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Abstract

This thesis describes the development of a voice-coil motor that will allow viscous
fluids to be delivered via a portable needle-free injection device. The chosen motor
design features opposing magnets whose flux is channeled across the air gap by a
center radial magnet, thus creating a higher flux density in the gap compared to
a one-magnet design. An analytical model is developed which gives the force of
the motor based on the material properties and geometry. An optimized geometry
is modeled using finite element analysis, which predicts a motor constant of 11.02
N/VW. The motor is fabricated and characterization reveals it to have a motor
constant of 8.43 N/ VW. Althought the motor constant is less than expected, it is a
large improvement over the current motor used in needle-free injection, which has a
motor constant of 3.21 N/vW.
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Chapter 1

Introduction

Needle Free Injection (NFI) is a promising technology that has several advantages over
conventional injection. While maintaining equivalent effectiveness [1], NFI eliminates
the use and disposal difficulties associated with hypodermic needles. In addition, NFI
is well suited for mass injections or injections to animals [1].

In NFI, a fluid at high pressure is forced through a small orifice, forming a jet. This
jet penetrates the skin and delivers the drug to the tissue. The Bioinstrumentation
Laboratory at MIT has developed a NFI device powered by a voice coil motor which
is shown in Fig. 1-1.

The device shown has the ability to dictate the pressure of the liquid throughout
the stroke. This shaped waveform gives control over the injection depth and volume,
and potentially reduces the risk of contamination [2]. One application being developed
with this NFI device is the delivery of monoclonal antibodies directly to the target
area. These molecules could be used to treat cancer or autoimmune diseases. In
particular, the jet injector could be used to deliver these biotherapeutic drugs directly
to the joints of rheumatoid arthritis patients, and in a manner that is much less painful
than conventional injections.

Monoclonal antibodies are composed of large molecules that tend to aggregate

when placed in high concentrations. Thus, the higher the concentration of a solution,
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Figure 1-1: A schematic of the current NFI device. The coil of the voice coil motor
is attached directly to a piston, which forces the drug though a small orifice and into
a jet (reproduced from [2]).

the higher the viscosity [3]. The current jet injector is able to deliver fluids with
viscosities of up to 20 mPa-s. With this capability, four injections are needed to
deliver a full dose of monoclonal antibodies. A more powerful actuator would allow
the jet injector to deliver higher concentrations of monoclonal antibodies, decreasing
the number of injections needed and easing the burden on the patient.

Another application under development is the delivery of poly(ortho esters), which
are polymers that can be used to deliver drugs into the body and then slowly release
the drugs over time. With this slow release method, injections are needed less fre-
quently [4]. This technology, similar to monoclonal antibodies, is limited by the high
viscosity of the solution and would benefit from a more powerful NFI device.

This thesis describes the development of a voice coil motor that will provide more
force, enough to inject higher concentrations of monoclonal antibodies and poly-
orthoesters. This motor remains light enough to be part of a portable device. A
model to predict the force of the actuator is developed, and a final design is proto-

typed and characterized.
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Chapter 2

Background

The effectiveness of a NFI device depends in large part on the actuator. This chapter
introduces the basic operation of voice coil motors and their use in NFI. Force gen-
eration, magnetic circuits, and the motor constant are discussed. Then, the history

of and requirements for needle free injection are considered.

2.1 Voice Coil Motors

2.1.1 Lorentz Force

A voice coil motor is a type of a Linear Lorentz-force Actuator. Commonly used in
loudspeakers, the actuator is also used to position the read arm in hard drives and
the lens in CD drives. In voice coils, a coil of wire passes through a region of high
magnetic field. The coil is mechanically constrained to move linearly, such that when
current runs through the coil, the actuator produces a linear force which is governed

by the Lorentz Force Law. The force F' produced by the actuator is given by'

F =BJV, (2.1)
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where B is the magnetic flux density (T), J is the current density flowing perpendic-
ular to the magnetic field (A/ mz), and V' is the volume of the conductor exposed to
the magnetic field. This equation assumes that the magnetic field is constant across
the geometry; in actual motors, an integral is needed to evaluate the force. Yet even
when an integral is used, the force of the actuator is still dictated by the strength of
the magnetic field, the magnitude of the current density, and the amount of conductor

exposed to magnetic field [5].

2.1.2 Magnetic Circuit

Permanent magnets are frequently used to generate the magnetic field. In order
to maximize the effectiveness of the magnets field, iron or another material of high
magnetic permeability is placed to direct the magnetic flux, as is shown in Fig. 2-1,
The magnetic flux is guided from one pole of the magnet to the other, thus forming
a complete loop and creating what is called a magnetic circuit. At one point in the
magnetic circuit, the guiding iron is interrupted by a gap of air. The iron channels
the magnetic flux through this small gap, creating a high magnetic field in the region.

The wire coil is placed so as to intersect this region of high magnetic field.

Figure 2-1: A schematic of a magnetic circuit. The black dashes represent magnetic
flux lines, which are generated by the magnet. The steel casing and top plate direct
the flux from one pole of the magnet to the other, in one point chaneling the flux
across an air gap where it intersects the coi (reproduced froml [6]).
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2.1.3 Motor Constant

A common parameter used to evaluate motor performance is the motor constant,
which is defined as the force produced divided by the square root of the power con-
sumed. The power ‘consumed is due to ohmic losses in the coil, and is thus given
by

P =J*V/o., (2.2)

where P is the power consumed (W), and ¢ is the conductivity of the coil (S/m).
Thus the force constant is given by
F oM

e=—=2B

VP pe’

(2.3)

where M is the mass of the conductor (kg), and p. is the density of the conductor
(kg/m®). It is noteworthy that the motor constant does not depend on current; for
a given motor, the magnetic field and geometric parameters fully define the motor
constant. As a means to compare two motors, the motor constant is imperfect, be-
cause it is coupled to the mass of the motor. As an illustration of this point, consider
a motor that produces a force F' while consuming a power P. Now imagine that
a second, identical motor is placed beside the first, and the two are considered as
one unit. Now, the two motors produce a force of 2F while consuming 2P. Using
Eq. 2.3, it can be seen that the motor constant of the two motor unit has increased
by a factor of v/2 compared to the motor constant of a single unit. Thus, the mo-
tor constant scales with the square root of the mass, making it difficult to compare
motors of different masses. Dividing the motor constant by the square root of the
total mass €/ v'M scales the motor constant such that meaningful comparisons can
be made between motors of different sizes [5]. With this metric, motors of the same
geometric type should have the same value, regardless of size scale. In an actuator

meant for a portable NFI device, both the motor constant and the total mass are im-
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portant considerations. By calculating the mass-scaled motor constant, it is possible

to measure how well a design would perform in these lightweight applications.

2.2 Needle Free Injection

2.2.1 Jet Injector Background

A jet injector delivers a dose of drug to tissue without the use of needles. To do
so0, high pressures are applied to the liquid drug, which is forced through a narrow
aperature. This high speed jet of liquid penetrates the skin, and the drug is delivered
to the underlying tissue [2].

NFI delivers the drug with as much or more effectiveness as a hypodermic nee-
dle, while eliminating some of the negative aspects of the needles. First, the risk of
healthcare workers being injured by the needles is eliminated. Likewise eliminated is
the risk of contamination from spent needles, as well as the costly burden of prop-
erly disposing of the needles. Furthermore, some people prefer the sensation of NFI
over that of conventional injection, and the technology may be helpful to those with
belonephobia, or fear of needles. Lastly, the jet injector provides and ideal platform
for mass vaccinations and drug delivery to animals [1].

The first jet injector was invented the in the nineteenth century, and systems have
been commercially available since the mid-twentieth century. These systems have a
common mode of operation: they use a high force, high power actuator to drive a
piston which forces the liquid through a narrow nozzle, forming the jet. Actuators on
current commercially available models include springs, high pressure gas, explosive
chemicals, or piezoelectric actuators. With the exception of the piezoelectric actuator,
none of these systems have the possiblilty of a controllable pressure profile within a
single injection [2].

A controlled, varying pressure profile is particularly desireable because it could

eliminate a problem that led the World Health Organization and the US military to
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discontinue use of Multi-Use Nozzle Jet Injectors. It was found that near the end of
the jet injector’s stroke, the applied pressure decreased, which would sometimes allow
a small quantity of fluid and blood to flow back into the nozzle. This backflow posed
a risk of spreading Hepatitis B [6].

A jet injector developed in the MIT Bioinstrumentation Laboratory has the ability
to control the pressure profile throughout the injection, potentially reducing this risk.
The system employs a Linear Lorentz-force Actuator, a voice coil motor. Because
the voice coil is excited with electricity, its force output can be controlled throughout
the stroke length. The Bioinstrumentation Laboratory’s injector employs closed-loop
control over the pressure profile. With this sytem, the Laboratory has been able
to shape waveforms such that the depth and volume of injection can be controlled
independently [2].

During injection, the depth of penetration depends on the peak pressure applied.
Recent tests performed in the Bioinstrumentation Laboratory have applied pressures
ranging from 5 MPa to 50 MPa, and have produced jet velocities ranging from 10
m/s to 100 m/s [1, 2].

2.2.2 NFI Voice Coil Development

Current jet injectors in the Bioinstrumentation Laboratory use a custom-designed
voice coil motor [2]. The motor has the same general form that was shown in Fig.
2-1 [6].

The magnet is composed of two NdFeB magnets [7]. The surrounding steel casing,
made of 1026 steel, creates a magnetic circuit, channeling the magnetic flux from the
magnet across the small air gap, where it reaches the iron top plate and reenters the
magnet. The coil sits in the air gap, its current flowing perpindicular to the magnetic
field and thus generating the axial force.

The coil consists of 582 turns of 28 gauge (0.320 mm diameter) wire, 6 layers deep.

The moving mass is about 50 g, and the total mass is about 500 g. The stroke is 30
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mm [2]. A magnetic flux density of 0.6 T was measured in the gap [7]. The actuator
has a motor constant of 3.21 N/v/W, and thus the value for the motor constant
divided by the square root of the total mass is 4.54 N//W - kg. The actuator is able
to produce a maximum force of +200 N.

As Nate Ball notes in his thesis [6], there is limited room for improvement in
this design. The force generated depends only on the strength of the magnetic field
and on the volume and current density of the coil. Improvements can come from
advanced materials and optimized geometries, but the impact of these changes on

this one-magnet design is limited.
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Chapter 3

Theory and Modeling

This section presents the laws and methods used to desing the motor. The chosen
geometry is described, and the magnetic fields for this geometry are found using
Poisson’s and Laplace’s equations. The optimization of the design is described, as is

the validation using finite element analysis.

3.1 Motor Geometry

It is desired to build a motor that has a significantly higher motor constant than
the motor currently used in jet injectors. Thus, the chosen design is more than an
incremental improvement of materials or minor adjustment of geometry. The design
gains most of its improvement by shaping the magnetic flux to create a region of
stronger magnetic field. To do so, the design has two axially-oriented permanent
magnets, both of which point towards the center of the motor. At the motor’s center,
the fields from the two magnets collide and are forced outwards into the air gap. Fed
by these two magnets, the field in the gap is double the strength of the one-magnet
design.

Between the two opposing axial magnets is a radial magnet, whose purpose is to

help direct the magnetic flux from the axial magnets into the air gap. The B field
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must form a complete loop, and the radial magnet helps it do so by attracting the
field and channeling it outwards, where it can follow the iron shell and complete the

magnetic circuit. A diagram of the design is given in Fig. 3-1.

Line of Radial
Symmetry

Axial Magnet ——

: —Iron Shell

\

1 .
Radial Magnet — >

| —r1Coil

Axial Magnet ——

|
I
L
r
|
i

Figure 3-1: A schematic of the motor design. The dashed line on the left represents
and axis of radial symmetry. The outermost region is the iron shell. Within the shell
on the left are the opposing axial magnets separated by a radial magnet. To their
right is an air gap with the coil inside.

Existing designs use iron in place of the radial magnet. The disadvantage of using
iron is that iron is susceptible to saturation. In some parts of its travel, the magnetic
flux generated by the coil will reinforce the flux from the magnets. If this increase in
flux is high enough, then the iron will saturate, meaning that the iron is no longer
able to direct all the flux through the coil and across the air gap. Thus, when the
iron saturates, there is a smaller gain in force for a given increase in current, that is,

the motor constant decreases. If the iron is replaced by a radial magnet, however,
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then there is no danger of saturation, and the motor constant will not change for this
reason at high levels of current. The chosen design, therefore, is particularly suited

for high current, high force applications.

3.2 Field Solutions

3.2.1 Poisson’s and Laplace’s Equations

In order to calculate the expected force from the motor, the magnetic fields in the
air gap must be known. The fields in the magnets and the air gap can be found by
solving the governing equation. Within the magnets, the fields must satisfy Poisson’s
equation, which can be derived from Maxwell’s equations.

Magnetic Gauss’s Law states that

V-B=0, (3.1)

where B is the magnetic flux density (T). Therefore, there exists a vector A such

that

B=VxA. (3.2)

This vector A is called the magnetic vector potential. The divergence of A may
be defined as equal to any constant; it is convenient to set this constant equal to zero.

Using this condition, it is possible to say that

VxB=VxVxA=V(V-A)-V?A=-V?A. (3.3)

By making use of Ampere’s Law and the relation between magnetic fields and
magnetic flux density, it is possible to derive Poisson’s equation for permanent mag-

nets. Ampere’s law is given by
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oD

where H is the magnetic field (A/m), J is the current density in the region (A/m?),
and D is the electric displacement field (C/m?). In the regions of interest, both the
current density and the time rate of change of the electric displacement field are equal

to zero. Magnetic flux density is related to magnetic field by

B = u(H+ M), (3.5)

where p is the permeability of the material (H/m), and M is the magnetization of the
material (A/m). Thus, using Eqs. 3.4 and 3.5, Poisson’s equation within permanent

magnets is given by

V2A magnet = —puV x M. (3.6)

In the air gap, the fields must satisfy Laplace’s equation, which is derived using

the same conditions and is given by
VA, = 0. (3.7)

There exist a finite number of solutions to Poisson’s and Laplace’s equations for a
given type of geometry. The actual solution of a particular geometry is a superposition
of one or more of the possible solutions of the equation. Complete solutions of the
equations are the products of functions that vary in only one of the three possible
coordinates. So, for example, if a particular geometry had field variations in =z and
y but not in z, the solution to Poisson’s or Laplace’s equation would be the product
of a function that depended only on z and a function that depended only on y. A
voice coil motor can be described in cylindrical coordinates, with the field varying in

r and z but not in . For this geometry, the solution to Poisson’s Equation (3.6) in
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the radial direction is given by Struve functions, and the radial solution to Laplace’s
Equation (3.7) by Bessel functions. In Laplace’s equation, the solution in the axial

direction is given by by exponential functions [5].

3.2.2 Boundary Conditions

In addition to satisfying Poisson’s and Laplace’s equations, the field solutions must
also satisfy boundary conditions. There are two important boundary condition for
voice coils. First, assuming that no surface currents are present, then the component
of the H field that is parallel to a boundary must be continuous across the boundary.
Second, the component of the B field that is perpindicular to a boundary must be

continuous across that boundary.

3.2.3 Field Solutions for this Geometry

To solve for the field within the coil and the air gap, the magnetization of the perma-
nent magnets must be made numerically tractable. The magnetization is a constant
value within each magnet, an axial magnetization in the axial magnet, and a radial
magnetization in the radial magnet. To solve the field equations, it is convenient to
represent the magnetization as a Fourier series, and the field can be solved for each
harmonic separately. The total field can then be found by summing all the harmonics.

A Fourier series describing the magnetization is given by

M = ) [Mycos(nkz)t + M,,sin(nkz)2], (3.8)
n odd
)
M, = 2B g (m ) (3.9)
N’y 2
é
M,, = - 4B, Cos (n—ﬂ ) (3.10)
N g 2
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Here, M is the magnetization vector, M,, and M,,, are the radial and axial com-
ponent of the magnetization for a given harmonic, k is the wavenumber of the magnet
array, ¢ is the fraction of magnet array composed of the radial magnets, and B, is the
magnetic remnance. The magnetic remnance is the magnetic flux density produced
in the absence of a magnetic field. The wavenumber refers to the spatial variation of
a sinusoid, and is given by 27 divided by the wavelength. In the case of the voice coil,
the wavelength is equal to twice the total length of the magnets. The justification of
this wavelength can be seen by looking at the spatial variation of the magnetization. -
The radial magnetization starts out zero at the end of the motor, reaches a maximum
at the center of the motor within the radial magnet, and is zero again in the other end.
Therefore, the lowest harmonic of the Fourier series is a cosine curve that originates
at the motor’s center and completes a half wavelength within the motor. Similarly,
the axial magnet starts at one value, then flips magnitude at the midpoint. Therefore,
the lowest harmonic of the Fourier series is a sine curve that likewise has its origin at

the center of the motor and completes a half wavelength within the motor.

With the magnetization thus described by a Fourier series, Poisson’s and Laplace’s
equations can be solved in the magnets and the air gap. The solution is also described

by a Fourier series, and has the form given below.

Hpags = 3 | @l (nkr) + bK: (nkr) + = Mo (I (nkr) = Ly(nkr)) — My
n odd
I cos(nkz)

+ [—aIl(nkr) + bKo(nkr) — ng (Io(nkr) — Lo(nkr)) — Mm}

zsin(nkz), (3.11)

H,, = Z [cI1(nkr) + dK1(nkr)] T cos(nkz)
n odd
+ [—clp(nkr) + dKo(nkr)] zsin(nkz). (3.12)

22



In these equations, H is the magnetic field vector, Iy and I; are the modified
Bessel functions of the first kind, Ky and K; are the modified Bessel functions of
the second kind, Ly and L, are the modified Struve functions, and a, b, ¢, and d are
arbitrary constants [5]. The field solution matches the form that was expected for
this type of geometry, as was described in Section 3.2.1. To solve for the arbitrary
constants, the boundary conditions for this geometry are applied. Four are needed,
namely that the axial component of the H field is continuous across the boundary
between the air and magnets, as is the radial component of the B field. Additionally,
the field is finite when r=0, and the H field inside the iron is zero. This last condition
comes from considering the iron to have approximately infinite permeability. Since
the B field in the iron must remain finite, then by Eq. 3.5 the H field must be zero

in a material with infinite permeability.

Applying these boundary conditions yields the following values for the coefficients.

a = c— gnkrmMm Ky (Io(nkrm) — Lo(nkrm)) + Ko (I (nkrym) — Ly (nkrm))]

— nkrp,M,, K, (3.13)

b = 0, (3.14)
Ko(nkrge)

= " 3.15

‘ 4 To(nkree) ’ (3.15)

d = gnkrmMm o (Ii(nkrm) — Ly (nkry)) + I (Io(nkrpm) — Lo(nkrm))]
- nkrp,M,. I, (3.16)

where 7, is the radius of the magnets and rg, is the inner radius of the iron shell in

meters.
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With the magnetic fields known, it is possible to find the force that the motor can
produce, equal to the Lorentz force acting on the coil. The force acting on the coil
can be found by integrating the magnetic flux densitiy over the volume occupied by

the coil and multiplying by the current density in the coil.

3.3 Geometric Optimization

With the solutions to the field equations inside the motor known, the motor’s expected
force may be be expressed in terms of the geometry of the motor. To create a specific
motor design, these dimensions can be optimized to produce the maximum force
while still fitting within any design constraints. The optimization that led to the
design used in this thesis was performed by Bryan Ruddy [8]. The constraints on the
optimization were chosen to yield a motor suitable for use in a portable NFI device.
The mass of the device was limited to 0.5 kg, and the stroke length was required to
be at least 36 mm. Additional constraints were built in to account for the required
thickness of the bobbin and the air gap outside of the coil.

To choose the thickness of iron, a value for the maximum allowable magnetic flux
density passing through the iron was specified. In the final design, 4.5 T was the
largest allowed magnetic flux density in the iron when the actuator was producing
1000 N. Iron saturates at about half this magnetic flux density. This level of magnetic
flux density was allowed because, through FEA analysis, it was found that under these
conditions, only a fraction of the total iron in the motor was saturated. Furthermore,
by allowing a higher level of magnetic flux density in the iron, a larger fraction of the
motor’s mass could be in the coil and magnets, which led to a larger motor constant.
Because some parts of the iron were saturated, however, the assumption made in this
model that all the magnetic flux remained in the iron was no longer valid, which
caused a decrease in the model’s accuracy. The model still held predictive power,

however, assuming that the endcaps remained unsaturated. The periodicity of the
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motor depends on the H field being zero in the endcaps, and thus if the endcaps
saturate the field equations used in the model would no longer be accurate.

The optimization was performed in MATLAB. Different values were tried for the
magnet radius, the inner iron radius, the outer iron radius, and the fraction of the
length occupied by the radial magnets. The force was calculated for these varying
dimensions, thus allowing the geometry to be optimized. The final dimensions derived

from this optimization are given in Table 3.1.

Table 3.1: The optimized dimensions for the voice coil motor.

Magnet radius 13.4 mm
Inner iron radius 21.8 mm
Outer iron radius 23.0 mm
End cap thickness 2.0 mm

Total magnet length | 50.6 mm
Radial magnet length | 7.8 mm
Coil length 24.6 mm

In this plan, a bobbin wall thickness of 0.5 mm was allowed, and there was a 0.1
mm air gap between the coil and iron housing. These dimensions formed the basis of

the prototyped device.

3.4 Finite Element Modeling

The motor’s expected performance was verified using Finite Element Analysis (FEA).
FEA yielded a more accurate estimate of the motors performance because, unlike the
analytical model, the FEA was able to solve the governing equations directly and to
account for factors such as the nonlinear saturation of iron. The simulation was not,
however, able to account for demagnetization. All FEA simulations were performed
using a radially symmetric model in COMSOL Multiphysics [9].

Fig. 3-2 shows an exact solution of the B field as found by the FEA when there

is no current flowing. As expected, the B field forms two loops which combine in the
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radial magnet and create a region of high field through the coil.
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Figure 3-2: The magnetic flux predicted by FEA. The left boundary is the axis of
radial symmetry. The colorbar gives the magnetic flux magnitude in Teslas, and the
axes the dimensions in meters. The arrows show the direction and magnitude of the
magnetic flux, which forms two loops in the motor.

Given in Fig. 3-3 is a plot of the force produced midstroke as a function of current
density in the coil. For lower current densities, the plot is linear; in these regions the
motor constant is equal to 11.02 N/v/W. This motor constant was calculated with the
assumption that 75% of the volume of the coil was occupied by copper. The motor
was designed to be 0.5 kg; with this mass, the mass-scaled motor constant is 15.50

N/vW -kg. At the highest current density shown, motor constant has decreased
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slightly because the iron has started to saturate.
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Figure 3-3: The FEA-predicted force when the coil is mid-stroke as a function of
current density.

At the ends of the travel, the motor produces less force because the field is not
as strong in that region. Fig. 3-4 shows the force a function of current when the coil
has been displaced 9 mm from the center.

The plot includes the force for the current flowing each direction. The two di-
rections are not identical because the coil is attracted to the iron endcap. In one
direction, this attraction increases the net force; in the other, it detracts from the net
force. At the end of the stroke, the motor constant is 8.24 N/v/W when the force is
directed towards the closer endcap, and 8.19 N/v/W when the force is directed away.
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Figure 3-4: The predicted force when the bobbin is displaced by 9 mm from the
center, with the current flowing in each direction.
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Chapter 4

Experiment

To verify the predictions made by the analytical and FEA models, the optimized mo-
tor geometry was constructed and tested. This chapter describes the manufacturing

of the motor and presents the results of characterization.

4.1 Mechanical Design and Manufacturing

The design of the prototyped motor is shown in Fig. 4-1.

On the top and bottom of the motor are the endcaps, which are secured to the
outer housing. The housing is transparent in the picture. Inside the housing is the
bobbin, which will be wound with copper for the coil. The bobbin rides on the magnet
array, which extends from endcap to endcap. Four rods thread into the top of the
bobbin and extend out the top of the endcap. These rods will transmit the force
from the bobbin to the coil. With this design the motor has a stroke of 15 mm,
but the motor has the potential to increase the stroke to 20 mm with minor design
adjustments.

The following section details the design choices made and manufacturing tech-

niques used in fabricating the motor prototype.
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Figure 4-1: The overall design for the motor




4.1.1 Endcaps

The endcaps are shown in Fig. 4-2.

Figure 4-2: The endcap. The outermost holes allow the endcap to bolt to the housing,
and the four large inner holes allow the connecting rods to pass through. The two
additional holes are threaded and used to facilitate disassembly.

Low carbon 1026 steel was chosen for the endcaps. They were designed with
a chamfered ring that would make them self-centering within the housing and also
allow the magnets to self-center. On one endcap, countersunk holes were created to
allow the rods linking the coil and load cell to pass through. On the other endcap,
larger throughways were milled to allow the insertion of a tool that would center
the magnets during motor assembly. The endcaps were made on a CNC mill using
G-code generated by FeatureCAM. The thickness of the endcaps was increased from
the 2 mm recommended by the optimization to 4 mm, the thickness required to hold
the stock in the mill vise. The throughways for the centering tool were added on a

manual mill at a later date.

4.1.2 Housing
The motor housing is shown in Fig. 4-3.
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Figure 4-3: The motor housing.

Low carbon 1026 was likewise used for the housing. The motor housing was
designed to secure the endcaps using four screws per endcap. For this purpose, the
thickness of the wall at the top and bottom of the housing was increased to 4 mm,
and four tapped M2.5 holes were added on each end. The wall thickness was also
increased from the optimization’s recommended 1.2 mm to 2.6 mm in order to make
the piece less fragile. This modification was done by increasing the outer radius to
24.4 mm and leaving the inner radius at the prescribed 21.8 mm.

Several attempts were made to manufacture the housing on a CNC lathe, using an
expanding collet to fixture the stock. A variety of user and machine errors, however,
showed that a manual machining process would be more expedient in the short term.
Future iterations, however, could be manufactured using a CNC lather. The turning
and boring here were done on a manual lathe and the holes on a manual mill. The
resulting part was slightly out specifications: the manufactured inner radius was 21.99

mm, 0.19 mm larger than was called for.

4.1.3 Bobbin

The bobbin and coil are shown in Fig. 4-4.

32



Figure 4-4: The bobbin and coil.

Ultem was initially chosen as the material for the bobbin. A performance plastic,
the material was both light and resistant to high temperatures. The material, how-
ever, was ultimately switched to Delrin [10]. Acetal Delrin easily accepted the small
wall thickness called for in the bobbin, and with a deflection temperature of 98°C at
1.8 MPa, the material should be able to withstand the heat of the operating coil [11].
If temperatures inside the motor approached those temperatures, the magnets would

be in danger of demagnetization, showing that the Delrin should be sufficient.

The bobbin was designed with a wall thickness of 0.5 mm. The inner diameter
was made to the exact diameter of the magnets, 26.8 mm, in order to use the magnets
as a linear bearing. A gap of 100 um was left between the outer surface of the bobbin
and the inner surface of the housing. The bottom ridge of the bobbin was chosen to
be 2 mm thick. The top ridge was made 3 mm thick; the increased thickness allowed
for threaded holes to be placed in the top. Rods threading into these holes linked
the coil to the load cell. Two 1 mm holes drilled on the top ridge provided entrance
and exit points for the wire. The bobbin was manufactured using a Mazak Turning

Center [12].
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4.1.4 Coil

Several factors influenced which gauge of wire was appropriate for winding the coil.
First, a high fill factor was desirable. The fill factor is the ratio of the volume filled
the conductor to the volume available to the conductor. The overall current density
for the coil is the current density in the conductor multiplied by the fill factor. Thus,
a higher fill factor achieves the same current density while consuming less power.

The second factor influencing wire gauge choice was the estimated resistance of
the resulting coil. The motor is intended for high current applications, and to test
the motor at the highest power possible, the coil’s resistance should be optimized to
draw the most power possible from the available power amplifiers. In the Bioinstru-
mentation Laboratory, the two available power amplifiers were able to provide 30 A
at 300 V and 100 A at 100 V. T'hus, to be able to the maximum i)ower from each,
the coil should have a resistance of 10 2 and 1 2 respectively. Two more factors
influened the choice of wire: the wire should wrap around the bobbin to form an even
number layers, and the wire should be an even AWG value. The first condition allows
the wire to enter and exit on the same side, and the second limits the choices to the
gauges which are readily available.

Analysis showed that 22 gauge wire was the best option. This wire was expected
to provide an adequate fill factor (57%) and a resistance that was between the optimal
values for the two amplifiers. The wire would wrap an even number of times (10),
and it was of an even gauge.

When the coil was wound by hand, it was found that 12 layers were able to fit onto
the bobbin, instead of the expected 10. These extra layers increased the fill factor to
74.5%, calculated based on the mass of the bobbin. The resistance of the resulting
coil was 2.59 2, and the mass was 0.1430 kg. The ends of the wires were pressed into
grooves that had been made in one of the rods that connected the bobbin to the load
cell. The wires exited the groove on the exterior of the motor and were connected to

a power supply.
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4.1.5 Magnets

The magnets are shown in Fig. 4-5.

Figure 4-5: The magnet assembly, composed of a radial magnet sandwiched between
two opposing axial magnets.

The magnets were made frome NdFeB stock supplied by Vacuumschmelze [?]
that had a magnetic remnance of 1.344 T. They were cut from the stock using a Wire
Electric Discharge Machine (EDM).

To create a radial magnet, four quarter circles of the appropriate height were cut
out. With each one magnetized in the radially outward direction, their combined
behavior simulated that of a radial magnet. The axial magnets could have been cut
from a single piece, but the 26.8 mm diameter of the magnets was too large to fit
into the magnetizer, which accepted a maximum of 25 mm. To be able to fit in
the magnetizer, the axial magnets were assembled from components, each of which
comprised one third of a circle.

The magnets were magnetized in a magnetization machine built by Bryan Ruddy.
The device used six lead acid batteries to supply high current to a coil for a period of 50
ms. The magnets were placed at the center of the coil. As the current flowed through

the coil, the magnets were exposed to a high magnetic field and instantly magnetized.
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After magnetization, the compenents of the magnets were then assembled into one

structure, bound by Loctite 1C-LV Hysol Epoxy Adhesive [?].

4.1.6 Alignment Tool

An alignment tool shown in Fig.4-6, was used to assemble the motor.

Figure 4-6: The alignment tool is shown inserted through the bottom endcap.

The alignment tool was made on the Wire EDM and the Manual Mill. Its outer
diameter fit snugly against the motor housing, and its inner diameter securely gripped
the magnets. During assembly, the alignment tool was inserted through the holes in
the bottom endcap so that its legs protruded into the motor housing. The magnets
were then fed into the alignment tool, which constrainted them to stay in the exact
center of the housing. The magnets were attracted to the bottom endcap, which

allowed them to remain in alignment when the tool was removed.

4.2 Testing and Characterization

This section details the initial tests used to characterize the performance of the motor.

Relatively small levels of current were applied, supplied through a desktop power
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supply.

4.2.1 Experimental Setup

The assembled motor was characterized by measuring the force produced when dif-
ferent levels of current were applied. The setup for applying current and measuring

force is showing in Fig. 4-7.

. Power supplies
& Jand multimeter

Load cell

it

Amplification circuit

Figure 4-7: The testing setup.

The motor was bolted to a benchtop optical table, and an Omega S Beam Load
Cell was suspended above the motor using an MK frame. The load cell had a maxi-
mum load of 900 N. A ball joint threaded into threaded into the load cell and coupled
to the connecting rods on the motor, thus linking the load cell and the coil. Power
was supplied to the motor through a HP E3632A DC power supply, which was able
to produce 7 A at 15 V. A second power supply, an Agilent E3630A, provided 10 V
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to the load cell and + 10 V to the amplification circuit. The amplification circuit
used an Analog Devices AMP02 instrumentaion amplifier with a gain of 334 to feed
the signal from the load cell into an Agilent 34401A Digital Multimeter. Calibration
of the load cell yielded a calibration constant of 78.1 N/V.

4.2.2 Experimental Results

The force from the motor was measured when currents of 1.000, 3.000, and 5.000 A
were supplied, corresponding to an overall current density in the coil of 2.295 - 108,
6.885-10%, and 1.148 - 107A /m2. These test were performed with the current flowing
in both directions, placing the load cell both in tension and compression. The force
was measured at six positions in the stroke: the midpoint, and displacements of + 3
mm, + 6 mm, and -9 mm from the midpoint. The displacement of +9 mm from the
midpoint could not be measured because a guard kept the coil away from the endcap
so that the entering and exiting wire would not be pinched. Each measurement was
repeated four times. The force as a function of axial displacement for these currents
is shown in Fig.4-8

As expected, the force is maximum in the middle of the stroke and decreases with
distance away from the center. The shape of the force versus distance curve can be
explained by recalling that the radial field varies cosinusoidally in the axial direction.
The cosine originates at the midpoint and goes to zero at the endcaps, which are each
a quarter wavelength from the center. The coil has a finite length, so at any point in
the stroke it intersects some fraction of the radial field. Since the force is proportional
to the integral of the radial field along the length of the coil, displacements of the coil
cause the force to vary as the window of integration captures different portions of the
cosine curve.

The measured forces in tension are compression are of almost equal magnitude.
The measurements taken in compression were taken after the measurements in ten-

sion; the smaller uncertainty in this data reflects the operators increased competence
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Figure 4-8: The measured force as a function of the location in the stroke. The error
bars shown are the 95% confidence intervals for each value.

39



in taking consistent measurements.

The motor constant for this motor is 8.42 N/v/W at the center, the average of
measured value of 8.31 N/v/W when the load cell was put in tension, and 8.53 N/vW
when the load cell was put in compression. This motor constant is about 25% less
than the value expected value of 11.02 N/v/W, which was calculated using the FEA
model. The measurements taken at -9 mm yielded a motor constant of 6.80 N/v/W in
tension and 6.27 N/v/W in compression. At this location, the FEA model predicted
8.24 N/ vW in tension, and 8.19 N / vW in compression, thus, the measured values
are about 20% less than the expected ones. Fig. 4-9 shows the force measured at the
center of the stroke as a function current; also shown are the forces expected at these

currents based on the FEA simulations.

On average, the measured force is 25% lower than the FEA-predicted value, match-
ing the decrease seen in the motor constant. To diagnose the cause of the force reduc-
tion, the magnetic field outside the motor and in the gap was measured with a FW
Bell Gauss/Teslameter 5080 [15]. The results of this examination showed that the
actual field agreed reasonably well with the predicted fields. The field was measured
in the gap by removing the coil from the motor and inserting the Teslameter probe
through the hole in the endcap usually occupied by the connecting rods. Inside the
motor, a maximum radial magnetic flux density of 0.968 T was measured close to
the radial magnet. In the FEA simulation, the maximum radial magnetic flux den-
sity was 1.23 T. The region with this flux density was very small, however, and was
located next to the boundary between the radial and axial magnets. Along most of
the radial magnet, the flux density was about 1 T. It is possible that the Teslameter,
being fed from a hole in the endcap, was unable to effectively measure the small re-
gion with the highest field, in which case the measured value agrees fairly well with
the FEA prediction. Qutside the motor shell, a maximum radial field of 0.015 T was
measured, compared to about 0.08 T predicted by the FEA simulation. The extra

thickness of the endcaps could account for more of the field being contained in the
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magnetic circuit.
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Chapter 5

Conclusion

An optimized motor has been developed that shows promise as a high power, high
force actuator. This motor uses two opposing magnets to increase the magnetic
flux through the coil. Initial tests demonstrate that the motor is a more powerful
actuator than the model currently in use in NFI, with a motor constant of 8.43 N/vW,
compared to 3.21 N/v/W for the current model. The maximum magnetic flux density
measured in the gap was 0.968 T, compared to 0.6 T for the prior model. At 0.5812 kg,
the constructed motor remains lightweight enough for portable applications. Future
improvements, such as decreasing the thickness of the endcaps, would enable the
motor to match the current model’s mass of about 0.5 kg, with no expected decline
in performance. Currently, the mass-scaled motor constant for this motor is 11.07
N/+vW kg, compared to 4.54 N/\/W - kg for the prior motor model. Again, this
parameter will improve when the mass of the motor decreases in future iterations.
The constructed motor produces about 25% less force than was predicted by FEA.
Measurements show that the field in the constructed motor is slightly less than the
FEA predicted, and thus further work is needed to definitively determine the cause
of the motor’s decreased performance. Future work would also include testing at the
higher current densities that would be used in an NFI device. Based on the initial

tests, this device shows promise as a way to deliver more viscous fluids via NFI.
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