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Abstract

Inertial sensing is an important part of engineering and technology, especially for determining
spatial orientation. Most modern inertial sensing units rely on MicroElectroMechanical systems
(MEMS) style gyroscopic sensors to determine angular acceleration. This research investigates a novel
gyroscopic sensing technology that uses mechanical precession of magnetic nanoparticles, instead of
MEMS, to determine inertial measurements. The only other study on this novel technology proposed
a scalar set of equations for relating magnetic field and torque magnitude to the magnitude of angular
displacement of the sensor. This research develops the theoretical model into a set of full vector
equations, so that the magnetic field and torque can be related to both the magnitude and direction of
angular displacement of the sensor. It was determined that inertial components of nanoparticle torque
in the original model are negligible due to scaling laws at the nanoscale, and that the only significant
contributions are due to viscous fluid drag, which changed the theoretical equations considerably.
Euler rotation angles were used to derive a decomposed 3D vector that represents the torque and
magnetic field of the nanoparticle response to angular displacement. Simulations verified the
assumptions made in the model, and overall it was concluded that, theoretically, the sensor technology
could work and is viable for further applications. However, improvements should be made to the

sensor design in order to improve electromagnetic immunity to exterior sources.
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Key to Symbols

Description

Magnetic field magnitude of precessed nanoparticles
Magnetic field magnitude of steady state not precessed nanoparticles

Moment of inertia for spherical object

Angular displacement (sensor tilt) rate (rad/s)

Rotational velocity (nanoparticle spin rate) (rad/s)

Fluid viscosity

Volume

Single domain magnetic nanoparticle magnetic moment

Difference between nanoparticle magnetic moment and applied magnetic field
Tilt angle

Angular acceleration (rad/s?)

Nanoparticle torque when precessed

Nanoparticle torque when not precessed

Magnetic moment of nanoparticle (vector)
Mass

Radius

Euler rotation angle - Z1

Euler rotation angle - X

Euler rotation angle - Z2

Magnetic field vector

Vacuum permeability of free space
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Ix

Iz

Conventional electrical current

Differential wire segment length vector

Distance vector between wire and point

Unit vector between wire and point

Density

Diameter

Characteristic dimension

Single axis angular displacement angle

Sinusoidal frequency (of AC electrical current)

X component of magnetic field vector

Y component of magnetic field vector

Z component of magnetic field vector

Number of wire (solenoid) coils

Radius

Electrical current induced from magnetic field in X direction
Electrical current induced from magnetic field in Y direction
Electrical current induced from magnetic field in Z direction

Magnetic susceptibility
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Chapter 1: Introduction
1.1)  Introduction

Inertial sensing is an important part of engineering and technology, especially for determining
spatial orientation. One of the most important aspects of inertial sensing is being able to translate a
measurable input signal to its corresponding inertial movement. It is important to know not just that
something moved, but in what direction and in what period of time that it moved. One component
that is used to determine inertial information is the gyroscopic sensor. Gyroscopes are used in many
electronics applications today, ranging from mobile cell phones, to marine navigation units, to missile
or rocket ship control units [1]. At their core, all gyroscopes are devices that sense changes in angular
velocity. The first gyroscopes were purely mechanical, but due to advances in technology there are now
a handful of different types of gyroscopic sensors available. The most common gyroscopic sensors used
today are the MEMS type, due to their relatively good performance and low cost, made possible
through advancements in manufacturing [2].

Even though MEMS gyroscopic sensors are widely used for many applications, they do have
some drawbacks and they are not suitable for every application. Most notably, MEMS gyroscope
sensors can be less accurate over longer periods of time than other types of gyroscopic sensors because
biasing can vary with voltage and temperature, which results in drift [18]. When measuring Bias
Stability, specifically, other types of sensors can obtain up to 5 orders of magnitude better ratings than

MEMS [3]. This is illustrated in figure 1.
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Figure 1: Gyroscope technology performance chart [1]

A novel inertial sensor technology that relies on the gyroscopic properties of magnetic
nanoparticles is investigated here [4]. This technology utilizes ferrite nanoparticles with an average
radius of about 15nm, which is smaller than the finest features found in MEMS style gyroscopes. The
working principle of this technology, however, is mechanical precession, rather than the vibrating
phenomena employed by MEMS style gyroscopes. The goal of this technology is to provide an
alternative to MEMS gyroscopes that provides increased immunity to environmental factors, such as

temperature and pressure, while also providing accurate inertial measurements.

1.2)  Purpose
The goal of this research is to model the 3D torque of nano-particles in this sensor technology
to determine the electromagnetic response to angular displacement. The primary objectives of this

research are:
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i) To theorize a model consistent with ferrofluid mechanics to describe the torque of ferrite
nano-particles as a 3D vector.

ii) To simulate the electromagnetic fields, and effects thereof, for the ferrite nano-particle model
with an alternating current supply.

iii) To compare simulated and theorized results to empirically collected data to determine whether

this technology is viable for use in a gyroscopic sensing application.

1.3)  Scope
This study analyses the specific nano-particle sensor technology introduced in a single previous
study. This research is focused on developing the theoretical model of this sensor technology to model

the response as a 3D vector, rather than just a magnitude scalar.

1.4)  Assumptions

The assumptions made for this research are largely based on the specific sensor technology
used. Assumptions are made about the overall sensor size, geometry, and composition, as well as the
nano-particle properties of magnetization and spin. These assumptions are further explained in section

2.1.

1.5)  Research Question
The sensor technology studied has been previously proven to exhibit measurable electrical
current (on the order of milliamps) corresponding to the magnitude of angular displacement. The

research question here is whether or not these measurements can be expanded, by modeling as a vector,
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to determine information about the direction of angular displacement, rather than just the magnitude,

and whether or not this technology is viable for inertial sensing applications.

1.6)  Significance
This research will improve the understanding of this novel inertial sensing technology, and

help to determine whether or not it is viable for real-world applications.

1.7)  Definitions
A relationship exists for this novel sensing technology [4] to calculate the magnitude of the
magnetic field response to angular displacement, provided in equations 1 and 2.
B, s = IR w - 6nVw) / M(sin(6,)) = Cmr’wQ /5 - 6nVw) / M(sin(6,)) (eqn 1) [4]

BHOTJTCCCSSCd = (Iaa - 6'IV“’) / M(Sm(gz)) = (2mr2aa/ 5 - 6""“) / M(Sm(gz)) (eqn 2) [4]

This relationship can also be expressed in terms of the physical torque experienced by the

particles as provided in equations 3 and 4.

Torecessed = 2 T W - 6nVw = M Bsin(6,) (eqn 3) [4]
Tnotjrecessed = Iaa - 611VW = MBS]n(HZ) (eqn 4) [4]

In these relationships, “precessed” and “not precessed” can be defined as follows:

Precessed: When the nanoparticles are spinning (momentarily) about an axis that is offset

from the axis by which the supplied spinning force is applied. This occurs
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when the sensor is tilted and before the nanoparticles shift to realign their
rotational axis.

Not Precessed: When the nanoparticles are spinning about the same axis that the supplied
spinning force is applied. This represents the steady-state of the nano-particles

when spinning within the sensor.

Due to the superparamagnetic properties of the magnetite nanoparticles, the magnetic
moment of the nanoparticles, m , only exists in the presence of a magnetic field. It is important to note
the difference here between the magnetic moment, m , of the nanoparticles and the magnetization, M.

The magnetic moment, m , can be expressed as provided in equation S.
m=[[[Madv (eqn 5)

Because we are describing the orientation of a rigid body (the sensor) with respect to a fixed
coordinate system, it is also helpful to use Euler Angles in order to decompose the angular components
of the system into the fixed coordinate system. Figure 2 shows the geometrical definition of the euler
angles that will be used. The Euler angles help to describe the system for more complex cases when the
sensor is tilted about multiple spatial axes simultaneously (or concurrently).

Because the particles in the sensor are only nanometers in diameter, scaling laws must be
considered. Specifically, the scaling laws for moment of inertia of a sphere, since the nanoparticles are
spherical. In order to assess these scaling laws, the moment of inertia for a sphere is provided in
equation 6.

Isphere = %er (eq” 6)
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Figure 2: Euler Angles [5]

These Euler angles are applied only for the case where the sensor is tilted, and the nanoparticle
spin axis is momentarily misaligned with the applied rotating magnetic field axis. Looking at figure 2,
the blue components represent the fixed reference frame (the sensor and coil windings) and the red
components represent displaced components (the nanoparticles when precessed) following 3
consecutive rotations about each of the 3 fixed axes. For the specific Euler angle representation used
here, a 3-1-3, or Z-X-Z, rotation sequence is applied. This is because the nanoparticle is always rotating
about the fixed Z axis, until it is precessed, at which point it experiences an angular displacement
(which can be on either the X or Y axis). a represents the first rotation about the fixed Z axis,
represents the second rotation about the fixed X axis, and y represents the third rotation again about
the fixed Z axis. & and y can take any angle value from 0° to 360°, while B is limited between -90° and

90°, or 0° and 180°.
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Due to the symmetry of the sensor and nanoparticles, the Z-X-Z rotation convention can also
be applied to rotations about the Y axis. Using this convention, the angular velocity vector of the
rotation sequence can be decomposed into a 3D vector in the fixed coordinate system. This angular

velocity vector is provided in equation 8.

= < LsinB)sin(y) + Leosty), LsinPBicosty) — Lsin(y), LcosP)+ % >

(eqn 7) [11]

(Deuler
In order to determine the magnetic field applied to rotate the nanoparticles, coming from the
driving sensor coils, the Biot-Savart law is applied. The Biot-Savart law states that the magnetic
intensity at any point due to a steady current in an infinitely long straight wire is directly proportional
to the current and inversely proportional to the distance from point to wire [6]. This law is provided in

equations 8 and 9 [7].

- 1dL x 7

dB = o (eqn 8)

B=%f’§ﬁ (eqn 9)
C

The sensor technology used in this paper relies on a ferrofluid of Fe,O, nanoparticles
suspended in water. The relative magnetic permeability of water ( p, ) is known to be very close to 1,
which means that it is appropriate to just use the magnetic permeability of free space ( 1, ). However,
because the ferrofluid contains Fe;O, nanoparticles as well, that must be considered when assessing the

magnetic permeability coefhicient. This is discussed further in chapter 2.
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In order to evaluate the relative permeability of a ferrofluid, it is important to relate the
magnetic permeability to the magnetic susceptibility. This relationship is provided in equations 38 and

39.

Fl=

K, R T T (eqn 38) [18]

x=u — 1 (eqn 39) [18]

In order to determine the induced current from the magnetic fields generated when the
nanoparticles within the sensor are displaced, Faraday's law is applied. Faraday’s law states that the
electromotive force induced in a circuit by variation of the magnetic flux through the circuit is
proportional to the negative of the time rate of change of the magnetic linkage [20]. This law is
provided in equations 40 and 41 [21]. The equations provided by this law are for a generalized case,
and must be evaluated for the specific geometry and conditions of the sensor technology. This is

discussed in chapter 2.

d [ BdA
Vemf = —-N—5— (eqn 40) [21]
d [ BdA
Vem
I induced — R L= - RN. dt (eqn 41)

The Biot-Savart law can be applied to this technology because an alternating current is being
supplied through the driving coils, resulting in a changing magnetic field being generated and
interacting with the magnetic nanoparticles. Faraday’s law can be applied because moving (precession)
nanoparticles generate a changing magnetic field that results in current being induced back onto the

driving coils.
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Chapter 2: Manuscript

2.1)  Theoretical Modeling

Most modern inertial measurement units (IMUs) rely on accelerometers and gyroscopes to
determine linear and rotational acceleration in spatial directions [8]. The novel technology used for this
thesis relies on induced magnetic fields from rotating nanoparticles to achieve measurements.

The specific design of the sensing unit in question relies on a rectangular volume of magnetic
nanoparticles suspended in a liquid. This volume then has coils of low impedance motor wire wrapped
around it, similar to solenoid coils, in two orthogonal directions. In order to maintain a consistent
frame of reference, the two spatial axes which the coils are wrapped around can be considered to be the
x and y axes. Because the coils are wrapped around the entire volume containing the nanoparticles, the
generated magnetic field within the coils (where the nanoparticles are present) can be held constant. A
sinusoidal AC signal is supplied to each of the two driving coils, with each signal being of the same
amplitude but with different phase. Specifically, the amplitudes are offset by a phase of 90 degrees,
which allows the resultant force to spin the nanoparticles about the z axis.

Specifically, this relationship describes spinning magnetite (Fe,O,) nanoparticles and their
resultant torque when tilted off of their axis of spin. This relationship includes effects from the
magnetic forces from the applied spin field as well as the frictional drag forces from the liquid
suspension agent (H,O). Some assumptions made in equations 1-4 are that: (i) the magnetite
nanoparticles are spherical; (ii) the nanoparticles are spinning about a stationary axis (not wobbling);
(iii) the rate at which the entire sensor body tilts (£2) is much smaller than the rate at which the
nanoparticles are spinning (w); (iv) the magnitude of the magnetic moment of the magnetite

nanoparticles (M) is approximately 0.025 x 10° Am? [9]; (v) when returning to the steady state
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position after being momentarily precessed, the particles reorient their axes in a linear motion; (vi) the
dynamic or absolute viscosity is used for the suspension agent (H,O); (vii) the magnetic permeability
of free space ( l, ) can be used when evaluating the sensor technology; and (viii) the magnetic field
produced by rotating nanoparticles is geometrically uniform.

These relationships presented in equations 1-4 are useful for determining the magnitude of
magnetic flux that is generated when the sensor is displaced (tilted). When current is supplied to the
driving coils of the sensor, the nanoparticles will start to spin because of their susceptibility to the
applied magnetic field. Once these particles are spinning they will reach a steady state which is
represented by the “not precessed” relationships. Then, if the sensor (and thus the nanoparticles) is
tilted, the nanoparticles will temporarily be misaligned and will quickly move back into alignment with
the axis of spin due to precession. The torque required to move these particles back into alignment is
captured by the “precessed” equations. Thus, the difference between the precessed and not precessed
relationships can be used to determine the angular displacement information.

When the sensor is displaced, and the nanoparticles are momentarily misaligned on their axis of
rotation, which results in a reduction of nanoparticle spin torque relative to the original spin axis. This
reduction in torque manifests as a reduction in the magnetic field magnitude, which will resultin a
drop in the induced current in each of the coil wrappings, which can then be measured. A previous
study has shown that for a driving current on the order of a hundred milliamps, the measured induced
current drop is on the order of a few milliamps [4].

Before going further into analyzing the electromagnetic response of this sensor, we must take a
look at the existing relationship from equations 1-4. It can be seen that both the magnetic field and

torque equations for the precessed state contain the same terms: Q I w - 61V w. For the not precessed
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state, a similar pair of terms is also present in both sets of equations: Ia& - 6nVw . In both the
precessed and not precessed states, these two terms represent effects due to inertial precession and
viscous fluid drag, respectively. Because the particles used in this sensor are only nanometers in
diameter, scaling laws must be considered. At the nanoscale, inertia and gravity make virtually no
difference, but viscous fluid forces are still significant [10]. This can be verified by deriving the scaling
law for the moment of inertia of a sphere. By replacing the dimensional components of the moment of
inertia equation, equation 6, with the characteristic dimensions, D, this scaling law is derived and
provided in equation 10.

m =V
— 1 3
Vsphere - gTEd

m=gind ~D’

r= §~D
I, =20lxp3Llp’=ontp’ ~D° (eqn 10)
sphere 5Q6 4 Q 60 1

It can be seen that the moment of inertia of a sphere is proportional to D°, which means that
the moment of inertia for a spherical object with a diameter of 10nm would be approximately 10*°
times smaller than an object with a moment of inertia of 1cm.

Computing the torque components due to inertial precession and viscous fluid drag for a
typical precessed sensor condition, found in table 1, using equation 1 yields the results of: Q I w =
3.995x 10 N*m and 61 Vw = 4.544 x 10> N*m. It can be seen that the viscous fluid drag effects are
10 orders of magnitude greater than the effects due to inertial precession. This is largely due to the fact

that the moment of inertia of the nanoparticle is proportional to the particle volume and the particle
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radius squared, whereas the fluid drag is only proportional to the particle volume. This confirms the

result of the scaling laws

Table 1: Typical Sensor Values

Item Symbol Value
nanoparticle mass m 7.065 x10*° kg
nanoparticle radius r 1.5 x10®m
spin velocity w 6283 rad/s
tile velocity Q 1 rad/s
fluid viscosity (water @300K) n 8.53 x 10*N*s / m?
nanoparticle volume 14 1.413x 10% m’
driving current phase difference 01 90 degrees
magnetization of nanoparticle M 2.5x10% A*m?

This drastically changes the model, because the inertial precession components of equations
1-4 are the only components that relate angular displacement (€2) to the magnetic field. Given that the
inertial contributions of the model are insignificant compared to the fluid drag effects, the previous
equations for the magnetic field and torque can be re-written, as provided in equations 11-14.

=(-6nVw) / M(sin(6,)) = (- 6nVw) / M(sin(6,)) (eqn 11)

precessed

= (- 6nVw) / M(sin(6,)) = (- 6nVw) / M(sin(6,))  (eqn 12)

not_precessed

T =-6nVw = M Bsin(6,) (eqn 13)

precessed

T -6nVw = M Bsin(6,) (eqn 14)

not_precessed -
At first, it appears as though the equations for the precessed and not precessed states are now

equivalent to each other, which would indicate that there is no difference in the magnetic field
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generated when the particles are precessed or not. However, it is important to note that these equations
represent individual nanoparticles within the sensor volume. Therefore, when the sensor is tilted, the
nanoparticles will momentarily be rotating on a different axis, which means that the angular velocity
will decompose differently. By decomposing the angular velocity vector for the precessed case, we can
establish a relationship between the applied angle of tilt and the magnetic field response.

As previously stated, in order to examine spatial components of this sensor, it is important to
establish a frame of reference. Figure 3 provides a simplified model of the sensor with labeled axes. It is
important to note that the entire sensor is not rotating about the Z-axis, but the applied rotating
magnetic field generated from the driving coils is always rotating about this axis. The frame of
reference is established such that the sensor body, and the driving coil wrappings, are always considered
to be the fixed reference. Using this frame of reference, it can be seen that rotating the sensor about the
Z-axis will have no effect on the precession of the nanoparticles, because the Z-axis is the axis of
rotation for the nanoparticles. Further, it can be observed that due to the symmetry of the sensor (and
uniform distribution of spherical nanoparticles within the sensor volume), that rotating about either
the X-axis or Y-axis should have the same effect on precession of the nanoparticles. This can be
observed in figures 4 and 5. Rotating about either the X or Y axes will cause a momentary displacement

between the spin axis of the nanoparticles and the axis of rotation of the applied magnetic field.
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Figure 3: Simplified Sensor Model Frame of Reference
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Figure 4: Simplified Sensor Model Not Displaced
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Figure 5: Simplified Sensor Model Displaced

The angular velocity of the displaced nanoparticles can be decomposed, using the Euler
angular velocity vector from equation 7, as provided in equation 16. Equation 15 provides the angular
velocity of the nanoparticles when the axes of rotation are aligned.

<0,0, 27f > (eqn 15)

@100 _precessed —

ap . o d
-sin(y) 4 os(B) + % >

= < LsinB)sin(y) + Lcosy), Lsin(B)costy) — Lsin(y), L
(eqn 16)

mprecessed - dt > dt

Because of the assumed spherical geometry of the nanoparticles, we can see that regardless of

the nanoparticle orientation, the magnetic moment magnitude should remain constant. This allows us
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to adjust equations 13 and 14 to those provided in equations 17 and 18 which include the vector
components of the B field as well. It is noticed that the equations are now identical.

T = -6nVw =M < Bx, By, Bz > (eqn 17)

precessed

T = -6nVw = M < Bx, By, Bz > (eqn 18)

not_precessed

Because the novel sensing unit relies on wire wrappings, similar to solenoid coils, the
Biot-Savart law can be evaluated accordingly to determine the applied magnetic field from the driving
coils to spin the nanoparticles. Because solenoid coils have a uniform cylindrical geometry, the curve
integral can be evaluated to obtain the closed form solution provided in equation 19.

o MgNI

B ==7— (eqn 19) [12]

Looking at equation 19, it can be seen that the magnetic permeability coefficient of free space
(M) is being used, per the initial assumptions made. Because of the presence of Fe,O, particles
suspended in the water, however, the magnetic susceptibility changes. This is because permeability (1)
in ferrofluids is a complex quantity dependent upon the frequency of the supplied magnetic field [18].
However, because the supplied signal frequencies used in this technology are relatively low (1 kHz),
these effects are not significant. A study on the magnetic susceptibility of Fe,O, nanoparticles found
that for frequency ranges from 10 Hz to 10 kHz, the magnetic susceptibility was approximately the
same as a function of AC field frequency, and almost exactly the same when at room temperature
(which is the case for this technology)[19]. Given the operating conditions of the sensor, specifically
relatively low AC signal frequency and constant room temperature, a static magnetic permeability

coefhicient can be reasonably assumed because the magnetic susceptibility is not a function of applied
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magnetic field frequency. If this technology were to be employed with higher signal frequencies,
especially in the MHz and GHz range, then this assumption would need to be reevaluated.

Given that the magnetic permeability can be considered to be constant, equations 38 and 39
can be applied to determine the approximate value of the magnetic permeability coefficient. This is

done using the empirically derived values for magnetization of Fe,O, nanoparticles [19].

%=4 —1=0009 ..y =10096

W= p,u, = 1.0096 y,

It can be seen that the relative magnetic permeability of the ferrite nanoparticles can be seen to
be very close to 1. This, combined with the fact that the relative permeability of water is also very close
to (but lower than) 1, indicates that it is appropriate to continue to equate the magnetic permeability
of the ferrofluid to the magnetic permeability of free space.

The Biot-Savart law can be applied to determine the magnetic field at any given point within
the sensor (where the nanoparticles are) from the driving current through the coils. This magnetic field
contribution can then be combined with the contribution from the precession effects in order to
determine the total resultant field.

A critical aspect of this theory is to represent the induced magnetic field from angular
precession of the sensor as a vector, rather than a scalar. The current scalar based equations only allow
for information to be garnered regarding the magnitude of angular displacement, not the direction.
Additional information provided from a full vector model will allow for this direction to be
determined. This allows for the sensor measurements from each independent driving coil to be used to

provide additional information about the direction of rotation. Because the inertial contribution to
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the precession torque equation was proven to be insignificant, however, this becomes less
straightforward.

First, the relationship for the non precessed state of the nanoparticle sensor can be established
as a vector. By combining equations 15 and 18 we can see the torque that is required to overcome fluid
drag in order to spin the nanoparticles at the steady state velocity. This equation is provided in
equation 20.

T =-6nV<0,0, 2nf > = M < Bx, By, Bz > (eqn 20)

not_precessed

Decomposing equation 20 into its components in the fixed frame of reference is done next,

and the results are provided in equations 21, 22, and 23.

TnotJ)recessedﬁX = 0= MBx (eql’l 21)
Tnot_precessed_Y =0= MBy (eqn 22)
Tt precessed Z — ~ 611 VZJTf = MBz (eqn 23)

Looking at equations 21, 22, and 23, we can see that in the steady non precessed state, when
the nanoparticles are spinning, there is only a magnetic field in the Z direction, or in the direction of
the spin axis.

Using the frame of reference from figure 3, we can apply Lenz’s law to determine which
components of the magnetic field will result in induced current on the driving coils. Since the driving
coils are wrapped around the X and Y axes, that means that the magnetic field components in the X

direction will contribute to the current in one coil, and the magnetic field components in the Y
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direction will contribute to the current in the other coil. We can refer to the coils wrapped on their
respective axes as CoilX and CoilY.

In order to determine the induced current from the rotating nanoparticle magnetic field,
Faraday’s law must first be evaluated for the sensor geometry. Looking at equation 41 it can be seen
that finding a closed form solution of Faraday’s law requires integrating with respect to the magnetic
field as well as the cross sectional area of the wire loop (coil) exposed to the magnetic field. For the not
precessed case, the strength of the magnetic field, as well as the area, should remain constant, which
allows the equation to be simplified to the one provided in equation 42. This solution relies on the
assumption that the magnetic field produced from rotating nanoparticles is fairly uniform, which can

be assumed due to the fact that the wire coils are wrapped closely to the fluid.

v d [ BdA
_ emf _ _ _N_ ____N BA
induced — R - R dt = R . At (eqn 42)

coil coil coil

1

Because this induced magnetic field is solely in the Z direction, Lenz’s law can be applied to
find that the magnetic flux should not result in an induced current on the driving coils. Even though
the steady state induced current will be 0, it is still useful to quantify current that could be induced if
another coil was present. This current can be quantified by applying Faraday’s law by combining

equation 23 with equation 42, into the resultant equation 25.

*6! \4 ZTEZ Iinduzred Rem At
i = Br= - e (eqn 24)
onvanf NA _
M At =1 not precessed ( eqn 25)

For a typical supply signal of 1000 Hz, and a typical sensor with 50 windings of a coil with an

equivalent solenoid radius of 0.5c¢m, the induced current in the non precessed state would be on the
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order of femtoamps per nanoparticle (71.4 fA). For a typical sensor, with water as the suspension
agent, there are approximately 10" nanoparticles present within the sensor volume, which means that
the total current value can be increased. Due to magnetic susceptibility, interaction between particles,
and thermal effects, however, this gain is not exactly equal to the number of particles. A previous study
found measurable values to be on the order of milliamps for an equivalent sensor [4]. Regardless, as
previously stated, the steady state non precessed magnetic field produced from nanoparticle precession
will not be induced onto the driving coil currents.

In order to relate the magnetic field to an angle of tilt, we will need to assess the sensor response
when the nanoparticles are precessed. First, we can combine the decomposed angular velocity vector
from equation 16 with the precessed torque equation from equation 17. This combination is provided
in equation 26.

Tonecessea = = OMV< Lsin(B)sin(y) + Leos(y), LsinB)cosy) — Lsin(y), LeosB)+ & >

=M < Bx, By, Bz > (eqn 26)

Decomposing equation 26 into its components in the fixed frame of reference is done next,

and the results are provided in equations 27, 28, and 29.

Tyt x = — 6NV (Lsin(B)sin(y) + Feos(y) = MBx (eqn 27)
Ty = — NV (Wsin(Brcos(y) — Lsin(y) = MBy (eqn 28)
Tprecessede = - 67]V(¢2_?COS(B) + %) = MBz (eqn 29)

Looking at equations 27, 28, and 29, we can see that when the nanoparticle is precessed, the

angular velocity will have components in all three of the fixed reference frame directions, when tilted
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about a single axis. These components have magnitudes that directly relate to the angle and rate of tilt.
Because this induced magnetic field is in the X, Y, and Z directions, Lenz’s law can be applied to find
that the magnetic field will result in an induced current on the driving coils.

In order to determine the induced current from the rotating nanoparticle magnetic field,
Faraday’s law must again be evaluated for the sensor geometry. Looking at equation 41 it can be seen
that finding a closed form solution of Faraday’s law requires integrating with respect to the magnetic
field as well as the cross sectional area of the wire loop (coil) exposed to the magnetic field. For the
precessed case, the strength of the magnetic field, as well as the area, will not remain constant. This
makes it more difficult to evaluate the integral. In order to arrive at the solution for a changing
magnetic field and a changing area, two solutions can be combined. Specifically, solving the equation
for the case of a fixed coil (static area) with a changing magnetic field, and the equation for the case of a
rotating coil (changing area) in a uniform magnetic field. These solutions are presented and combined
in equations 43-45. These solutions again rely on the assumption that the magnetic field produced

from rotating nanoparticles is fairly uniform.

v d [ BdA v AB
_ emf _ _ _N AAB
IflxedA - Rcoil - Rcoil dr - RcoilA At (eqn 43) [211
v ) BdA Yo
_ emf - AA
If ixedB — Rcoil - R('()il dr - R('uil B At (eqn 44) [211
v N 4J B N_ AAAB
- e _ _ N - —
I induced — R - R dt - R At (eqn 45)

coil coil

This current can be quantified by applying Faraday’s law by combining equations 27, 28, and

29 with equation 45, into the resultant equations 33, 34, and 35. In order to determine the differential
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B field element, AB , we can observe the difference between the precessed and not processed state. For
now can consider the differential area of the coil (AA ) to be the entire area, however, it is possible (and
likely) that this area is less, which would be equivalent to scaling the component. This could be further

determined through empirical verification.

AtR,

(= 60V (Lsin(@)sin(y) + Leos(y)) /M)~ 0= ABx= — lntu Al (eqn 30)
(= 6NV (LsinB)cos(y) — Lsin(y) /M) = 0= ABy = — lotuas Sl (eqn 31)
(- 6NV (Lcos(B)+ L)) /M)~ (— 6 n V2nf) = ABz = — Rt (eqn 32)
(6NV NAA (LsinB)sin(y) + < L eos(y)) | (M At Reoit)) =1 precessea, (eqn 33)
(6NV NAA (%sin(B)cos(y) — Sln(Y)))/ M AR D) =1 irea, (€439

(6nV NAA (Lcos(B)+ %))/ (M At Ryyy) + (6 0 V2f NAA [ (At Riy)) = Lprecessea,
(eqn 35)

Looking at equations 33, 34, and 35, we can see that there will be an induced current on the
driving current coils wrapped around the X and Y axes. This induced current will be at its maximum
value when the sensor has just stopped tilting, and then it will return to 0 as the rational axes of the
nanoparticles realign and the induced current shifts back to the Z axis. This is because the induced
current on the driving coils is only due to the X and Y components of the magnetic field, which are

only present when the nanoparticles are precessed. Therefore, I, precessed and [ represent the

Y precessed

maximum values of the induced current contribution from each nanoparticle, and 7, precessed
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represents the minimum value of the potential current contribution that is at its maximum at the
steady non precessed state.

For a typical supply signal of 1000 Hz, and a typical sensor with 50 windings of a coil with an
equivalent solenoid radius of 0.5c¢m, the induced current in the precessed state can be computed for a
handful of angular displacements. A simplified example can be used, where tilt is only applied about a
single axis, as illustrated in figures 4 and S. This can be modeled using the Euler angle representation
from equations 33-35. Using the Z-X-Z Euler convention, we know the angular velocity about the

fixed Z axis, which is represented by % and % . Tilting the sensor by an angle  and at a rate of i—e

will produce an induced current value using equations 33-35. Induced current for a handful of these

tilt cases was computed for a variety of angles and tabulated in table 2. Because of the assumption that
) d . . d )

the tilt rate, 7[? , will be much smaller than the spin rate, fi—(f and % , we can determine the amount of

Z axis displacement, a and ¥, using the formula in equations 36 and 37. The spin rate is fixed at

2nf = 6283 rad/s.

a=((©/L)B) % 360° (eqn 36)
(% /Ly By % 360° (eqn 37)

Table 2: Induced Current Results (Tilted About X Axis)

Angular Tilt Rate, Z Twist Maximum Maximum Minimum
Displacement, %E ,rad/s |Angle,a@=y, | L A y precesseds I 2 precesseds 2
P, degrees degrees
30 349 180.1 -2.01E-15 -1.78E-14 6.66E-14
60 349 0.2 2.09E-15 3.09E-14 5.35E-14
90 349 180.3 -2.17E-15 -3.57E-14 3.57E-14
120 349 0.4 2.20E-15 3.09E-14 1.78E-14
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The results from table 2 match the expected behavior of the system. As the sensor is tilted

is approximately 10 times greater than the current /

- .
about it’s X axis, the current / X precessed *

Y precessed

For a rotation about the Y axis, rather than the X axis, this means that the current 1, , would be

precesse

approximately 10 times greater than the current / as well. This means that the equations can

Y precessed
be used to determine not just the magnitude of the angular displacement, but also which axis about
which the system was tilted. For a combination of tilt about the X and Y axes, the currents 1

X precessed

and I, would be more similar to each other.
precessed

Further, it can be seen that the magnitude of the current contribution for an individual
nanoparticle is on the order of femtoAmps again, which is consistent with the magnitude of current

found for the not precessed state.
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2.2)  Simulation and Analysis

In order to verify that the theoretical model for the sensor is accurate, simulations were
performed using MATLAB. The first simulated aspect of the sensor was the magnetic field from the
driving coils to spin the nanoparticles. The representation of the Biot Savart law in equation 9 relies on
differential magnetic field elements corresponding to differential length segments of a conducting wire.
This was simulated in MATLAB by generating a series of points in a plane (to represent nanoparticles
within the sensor), and then computing differential magnetic field contributions for each segment of
the wire wrappings. The simulated wire coil vectors were plotted and are provided in figure 6, so that
the simulation can be better visualized. It can be seen in figure 6 that there are 50 coil wrappings

simulated for both the X and Y axes.

3D Sensor Coils

/
i)
X
A
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Figure 6: MATLAB Simulated Wire Coils Plot
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The simulation of the Biot-Savart law was performed for a few different Z planes, representing
different points within the sensor. Because the typical sensor dimensions are 1cm x 1em x 0.5cm, the
magnetic field strength was simulated for Z values of Ocm, 0.1cm, 0.2cm, and 0.2475cm above and

below the center of the sensor volume. These simulation results are provided in figures 7-13.

Magnetic Field Strength vs. Position Within Sensor <10°

2 = units=T
5| - PointLocations

X (cm) Y (cm)

Figure 7: Applied Magnetic Field from Sensor Driving Coils, Z = 0 (center of sensor)

Magnetic Field Strength vs. Position Within Sensor 10
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= Point Locations

05

Figure 8: Applied Magnetic Field from Sensor Driving Coils, Z = 0.1cm
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Figure 9: Applied Magnetic Field from Sensor Driving Coils, Z = -0.1cm
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Figure 10: Applied Magnetic Field from Sensor Driving Coils, Z = 0.2cm
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Figure 11: Applied Magnetic Field from Sensor Driving Coils, Z = -0.2cm
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Figure 12: Applied Magnetic Field from Sensor Driving Coils, Z = 0.2475cm
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Figure 13: Applied Magnetic Field from Sensor Driving Coils, Z = -0.2475cm

Looking at figure 7 it can be seen that the magnetic field from the driving coils, intended to
spin the nanoparticles, remains fairly uniform in the middle with slight variation at the corners.
Variation at the corners of the sensor is expected, due to wire wrappings not reaching there, and is
mitigated by the fact the nanoparticles are mostly located away from the very edges of the sensor
volume.

From figures 8-13, it can be seen that the same pattern is exhibited throughout the volume of
the sensor: the applied magnetic field is very uniform throughout, with the exception of the corners.
Because the nanoparticles are contained within glass vials within the sensor, it is impossible for the

particles to directly touch the wires because of the thickness of the vials. Therefore, it is reasonable to
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assume that the applied magnetic field experienced by the nanoparticles within the sensor should be
uniform. In order to magnify the patterns observed, to verify that the non-uniformities are negligible,
the log (base 10) of the plots from figures 7-13 was also plotted. Figure 14 shows one of these plots (for

Z=0.2cm).

log10(Magnetic Field Strength)

-5
1 0.9 0.8 0.7 0.6 0.5 0.4 0.3 0.2 0.1 0 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Y (cm) X (cm)

Figure 14: Logarithmic Applied Magnetic Field from Sensor Driving Coils, Z = 0.2cm

Looking at figure 14 it can be seen that the field is still very uniform in the middle with higher
magnitudes at the edges and corners.

The simulations also provided a numerical output of the total magnetic field magnitude in the
center of the sensor (X=0.5cm, Y=0.5cm) for a handful of different heights (Z values). These values are

provided in table 3.
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Table 3: Applied Magnetic Field Magnitude within Sensor Volume

X, cm Y, cm Z,cm B Field Magnitude, T
0.5 0.5 0 2.8277E-06
0.5 0.5 0.1 2.7794E-06
0.5 0.5 -0.1 2.7794E-06
0.5 0.5 0.2 2.6295E-06
0.5 0.5 -0.2 2.6295E-06
0.5 0.5 0.225 2.5754E-06
0.5 0.5 -0.225 2.5754E-06
0.5 0.5 0.235 2.5519E-06
0.5 0.5 -0.235 2.5519E-06
0.5 0.5 0.24 2.5398E-06
0.5 0.5 -0.24 2.5398E-06
0.5 0.5 0.2475 2.5212E-06
0.5 0.5 -0.2475 2.5212E-06
0.5 0.5 0.25 2.5148E-06
0.5 0.5 -0.25 2.5148E-06

The values from table 3 were also plotted and fitted with a 2nd order polynomial curve. This
plot is provided in figure 15. Looking at figure 15, it can be seen that the strongest magnetic field is
present at the center of the sensor, while the weakest field is present at the very top and bottom (closest
to the driving coil wires). There is very little change in the magnitude of the applied magnetic field
throughout the Z axis of the sensor, as the difference between the smallest and largest magnetic field
magnitudes is only 0.313wT (11%). This again validates the assumption of a uniform magnetic field

being applied to all nanoparticles within the suspension volume.
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B Field Magnitude at Sensor Center vs. Vertical Sensor Position (Z axis)
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Figure 15: Applied Magnetic Field Magnitude within Sensor Volume

Simulation results were dependent on the assumptions that (i) the magnetite nanoparticles are
spherical; (vi) the dynamic or absolute viscosity is used for the suspension agent (H,0O); and (vii) the
magnetic permeability of free space ( 1, ) can be used when evaluating the sensor technology.

Moving forward, more simulations could be done to assess the assumptions of uniform
magnetic fields produced by spinning nanoparticles. Numerically solving the integral for Faraday’s law

would be one way to validate this assumption.
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2.3)  Experimental Results

The circuit schematic for the experimental nanoparticle sensor is provided in figure 16. The
capacitor and inductor values were selected to obtain an overall phase shift as close as possible to 90
degrees. The driving coils for the nanoparticle sensor are modeled as an RL load, which was verified
with an impedance measurement. Because of the capacitive and inductive elements, and the fact that
the supplied current is sinusoidal, the impedance of the sensor coil lines changes as the frequency of
the supplied signal changes. The two channel amplifier is required in order to ensure that the current
passing through each of the two sensor wire coils is equal in amplitude, in order to ensure that the
nanoparticles are spun evenly. Mismatched current amplitudes, or a phase angle of not 90 degrees

results in an ellipsoidal or “wobbly” spin pattern, rather than the desired circular spin pattern.

Current Probe

|C| SensorR1 SensorlLl
[
PhaseOffset Ohms uH
Amplifier
Vin AmpOutl Current Probe
AmpOut2 L SensorR2 Sensorl2
GndIn
GndOut /\/\/
L. VSource Q7 PhaseOffset Ohms uH
&
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N

Figure 16: Magnetite Nanoparticle Gyroscopic Sensor Schematic

Previous studies with this novel sensing technology have employed similar measurement
methods with similar circuit configurations [4]. Some notable improvements of the experimental

testing from this research were that current sensors with higher resolution were employed and angular
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displacement control has been automated with a very robust and precise motor (Aerotech ADRS100).
As mentioned in the preface, the circumstances presented by the COVID-19 pandemic presented
some challenges, most notably in limitations to laboratory access.

Numerous tests were carried out using the nanoparticle sensor, all measuring the overall
current in each of the coils as a response to angular displacement. The sensor was connected to the

control motor as pictured in figure 17.

Figure 17: Sensor Mounted to Angular Displacement Control Motor
The first results collected using the sensor appeared promising, displaying results that appeared
to fit the theoretical model and were consistent with previous studies. Figures 18-20 shows the results

of these experiments.
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Figure 18: Initial Angular Displacement Experiment Results, Test 1

Sensor Angular Displacement Test 2, 90 Degree Rotation, 2 Second Hold, Return Home

Time, S

Figure 19: Initial Angular Displacement Experiment Results, Test 2
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Sensor Angular Displacement Test 3, 90 Degree Rotation, 2 Second Hold, Return Home
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Figure 20: Initial Angular Displacement Experiment Results, Test 3

The initial experiments utilized the automated rotation table to tilt the sensor to a specified
angle (90 degrees) at a rate of 20,000 deg/s (349 rad/s). Currents through the driving coils were
measured using the current sensor and tabulated and plotted as a function of time.

It can be seen by looking at figures 18-20, that a measurable current spike on the order of
milliamps was observed when the sensor was tilted, and then as the nanoparticles realigned their spin
axis this current returned to steady state. However, after further testing and inspection of the
measurement equipment, it was determined that these results were due to electromagnetic effects from
the motor, not the sensor. The same test was performed again, however, the angular displacement was
applied manually (tilting the sensor by hand), and the sensor response was not replicated. The results

of this experiment are provided in figure 21.
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Sensor Angular Displacement Test, 90 Degree MANUAL Rotation, 2 Second Hold, Return Home
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Figure 21: Initial Angular Displacement Experiment Results, Manual Displacement

Looking at figure 21, it can be seen that there was no measurable difference in the coil current
when the sensor was manually displaced. The resolution of the current sensor in these experiments
(figures 18-21) was 77uA / bit. All of the measured values were within a few bits of resolution from the
median, which is not a significant amount, and does not exhibit the expected value of milliamps. It is
possible that the manual angular displacement didn’t yield the same results as the automated angular
displacement because of the rate of angular displacement, or tilt speed. The automated motor displaced
the sensor at a rate of 20,000 deg/s, and it is very likely that the rate at which the sensor was tilted by
hand was significantly less than that. In order to ensure that the measurements from initial
experimentation could not be attributed to nanoparticle precession in the sensor, another set of

experiments was run.
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The automated motor used to control the angular displacement of the sensor is very robust
and has numerous features and capabilities. One of these features is that the rotational axis can be
“enabled” or “disabled”, which powers the motor coils without rotating it. This feature proved to be
useful, because it allowed for power to be supplied to the motor without applying any angular
displacement to the sensor. Experiments were run where the sensor current was measured as the motor
axis was enabled and disabled, without tilting the sensor at all, to determine whether or not the same

phenomena was observed. These experiments are provided in figures 22 and 23.

Sensor Motor Axis Enable Test 1, Enable, Hold 1s, Disable
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Figure 22: Motor Axis Enable Experiment Results
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Sensor Motor Axis Enable Test 2, Enable, Hold 1s, Disable, Hold 1s, Enable, Hold 1s, Disable
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Figure 23: Motor Axis Enable Experiment Results

It can be seen from figures 22 and 23 that the motor was producing electromagnetic fields that
were being coupled into the sensor coils. The observed phenomena that was initially thought to be due
to nanoparticle precession, was actually just the motor.

Attempts were made to eliminate these effects from the motor to try and isolate the
nanoparticle sensor to see if consistent results could be achieved. The sensor coils and driving circuitry
were physically moved away from the motor and motor controller and additional ground connections
were added in order to reduce loops in the circuit that might couple any electromagnetic fields from
the motor. After making these adjustments, the initial experiment was repeated, and the results are

provided in figures 24, 25, and 26.

50



Sensor Angular Displacement Test 4, 90 Degree Rotation, Hold 2s, Return Home
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Figure 24: Angular Displacement Experiment Results, Test 4
Sensor Angular Displacement Test 5, 90 Degree Rotation, Hold 2s, Return Home
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Figure 25: Angular Displacement Experiment Results, Test 5
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Sensor Angular Displacement Test 6, 90 Degree Rotation, Hold 2s, Return Home
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Figure 26: Angular Displacement Experiment Results, Test 6

It can be seen from looking at figures 24-26 that there is no measurable current when the
sensor is tilted. The resolution of the current sensor for these experiments was reconfigured and set at
51.21A / bit, and it can be seen again that all of the measured values were within a few bits of
resolution from the median. Therefore, the induced currents from nanoparticle precession of the
sensor were not measurable.

Theoretically, the sensor technology could work and is viable for further applications.
However, improvements should be made to the sensor design in order to improve electromagnetic
immunity to exterior sources. Adding a ferrous casing could be one way to improve upon this.

It is also possible that the effects of nanoparticle precession are too small to measure with the

resolution of the current sensors used. Using current sensors with improved resolution (1A) could
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resolve this problem. Because the geometry of the sensor involves large lengths of wire wrapped into
loops, with long leads running back to the sensor, it is relatively easy to couple unwanted current into
the system. Adding a ferrous casing to enclose the sensor would also be helpful to further shield the
sensor from unwanted exterior magnetic fields.

Another item that could improve the empirical data collection system would be a custom
printed circuit board (PCB) to manage all connections. Using a PCB could reduce the overall parasitic
impedance and shorten the path for current to flow to ground. This could help to reduce the overall
noise and make it easier to distinguish sensor measurements.

Further, magnetic susceptibility could be empirically measured for the specific ferrofluid vial in
use, to verify the assumptions made that magnetic permeability of the sensor is equivalent to the

magnetic permeability of free space.
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2.4)  Conclusions

It was determined that inertial components of nanoparticle torque are negligible due to scaling
laws at the nanoscale. This means that a significant component of the previously proposed inertial
nanoparticle sensor model does not actually contribute. However, viscous drag effects can still be seen
to have a significant effect, which can still be used to derive information regarding orientation of the
nanoparticle. Significant energy is still required to overcome the viscous fluid forces in order to realign
rotational axes of precessed nanoparticles. Thus, the equations determined for the sensor can still be
used to determine angular displacement of the sensor, but the primary contributor to this is the
viscous fluid drag between the nanoparticles and the water, not the rotational inertia of the
nanoparticles.

The equations determined for relating the angular displacement (both angle and rate) were
expanded into a full vector representation that allows for components of the current to be separately
determined. This allows for the determination of not just the magnitude of angular displacement, but
also the direction (about which axis the sensor was tilted).

The simulations proved that the assumption of uniform magnetic fields being applied to the
nanoparticles is valid. The nanoparticles within the sensor volume can be assumed to all be spinning in
the same direction and at the same speed, regardless of their position within the sensor volume.

The experimental results were inconclusive, being unable to reproduce the magnitudes of
response that were present in previous studies [4]. It was determined that unwanted coupling with the
motor produced results similar to those expected, which could indicate that the other study (which

used a similar motor) may have also coupled currents from the motor.
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It should also be considered that there could be problems with the model presented. For one,
the magnetic permeability of the ferrofluid is assumed to be static and equivalent to the permeability of
free space. This should be verified with empirical data, and it is possible that a significantly different
value could be obtained for the permeability coefficient. In this case, the result would scale the
magnetic field applied to spin the nanoparticles, which could have an effect on the overall current
measurement. It has been observed in other studies that ferrofluids using ferrite nanoparticles can
exhibit magnetic permeability coefficients in the range of 1.5-5 [22], so it is possible that this could
occur in this case. Another possible source of error in the model is that the magnetic field generated by
the precessed rotating nanoparticles could be of a different form than the one assumed. The case of the
sensor technology involves a changing magnetic field (due to nanoparticle precession) as well as a
changing area (due to rotating nanoparticles). The solution employed simplified the integral solution
by combining solutions for a rotating coil in a uniform magnetic field and a uniform coil in a changing
magnetic field, however a different solution could be implemented.

Overall, the purpose of this research was to model the 3D torque of nano-particles in this
sensor technology to determine the electromagnetic response to angular displacement. This was
successfully accomplished as can be seen by the equations and results presented in section 2.1. These
equations allow for the modeling of the torque of the nanoparticles as a 3D vector. Further, section 2.2
successfully showed the simulation of applied magnetic fields in the sensor technology, verifying the
assumptions made of a uniform magnetic field. Lastly, the goal of comparing simulated and theorized
results to empirically collected data was partially met, however, the empirical data collected was limited.
The overall viability of the technology for use in a gyroscopic sensing application can be theoretically

assessed, but further research will need to be done to assess the empirical response of the sensor.
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Appendix A
MATLAB Simulation Code

Magnetic_Field_Model_Z_Planes.m

Title: Magnetic Field Biot-Savart Law Model

Author: Jackson Brennecke

Date: September 15, 2020

Master's Thesis Research

Description: This code simulates the electromagnetic response

of some ferrite nano-particles in a sensor. The
sensor is modeled by the wire wrappings that provide
the driving current to spin the nanoparticles.

The electromagnetic B field is determined

according to the Biot-Savart law and then computed
for every point in the array. These points are then
plotted in surface response plots.
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clear variables
clearvars;

%$Data Inputs

u0 = 4*pi*10" (-7); %Vacuum Permissivity

I =0.1; %$100mA Supplied Current Magnitude, Amps
vectLen = 1000; S%Number of data points

wireLen = 0.01; %lcm Length of Wire, meters
numPoints = 10; %Number of Points in each direction
setZ = -0.0025; SWhere to evaluate the nanoparticles
planeStart = [0,0,setZ]; %XY start point

planelLim = [0.01,0.01,setZ]; %XY end point

pointLoc = zeros (3, (numPoints+1l)"2); %array to hold all points
num wires = 50;

wirel bottom start = [0,0,-0.0025];
wirel bottom end = [0,0.01,-0.0025];

wirel sidel start = [0,0.01,-0.0025];
wirel sidel end = [0,0.01,0.0025];

wirel top start = [0,0.01,0.0025];
wirel top end = [0,0,0.0025];
wirel side2 start = [0,0,0.0025];

wirel side2 end = [0,0,-0.0025];

wire2 bottom start = [0,0,-0.0025];
wire2 bottom end = [0.01,0,-0.0025];
wire2 sidel start = [0.01,0,-0.0025];

wire2 sidel end = [0.01,0,0.0025];
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wire2 top start = [0.01,0,0.0025];
wire2 top end = [0,0,0.0025];

wire2 side2 start = [0,0,0.0025];
wire2 side2 end = [0,0,-0.0025];

XY num = 1000;
vectLen = XY num; S3%Number of data points
Z num = XY num/2;

wire iterator = planelLim(l)/num wires;
wirel bottom vect = zeros (3, (XY num + 1));
wirel sidel vect = zeros(3, (Z num + 1));
wirel top vect = zeros (3, (XY num + 1));
wirel side2 vect = zeros (3, (Z2 num + 1));
wire2 bottom vect = zeros (3, (XY num + 1));
wire2 sidel vect = zeros(3, (Z2 num + 1));
wire2 top vect = zeros (3, (XY num + 1));
wire2 side2 vect = zeros(3, (Z2 num + 1));

wirel XY vect step = abs((wirel bottom end(2) -
wirel bottom start(2))/XY num);

wirel 7Z vect step = abs((wirel sidel end(3) - wirel sidel start(3))/Z num);

wire2 XY vect step = abs((wire2 bottom end(l) -
wire2 bottom start(l))/XY num);

wire2 7 vect step = abs((wire2 side2 end(3) - wire2 side2 start(3))/Z num);

for i = 1:(XY num+l)

if 1 ==
wirel bottom vect(:,i) = wirel bottom start;
wirel top vect(:,1i) = wirel top_ start;
wire2 bottom vect(:,1i) = wire2 bottom start;
wire2 top vect(:,1i) = wire2 top_ start;
else
wirel bottom vect(:,i) = wirel bottom start;
wirel top vect(:,1i) = wirel top start;
wire2 bottom vect(:,1i) = wire2 bottom start;
wire2 top vect(:,1i) = wire2 top_ start;
wirel bottom vect(2,1i) = wirel bottom vect(2,i-1) +
wirel XY vect step;
wirel top vect(2,1i) = wirel top vect(2,i-1) - wirel XY vect step;
wire2 bottom vect(l,i) = wire2 bottom vect(l,i-1) +
wire2 XY vect step;
wire2 top vect(l,i) = wire2 top vect(l,i-1) - wire2 XY vect step;
end
end
for i = 1:(Z num+l)
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if 1 ==

wirel sidel vect(:,i) = wirel sidel start;
wirel side2 vect(:,1i) = wirel side2 start;
wire2 sidel vect(:,1i) = wire2 sidel start;
wire2 side2 vect(:,1i) = wire2 side2 start;
else
wirel sidel vect(:,i) = wirel sidel start;
wirel side2 vect(:,1i) = wirel side2 start;
wire2 sidel vect(:,1i) = wire2 sidel start;
wire2 side2 vect(:,1i) = wire2 side2 start;
wirel sidel vect(3,1i) = wirel sidel vect(3,i-1) + wirel 7Z vect step;
wirel side2 vect(3,1i) = wirel side2 vect(3,i-1) - wirel 7Z vect step;
wire2 sidel vect(3,i) = wire2 sidel vect(3,i-1) + wire2 7 vect step;
wire2 side2 vect(3,1i) = wire2 side2 vect(3,i-1) - wire2 7 vect step;

end
end

%Graph Limits

Plot X Lim = [0,1]; %0 to lcm X
Plot Y Lim = [0,1]; %0 to lcm Y
Plot XY Lim = [0,1,0,1];
Plot 7z Lim = [-1,1]; %-1 to lcm Z

%$Generate coordinates

counter = 1;

maxNum = (numPoints+1)"2;

%$Loop to place at point at specified intervals in XYZ plane
for 1 = 1: (numPoints+1)

setX = ((i-1)* (planeLim(l)-planeStart(l))/numPoints) + planeStart(1l);
pointLoc (1, counter:maxNum) = setX;
for 3 = 1l:(numPoints+1)
setY = ((j-1)* (planeLim(2)-planeStart(2))/numPoints) + planeStart(2);
pointLoc (2, counter:maxNum) = setY;
pointLoc (3, counter) = set?Z;
counter = counter + 1;

end
end

%Calculated Values
dL = wireLen / vectLen; %Differential Wire Length

dL Vect wire 1 top = (wirel top end - wirel top start) /XY num;

dL Vect wire 1 sidel = (wirel sidel end - wirel sidel start)/Z num;

dL Vect wire 1 bottom = (wirel bottom end - wirel bottom start) /XY num;
dL Vect wire 1 side2 = (wirel side2 end - wirel side2 start)/Z num;

dL Vect wire 2 top = (wire2 top end - wire2 top start) /XY num;

dL Vect wire 2 sidel = (wire2 sidel end - wire2 sidel start)/Z num;

dL Vect wire 2 bottom = (wire2 bottom end - wire2 bottom start) /XY num;
dL Vect wire 2 side2 = (wire2 side2 end - wire2 side2 start)/Z num;
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position = zeros(3,vectlLen); %3D Position Vector
position(2,:) = linspace(0,wirelLen,vectlLen); %1000 points between 0 and lcm
wire shift = planeLim(l)/num wires;

r Vect wire 1 top = zeros(3,XY num+l); %Distance Vector between Point and
Position

r Vect wire 1 sidel = zeros(3,Z num+l); %Distance Vector between Point and
Position

r Vect wire 1 bottom = zeros(3,XY num+l); %Distance Vector between Point and
Position

r Vect wire 1 side2 = zeros(3,Z num+l); %Distance Vector between Point and
Position

r Vect wire 2 top = zeros(3,XY num+l); %Distance Vector between Point and
Position

r Vect wire 2 sidel = zeros(3,Z num+l); %Distance Vector between Point and
Position

r Vect wire 2 bottom = zeros(3,XY num+l); %Distance Vector between Point and
Position

r Vect wire 2 side2 = zeros(3,Z num+l); %Distance Vector between Point and
Position

r Mag wire 1 top = zeros(l,XY num+l); %Distance Magnitude between Point and
Position

r Mag wire 1 sidel = zeros(l,Z num+l); %Distance Magnitude between Point and
Position

r Mag wire 1 bottom = zeros(l,XY num+l); %Distance Magnitude between Point and
Position

r Mag wire 1 side2 = zeros(l,Z num+l); %Distance Magnitude between Point and
Position

r Mag wire 2 top = zeros(l,XY num+l); %Distance Magnitude between Point and
Position

r Mag wire 2 sidel = zeros(l,Z num+l); %Distance Magnitude between Point and
Position

r Mag wire 2 bottom = zeros(l,XY num+l); %Distance Magnitude between Point and
Position

r Mag wire 2 side2 = zeros(l,Z num+l); %Distance Magnitude between Point and
Position

r Unit wire 1 top = zeros(3,XY num+l); %Distance Unit Vector between Point and
Position

r Unit wire 1 sidel = zeros(3,Z num+l); %Distance Unit Vector between Point
and Position

r Unit wire 1 bottom = zeros(3,XY num+l); %Distance Unit Vector between Point

and Position

r Unit wire 1 side2 = zeros(3,Z num+l); %Distance Unit Vector between Point
and Position

r Unit wire 2 top = zeros(3,XY num+l); %Distance Unit Vector between Point and
Position

r Unit wire 2 sidel = zeros(3,Z num+l); %Distance Unit Vector between Point
and Position

r Unit wire 2 bottom = zeros(3,XY num+l); %Distance Unit Vector between Point
and Position

r Unit wire 2 side2 = zeros(3,Z num+l); %Distance Unit Vector between Point

and Position
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r2 Mag wire 1 top = zeros(l,XY num+l); %"Squared

r2 Mag wire 1 sidel = zeros(l,Z num+l); %$"Squared
r2 Mag wire 1 bottom = zeros(l,XY num+l); %$"Squared
r2 Mag wire 1 side2 = zeros(l,Z num+l); %"Squared
r2 Mag wire 2 top = zeros(l,XY num+l); %"Squared
r2 Mag wire 2 sidel = zeros(l,Z num+l); %$"Squared
r2 Mag wire 2 bottom = zeros(l,XY num+l); %$"Squared
r2 Mag wire 2 side2 = zeros(l,Z num+l); %"Squared

vectLen = XY num+l;

dB = zeros (3,vectLen); %Differential B field
dBvect = zeros (3,vectlLen); %Differential B field

dBMag = zeros(l,vectLen); %$Differential B field Magnitude

dBPlotter = zeros(3,vectlen); %$Differential B field Magnitude

pointLocMag = sqgrt (pointLoc(l) "2 + pointLoc (2) "2 + pointLoc(3)"2);
pointLocUnit = pointLoc/pointLocMag; %Unit Vector pointing from origin to

point
B Vect = zeros(4,maxNum); %B field vector
B Field = zeros(3,maxNum); %2D B field vector

B Field Plot = zeros(3,maxNum); %2D B field vector
B display = "n/a";

B Vect wires = zeros (4,maxNum,num wires); 3%B field vector
B Field wires = zeros(3,maxNum,num wires); %2D B field vector

B Vect wires sum = zeros (4,maxNum); %B field vector
B Field wires sum = zeros(3,maxNum); %2D B field vector

%$Loop through all points in plane
for k = l:num wires+l
%$Loop through all points in plane
for j = 1l:maxNum
%$For loop to compute differentials
for i = 1:XY num+l
if 1 <= Z num+l

r2 Mag wire 1 sidel (i) = (pointLoc(l,3j) -
wirel sidel vect(l,i))"2 +
(pointLoc(2,3) - wirel sidel vect(2,1i))"2 + (pointLoc(3,3])

- wirel sidel vect(3,1i))"2;

r2 Mag wire 1 side2 (i) = (pointLoc(1l,3J)
wirel side2 vect(l,i))"2 +
(pointLoc(2,3) - wirel side2 vect(2,1i))"2 + (pointLoc(3,3])

- wirel side2 vect(3,1))"2;

r2 Mag wire 2 sidel (i) = (pointLoc(l,3j) -
wire2 sidel vect(l,i))"2 +
(pointLoc(2,3) - wire2 sidel vect(2,1i))"2 + (pointLoc(3,3])

- wire2 sidel vect(3,1))"2;

r2 Mag wire 2 side2(i) = (pointLoc(l,3j) -
wire2 side2 vect(l,i))"2 +
(pointLoc(2,3) - wire2 side2 vect(2,1i))"2 + (pointLoc(3,3])

- wire2 side2 vect(3,1))"2;
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end

$Distance vector between Point and Position

r2 Mag wire 1 top (i

(pointLoc (2, 3)
wirel top vect(3,1))"2;

r2 Mag wire 1 bottom(i)

wirel bottom vect(l,i))"2 +
(pointLoc (2, 3)
wirel bottom vect(3,1))"2;

r2 Mag wire 2 top (i

(pointLoc (2, 3)
wire2 top vect(3,1))"2;

r2 Mag wire 2 bottom(i)

wire2 bottom vect(l,i))"2 +
(pointLoc (2, 3)
wire2 bottom vect(3,1))"2;

) = (pointLoc(1l,j) - wirel top vect(l,i))"2 +

- wirel top vect(2,1i))”2 + (pointLoc(3,])

(pointLoc (1, 3)

- wirel bottom vect(2,1i))"2 + (pointLoc(3,3])

) = (pointLoc(1l,]j) - wire2 top vect(l,i))"2 +

- wire2 top vect(2,1i))”2 + (pointLoc(3,J)

(pointLoc (1, 3)

- wire2 bottom vect(2,1i))"2 + (pointLoc(3,3])

%$Distance Between Point and Position

r Mag wire 1 top (i)

r Mag wire 1 bottom(1)

r Mag wire 2 top (i)

r Mag wire 2 bottom(i)

if 1 <= Z num+l

r Mag wire 1 sidel
r Mag wire 1 side2
r Mag wire 2 sidel
r Mag wire 2 side2

end

sgrt (r2 Mag wire 1 top(i));
sgrt (r2 Mag wire 1 bottom(i));
sqrt (r2 Mag wire 2 top(i));

sgrt (r2 Mag wire 2 bottom(i));

sqgrt ;
sqgrt
sqgrt

sqgrt

r2 Mag wire 1 sidel
r2 Mag wire 1 side2
r2 Mag wire 2 sidel
r2 Mag wire 2 side2

’

(i) (1))
(1) (1))
(1) (1))
(i) (1))

—~ e~~~

’

%$Distance vector between Point and Position

if 1 <= Z num+l

r Vect wire 1 sidel(:,1)

wirel sidel vect(l,1i),

pointLoc (2, 7)

wirel sidel vect(3,1)];

r Vect wire 1 side2(:,1)

wirel side2 vect(l,1i),

pointLoc (2, 3)

wirel side2 vect(3,1)];

r Vect wire 2 sidel(:,1)

wire2 sidel vect(l,1i),

pointLoc (2, 3)

wire2 sidel vect(3,1)];

[pointLoc (1, 3)

- wirel sidel vect(2,1i), pointLoc(3,3])

[pointLoc (1, 3)

- wirel side2 vect(2,1i), pointLoc(3,3])

[pointLoc (1, 3)

- wire2 sidel vect(2,1i), pointLoc(3,3])
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r Vect wire 2 side2(:,1) = [pointLoc(l,3j) -
wire2 side2 vect(l,1i),
pointLoc(2,]J) - wire2 side2 vect(2,i), pointLoc(3,3]) -
wire2 side2 vect(3,1)];

end
r Vect wire 1 top(:,1) = [pointLoc(l,Jj) - wirel top vect(l, i),

pointLoc(2,]J) - wirel top vect(2,1i), pointLoc(3,]) -
wirel top wvect(3,1)];

r Vect wire 1 bottom(:,1i) = [pointLoc(l,]) -
wirel bottom vect(l,i),
pointLoc(2,]J) - wirel bottom vect(2,1i), pointLoc(3,J)

wirel bottom vect(3,1)];

r Vect wire 2 top(:,1) = [pointLoc(l,Jj) - wire2 top vect(l, i),
pointLoc(2,]J) - wire2 top vect(2,1i), pointLoc(3,]) -
wire2 top vect(3,1)];

r Vect wire 2 bottom(:,1i) = [pointLoc(l,]) -
wire2 bottom vect(l,i),
pointLoc(2,]J) - wire2 bottom vect(2,1i), pointLoc(3,3J)

wire2 bottom vect(3,1)];

%Unit Vector from Position to Point
if 1 <= Z num+l
r Unit wire 1 sidel(:,1)
r Mag wire 1 sidel(i);
r Unit wire 1 side2(:,1)
r Mag wire 1 side2(i);
r Unit wire 2 sidel(:,i) = r Vect wire 2 sidel(:,1i) /
r Mag wire 2 sidel(i);
r Unit wire 2 side2(:,1)
r Mag wire 2 side2(i);
end

r Vect wire 1 sidel(:,1i) /

r Vect wire 1 side2(:,1i) /

r Vect wire 2 side2(:,1i) /

r Unit wire 1 top(:,i) = r Vect wire 1 top(:,1i) /
r Mag wire 1 top(i);

r Unit wire 1 bottom(:,i) = r Vect wire 1 bottom(:,i) /
r Mag wire 1 bottom(i);

r Unit wire 2 top(:,1i) = r Vect wire 2 top(:,1i) /
r Mag wire 2 top(i);

r Unit wire 2 bottom(:,i) = r Vect wire 2 bottom(:,i) /

r Mag wire 2 bottom(i);

$Compute X, Y, and Z components of dB
dBvect (1,1i) = 0;
if 1 <= Z num+l
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dBvect (1,i) = dBvect(l,i) +
(r Unit wire 1 sidel(1l,1i)*dL Vect wire 1 sidel (1)
X

o\

dBvect (1,i) = dBvect(l,i) +
(r Unit wire 1 side2(1l,1i)*dL Vect wire 1 side2(1)

o\
s

dBvect (1,i) = dBvect(l,i) +
(r Unit wire 2 sidel(1l,1i)*dL Vect wire 2 sidel (1)

o\
s

dBvect (1,i) = dBvect(l,i) +
(r Unit wire 2 side2(1l,1i)*dL Vect wire 2 side2(1)
%X

end
dBvect (1,1

)
(r Unit wire 1 top(1l,1i)
dBvect (1,i) = dBvect(l,i) +

= dBvect (1,1) +

(r Unit wire 1 bottom(l,1i)*dL Vect wire 1 bottom(1l)

r2 Mag wire 1 bottom(i)); %X
dBvect (1,i) = dBvect(l,i) +

r2 Mag wire 1 sidel(i));

r2 Mag wire 1 side2(i));

r2 Mag wire 2 sidel(i));

r2 Mag wire 2 side2(i));

*dL Vect wire 1 top(l) / r2 Mag wire 1 top(i)); %X

/

(r Unit wire 2 top(l,i)*dL Vect wire 2 top(l) / r2 Mag wire 2 top(i)); %X

dBvect (1,i) = dBvect(l,i) +

(r Unit wire 2 bottom(l,1i)*dL Vect wire 2 bottom(1l)

r2 Mag wire 2 bottom(i)); %X

dBvect (2,1) = 0;
if 1 <= Z num+l
dBvect (2,1i) = dBvect(2,1i) +
(r Unit wire 1 sidel(2,1i)*dL Vect wire 1 sidel(2)
Y

o\°

dBvect (2,1i) = dBvect(2,1i) +
(r Unit wire 1 side2(2,1i)*dL Vect wire 1 side2(2)

o\°
<!

dBvect (2,1i) = dBvect(2,1i) +
(r Unit wire 2 sidel(2,1i)*dL Vect wire 2 sidel(2)

o\°
<!

dBvect (2,1i) = dBvect(2,1i) +
(r Unit wire 2 side2(2,1i)*dL Vect wire 2 side2(2)
Y

o\°

end

dBvect (2,1)
(r Unit wire 1 top(2,1i)
dBvect (2,1i) = dBvect(2,1i) +

= dBvect (2,1) +

(r Unit wire 1 bottom(2,1i)*dL Vect wire 1 bottom(2)

r2 Mag wire 1 bottom(i)); %Y
dBvect (2,1i) = dBvect(2,1i) +

*dL Vect wire 1 top(2) / r2 Mag wire 1 top(i));

/

r2 Mag wire 1 sidel(i));

r2 Mag wire 1 side2(i));

r2 Mag wire 2 sidel(i));

r2 Mag wire 2 side2(i));

o\°
<

/

(r Unit wire 2 top(2,1i)*dL Vect wire 2 top(2) / r2 Mag wire 2 top(i)); %Y

dBvect (2,1i) = dBvect(2,1i) +

(r Unit wire 2 bottom(2,1i)*dL Vect wire 2 bottom(2)

r2 Mag wire 2 bottom(i)); %Y
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dBvect (3,1) = 0;
if 1 <= Z num+l
dBvect (3,1i) = dBvect(3,1i) +
(r Unit wire 1 sidel(3,1i)*dL Vect wire 1 sidel(3) / r2 Mag wire 1 sidel(i));
%7
dBvect (3,1i) = dBvect(3,1i) +
(r Unit wire 1 side2(3,1i)*dL Vect wire 1 side2(3) / r2 Mag wire 1 side2(i));
%7
dBvect (3,1i) = dBvect(3,1i) +
(r Unit wire 2 sidel(3,1i)*dL Vect wire 2 sidel(3) / r2 Mag wire 2 sidel(i));
%7
dBvect (3,1i) = dBvect(3,1i) +
(r Unit wire 2 side2(3,1i)*dL Vect wire 2 side2(3) / r2 Mag wire 2 side2(i));
%7

end
dBvect (3,1i) = dBvect(3,1i) +

(r Unit wire 1 top(3,1i)*dL Vect wire 1 top(3) / r2 Mag wire 1 top(i));
dBvect (3,1i) = dBvect(3,1i) +

(r Unit wire 1 bottom(3,i)*dL Vect wire 1 bottom(3) /

r2 Mag wire 1 bottom(i)); %Z

o\
N

dBvect (3,1i) = dBvect(3,1i) +
(r Unit wire 2 top(3,1i)*dL Vect wire 2 top(3) / r2 Mag wire 2 top(i)); %Z
dBvect (3,1i) = dBvect(3,1i) +

(r Unit wire 2 bottom(3,1i)*dL Vect wire 2 bottom(3) /
r2 Mag wire 2 bottom(i)); %Z

%Scale dB by appropriate values per Biot-Savart Law Equation
dB(:,1) = dBvect(:,1)* (u0*I)/ (4*pi);

$Magnitude of dB Vector
dBMag (i) = sqrt(dB(1l,i)"2 + dB(2,i)"2 + dB(3,1)"2);
end

B sum = sum(dBMag); %Total B field magnitude at point

sOutput text

if pointLoc(l,j) == 0.005
if pointLoc(2,j) == 0.005
B display = num2str (B _sum);
end
end

$Fill arrays

B Vect(4,3j) = B_sum;

B Vect (3,3) pointLoc(3,7);
B Vect(2,3j) = pointLoc(2,]):;
B Vect(1,3) pointLoc(1l,3);

B Vect wires (4, ],

(4 = B sum;
B Vect wires (3, ],

(2

(1

pointLoc(3,73);
pointLoc(2,7);
= pointLoc(1l,7);

B Vect wires (2, ],

k)
k)
k)
B Vect wires(1,3j,k)
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B Vect w1res sum
B Vect w1res sum
B Vect w1res sum
B Vect w1res sum

B Field(3,7)
B Field(2,7)
B Field(1,7)

B Field wires(3,3,k)
B Field wires(2,3,k)
B Field wires (1,3, k)

B Field wires sum(3,3J)
B Field wires sum(2,3])
B Field wires sum(1l,3J)

end

position(l, :)

wirel bottom start (1)
wirel bottom end (1)
wirel top start(l)
wirel top end(l) =
wirel sidel start(l
wirel sidel end(1l)
wirel side2 start(l
wirel side2 end(1l)

wirel

I~ 1~

wire2 bottom start (2)
wire2 bottom end(2)
wire2 top start(2)
wire2 top end(2) =
wire2 sidel start(2
wire2 sidel end(2)
wire2 side2 start(2
wire2 side2 end(2)

wire?2

)
)

= B sum;
pointLoc(2,7);
pointLoc(1l,3);

position(l, :)

wirel bottom start (1)
wirel bottom end (1)
wirel top start(l)
_top end (1)
wirel sidel start(1l)
wirel sidel end(1l)
wirel side2 start(l)
wirel side2 end(1l)

wire2 bottom start (2)
wire2 bottom end(2)
wire2 top start(2)
_top_end(2)
wire2 sidel start(2)
wire2 sidel end(2)
wire2 side2 start(2)
wire2 side2 end(2)

= B Vect wires sum(4,Jj) + B Vect(4,]);
= B Vect wires sum(3,J) + B Vect(3,]);
= B Vect wires sum(2,J) + B Vect(2,3]);
= B Vect wires sum(l,Jj) + B Vect(l,3]);

= B sum;
pointLoc(2,7);

pointLoc(1l,3);

= B Field wires sum(3,3])
B Field wires sum(2,3])
B Field wires sum(1l,3J)

+ B Field(3,3);
+ B Field(2,3);
+ B Field(1,3);

+ wire shift;

+ wire iterator;
+ wire iterator;

+ wire iterator;

+ wire iterator;

+ wire iterator;

+ wire iterator;

+ wire iterator;

+ wire iterator;

+ wire iterator;
+ wire iterator;

+ wire iterator;

+ wire iterator;

+ wire iterator;

+ wire iterator;

+ wire iterator;

+ wire iterator;

for g = 1: (XY num+l)

if g ==
wirel bottom vect(:,q) = wirel bottom start;
wirel top vect(:,q) = wirel top start;
wire2 bottom vect(:,q) = wire2 bottom start;
wire2 top vect(:,q) = wire2 top start;

else
wirel bottom vect(:,q) = wirel bottom start;
wirel top vect(:,q) = wirel top start;
wire2 bottom vect(:,q) = wire2 bottom start;

wire2 top vect(:

wirel bottom vect (2, q)

wirel XY vect step;

r )

wire2 top start;

+

wirel bottom vect(2,g-1)
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wirel top vect(2,q) = wirel top vect(2,g-1) - wirel XY vect step;

wire2 bottom vect(l,q) = wire2 bottom vect(l,g-1) +
wire2 XY vect step;
wire2 top vect(l,q) = wire2 top vect(l,g-1) - wire2 XY vect step;

end
end

for g = 1:(Z num+l)

if g ==
wirel sidel vect(:,q) = wirel sidel start;
wirel side2 vect(:,q) = wirel side2 start;
wire2 sidel vect(:,q) = wire2 sidel start;
wire2 side2 vect(:,q) = wire2 side2 start;
else
wirel sidel vect(:,q) = wirel sidel start;
wirel side2 vect(:,q) = wirel side2 start;
wire2 sidel vect(:,q) = wire2 sidel start;
wire2 side2 vect(:,q) = wire2 side2 start;
wirel sidel vect(3,q) = wirel sidel vect(3,g-1) +
wirel 7 vect step;
wirel side2 vect(3,q) = wirel side2 vect(3,g9-1) -

wirel 7 vect step;

wire2 sidel vect(3,q) = wire2 sidel vect(3,g-1) +
wire2 7 vect step;

wire2 side2 vect(3,q) = wire2 side2 vect(3,g9-1) -
wire2 7 vect step;

end
end
end

%$Re-Format B Field for Plotting

B Field Surf = zeros (numPoints+1l,numPoints+1l);
B Field Plot(l,:) = B Field wires sum(l,:)*100;
B Field Plot(2,:) = B Field wires sum(2,:)*100;
B Field Plot(3,:) = B Field wires sum(3,:);
counter = 1;
for i = 1:maxNum

if isnan(B_Field Plot(3,1))

B Field Plot(3,1i) = max(B Field Plot(3,:));

end
end
for i = l:numPoints+l1l

for 7 = l:numPoints+1

B Field Surf(j,1) B Field Plot(3,counter);
counter = counter + 1;
end
end

%Results
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disp("dB Sum (B field magnitude) at X="+ B Field(1l,61)*100 +"cm, Y="+
B Field(2,61)*100 +"cm, Z=" + setz*100 + "cm is: " + B Field(3,61) + " T");

%$Plot dB magnitude along wire

figure (2);

subplot (2,1,1);

hold on

for i = 1:maxNum
plot3(100*pointLoc(l,1i),100*pointLoc(2,1),100*pointLoc(3,1i),'k.");

end

surf (linspace (planeStart(l),planelim(1l) *100, numPoints+1), ...
linspace (planeStart (2),planelLim(2) *100, numPoints+1),B Field Surf);

colorbar;

xlabel ('X (cm)');
ylabel ('Y (cm)');
zlabel('Z (cm)');

xlim(Plot X Lim);

ylim(Plot Y Lim

zlim(Plot 7Z Lim

grid on;

legend('."', '"Point Locations', 'Location’, ...
'NorthEastOutside') ;

title('Magnetic Field Strength vs. Position Within Sensor');

view (25,25);

hold off

’

)
)
)i
)
)
)

’

%$Add second plot for 2D detail

subplot (2,2,3);

plot3(100*position(l,:),100*position(2,:),100*position(3,:));

hold on

for i = 1:maxNum
plot3(100*pointLoc(l,1i),100*pointLoc(2,1),100*pointLoc(3,1i),'k.");

end

o

°

xlabel ('X (cm) ;
ylabel ('Y (cm)');
zlabel('Z (cm)');

xlim(Plot X Lim);
ylim(Plot Y Lim
zlim(Plot Z Lim
grid on;
title('2D Planar View - YZ Plane');
hold off

view (270,0);

’

)
)
)i
)
)
)

’

$Add third plot for 2D detail

subplot (2,2,4);

plot3(100*position(l,:),100*position(2,:),100*position(3,:));

hold on

for i = 1:maxNum
plot3(100*pointLoc(l,1i),100*pointLoc(2,1),100*pointLoc(3,1i),'k.");

end

o

°

xlabel ('X (cm)');

67



ylabel ('Y (cm)');
zlabel ('Z (cm)');

xlim(Plot X Lim);

ylim(Plot Y Lim);

zlim(Plot Z Lim);

grid on;

title('2D Planar View - XZ Plane');
hold off

view (0,0);

%$Add another figure for loglO detailed view of field

figure (3);

subplot (2,1,1);

surf (linspace (planeStart(l) ,planelim(1l) *100, numPoints+1),
linspace (planeStart (2),planelLim(2) *100, numPoints+1l),1logl0 (B Field Surf));

colorbar;

xlabel ('X (cm)');

ylabel ('Y (cm)');

zlabel ('Z loglQO(T)"');

grid on;

title('loglO (Magnetic Field Strength)');

%$Add second plot for 2D detail

subplot (2,2,3);

surf (linspace (planeStart(l) ,planelim(1l) *100, numPoints+1),
linspace (planeStart (2),planelim(2) *100, numPoints+1l),1logl0 (B Field Surf));

view (270,0);

xlabel ('X (cm)');

ylabel ('Y (cm)');

zlabel ('Z loglO(T)"');

grid on;

$Add third plot for 2D detail

subplot (2,2,4);

surf (linspace (planeStart(l) ,planelim(1l) *100, numPoints+1),
linspace (planeStart (2),planelim(2) *100, numPoints+1l),1logl0 (B Field Surf));

view (0,0);

xlabel ( (cm) ') ;
ylabel ('Y (cm)');
zlabel ('Z loglO(T)"');
grid on;

$Add a final plot showing the sensor coils
figure (4);

wirel bottom start(l) = 0;
wirel bottom end(l) = 0;
wirel top start(l) 0;
wirel top end(l) =
wirel sidel start(l
wirel sidel end(1l)
wirel side2 start(l
wirel side2 end(1l)

I~ 11— ol
~
o |l
~
o o
~ ~

o
~
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wire2 bottom start(2) = 0;
wire2 bottom end(2) = 0;
wire2 top start(2) = 0;
wire2 top end(2) = 0;
wire2 sidel start(2) = 0;
wire2 sidel end(2) = 0;
wire2 side2 start(2) = 0;
wire2 side2 end(2) = 0;

subplot(1,1,1);
hold on
for i = l:num wires

for g = 1: (XY num+l)
if g ==
wirel bottom vect(:,
wirel top vect(:,q)

wire2 bottom vect(:,

wire2 top vect(:,q)
else

wirel bottom vect(:,

wirel top vect(:,q)

wire2 bottom vect(:,
wire2 top vect(:,q)

q) = wirel bottom start;

= wirel top start;

gq) = wire2 bottom start;

= wire2 top start;

q) = wirel bottom start;

= wirel top start;

gq) = wire2 bottom start;

= wire2 top start;

wirel bottom vect(2,q) = wirel bottom vect(2,g-1) +
wirel XY vect step;

wirel top vect(2,q) = wirel top vect(2,g-1) - wirel XY vect step;

wire2 bottom vect(l,q) = wire2 bottom vect(l,g-1) +
wire2 XY vect step;

wire2 top vect(l,q) = wire2 top vect(l,g-1) - wire2 XY vect step;

end
end

for g = 1:(Z num+l)
if g ==

wirel sidel vect(:,q)

wirel side2 vect(:,g

wire2 sidel vect(:,q)

wire2 side2 vect(:,g
else

wirel sidel vect(:,q)

wirel side2 vect(:,g

wire2 sidel vect(:,q)

wire2 side2 vect(:,g

wirel sidel vect (3,9
wirel 7Z vect step;

= wirel sidel start;
) = wirel side2 start;

= wire2 sidel start;
) = wire2 side2 start;

= wirel sidel start;
) = wirel side2 start;

= wire2 sidel start;
) = wire2 side2 start;

) = wirel sidel vect(3,g-1)
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wirel side2 vect (3,q)
wirel 7Z vect step;

wirel side2 vect(3,g-1) -

wire2 sidel vect (3,q)
wire2 7 vect step;
wire2 side2 vect (3,q)
wire2 7 vect step;
end
end

wire2 sidel vect(3,g-1) +

wire2 side2 vect(3,g-1) -

plot3( 100*wirel sidel vect(l,:), 100*wirel sidel vect(2,:),
100*wirel sidel vect(3,:), 'b-");
plot3( 100*wirel side2 vect(l,:), 100*wirel side2 vect(2,:),

100*wirel side2 vect(3,:), 'b-");

plot3( 100*wire2 side2 vect(l,:),wire2 side2 vect(2,:),

100*wire2 side2 vect(3,:), 'r-");
plot3( 100*wire2 sidel vect(l,:), 100*wire2 sidel vect(2,:),
100*wire2 sidel vect(3,:), 'r-");

plot3( 100*wirel bottom vect(l,:), 100*wirel bottom vect(2,:),
100*wirel bottom vect(3,:), 'b-");

plot3( 100*wirel top vect(l,:), 100*wirel top vect(2,:),
100*wirel top vect(3,:), 'b-");

plot3( 100*wire2 bottom vect(l,:), 100*wire2 bottom vect(2,:),

100*wire2 bottom vect(3,:), 'r-");
plot3( 100*wire2 top vect(l,:), 100*wire2 top vect(2,:),
100*wire2 top vect(3,:), 'r-");
wirel bottom start(l) = wirel bottom start(l) + wire iterator;
wirel bottom end(l) = wirel bottom end(l) + wire iterator;
wirel top start(l) = wirel top start(l) + wire iterator;
wirel top end(l) = wirel top end(l) + wire iterator;
wirel sidel start(l) = wirel sidel start(l) + wire iterator;
wirel sidel end(l) = wirel sidel end(l) + wire iterator;
wirel side2 start(l) = wirel side2 start(l) + wire iterator;

wirel side2 end(1l) wirel side2 end(l) + wire iterator;

wire2 bottom start(2) = wire2 bottom start(2) + wire iterator;
wire2 bottom end(2) = wire2 bottom end(2) + wire iterator;
wire2 top start(2) = wire2 top start(2) + wire iterator;
wire2 top end(2) = wire2 top end(2) + wire iterator;

wire2 sidel start(2) = wire2 sidel start(2) + wire iterator;
wire2 sidel end(2) = wire2 sidel end(2) + wire iterator;
wire2 side2 start(2) = wire2 side2 start(2) + wire iterator;

wire2 side2 end(2) wire2 side2 end(2) + wire iterator;

end

xlabel ('X (cm)');
ylabel ('Y (cm)');
zlabel ('Z (cm)');
xlim(Plot X Lim);
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’

zlim(Plot Z Lim)

ylim(Plot Y Lim)

’

’

grid on

’

title('3D Sensor Coils')

view (45,45)
hold off

’

o\
o\
o\
o
o
o\
o\
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o
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