing on the lid until the main latch snaps in place.  

 

7.) Connect the battery to the circuit using the USB cable. 

 

8.) Press button on the Battery to turn it on, this will result in blue lights turning 

on the battery and a green light on the circuit 
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9.) Lay down the sensor enclosure to a resting position that will not be disturbed for the 

duration of the measurement 

10.) Once the sensor is in a stable position, pinch the inlet or outlet tube to momentarily 

stop the flow and press the measurement start button. This will trigger the circuit 

calibration procedure which starts with a flash of blue light and ends with a second flash 

of blue light. After the second flash the light will turn off the tube can be un-pinched 

and the data collection begins. The data collection will run for 24 hours unless otherwise 

specified. 

11.) After the data collection is done, the standby green light will turn on and the USB 

cable can be disconnected, the lid can be removed, the channel can be removed from 

the circuit and the luer fittings can be disconnected to drain the channel. 

12.) The circuit can be connected to a computer and the data can be downloaded using 

the supplied software. 

13.) The measurement can be repeated with a new flow channel if desired. 

 

 

Battery power button 

Battery standby light 

Circuit standby 

light 
Measurement start 

button 
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APPENDIX E: MATLAB CODES 

E.1: Communicating with the data acquisition board 

clear all, clc, close all 

out = instrfind();                       %Close previous ports 

delete(out); 

s = serial(['COM3']); 

set(s,'BaudRate',9600,'timeout',30,'InputBufferSize',4); 

fopen(s); 

f=fread(s,1) 

 

%% Calibrate, Start reading and plot live data in Matlab------------- 

fwrite(s,[4,0,0],'async')    %calibrate 

C=fread(s,2); 

% Rheostat values: 

p1=fread(s,2); 

p2=fread(s,2); 

p3=fread(s,2); 

  

 r1=(256*p1(1)+p1(2))/1024*10000 

 r0=(256*p0(1)+p0(2))/1024*10000 

 r2=(256*p2(1)+p2(2))/1024*10000 

  

 R=1/(1/r0+1/r2) 

  

calib=256*C(1)+C(2); 

 

%% read all the pages ----------------------------------------------- 

fwrite(s,[1,8,0],'async')    

f=fread(s,1) 

  

%% start reading----------------------------------------------------- 

fwrite(s,[5,0,0],'async')   %start reading 

figure(1) 

set(gcf,'position',[100,100,1000,600]) 

t=0;   

i=0; 

B=fread(s,1) 

A=fread(s); 

    Temp=(256*A(1)+A(2)).*175.72/65536-46.85; 

     ADC=256*A(3)+A(4); 

    T=Temp; 

    V=3.2/4096*ADC; 

    subplot(2,1,1) 

    shg 

    line1 = line(i, Temp); 

     %ylim([20,40]) 

     axis([0 inf 20 40])  

    subplot(2,1,2) 

    shg 

    line2 = line(i, ADC); 

     %ylim([0,4086]) 

     axis([0 inf 0 4086])  

     hold on 
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while(1) 

    i=i+1 

    A=fread(s); 

    Temp=(256*A(1)+A(2)).*175.72/65536-46.85; 

    ADC=256*A(3)+A(4); 

    T=[T,Temp]; 

    V=[V,3.2/4096*ADC]; 

     

  line1.XData = [line1.XData i]; 

  line1.YData = [line1.YData Temp]; 

  line2.XData = [line2.XData i]; 

  line2.YData = [line2.YData ADC]; 

  shg 

end 

 

%% CALIBRATE=========================================== 

fwrite(s,[4,0,0],'async')  

  

%% STOP READING========================================              

fwrite(s,[6,0,0],'async') 

  

%% READ NUMBER OF PAGES WRITTEN======================== 

fwrite(s,[2,0,0],'async')   

numpages = fread(s,2); 

  

%% READ ALL PAGES FROM EEPROM========================== 

fclose(s) 

set(s,'BaudRate',9600,'timeout',900,'InputBufferSize',5024000); 

fopen(s)  

pause(5) 

b=fread(s,1) 

fwrite(s,[19,0,0],'async') %read all pages from eeprom 

A = fread(s); 

 

%% READ DATA PAGE BY PAGE FROM EEPROM 

fclose(s) 

set(s,'BaudRate',9600,'timeout',0.25,'InputBufferSize',256); 

fopen(s) 

pause(5) 

p=0 

b=fread(s,1) 

%A=zeros(512000,1); 

for i=0:0                     %max 4 

    for j=0:3                %max 256 

    fwrite(s,[3,i,j],'async')  %read from eeprom 

    A(i*65536+j*256+1:i*65536+j*256+256,1) = fread(s); 

    p=p+1; 

    end 

end 

 

%% Plot data read from eeprom 

numBytes=length(A); 

B=zeros(round(numBytes/2), 2); 

m=numBytes/2; 

  

for n = 1:numBytes/2 

    B(n,1) = A(2*n-1)*256+A(2*n); 
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end 

  

numTemps = round((numBytes/2)/4); 

numADCs = round((numBytes/2)*3/4); 

Temps = zeros(numTemps, 2); 

ADCs = zeros(numADCs, 1); 

currTemp = 1; 

currADC = 1; 

  

for n = 1:numBytes/2 

    if( mod(n-1,4) == 0) 

        Temps(currTemp, 1) = B(n, 1); 

        Temps(currTemp,2) = B(n,1)/207.198-52.33; 

        currTemp=currTemp+1; 

    else 

        ADCs(currADC, 1) = B(n, 1); 

        currADC=currADC+1; 

    end 

end 

  

figure(1) 

subplot(2,1,1); 

plot(Temps(:,2)); 

title('Temperature'); 

xlabel('nth Read'); 

ylabel('Temperature (F)'); 

subplot(2,1,2); 

plot(3.2/4096.*ADCs(:,1)); 

title('ADC Value'); 

xlabel('nth Read'); 

ylabel('Value'); 

%ylim([0,3.2]) 

  

fs=2 

x=[1:3:3*numTemps]; 

xq=[1:3*numTemps]; 

V=3.2/4096.*ADCs(:,1); 

T=interp1(x,Temps(:,2),xq,'linear','extrap'); 

T=T'; 

T=T(1:length(V)); 

time=[1:length(V)]'; 

  

%plotting normalized volage and temperature========================= 

MT=mean(T) 

ST=std(T) 

SV=std(V) 

MV=mean(V) 

V2=(V-MV)./SV; 

T2=-(T-MT)./ST; 

figure(3) 

plot(time/fs,V2,time/fs,T2) 

xlabel('Time [s]') 

title('Normalized Temperature and Voltage') 

legend('voltage','temperature') 
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E.2: Reading from external NFC tag 

clear all, clc, close all 

out = instrfind();                       %Close previous ports 

delete(out); 

s = serial(['COM5']); 

set(s,'BaudRate',115200,'timeout',10,'InputBufferSize',1024); 

fopen(s); 

%% Send command 

fwrite(s,[3,0,0],'async')    %read pages 

C=fread(s); 

A=C(245:end) 

 

E.3: FFT noise analysis 

clear all,close all,clc 

  

 raw=importdata('PCB3_G660_10000hz.lvm'); 

 V=raw(1:end,3); 

 T=raw(1:end,2); 

 fs=10000  

  

 fs=10000 

 figure 

l=length(V) 

time=[1:l]'; 

plot(time/fs,V-mean(V)+peak2peak(V)) 

ylabel('Voltage [V]') 

xlabel('Time [s]') 

title('10000 sps noise') 

ylim([-1.5,1.5]) 

  

figure(8) 

plot(time/fs,V-mean(V)) 

ylabel('Voltage [V]') 

xlabel('Time [s]') 

title('10000 sps noise') 

ylim([-1,1]) 

hold on 

  

peak2peak(V) 

  

%%  

Fs = 20000;            % Sampling frequency                     

T = 1/Fs;             % Sampling period        

L = length(V);             % Length of signal 

t = (0:L-1)*T;        % Time vector 

Y = fft(V); 

P2 = abs(Y/L); 

P1 = P2(1:L/2+1); 

P1(2:end-1) = 2*P1(2:end-1); 

f = Fs*(0:(L/2))/L; 

  

figure 
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plot(f,P1)  

xlabel('f [Hz]') 

ylabel('|P1(f)|') 

legend('PCB V3 FFT') 

  

  

%% ---------------------------------------- 

 raw=importdata('Noise_20000hz_sps.lvm'); 

 V=raw(1:end,3); 

 T=raw(1:end,2); 

 fs=20000 

  

figure(8) 

l=length(V) 

time=[1:l/2]'; 

plot(time/fs,V(1:l/2)-mean(V(1:l/2))+0.15) 

ylabel('Voltage [V]') 

xlabel('Time [s]') 

title('10000 sps noise') 

legend('PCB V2 noise','PCB V3 noise') 

  

peak2peak(V) 

  

%FFT analysis of compensated and uncompensated data ================ 

  

l=length(V) 

n = pow2(nextpow2(l))  % Transform length 

y=fft(V,n); 

f = (0:n-1)*(fs/n);    % Frequency range 

power = y.*conj(y)/n; 

  

figure(7);hold 

FupLim=50; % upper limit of frequency we are interested in  

y0 = fftshift(y);          % Rearrange y values 

f0 = (-n/2:n/2-1)*(fs/n);  % 0-centered frequency range 

power0 = y0.*conj(y0)/n;   % 0-centered power 

Y = y0/n;  

plot(f0(f0>0 & f0<FupLim),2*abs(Y(f0>0 & f0<FupLim))) % we use f0>0 

not >= 0 to exclude f0=0 peak (DC offset) 

xlabel('Frequency, Hz') 

ylabel('FFT, rms V') 

%%  

Fs = 20000;            % Sampling frequency                     

T = 1/Fs;             % Sampling period        

L = length(V);             % Length of signal 

t = (0:L-1)*T;        % Time vector 

Y = fft(V); 

P2 = abs(Y/L); 

P1 = P2(1:L/2+1); 

P1(2:end-1) = 2*P1(2:end-1); 

f = Fs*(0:(L/2))/L; 

  

figure 

plot(f,P1)  

xlabel('f [Hz]') 

ylabel('|P1(f)|') 

legend('PCB V2 FFT') 
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E.4: Pressure drop calculation: 

%calculating the reynolds number in csf shunt tubing 

A=pi*0.0005^2  %shunt tube diameter in m2 

q=6.667e-9     %flow rate in m3/s=24ml/h 

v=q/A       %flow velocity in m/s 

D=0.001      %pipe diameter in m 

eta=1e-6    %kinematic viscosity of water in m2/s 

Re=v*D/eta 

  

% pressure drop in 1.2m tube 

lambda=64/Re   %pipe friction coefficient 

L=1.2          %pipe length in m 

ro=1000        %water density in kg/m3 

  

dp=lambda*L/D*ro/2*v^2  %pressure drop across pipe in Pa 

  

dpHg=dp*0.0075         %pressure drop across pipe in mmHg 

  

dpsens=0.018           %pressure drop across sensor in mmHg 

dpsens/dpHg            %comparing pressure drop across pipe vs pressure 

drop across sensor 

  

ICP=15                  %intracranial pressure in mmhg 

dpsens/15 

E.5: 24h drift analysis with temperature compensation FFT noise analysis and 

volumetric error calculation 

clear all,clc 

close all 

  

load Thermal_noise_0mlh4 

  

fs=1 

  

figure(1) 

l=length(V) 

time=[1:l]'; 

%time1=time(1:l2); 

plot(time/fs/3600,V) 

ylabel('Voltage [V]') 

xlabel('Time [h]') 

title('Long term voltage 24h') 

legend('New circuit','Old circuit') 

ylim([-10,10]) 

  

figure(2) 

plot(time/fs/3600,T) 

ylabel('Temperature [C]') 

xlabel('Time [h]') 

title('Long term temperature 24h') 

legend('New circuit','Old circuit') 

  

V1=V(1:end); 
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T1=T(1:end); 

l1=length(T1) 

t1=(1:l1); 

MT=mean(T1) 

ST=std(T1) 

SV=std(V1) 

MV=mean(V1) 

V2=(V1-MV)./SV; 

T2=(T1-MT)./ST; 

figure(6) 

plot(t1,V2,t1,T2) 

xlabel('Time [h]') 

title('Normalized Temperature and Voltage') 

  

figure(11) 

subplot(2,1,1); 

plot(time/fs/3600,T); 

xlabel('Time [h]'); 

ylabel('Temperature [C]'); 

subplot(2,1,2); 

plot(time/fs/3600,V); 

xlabel('Time [h]'); 

ylabel('Voltage [V]'); 

%ylim([0,3.2]) 

%%  

  

figure(5) 

dV=SV*(V2)+MV; 

plot(t1,dV) 

  

v=V(1:end); 

T=T(1:end); 

l=length(v) 

t=(1:l); 

  

n = pow2(nextpow2(l))  % Transform length 

y=fft(v,n); 

f = (0:n-1)*(fs/n);    % Frequency range 

power = y.*conj(y)/n; 

  

figure(3) 

FupLim=0.002; % upper limit of frequency we are interested in  

y0 = fftshift(y);          % Rearrange y values 

f0 = (-n/2:n/2-1)*(fs/n);  % 0-centered frequency range 

power0 = y0.*conj(y0)/n;   % 0-centered power 

Y = y0/n;  

plot(f0(f0>0 & f0<FupLim),2*abs(Y(f0>0 & f0<FupLim))) % we use f0>0 

not >= 0 to exclude f0=0 peak (DC offset) 

xlabel('Frequency, Hz') 

ylabel('FFT, rms V') 

  

Voltage=V(1:end); 

Temp=T(1:end); 

lt=length(Temp); 

time=[1:lt]'; 

%% Assume that Voltage=a*Q+b*T+v0.  

% Then a*Q=Voltage-(b*T+v0). This will be the temperature compensated 

flow rate. 
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% Since q=0, we can say that we want to minimize Voltage-(b*T-v0) in 

the 

% least square sense to make it closest to zero.  

  

% Let's find least square fit to V=b*T+v0, that is, find what is the 

effect 

% of temperature on the flow sensor (b-coefficient) 

  

b=(mean(Voltage)*mean(Temp)-mean(Voltage.*Temp))/(mean(Temp)^2-

mean(Temp.*Temp)) 

v0=mean(Voltage)-b*mean(Temp) 

  

figure(4) 

plot(Temp,Voltage,'o',Temp,b*Temp+v0) 

xlabel('Temperature, C','FontSize',18) 

ylabel('Sensor Output, V','FontSize',18) 

h=legend('Voltage', 'Temperature effect on Voltage') 

set(h,'FontSize',18); 

  

figure(5) 

plot(time/3600,(Voltage-(b*Temp+v0)),'r',time/3600,Voltage-

mean(Voltage),'b') 

h=legend('Temperature compensated voltage','Raw Voltage') 

set(h,'FontSize',18) 

xlabel('Time [h]','FontSize',18) 

ylabel('Sensor Output [V]','FontSize',18) 

data = iddata(Voltage-mean(Voltage),Temp-mean(Temp),1); 

sys1 = pem(data,idproc('p1z')); 

figure(5);hold; 

Volte=lsim(sys1,Temp-mean(Temp),time); 

plot(time/3600,(Voltage-Volte),'g');shg 

xlabel('Time, h','FontSize',18) 

ylabel('Sensor Output, V','FontSize',18) 

h=legend('Temperature Compensated Static','Raw Voltage','Temperature 

Compensated Dynamic') 

 

%% 

figure(3);hold 

  

y=fft(Voltage(1:end)-Volte(1:end),n); 

FupLim=0.002; % upper limit of frequency we are interested in  

y0 = fftshift(y);          % Rearrange y values 

f0 = (-n/2:n/2-1)*(fs/n);  % 0-centered frequency range 

power0 = y0.*conj(y0)/n;   % 0-centered power 

Y = y0/n;  

plot(f0(f0>0 & f0<FupLim),2*abs(Y(f0>0 & f0<FupLim)),'r') % we use f0>0 

not >= 0 to exclude f0=0 peak (DC offest) 

xlabel('Frequency, Hz','FontSize', 18) 

ylabel('FFT, rms V','FontSize', 18) 

h=legend('Original','Temp. Compensated') 

set(h,'FontSize',18); 

  

peak2peak(dV) 

peak2peak((Voltage-(b*Temp+v0))+mean(Voltage)) 

peak2peak((Voltage-Volte)) 

  

%%  

Vcomp=Voltage-Volte; 
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Vcomp=Vcomp(100:end); 

Vfilt=smooth(Vcomp,50); 

time=[1:length(Vcomp)]'; 

  

figure(7),clf 

plot(Vcomp) 

hold on 

plot(Vfilt) 

hold on 

plot(V) 

  

p2pVcomp=peak2peak(Vcomp) 

p2pVfilt=peak2peak(Vfilt) 

stdVfilt=std(Vfilt) 

  

%autocorellation===================================================== 

  

Vnorm=Vfilt-MV; 

figure(8), clf 

[autocor,lags] = xcorr(Vnorm,'coeff'); 

plot(lags/fs/3600,autocor) 

xlabel('Lag (s)') 

ylabel('Autocorrelation') 

  

%integrating volume================================================== 

figure(9) 

MV2=mean(Vcomp); 

Vint=filter([1/fs],[1 -1],Vcomp-Vcomp(1)); 

plot(time/fs/3600,Vint/0.025/3600) 

ylabel('Volume [ml]') 

xlabel('Time [h]') 

figure 

plot(Vfilt-MV2) 

grid on 

 

E.6: MRI heating calculation: 

clear all, clc 

  

%Nickel: 

rho=7e-8; 

mu=600; 

f=65e6; 

d=503*sqrt(rho/(mu*f))  % induction heating depth 

lambda=4.6     ;            % wavelength at 65 MHz in m 

A=lambda^2/4/pi          % antenna effective length 

  

% from paper "Heating Effects of Metallic Implants by MRI Examination" 

  

%aluminum plate:--------------------------------------- 

sigma=3.6e7 ;% [S/m] conductivity 

d=10.5e-6  ; %[m] skin depth at 65MHz 

mu0=1.26e-6; %[Vs/Am] vacuum permeability 

b=28e-6  ;  % plate thickness 

D=0.034  ;  %duty cycle 

t0=900  ;    %[s] total measurement time 
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C=2.44e6 ;   %[Ws/Cm3] heat capacity per unit volume 

B1=11.7e-6 ; %[T] magnetic field amplitude 

  

f=(sinh(b/d)-sin(b/d))/(cosh(b/d)+cos(b/d)); 

Ps=1/(sigma*d)*(B1/mu0)^2*f ;              %power loss per unit area 

dT=Ps/(b)*D*t0/C 

  

%Nickel plate:------------------------------------------------------- 

  

sigma=1.43e7; % [S/m] conductivity 

d=0.67e-6 ;  %[m] skin depth at 65MHz 

mu0=600*1.26e-6 ;%[Vs/Am] vacuum permeability 

b=10e-6 ;   % plate thickness 

D=0.034 ;   %duty cycle 

t0=900 ;     %[s] total measurement time 

C=3.9e6 ;   %[Ws/Cm3] heat capacity per unit volume 

B1=11.7e-6 ; %[T] magnetic field amplitude 

  

  

f=(sinh(b/d)-sin(b/d))/(cosh(b/d)+cos(b/d)); 

Ps=1/(sigma*d)*(B1/mu0)^2*f    ;            %power loss per unit area 

dT=Ps/(b)*D*t0/C 

  

%Copper plate:------------------------------------------------------ 

  

sigma=5.96e7;% [S/m] conductivity 

f=65e6  % em frequency 

rho=1/sigma  % resistivity 

d=503*sqrt(rho/f)   %[m] skin depth at 65MHz 

mu0=1.26e-6 ;%[Vs/Am] vacuum permeability 

b=35.6e-6 ;   % plate thickness 

D=0.034 ;   %duty cycle 

t0=900 ;     %[s] total measurement time 

C=3.45e6 ;   %[Ws/Cm3] heat capacity per unit volume 

B1=11.7e-6 ; %[T] magnetic field amplitude 

  

f=(sinh(b/d)-sin(b/d))/(cosh(b/d)+cos(b/d)); 

Ps=1/(sigma*d)*(B1/mu0)^2*f    ;       %power loss per unit area 

dT=Ps/(b)*D*t0/C 

  

% NFC coil heating 

B=11e-6 ;   % magnetic field amplitude [T] 

A=2.75e-3;   % antenna area [m2] 

N=4 ;       % number of turns 

w=2*pi*65000000;    % angular frequency of em field 

V=B*A*N*w          % induced voltage in coil [V] 

L=1e-6           % coil inductance [H] 

X=w*L           % inductive resistance 

l=0.656        % conductor length [m] 

a1=0.0005*b     % cross section area of copper trace 

a2=0.0005*d     % cross section area of copper trace using skin depth 

R1=rho*l/a1 

R2=rho*l/a2 

I1=V/sqrt(R1^2+X^2) 

I2=V/sqrt(R2^2+X^2) 
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E.7: Dynamic flow test and system identification: 

clear all,close all,clc 

  

 raw=importdata('impuse_test_1000hz.lvm'); 

 V=raw(1:end,3); 

 T=raw(1:end,2); 

  

fs=1000 

  

figure(1) 

l=length(V) 

time=[1:l]'; 

plot(V) 

ylabel('Voltage [V]') 

xlabel('Time [h]') 

ylim([-10,10]) 

  

Vi=V(12683:13800);   %single impulse response 

Vin=(Vi-Vi(1))/max(Vi-Vi(1));         %normalized impulse response 

figure 

plot(Vin) 

l=length(Vin) 

u=zeros(l,1); 

u(1)=1; 

  

data = iddata(Vin,u,1/fs); 

sys1 = tfest(data,2,0) 

  

time=[1:l]'; 

times=time/fs; 

figure 

plot(time/fs,Vin*1000,'r') 

hold on 

impulse(sys1) 

  

figure 

step(sys1) 

  

Vsim=lsim(sys1,u,times); 

figure 

plot(times,Vin,times,Vsim) 

grid on 

xlabel ('time [s]','FontSize',14) 

h=legend('Sensor response','Model response') 

set(h,'FontSize',14); 

  

figure 

bode(sys1) 

fb = bandwidth(sys1) 

fbhz=fb/(2*pi) 
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E.8: GUI application for hospital testing 

classdef Flow_sensor_data_read_app < matlab.apps.AppBase 

% Properties that correspond to app components 

    properties (Access = public) 

        UIFigure               matlab.ui.Figure 

        Panel                  matlab.ui.container.Panel 

        COMPortEditFieldLabel  matlab.ui.control.Label 

        COMPortEditField       matlab.ui.control.NumericEditField 

        ReadDataButton         matlab.ui.control.Button 

        ReadingLampLabel       matlab.ui.control.Label 

        ReadingLamp            matlab.ui.control.Lamp 

        Panel_3                matlab.ui.container.Panel 

        UIAxes                 matlab.ui.control.UIAxes 

    end 

    methods (Access = private) 

        % Code that executes after component creation 

        function startupFcn(app) 

            app.ReadingLamp.Color = [0.9 0.9 0.9]; 

            app.ReadingLampLabel.Text = ' Not Reading' ; 

        end 

        % Button pushed function: ReadDataButton 

        function ReadDataButtonPushed(app, event) 

%% Open serial communication with the sensor ----------------------               

             

            out = instrfind();                                            

%Close previous ports 

                delete(out); 

                portnum=app.COMPortEditField.Value 

                portstr=num2str(portnum) 

                app.ReadingLamp.Color = 'g'; 

                app.ReadingLampLabel.Text = 'Reading' ;            

%turn on green light when reading 

                global s 

                s = serial(['COM',portstr]);                         

%open serial port 

                

set(s,'BaudRate',9600,'timeout',0.25,'InputBufferSize',256); 

                fopen(s) 

                pause(5) 

                p=0 

                 

%% Read all pages from EEPROM--------------------------------------- 

            b=fread(s,1) 

            fwrite(s,[19,0,0],'async')   %read all pages from eeprom 

                 A = fread(s); 

                    p1=p; 

                    p=p+1; 

                    end 

                end 
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                app.ReadingLamp.Color = [0.9 0.9 0.9]; 

                app.ReadingLampLabel.Text = ' Not Reading' ; % turn 

off green lamp when reading is finished 

                 

 %% Convert raw data to temperature and Voltage ------------------- 

 % Both temperature and ADC are 16 bit binary numbers 

 % there is one temperature measurement data point for every 3 ADC 

data point 

          

                numBytes=length(A); 

                B=zeros(round(numBytes/2), 2); 

                m=numBytes/2; 

                 

                for n = 1:numBytes/2 

                    B(n,1) = A(2*n-1)*256+A(2*n); 

                     

                end 

                 

                numTemps = round((numBytes/2)/4); 

                numADCs = round((numBytes/2)*3/4); 

                Temps = zeros(numTemps, 2); 

                ADCs = zeros(numADCs, 1); 

                currTemp = 1; 

                currADC = 1; 

                 

                for n = 1:numBytes/2 

                    if( mod(n-1,4) == 0) 

                        Temps(currTemp, 1) = B(n, 1); 

                        Temps(currTemp,2) = B(n,1)/207.198-52.33; 

                        currTemp=currTemp+1; 

                    else 

                        ADCs(currADC, 1) = B(n, 1); 

                        currADC=currADC+1; 

                    end 

                end 

                 

                fs=2 

                x=[1:3:3*numTemps]; 

                xq=[1:3*numTemps]; 

                V=3.2/4096.*ADCs(:,1); 

                T=interp1(x,Temps(:,2),xq,'linear','extrap'); 

                T=T'; 

                T=T(1:length(V)); 

                time=[1:length(V)]'; 

                 

 %% Temperature compensation -------------------------------------- 

                b=-0.0568 

                v0=5.7339 

                Vcomp=V-(b*T+v0)+mean(V); 

                 

%% Plot flow rates ------------------------------------------------- 
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                slope=0.05 

                Vq=Vcomp-Vcomp(1); 

                q=Vq/slope; 

                 

%% Saving data to a text file ------------------------------------ 

                Data=[V,T]; 

                % writematrix(Data,'Flow.csv')  

                csvwrite('Flow2.txt',Data) 

                plot(app.UIAxes,time/fs,q); 

                app.UIAxes.YLim=([-50,50]) 

        end 

    end 

    % App initialization and construction 

    methods (Access = private) 

        % Create UIFigure and components 

        function createComponents(app) 

            % Create UIFigure 

            app.UIFigure = uifigure; 

            app.UIFigure.Position = [100 100 605 482]; 

            app.UIFigure.Name = 'UI Figure'; 

            % Create Panel 

            app.Panel = uipanel(app.UIFigure); 

            app.Panel.Position = [23 407 563 53]; 

            % Create COMPortEditFieldLabel 

            app.COMPortEditFieldLabel = uilabel(app.Panel); 

            app.COMPortEditFieldLabel.HorizontalAlignment = 'right'; 

            app.COMPortEditFieldLabel.Position = [10 16 63 22]; 

            app.COMPortEditFieldLabel.Text = 'COM Port'; 

            % Create COMPortEditField 

            app.COMPortEditField = uieditfield(app.Panel, 'numeric'); 

            app.COMPortEditField.Position = [84 16 100 22]; 

            app.COMPortEditField.Value = 5; 

            % Create ReadDataButton 

            app.ReadDataButton = uibutton(app.Panel, 'push'); 

            app.ReadDataButton.ButtonPushedFcn = 

createCallbackFcn(app, @ReadDataButtonPushed, true); 

            app.ReadDataButton.Position = [221 16 100 22]; 

            app.ReadDataButton.Text = 'Read Data'; 

            % Create ReadingLampLabel 

            app.ReadingLampLabel = uilabel(app.Panel); 

            app.ReadingLampLabel.HorizontalAlignment = 'center'; 

            app.ReadingLampLabel.Position = [369 15 86 22]; 

            app.ReadingLampLabel.Text = 'Reading'; 

            % Create ReadingLamp 

            app.ReadingLamp = uilamp(app.Panel); 

            app.ReadingLamp.Position = [493 15 20 20]; 

            % Create Panel_3 

            app.Panel_3 = uipanel(app.UIFigure); 

            app.Panel_3.Position = [22 18 563 376]; 

            % Create UIAxes 

            app.UIAxes = uiaxes(app.Panel_3); 
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            title(app.UIAxes, 'Title') 

            xlabel(app.UIAxes, 'Time [s]') 

            ylabel(app.UIAxes, 'Flow Rate [ml/h]') 

            app.UIAxes.YLim = [-50 50]; 

            app.UIAxes.Position = [10 10 540 356]; 

        end 

    end 

    methods (Access = public) 

        % Construct app 

        function app = Flow_sensor_data_read_app 

            % Create and configure components 

            createComponents(app) 

            % Register the app with App Designer 

            registerApp(app, app.UIFigure) 

            % Execute the startup function 

            runStartupFcn(app, @startupFcn) 

            if nargout == 0 

                clear app 

            end 

        end 

        % Code that executes before app deletion 

        function delete(app) 

            % Delete UIFigure when app is deleted 

            delete(app.UIFigure) 

        end 

    end 

end 
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