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ABSTRACT

This thesis entails the full development and testing of traxially nested square Helmholtz
coils. A novel geometric approach is presented which enabltée reader to reduce the overall
size of the Helmholtz assembly without sacri cing any volumén the workspace. Included
in the Appendix of this thesis are all of the mechanical and al&ical drawings and bills of
materials required for a full-scale reproduction of this mject. There the reader may also
nd a complete wiring schematic for the system. A compreheng set of assembly and wiring
instructions are provided.

Two adaptations of the Biot-Savart law are developed in thipaper which o er a means
of calculating the B eld given the position of interest, the coil geometry, and he amount
current passing through the coil. The pseudoinverse is alssed to calculate coe cients
needed to calibrate the system. The Helmholtz system produtés capable of producing a
eld with a homogeneity of approximately 0.75% given a eld sength to coil radius ratio
0.219, exceeding performance criteria for typical Helmhaltoil assemblies.

System performance is monitored using a three-axis hall nregometer, the setup and
results of which are presented and used to validate the systegeometry and both approx-
imation methods presented. For an outline of the overall sigm functionality, this paper
details the structure of code written for system developmeémnd testing. This is accompa-
nied by a discussion of the graphical user interface writtefor controlling and monitoring
system performance.
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CHAPTER 1
INTRODUCTION

This thesis explores the full development and performancenalysis of triaxially-nested
square Helmholtz coils for the production of controlled ursim magnetic elds and eld
gradients. A brief history and modern applications of HelmHtz coils are provided, followed
by a high-level discussion of their mechanical and electaicdevelopment, assembly, and
testing methods for measurement and validation of the proded system's performance.

1.1 Background

The Helmholtz coil was rst realized in 1849 by Hermann von Helnditz[1]. Its concep-
tion was inspired by his establishment of the reciprocal pperty of the electric charge of
one conductor on another. By placing a circular coil a distae of its radius from a second
coil of identical geometry, Helmholtz produced a uniform mamgtic eld (shown graphically
in Figure 1.1), signi cantly improving the reliability of Gaugain's galvanometer, an analog
tool used to measure small electrical currents[2]. One o§iearlier applications, produced by
A. Ruark et al., is shown in Figure 1.1. Ruark's coil produced 20T (compared to Earth's
25 65T [3] and MRI elds of up to 7T), and was built to facilitate the \collect[ion of] all
formulas needed to make the design of a Helmholtz coil a mattef routine,"[4].

Figure 1.1: A. Ruark's Helmholtz Coil(left)[4] and typical Helrmholtz coil eld lines(right)[5]



The most common modern application of Helmholtz coils is foratbration of magnetic
instrumentation[6][7][8]. Potential biomedical applicions which exploit magnetic elds
and gradients for control of minimally/non-invasive magngéc medical devices have also
emerged[9][10][11]. In general, uniform magnetic elds er magnetic torque for control
of device orientation, though they may provide locomotion fomotorized devices such as
endoscopic capsules, as shown in Figure 1.2[12][13][14]heéDtbiomedical applications use
eld uniformity to prevent physical device drift within the respective work-space[15][16].
Magnetic eld gradients o er magnetic force for control of mn-motorized device locomaotion.
Applications of particular interest require both locomotim and orientation control of medi-
cal devices[17][18][19]. When uniform elds and gradientseaapplied simultaneously, device
orientation and locomotion may be controlled as is demonstied by the method of targeted
drug release shown in Figure 1.2[20][21]. H. Choi et al. propdsa electromagnetic actuation
system of three Helmholtz coils and two Maxwell coils to corat the rst microrobot capable
of both equitranslational and axially rotational motion [2].

_Forward movement

PillCam

- . i | |
M Ty

: ﬁ‘,% Drug release
H: Plane YZ

(b)

Figure 1.2: Motor-driven endoscopic capsule (left)[12] arattug delivery graphic (right)[20]

1.2 Motivation

Uniform magnetic elds and gradients may, alternatively, beachieved devoid of Maxwell
Coils using a minimum of two Helmholtz coils; one providing aniform eld, the other a
eld gradient[20][23]. Production of a uniform magnetic éd may be accomplished using the
traditional method of wiring two coils in series. The same asmbly may be used to produce a
eld gradient with independently-powered coils. For a unibrm eld, paired coils are provided



matched current in the same physical direction while unifon gradients are produced using
matched current in opposing directions. Non-uniform gradmgs require di ering currents of

any magnitude. In each of these situations, total coil eld entributions are calculated via

the principle of superposition[24][25]. As a measure of saess, a well-constructed Helmholtz
coil should be able to produce a magnetic eld with a homogeite of less than 1% given a
eld strength to coil radius ratio of 0.314[26]. The system eksigned and built for this thesis
meets this homogeneity constraint and is shown in Figure 1.3.

Figure 1.3: Photograph of complete Helmholtz system with GUI terface

A novel approach to the design of square Helmholtz assembligpresented which reduces
both the mechanical design load requirements and overall g% size, without sacri cing
capabilities. Two adaptations of the Biot-Savart Law are dwiled, for which closed-form
solutions are provided and used to approximate the magnitedand direction of the system's
magnetic ux density B at any given point in the work-space. Testing includes appiyg
desired elds with each independent coil separately in a ntitude of positions within the
work-space, all of which are monitored using a three-axis lhanhagnetometer. The system
proposed in this thesis is to be used for an investigation of magnetically-steered needle
device for neurosurgery and a study of resultant magnetic rfees and torques on varying
sizes of soft-magnetic ellipses given uniform elds and ghants, though the system may be
used for a variety of applications requiring known magnetield conditions.



CHAPTER 2
HELMHOLTZ SYSTEM - MECHANICAL DESIGN

The mechanical design chapter of this thesis develops a hilglvel reasoning behind all
mechanical design choices made and the order of operatiorguired to properly assemble
the system. The total design is broken down into seven main slgn sections; coil geom-
etry, coil assembly, table assembly, low voltage system,ghi voltage system, imaging, and
instrumentation. Each section contains exploded and assbled views as needed to properly
convey the required knowledge for assembling the completelidboltz system. Additionally,
this chapter details the manufacturing methods used to pragte each part or assembly dis-
cussed. Shop drawings and bills of materials required foreproduction and assembly of
each assembly presented are provided in the Technical Drags Appendix.

Figure 2.1: Complete Helmholtz system with instrumentation mant installed.



2.1 Coil Geometry

Helmholtz coil assemblies are generally either circular og@are in shape with a square
cross-section. Though circular coils are most common in Héloltz coils, square coils are
frequently used because they are easier to construct, hawmgler eld computations, and a
more accessible work-space[27]. Fundamental Helmholtzlg@ometry concepts were devel-
oped with the assistance of Abott'$?arametric design of tri-axial nested Helmholtz coilg28].
Note that the design method o ered by Abbot assumes no mechaaity supportive structure
is in place, and provides a method of calculating the resulthmagnetic eld strength as a
function of the coil geometry. In this thesis, Abbot's equatins are implemented or manip-
ulated as needed to instead provide a method of calculatingl @il geometry values as a
function of the desired magnetic eld ux density B, the desired size of the eld-controlled
work-spaceGc, and the desired distance to be maintained between each caxis and any
nested coil axess,. This section also o ers a novel approach for reducing the exall size of
square tri-axial Helmholtz coil assemblies without sacriing electromagnetic performance.

Isometric View Isometric View

View |
I =

iew 2 i )
View 2 View 3 View 2 View 3

8 ® 8@ H

Figure 2.2: Tri-axial Helmholtz coils with circular and squage coils. (Abbot, 2015)[28]

To begin this design process, a wire gauge must rst be choseéro select the proper wire
gauge needed, several constraints were outlined. This st was designed to produce the
maximum strength magnetic eld possible without exceedinghe working limits of known
power sources. Abbot assumes that Helmholtz coil-pairs arered in series. This assures
the user that both coils in each respective axis see the samgrent value; however, the user



would never be able to isolate the coils of a coil-pair. Givethe provision of an independent
controlled current source for each of the six coils, coil-pa may be used not just to produce a
uniform magnetic eld typical of Helmholtz coil assemblies, bt also a known eld gradient.
Independent current sources for each coil means higher @lércurrent requirements for
operation of the complete system.

Two known available current sources, each capable of proiigd sustained loads of up to
15 Amps, were used under the assumption that power provided wd supply the Helmholtz
system, the computer used to control the system, and all orehrd electronics. Total power
consumption for all on-board low voltage electronics (12 \ts and below) is approximately
4.5 Amps (2 Amps to power the cooling fans, 2 Amps to power the LEDatrix, and 0.5
Amps or less to power DAC and Arduino). For the sake of brevity,ite computer used to
operate the system is conservatively assumed to also regut.5 Amps e ectively limiting
the maximum current demand of the coils to 10.5 Amps each, assing that no other coil-
pairs are actively being powered. Given a desired current lem of 30%, the system's desired
maximum sustained current demand was therefore de ned as 8 A
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Figure 2.3: Coil geometry parameter de nitions explained fosquare coil-pairs (left) and
wire packing e ciency (right) dimensioning parameters [28

Industry standards call for the use of magnet wire (single when winding coils. In
practice, it is recommended that magnet wire operating in ée-air be restricted to a sustained
current density of no more than 6A/mn?. Given the discussed maximum sustained current
of 8 Amps and recommended current density, the ideal crossz8enal area of the magnet
wire selected is approximately 1.33 mfn 16 AWG single-strand wire has a cross-sectional
area below 1.307mmper ASTM standard B258-14, which is less than 2% less the optin



desired cross-sectional area [29]. The next commercialladable size up is 14 AWG which
has a cross-sectional area of 2.082rina value which exceeds de ned system constraints by
greater than 50%. This was less-than-desirable given thealigy that the larger the diameter
of wire used, the further each row of windings is from the cest of the coll, therefore, the
higher current values must be to produce a magnetic eld of thsame strength. This would
eliminate the 1.3 safety factor selected. Bearing each ofetse considerations in mind, 16
AWG was the wire gauge chosen.

Given the use of 16 AWG magnet wire, MATLAB was next used to calgate the complete
system performance using a series of custom functions. Eadhthese functions require the
use of metric dimensions. Using the known conductor diametér;) of 0.0013 meters, total
known wire diameter (,) of 0.00138 meters (with insulating coating), the wire pachg
e ciency ( ) is calculated as shown in Equation 2.1. The desired size dfet work-space
matches that of the maximum side-length of any object to be ated in the work-space. This
is also referred to as the gap between the two innermost col&s and may be calculated
using Equation 2.2 [28].

-N

4

(2.1)

onN

G.=0:5448N, X. 2T, (2.2)

The intent of this MATLAB code was to tell the user what size to nake the coils, so
X and W, could not be considered known valuess. and the coil spool side wall thickness
T. however, were already de ned as one of this system's overdéisign criteria, leavingX .
and the nominal width of the respective coil from center to eger of opposing conductor
cross-sectionsW,) as the only two unknowns. Abbot's presented calculation oht magnetic
eld strength H requires the now-known value of as shown in Equation 2.3 and similar to
Equation 2.2, it includes the unknownsX . and W, [28].

L3 (X o)?

H
We

(2.3)

Since the desired system performance is de ned in part by thmagnetic ux density
B, the magnetic eld strength H was calculated using its relationship withB through the
permeability of free space (,) as shown in Equation 2.4. We can now considét a known
term leaving only X, and W, as unknown terms in two equations [30].



H = (2.4)

Additionally, using Equation 2.5 [28], the coil constant shad by each of the three coil-
pairs may be calculated as a function of, , and H. Then, simply using the quadratic
formula, X, may be de ned as a function of three coe cientsja, b, and c, each of which are
calculated using known variables as follows:

1:3]
W, = H (X¢ g) = (Xe g) (2.5)
1:3J
= (2.6)
P
b k¥ 4dac
XC - 2a ’ (2'7)
where,
a = 0:5445; (2.8)
b= (1+1:089 ,); (2.9)
c= (G.+2T. 0:5445)2): (2.10)

Finally, Equation 2.2 is rearranged to calculate/NV, as shown in Equation 2.11, while
Abbot's provided de nitions for the outer and inner coil widths (W,. and W, respectively)
may be calculated as shown in Equations 2.12 and 2.13, leayiall unknown dimensions
pictured in Figure 2.3 de ned by known terms. This parametridcerm manipulation is applied
in the MATLAB function needed to calculate each dimension offte innermost coils [28].

G.+ X+ 2T
W, = 2.11
¢ 0:5445 (2.11)
Wie =W, X. 2S. (2.12)
Woe = W + X, (2.13)



Now that W,. is known for the innermost coil-set, theW,. term of the immediately
adjacent nested coil-set may simply be calculated by simplidding W,. and the desired
distance to be maintained between each coil axis and any nedtcoil axesG,. This enables
the use of Equation 2.14 which was previously not used due toet unknownW,. term [28].

1 E E
= _ 2 2 ;
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Figure 2.4: Plots produced to assist in Helmholtz assembly dgs parameter selection based
on assembly size and power requirements as a function of magn ux density B.

Given an application of the discussed geometry calculationethods in MATLAB assum-
ing a G, of 7cm, aGy, of 1.27cm, 8Amps of current, and a range of desir&lvalues spanning
from 10 to 30mT, the plots pictured in Figure 2.4 were producetb assist in the selection of
the best system performance parameters possible given alhstraints discussed. Provided
the nal limitation that the system not be no larger than 40cm overall, it was determined
that the highest target magnetic ux density was 20mT.

2.2 Coil Assembly

In total, six coils were wound by HBR Industries, a custom coivinding company based
in San Jose, California. HBR Industries was responsible forwscing all materials required
for the coils’ manufacturing, including all wiring, tooling, and xtures. When winding coils
with 16 AWG wire, assuming magnet wire, the nominal wire diaeter is 0.0508" per ASTM
standard B258-14 [29]. Industry practice calls for a maintaed tensile load of approximately
16 Ibs on the wire throughout the winding process to ensuremilayering provides the highest



possible packing e ciency, that is the area of physical wiras a portion of the total coil cross-
section [31]. This can result in extremely high load conddins on coil spool contact points.

Figure 2.5: Z-Axis coil assembly - exploded (left) and assersll (right) views

Upon the recommendation of Custom Coils Inc. out of Benicia, A the coils were
each dipped in an epoxy resin and baked in a kiln. This both reded coil spool loading
requirements by more than 98% and simpli ed the overall degn, while reducing cost and
space consumption. Additionally, this allows the coils to bself-supportive, enabling more
lean spool design and a larger usable work-space. Largertahces were provided in the
coil-plane (perpendicular to the stando s) to allow layer gpansion due to compounding
pressure during winding; however, tolerances for the exapbsition and clearances of the
coils' inner corners require more precise manufacturing tnsure nominal coil geometry is
capable of producing a uniform magnetic eld of the desiredirength in the center of the
coil.

Included in design requirements was the necessity for the greet wire used to both begin
and end windings on the same side of its respective coil. Theasures that each winding is
whole, and provides simpler routing of leads down to the terimals mounted to the base as
shown in Figure 2.10. For all coil winding geometries and taknces required and provided to
the manufacturer, see drawing \Square Coil Sizing" shown iRigure A.31 of the Appendix.

Proper completion of this system requires fabrication of wvof each of the coils pictured
in Figure 2.5, Figure 2.7, and Figure 2.8, respectively. Each thfe three coil geometries are
added to a coil assembly using four stando s positioned coewtrically with the radius of the
inside coil corners, and two custom-cut acrylic plates. Thstando s come in the form of a
through-threaded brass female coupling with an OD of 0.25@hich is press- t into a section
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Figure 2.6: X-Axis coil assembly - exploded (left) and assembl¢right) views (1/2)

of non-conductive Delrin tubing with an ID and OD of 0.252" (eamed to this diameter) and
0.500", respectively. Both pieces are rst shortened to hava length of between 0.005" and
0.025" shorter than the width of the coil cross-section, meang that eight stando assemblies
are required with approximate lengths of 0.990", 1.164", ah1.330".

Figure 2.7: X-Axis coil assembly - exploded (left) and assemUdléright) views (2/2)

Properly-sized stando s are critical for ensuring the acic coil wall plates make full
contact with the physical coil, keeping its position xed inthe assembly. The plate geometries
are discussed in detail later in this section. All materials sed in each coil assembly are
either made of a polymer, or non-magnetic metals. For a congpé list of all materials
required for coil construction, and from where they were soted, see drawings provided
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Figure 2.8: Y-Axis coil assembly - exploded (left) and assemtléright) views

in Figure A.4, Figure A.5, and Figure A.6 in the Appendix.

There were six di erent coil plate designs required in totafor the coil assembly. Two
for each of the coil-pairs, one of each respective platesrgeneeded for each individual coil.
For all three coil-pairs, one plate was designed to directljnount to either the work-space
support or an adjacent coil assembly. The non-mounting platserves di erent purposes for
each coil. Each coil plate was designed with four holes, eashwhich are concentric with
their respective coil's inner corner bend radius. Here we disss the design choices made for
each coil plate. For a complete description of the installain of the six coil assemblies in
the Helmholtz system, see section 2.5.

il
! \\\\‘1\\\\

Figure 2.9: Mechanical interaction between X-axis and Y-axio¢ assemblies

|

For the most e ective order of assembly of each coil assemplgur prepared coil stando s
were rst secured to one of the two coil plates using four brashex rounded head screws.
Next, the coil used was slipped over the stando s while posithing the coil leads on the side
of the assembly nearest its respective work-space-mountiedminal block. When selecting
the orientation of the coil relative to the position of the cd spool, refer to Figure 3.8 in
Chapter 3 given the plate nearest the viewer is the mount plat Note that the clearances
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applicable to this portion of the assembly are on the order @ 005", so slipping the coil over
the stando s and securing the non-mounting plate to the assebly was somewhat di cult.
Finally, the non-mounting plate is positioned, and secureddtthe assembly using four more
brass hex rounded head screws.

In this system, the Z-axis is vertical, therefore the Z-axisoil pair has one upper and one
lower coil assembly as shown in Figure 2.26 in section 2.5. Timounting coil plate for the
Z-axis provides six holes for mounting the lower coil asseiylto the work-space support,
while they also provide a means of mounting the upper coil asably to the X-axis coil pair
via a custom-cut length of acrylic angle shown in detail \Sendary to Inner Coil Mount"
on drawing \Miscellaneous Machined Parts" in Figure A.30 of tb Appendix. Additionally,
the inner cutout provides clearance for removing or placinipe large acrylic cylinder in the
work-space support. The Z-axis hon-mounting plate simplyrpvides structural support to
the coil assembly, so the cutout is sized primarily to provielclearance for the acrylic cylinder.

Note that the acrylic cylinder does not require installationprior to the lower Z-axis
coil assembly; however, geometric restrictions of the uppeoil mounting hardware prevents
removal of the acrylic cylinder. Bearing these consideratis in mind, the acrylic cylinder
must be installed prior to each of the remaining coils.

Figure 2.10: Work-space support with electrical terminalsral acrylic core installed
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The X-axis mounting coil plate is pictured on the bottom-side fothe coil assembly in Fig-
ure 2.6. The small tab shown mounts to a step-down cut into theork-space support. Fig-
ure 2.9 shows that both the mounting and non-mounting platekave four notches cut into
the opposite side of the plate for cradling the Y-axis coil pai The two inner holes on the
non-mounting plate provide mounting locations for the uppeZ-axis coil. It is recommended
that the mounting interface for securing the upper Z-axis dbassembly to the X-axis coil
assembly be installed prior to installing on the work-spacgupport as shown in Figure 2.7.

The Y-axis mounting coil plate is pictured on the upper side dhe coil in Figure 2.8. The
small tab shown mounts to one of the main work-space suppogdes. Both the mounting and
non-mounting plate have two notches cut into the oppositede of the plate. The sides of this
cutout rest in the four notches cut into the X-axis coil plates The inner side of the cutout
was designed to be ush with the inner face of each Y-axis coilgte, providing the user with
a means of assuring all parts are properly assembled and dme®ned. Additionally, given
the potential for a future implementation of a forced coolig system, these o er clearance
for ducting in a forced air system or tubing in a liquid-coolé system.

For a set of all bills of materials and dimension drawings p&ining to the coil assemblies,
see the Appendix for drawings \Helmholtz Coil Assemblies - BOM\Helmholtz Coil Plates",
\Square Coil Sizing", \Work-space Support - BOM", and \Work-space Support".

2.3 Table Assembly
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Figure 2.11: Top view of assembled Helmholtz system table pe&ctronics-installation.
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The intent of building an elevated platform for this system,is to create a method and
xture for operating and maintaining any given component inthe system with relative ease.
The platform takes the form of a short table the top side of wich may be seenin Figure 2.11.

When professionally machining parts in the United States, mbsnachine shops prefer
the imperial system over metric. It was for this reason that@many components as possible
were either selected, modi ed, or designed to incorporatéé imperial system as consistently
as possible. When using 1.5" T-slotted framing, many of the ogonent choices require size
M8 metric hardware. Supporting the previously stated desigchoice, this was eliminated
and replaced instead with 5/16" bolting. Additionally, all eight of the T-slotted segments
used to create the table frame are tapped with 5/16"-18 threts.

The four longer segments used to create the main frame of thabte consist of two T-
slotted framing segments cut to 45" lengths pictured in Figw 2.12, and two cut were to
31 inch lengths, as shown in Figure 2.13, to ensure the systenability to pass through a
standard door frame without having to tilt the system. The hdes on the ends of these longer
segments were tapped to a depth of 3".

Figure 2.12: Testing table long side - exploded (left) and am®mbled (right) views

In addition to the four longer sides are four short sectionsf draming used for elevating
the platform approximately 4" o of the surface the table is b rest on. These segments are
cut to lengths of 1.5" and through-tapped with 3/16"-18 threads for threading four swivel
leveling mounts with male studs. Each of these eight segmemwere cut to size in-house and
the ends were faced with a long- uted 1" end-mill. The end opgsite that which has the
swivel foot threaded into it will be secured to the physicalrbme of the table by means of
two L-shaped connectors.

On both of the shorter sides of the platform, there are two stalard black plastic han-
dles for transporting the setup when necessary. The plate liarge with an initial size of
48"x48"x0.25". The university machine shop was not equipgewith the tooling to work on
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Figure 2.13: Testing table short side - exploded (left) and asmbled (right) views

a plate of this size, so it was sent out to the Ringel Company, lacal CNC machine shop,
then hard anodized by S & S Anodizing, a local metal coatingadility. Note that the holes
required for rubber grommets were not included in the origal le sent to the CNC shop. All
needed grommet holes were added once a physical plan for wireting was developed. For
complete dimensioning details, see Figure A.16 through Figufe23 of drawing \Helmholtz
Base Plate" in the Appendix.

Figure 2.14: Testing table three-sided assembly - explodddff) and assembled (right) views

Once the three-sided sub-assembly pictured in Figure 2.14caremaining short side are
assembled, the plate may be inserted in the inside trackingd the three-sided sub-assembly
as shown in the left-hand side of Figure 2.15. Itis recommerdithat the user seek assistance
when performing this task as the objects of interest are laegand cumbersome. The long sides
should be held together as the plate slides into the frame tagvent the plate from dropping.
Once the plate is in place, the short end sub-assembly shoui@ installed immediately,
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keeping the large aluminum plate in place. Finally, four bo# are added to secure the plate
to the re-purposed panel hangers, pulling it down to the bottm of the horizontal framing
tracks as shown in the right-hand side of Figure 2.15.

Figure 2.15: Testing table plate installation - exploded (k) and assembled (right)

2.4 Low-Voltage System

The low voltage system presented in this paper is comprisetl e electronic components
and/or sub-assemblies; 12V/5V DC-voltage power supply, Ardno Mega 2560 ADK with
Mayhew Labs Extended ADC Shield, eight cooling fans, one LEDatrix, and a collection
of switches and potentiometers for controlling the LEDs anthns. For a wiring diagram of
the low voltage system, see Figure 3.5 in Chapter 3.

Figure 2.16: Communications, feedback, and low voltage pawsipply installation
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The ACESS-IO DAC pictured on the right-hand side of Figure 28 is also a low-voltage
component, however, the installation is not mechanicallynvolved, and is primarily needed
for controlling the servo drives. This installation is disassed in detail in Chapter 3.

The enclosure in Figure 2.17 (part number: 7360K66) was soatcfrom McMaster-Carr,
and modi ed to rmly mount the power supply in place via bolting hardware. Two of the
existing punches were cut out for wire pass-through(s). ThArduino was then mounted
to the oor of the enclosure using mushroom-head fastenerrigts for easy maintenance
and accessibility given major wiring changes. The total elasure was then secured to the
Helmholtz table top using the same mushroom-head fastenerips. Though not pictured
in the provided gures, a 25 x 2 pin positive/negative bus bapof an adhesive-backed bread
board was added to the inside of the enclosure, allowing forone intuitive wiring methods,
and extension of the Arduino-provided 5V.

The Mayhew Labs extended ADC shield pictured above the Arduin the left-hand
side of Figure 2.17 is needed to convert six incoming +/-10V atog signals to a 0-5V
digital signal such that the Arduino can read the value withotidamaging the microcontroller
circuit board. The microcontroller used is an ADK edition of he Arduino Mega 2560 R3,
providing the user with Android-based control capabilitiesn addition to all of the normal
performance capabilities of the Mega 2560 R3. For the curtapplications, the ADK feature
is not needed, so the version is left as written in the mateliaescription above. For details
regarding the speci ¢ products used in the enclosure, seeadiing \Low Voltage Assembly -
BOM" in Figure A.15 of the Appendix.

Figure 2.17: Low voltage enclosure - exploded (left) and assdaed (right) views
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Figure 2.18: Coil-cooling fan install - exploded (left) and @sembled (right) views

There are eight fans total required to cool the system as shovin Figure 2.18. Due to
the high-level magnetic elds produced by the system, thedan motors cannot overcome
the magnetic eld induced. It is therefore recommended thathese fans only be turned on
between tests. There are two fans per designated coil, leayithe Z-axis coil pair without
any cooling. This was intentional, because the Z-axis coiap is the most di cult to access
and is the smallest of the three coil pairs, making it the smigist producer of heat.

To power all eight fans, they are wired in parallel using two ight-circuit terminals
mounted to the bottom-side of the Helmholtz plate shown in Fige 2.19; one for +12V,
the other for ground. Since each of these fans draw only 0.2322AWG wire is run from
the 12V supply side of the low voltage power supply to the pdsie and negative terminals,
respectively. Additionally, one of the switches pictured inFigure 2.21 is wired in-line with
the ground lead to provide the user with the option to keep théans on or o at any given
time.

Figure 2.19: Coil-cooling fan terminal install - exploded €éft) and assembled (right)

The cooling fans come with wire leads of su cient length for th eight fans to reach the
terminals as needed. Leads were shortened as needed to mi®vidy wiring con gurations.
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Additionally, jumpers were added connecting each of the (8)rcuits, forming positive and
negative power buses. To secure each of the fans to the Helnthdoéble, four of both 6-32
316 stainless steel button-head screws and locknuts are diseThe locknuts are desirable
when considering the cycling of a cooling fan, and the SS ma# is required to prevent
magnetic interference with the Helmholtz system. During instlation, it is critical to make

sure the direction of ow is upward. If the fans are pointed denward, they provide less
cooling capabilities than when working in the same directipas natural convection.

The LED back plate shown in Figure 2.20 was produced with Nylonsing FDM additive
manufacturing. Unless otherwise provided, all corners andiges were assumed to have a
radius of 0.0625". The LED matrix consists of 64 LEDs with 8 irboth directions, and is
made by Adafruit. The plastic rolled collar washers are requed prevent the hardware from
shorting neighboring connections together. If these wagiseare omitted, anywhere from 1 to
7 of the LED rows will not operate. All four LED stando s have a 4 chamfer transitioning
from the stando cylinder to the mount plate face. The 5/8" hde provides a location for
positioning a commercially available rubber grommet for we routing. See this sub-assembly
parts list for details on drawing \LED Assembly - BOM" in Figure A.7 the Appendix.

Figure 2.20: LED assembly - exploded (left) and assembleddint) views

Once together, the LED sub-assembly is mounted to the bottoof the Helmholtz system
plate, centered on the 4" bore-hole. Note that the LED back pta has been modied to
provide access to the two bolts shown under the LED back plate the right-hand side
of Figure 2.20. This allows the user to install the coil base fire or after installing the
LED sub-assembly, providing the user with many options forystem maintenance. If the
LED matrix is installed prior to the coil base, proceed with aution to prevent unnecessary
damage to the LED matrix.
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Next, both two-position switches are installed. The switcheare simply pressed into the
provided rectangular cutouts. One of the switches is used ¢ontrol power to the cooling fans,
while the other controls a high/low logic signal to the Arduir, telling it whether the LED
matrix RGB color and brightness is to be controlled manuallwith the potentiometers, or
automatically using the GUI discussed in Section 5.1 of Chagat 5. Then three 0-10k 3/4-
turn potentiometers are installed for manually controllig the RGB values of the LED matrix
using the upper, middle, then lower potentiometer, respaetly. The potentiometer position
cutouts were designed to ensure the potentiometers only nione orientation providing
logical matching directions of adjustment, as well as miniom and maximum value positions.

Once the potentiometer is pressed into the interface from ¢hbottom side of the plate, the
OEM knobs stick through the circular through-hole at the feture's center. While holding the
potentiometer in place, the provided nut should be threadednto the potentiometer, keeping
it in position. Knurled potentiometer knobs are then added @ the existing potentiometer
knobs to increase ease of adjustability. For additional datls, see Detail E in Figure A.23 of
the Appendix.

Figure 2.21: Switch and potentiometer installation (requied for controlling LED control
mode, RGB color, and cooling fans) - exploded (left) and assbled (right) views

The nal installation involving the basic assembly of the Hahholtz testing table is the
installation of 21 rubber grommets; one for each 5/8" hole atme plate. The holes provide all
electrical components with access to the underside of thestmg table o ering signi cantly
more space for cable routing. The grommets protect cablingpfn getting damaged by sharp
metal edges or corners as the wires pass through the plate.r Bm image of the grommets
installed, see Figure A.2 in the Appendix. Speci c use of eachagnmet installed is detailed
in the High-Voltage System and Low-Voltage System (Sectiorg2 and 3.1, respectively).

21



2.5 High-Voltage System

Prior to performing assembly details provided in this seatn, there is a signi cant amount
of wiring to be mounted to the bottom of the plate. It is recomnended that this wiring be
routed and secured while the table is ipped onto its top-sid, providing easier access to
potential mounting points. Attempting to route said wiring after performing installations
covered here is not recommended due to added di culty for bt accessing the bottom of
the plate, and the increased likelihood of damaging compans should the user attempt
to ip the table post-component-installation. This section details the installation of all
components directly related to the functionality of the hidp voltage system as shown in Fig-
ure 2.22, including the work-space support, X and Z-axes tpairs, and all six servo drives.
Due to wiring which must be done in parallel with installation of the Y-axis coil-pair, most
installation instructions required are provided in Sectio 3.2 of the Electrical Design chap-
ter. Additionally, wiring diagrams of the high voltage systen are provided in Figure 3.13
and Figure 3.6.

Figure 2.22: Complete high voltage system assembly

It is recommended that the user place the assembly over twopseated tables, leaving
the largest gap possible between each pair of swivel levglimounts. This will provide access
to the bottom of the assembly which is critical for each of theemaining installations. Here
installation of the work-space support and coils is discusd prior to installation of the servo
drives, but the servo drives may be installed rst if needed.
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Figure 2.23: Work-space support install - exploded (left) ahassembled (right) views

Installation of the coil assembly begins with alignment ofite four holes on the bottom
of the work-space support with the four countersunk holes sounding the 4" bored hole as
shown in Figure 2.23 (counter sinks are on the bottom-side dfi¢ plate). The side of the
system from which this image is taken is the same as that whigk shown in Figure 2.24
only from below the table, rather than above. There are two msible orientations of this
part. To ensure the correct orientation is used, the work-gige support was positioned such
that each terminal block installed on it had two 5/8" access bles directly below them. For
a complete list of hardware required for this installation @e drawing \Work-space Support
- BOM" in Figure A.13 in the Appendix.

Figure 2.24: Work-space support - installation of Z-axis dafleft), acrylic cylinder (middle),
and complete assembly (right)
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To prevent damage to the 4" acrylic cylinder, it was removedd®m the work-space support
prior to installing the coil as can be seen in Figure 2.24. Seaeuthe lower Z-axis coil assembly
to the work-space support using (4) 1/4"-20 brass hex roundehead screws, then re-insert
the acrylic cylinder in the work-space support. This must belone prior to installing the
X-axis coil-pair and upper Z-axis coil.

Figure 2.25: Work-space support - installation of X-axis - expded (left) and assembled
(right) views

Next, the X-axis coils and upper Z-axis coil are installed. Thstructural integrity of the
X-axis coil-pair hinges on three installation points per cbi The rst of these is their point
of security on the work-space support as shown in Figure 2.2%here are two step-downs
cut into the work-space support, both of which have a 10-32 teaded hole centered on the
vertical face, one of which is shown near the two terminal bd&s in Figure 2.24. Prior to
placing and securing the X-axis coil assemblies on the wonsage support, the secondary-to-
inner-coil-mount was installed as shown in Figure 2.7. Thelfowing installation steps are
performed for each of the X-axis coil assemblies one colil atime.

Figure 2.26: Mechanical interaction between X-axis and Z-axicoil pairs - exploded (left)
and assembled (middle and right) views
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Holding the coil assembly vertically with the inner coil mouh facing the work-space
support mounting interface, and the small mounting tab poiting towards the plate, the coil
assembly is set on the cutout immediately above the tapped leo The assembly is then
positioned such that the tab hole is concentric with the taped hole, and the coil plates in
contact with vertical work-space support faces. While maimining stability of the assembly
in position, secure the coil with one 10-32 brass hex roundédad screw threaded into the
work-space support as depicted in Figure 2.25. Note that the i©will be more stable with

these screws in place, but are not prepared to be load-beayianless the upper Z-axis coil
is already installed.

Figure 2.27: Work-space support - Y-axis install - explodedd(ft), assembled (right) views

To install the upper Z-axis coil, position it between the nely installed X-axis coils, and
align the four of the six open mount plate holes with the holem both of the secondary-
to-inner-coil-mounts. While holding in place, install (4) 14"-20 brass hex rounded head
screws along with (4) brass lock-nuts as shown in the two léfand images of Figure 2.26.
While holding the coil assembly in position, hand-tighten aleast three of the brass lock-nuts
enough to release the coil assembly, then torque down the auintil they make full contact
with the coil assembly mount plate. Once all three mount pois are secured for both X-axis
coils, the coil-pair will sti en signi cantly. This marks t he completed installation of both the
Z-axis and X-axis coil-pair. Due to critical wiring requirenents which must be performed
in parallel with the mechanical installation of the Y-axis oil-pair, details are provided in
Section 3.2 of the Electrical Design chapter.

The nal mechanical installation in the high-voltage systen simply requires each of the
six servo drives to be positioned and secured with 8-32 stligss steel hardware as shown

in Figure 2.28. See items number 19 and 20 in Figure A.2 in the Appar for the hardware
required.
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Figure 2.28: B30A40AC install - exploded (left) and assemblgdght) views

2.6 Imaging

In this section, the design, assembly, and installation cayurations for use of two high-
speed machine vision cameras is discussed. Using the fout fatures machined into the
system plate, there are two potential camera con gurationsvhich may be used, each of
which may be installed in one of four di erent orientations.Both con gurations require the
cameras to be aimed at the work-space datum, and that the doon aimed be perpendicular
with that of the other camera. For a complete list of materiad required for both the horizon-
tal and vertical camera con gurations, see drawings \CamarAssemblies - BOM", \Vertical
Instrumentation Rack - BOM", and \Horizontal Camera Backdrgp - BOM". All framing
required for the horizontal camera mount assemblies, vertl instrumentation rack assem-
bly, and back-drop assemblies were machined to length peretliespective BOM, therefore
dimensioned drawings are not provided.

Both the horizontal and vertical camera mount con guratiors use the nylon camera
mount pictured in contact with the camera in the right-hand mage in Figure 2.29 and Fig-
ure 2.30. These mounts were designed speci cally to work imth con gurations to simplify
the assembly process required for preparing imaging testtiges. See drawing \Camera
Mount" in Figure A.24 in the Appendix for a dimensioned drawing.

For both the horizontal and vertical camera con gurations,the camera mount is to be
secured to the camera using (3) M3x1" stainless steel hex keichead screws. The region
of the mount pictured with three hex cap screws directly belo it is that which mounts to
the camera body itself. The arced region at the opposite end the mount provides the
macro zoom lens with a cradle to ensure the full weight of theamera is supported and
that the lens position and direction is coaxial with its respctive system axis. The two holes
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Figure 2.29: Horizontal camera install - exploded (left) andssembled (right) views

pictured on either side of the lens cradle are equidistantdm the camera assembly's center
of gravity along the long axis, providing the horizontal carera con guration with stable
support while secured and in use, and while being moved to @ring positions along one of
the four tracks. Additionally, a drop-in wire guide, as showrtlearly on the viewer-side face
of the horizontal camera assembly in Figure 2.29 and in the uppportion of the left-most
image in Figure 2.32, may be installed or removed anywhere ihe framing needed at any
time.

To eliminate the need for more than one end-feed fastener faf imaging-related assem-
blies which may traverse along the framing tracks, a smallest| pin was machined and press
t into the bottom of each short section of 1" framing. See thaTrack-Guide Pin" detail on
drawing \Miscellaneous Machined Parts" in Figure A.30 of the Apendix. This pin sits in
the track keeping the orientation of the assembly aligned th the track inherently requiring
the user to loosen or tighten just one knob when adjusting oesuring the position of the
assembly.

When installing the 5" xed-height foot, and the (2) 1"x1" 90 corner brackets on the
1" framing, rst install all (4) end-feed fasteners as shownNext, feed the foot's and both
corner brackets' fasteners into the framing as shown in theft-hand image of Figure 2.29.
Then position them such that the face perpendicular to the &ming long axis is ush with
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Figure 2.30: Vertical camera install - exploded (left) and aembled (right) views. Assembly
is to be installed on completed rack shown in Figure 2.33.

its respective framing end-face as shown in the right-handhage and tighten the end-feed
fasteners. The camera and camera mount are now secured to thwe corner brackets using
3/8" long 1/4"-20 stainless steel hex drive at-head screws

Finally, the knob and drop-in fastener are added to the shorep of the xed-height foot.
The assembly is now ready to be positioned along the tracks.o o so, the non-secured
end-feed fastener is lowered into the \U"-shaped cutout at #hend of the track furthest from
the Helmholtz assembly, positioned where desired along theatk, and nally secured by
tightening the knob. The position the horizontal camera cammccupy which is nearest to the
Helmholtz assembly, while still keeping any objects in the wik-space in focus, is reached
when the work-space-side of the assembly framing is ush Wwithe innermost face of the
track slot.

In addition to the camera mount design decisions already digssed, three primary fea-
tures were added strictly for the vertical camera con gurabn. The n-like feature extending
downward from the very center of the bottom of the camera mourrserves two purposes; a
guide for maintaining orientation of the camera assembly ahg the Z-axis, and as a stop.
When the assembly is lowered in the vertical instrumentationack, it cannot travel any fur-
ther once this \ n" comes in contact with the end-cap installed at the bottom of the vertical
camera track. Much like with the horizontal camera con guréion, this extreme position
is the nearest the camera may be to the work-space while maming objects of interest
in focus. The two holes pictured directly below the camera Iy, which are perpendicu-
lar to the three camera-body-mount-holes, are needed forcseing the camera and camera
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Figure 2.31: Vertical instrumentation rack assembly - exptied view of steps 1 and 2

mount assembly to the vertical instrumentation rack via ann-line pivot assembly as shown
in Figure 2.30.

The nal feature is the rib which is shown directly above the wo in-line pivot mounting
locations. This feature serves as a guide for the in-line pivassembly while the user secures
it to the camera mount. Once the in-line pivot is installed, he assembly is ready to be fed
into the top-side of the vertical instrumentation rack, lovered to the desired position, and
secured in place. For the sake of brevity, see Figure A.10 in tWgpendix for additional
instructions on installing the in-line pivot assembly.

For production of the vertical instrumentation rack shown mn Figure 2.33, all framing
is rst cut to length per the respective BOM. All (4) vertical members, and the horizontal
member which tees into the longest horizontal member, aregped on one side only, with
1/4"-20 threads, to a depth of approximately 1.25". All remaning horizontal framing was
tapped the same way on both ends. Note that the shorter of the X4ertical members is
tapped for the purpose of securing the end-cap more securéian may be done with the
provided hardware.

While beginning assembly, ensure all end-fed hardware whiefil be non-retrievable after
installing the outer corner brackets is rst positioned in tie respective track such as is shown
in sequence from left to right in Figure 2.31, then Figure 2.32Prior to installing each
hardware-concealing cap in the outer faces of corner bratkeensure all bolting is torqued
and framing is secure, in a con guration resembling Figure 23. When securing parts which
make up the portion of the assembly attached to the 45raming support pictured in the
upper-left-hand side of Figure 2.32, ensure the framing isntered in the long direction of
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Figure 2.32: Vertical instrumentation rack assembly - exptied view of steps 3 and 4

the longest horizontal member. Additionally, ensure the beédm face of the elevated vertical
framing section is ush with the bottom of the adjacent framng member prior to tightening
hardware.

Finally, a backdrop and (3) slotted feet, as shown in the detlsi\Slotted Foot" and \Imag-
ing Backdrop," respectively, of drawing \Miscellaneous Mehined Parts" in Figure A.30 of
the Appendix, are mounted to the (3) longest vertical membersTwo end-feed fasteners
should be added to one of the imaging backdrops, as well as tloeg leg of each slotted
foot. One foot should be fed into the side furthest from the wk-space on each vertical
member and positioned such that the bottom of each foot is uswith the bottom-face of its
respective member prior to torquing down on the end-feed fagsers. The backdrop should
be positioned such that, when the rack assembly is standing the Helmholtz system table,
it is centered vertically with the coil assembly on the worlspace side of the middle leg. The
position of the vertical instrumentation rack which placeghe vertical camera in-line with
the system Z-axis requires the work-space-side of each oé tlongest vertical members to
be ush with the work-space-side face of its respective traslot. Using the same knob and
end-feed fastener as for the horizontal camera mount asséynfand a spacer to Il the void
between the knob stud and the custom foot slot), the verticassembly position is xed.

Given a precisely known xed position of both cameras relate to the work-space, an
image background subtraction algorithm is able to identifyan object's position in the work-
space via stereo computer vision using object detection am@ckground subtraction. The
two camera con gurations available include an installatio of either two horizontal cameras
or one horizontal camera with one vertical camera as shownhigure 2.34. If two horizontal
cameras are used, a white backdrop should be installed in tsame axis as each camera,

30



Figure 2.33: Vertical instrumentation rack assembled

on the opposite side of the work-space. See drawing \HorizahCCamera Backdrop - BOM"
in Figure A.12 of the Appendix for a list of materials and dimensins required for the
production of these backdrop assemblies.

If the vertical camera installation is needed, the camera c& required already has a white
backdrop installed, while the vertical camera needs only ¢hwork-space lighting to be turned
on for proper background subtraction. To encourage e ectevlighting dispersion, both faces
on the acrylic cylinder were frosted by A-1 Auto and Metal Striping, a local sandblasting
service. Given the need for horizontal camera backdrop ass#ies, install the xed-height
foot in the same way presented in the assembly instructionsrfthe horizontal camera mount
assembly, and the physical backdrop the same way as presenite the assembly instructions
for the vertical instrumentation rack. When installing the backdrops, position each assembly
anywhere along the track such that the physical backdrop isonless than 1" away from the
nearest coil.
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Figure 2.34: Camera con gurations - two horizontal camerasithh backdrops (left) and one
vertical camera with one horizontal camera (right)

2.7 Instrumentation

For evaluation of the system's performance, a three-axis lhanagnetometer (THM1176)
device is used. Development of a method to a x the device in artown three-dimensional
position relative to known coil positions was required to esure magnetic ux density mea-
surements remain as controlled and consistent as possiblEhis section details the xture
designed and produced to make use of the vertical instrumeaion rack discussed in Sec-
tion 2.6 in order to move and secure the magnetometer conti@ll amounts in the Z-direction.
For a list of all materials and dimensioned drawings relatetb the production of the instru-
mentation mount designed and used, see drawings \Instrum@tion Mount - BOM" and
\Instrumentation Mount" in Figure A.8 and Figure A.28, respectively, of the Appendix.

Assembly of the instrumentation mount simply requires the seirity of a xed-height
mounting foot using a 3/4" long 5/16"-18 socket head screw tieaded into the top of the
instrumentation mount. Proper orientation of the mountingfoot requires that each edge of
the rectangular footprint be approximately ush with each d the long faces on the instru-
mentation mount. Note that the mounting foot must be held in paition at least until the
screw has been hand-tightened. If not already installed, smre installation of two end-feed
fasteners in the two holes on the long leg of the mounting foats shown in Figure 2.35.
These end-feed fasteners provide the instrumentation asgdy with a method of securing
to the vertical 1" framing on the vertical instrumentation rack.
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Figure 2.35: Instrumentation mount - exploded (left) and assmbled views

The instrumentation mount is now ready for installation of he THM1176 device. Given
the geometry of the magnetometer, there is only one orientah with which the magne-
tometer can be placed in the instrumentation mount. Once theevice housing is in place,
the wire is pressed into the vertical slot until rmly secure. For best positioning of the
THM1176 device in the assembly, a rubber band or piece of masiitape may be used to
keep the housing xed in contact with the back of its respecte recess.

The initial position of the vertical camera frame is a xed asrequired for known posi-
tioning of the vertical camera, however, the camera frame raube oriented such that the
symmetrical legs be inline with the X-axis, with the third legpositioned on the negative
side of the Y-axis. To position the device at the exact centeif the system assembly (later
referred to as the work-space datum), the instrumentation ount is fed into the vertical 1"
framing of the vertical instrumentation rack, and lowered util the bottom of the instru-
mentation mount assembly is 1/2" o of the acrylic cylinder. The most e ective method
of achieving this distance is placing any piece of 1/2" stockowering the instrumentation
mount until it is in contact with the stock, and nally tighte ning the end-feed fasteners.
Ensure stock used is removed prior to performing testing.
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CHAPTER 3
HELMHOLTZ SYSTEM - ELECTRICAL DESIGN

The electrical design chapter of this thesis develops a hifgvel reasoning behind all
electrical design choices made and the order of operatiorequired to properly wire the
system. The chapter is broken down into three main sectiongpw voltage system, high
voltage system, and wiring harness. Each section containkigiographs and schematics
needed to convey the required knowledge for wiring each etexal subsystem making up the
complete Helmholtz system. Equipment calibration is detad in Section 4.2. A complete
wiring diagram of the entire Helmholtz system assembly is praed in Figure A.34 in the
Appendix. Wiring diagrams provided are not to scale and elegtial component symbols for
the servo ampli ers, DAC, Arduino Mega, and ADC shield, have e been simplied to
reduce the overall size of wiring diagrams when possible.bla 3.1 provides the additional
materials required for wiring the system, all of which comedm the McMaster-Carr product
catalog [32].

Table 3.1: McMaster bill of materials for all materials reqired to wire Helmholtz system

ltem | Part No. Product Qty. | Unit
1 90097A080 Electrical-insulating, sleeve washer, no.4 screw siz 1 25pk
2 7360K661 Polycarb enclosure with knockouts, 7"x5"x5" 1 each
3 69405K83 Ring terminals for 16-14AWG, no.6 screw size 3 10pk
4 69145K57 Spade terminals for 16-14AWG, no.6 screw size| 1 100pk
5 96055K43 | Mushroom-head fastener, 1"WD, adhesive-back, 2| 1 each
6 70355K84 | Power cord, NEMA 15-5 plug w/ leads, 9.5ftlong| 7 each
7 75985K54 Data/comm cable, shielded, 8 wires, 25ft 2 each
8 7422K62 Cable, black insulation, 14AWG, 2 wires, 25ft 2 each
9 9307K876 | Rubber push-in grommet, 5/8" hole, 1/4" material 3 10pk
10 2146761 Male computer solder connector, DB37, shielded| 2 each
11 2146T59 | Female computer solder connector, DB37, shielde, 2 each
12 7648A735| Kapton tape, high-temp, 1" x 5yd x 0.0025"thick 1 each
13 7582K62 Fastener-mount cable tie holder, center, black 1 50pk
14 9142K2 Expanding polyester sleeving, 5/8"ID, 10'Long 1 each
15 9948T22 | Wire assortment, 22 AWG, black, blue, brown, etc., 1 each
16 9948T18 | Wire assortment, 18 AWG, black, blue, brown, etc| 1 each
17 6334K41 | Heat-shrink tubing assorted, multi-color, multi-size| 1 each
18 2146754 Male computer solder connector, DB15, shielded| 6 each
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3.1 Low-Voltage System

The low voltage system produced incorporates (8) coolingnfs, an Arduino Mega with
an ADC shield, a 5V/12V DC power supply, and an 8 x 8 LED matrix. As Bown in Fig-
ure 3.1, the low voltage system enclosure contains the DC pawsupply and Arduino Mega.
This installation was completed in accordance with both thd.ow Voltage section of the
Mechanical Design chapter, and the wiring diagram provideth Figure 3.5. All low voltage
system-related bills of materials may be found in the Appenxli Cooling fans and applicable
hardware material information is provided on sheet 2 of \Helimoltz Testing Table - BOM"
in Figure A.2. Material information pertaining to the LED matrix and hardware is provided
on drawing \LED Assembly - BOM" in Figure A.7. Finally, components contained in the
enclosure pictured in Figure 3.1 are detailed in drawing \Low/oltage Assembly - BOM"
in Figure A.15. Switches and potentiometers used are positied in the total system as
shown and labeled in Figure 3.2.

Figure 3.1: Photograph of low voltage system contained by enslure

The DC power supply pictured in the lower half of the encloser has a 5V and 12V
channel, both of which may be linearly scaled using a Philphead screwdriver to adjust
the ADJ potentiometer, while using a DMM to ensure the actual eltage output matches
that of the desired. This may be done once the power supply isqvided a source of 120V
single phase power. To prepare a cable for powering the suppist ensure that the required
outlet is dead (not powered). Using a NEMA 15-5 plug with wire kds, insert the plug into
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the desired outlet, then route the cable as desired. Next, frothe underside of the table, the
lead ends were fed through the lowest of the three grommetshired in Figure 3.1, then the
left-hand enclosure penetration as pictured on the left-lmal side of Figure 3.3. Additionally,

the V- terminal of the power supply's 5V channel was connectad the GND1 pin on the

Arduino.

While maintaining a wire bend radii of at least 8 times the calel diameter, the appropriate
cable length was determined such that the cable may reach thie N (AC)" power supply
terminals, then shortened accordingly. The cable was themplugged from the outlet and
removed from from the grommet. Approximately 2" of the 1/4" irsulation was stripped,
followed by stripping 1/2" of insulation from each of the thee now-exposed wires. Without
applying heat, sections of smaller heat shrink were slippeder each of the three leads. While
being careful not to apply excessive heat, ring terminals wesoldered to each of the leads.
Now heat was applied to the smaller heat shrink, and the largéreat shrink was applied to
the overall cable. Switch S9 and 15A breaker BRK1 are shown the wiring diagram only
because the power supply is plugged into a switched surge teior with an in-line breaker.
These are not required for the power supply.

Figure 3.2: Photograph of low voltage system contained by eonslure

Figure 3.4 shows the wire routing selected for powering andntmlling the fans, LED
matrix, and Arduino. There were (2) 18 AWG solid-core wires mafor powering and control-
ling the fans, and (2) 18 AWG solid-core wires run for the LED mtrix control mode switch.
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Each of these wires occupy the right-hand enclosure pendtoa as pictured in Figure 3.3.
The fan wires were yellow and green, and the LED mode controlres were black and white.
To determine proper wire length, the fan wires were routed st from the power supply,
while the LED mode control wires were routed from the Arduino.The remaining route
for all four wires continued through the enclosure, then thgrommet pictured left-most in
the photograph and to their respective components. The grpuof four wires was twisted
together to reduce electromagnetic noise. A twisted fourie cable was additionally routed
from the Arduino through the same enclosure penetration andr/@gmmet, then to the three
potentiometers. Both of the four-wire groupings followedhe same route, and were secured
together to the table using cable-ties and mounts as shown ihe photograph.

Figure 3.3: Enclosure penetrations required for Low Voltag8ystem wire routing

The previously-mentioned black and white wires are routeddm the 5V, and GND1 pins
on the Arduino, respectively. The 5V signal is provided to th& ED mode control switch to
send pin 49 with a logic signal representing the switch's paien. As shown in Figure 3.2, the
LED mode control switch may be left in either \manual" or \auto" mode. The white wire
has a 810k pull-down resistor in-line with the GND1 pin prior to the switch termination.
This provides a ground reference for digital pin 49, shown moeected to the switch side of
the white wire, given the case where the switch is left in thepen position. When the switch
is closed, it is in the manual position, indicating the LED clors may be controlled by the
RGB potentiometers. When open, it is in the auto position, inttating the LED colors may
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be controlled by the GUI.

For the manually-twisted wire-set, the yellow wire was corectted to the -V terminal of
the power supply's 12V channel, broken into two sections ofirg when in the immediate
proximity of the fan power terminal blocks, and routed to themiddle two terminals on the
nearest terminal block as pictured in Figure 3.4 prior to its@nnection to the fan switch. The
green wire was connected to the +V2 terminal on the power supplthen followed the same
route all the way to the switch, without a break at the fan powe terminal blocks. Though
spade terminals would have been su cient, these leads wereldered to the switch terminals,
providing assurance of a good connection. The length of therevleads provided with the
cooling fans was such that one terminal block was needed inogimity of each set of four
cooling fans. Using (6) jumpers on both terminal blocks, a pilise and negative rail were
created, each with four of the circuit positions. As shown inhie photograph and Figure 3.5,
this wiring con guration ensures that each of the fans are wed in parallel.

Figure 3.4. System underside wire routing implemented for laoVoltage System

The LED matrix required (3) 18 AWG solid-core wires to be conected to it directly,
consisting of 5V power, ground reference, and a signal wirsing red, black, and green
wires, respectively. The red and black wires were routed trgrom the power supply, and
the green from the Arduino. Then all three were routed throughthe enclosure, the same
grommet as the previous (4) wires, and the grommet installedn the LED mount plate,
to end at the LED matrix terminals. The LED matrix end of thesethree leads was each
soldered to their respective pads on the LED matrix. This gugp of three wires was twisted
together to reduce electromagnetic noise. In the low-volge enclosure, the red and black
cables were connected to the power supply's +V1 and the adjanteV terminals, respectively.
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The green data wire is connected to pin 6 of the Arduino. Note th#000F C7 capacitor,
shown in Figure 3.5, connecting these terminals to each othemd the 470 resistor wired
in series with the LED matrix data wire. These are required fomitigating current spikes in
an e ort to protect the LED matrix per manufacturer recommerdations [33].

Figure 3.5: Complete wiring diagram for low voltage system

The potentiometer wiring pictured in the upper-left-hand orner of Figure 3.4 is shown
schematically in the upper-right-hand corner of Figure 3.5The positive and negative ter-
minals of each potentiometer are supplied with a low currerV signal and signal ground,
respectively, each of which are wired in parallel. The R, G,nd B potentiometers' wiper-
referenced variable-end terminals are connected to pins A®], and A2, respectively, on the
Arduino, providing it with the desired intensity of each cole. For communication and power
purposes, the Arduino was connected to the computer hostingeg GUI via a USB cable.

Next, is the installation of the ADC shield. It was desired to moitor the servo ampli ers'

10V analog current monitor output signals with the Arduino; howeer, the Arduino is only
capable of measuring 0 to +5V analog signals. The ADC shieldrogerts the incoming analog
signal to digital so the Arduino may read it. With the Arduino’'s USB cable disconnected,
the BUSY, CONVST, SDO, SDI, SCK, and RD shield pins are connectea tthe Arduino's
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pins 47, 48, MISO, MOSI, SCK, and SS, respectively. This isde via (6) 22 AWG solid-core
wires as shown in Figure 3.1. A pin is soldered to each end irtserin the Arduino, while
the other is soldered to the provided ADC shield's pads accongly. Finally, per the ADC
shield manual, a 3000pF surface-mount capacitor was addeal @éach of the shield pad-sets
C1, C3, C4, C6, C7, and C9, using solder paste and a heat gur, ftering noise out of the
incoming 10V signal per Mayhew Lab's \Extended ADC Shield User Manual,[34].

3.2 High-Voltage System

Electrical design considerations for the high-voltage s¢sn were made assuming a re-
quired ability to simultaneously provide any two of (6) indg@endent coils with a maximum
continuous current of 8 Amps per Section 2.1. Additionally required was the ability &
control and set both static and dynamic elds with an update ate of 500Hz. Components
selected for satisfying these design requirements, corsidg available 120V single-phase AC
power sources, include (6) analog AC PWM servo drives to be ¢miled and monitored by
a programmable DAC. For a wiring diagram and instructions rguired for production of the
wiring harness needed to connect the DAC to the system, seectten 3.3.

Figure 3.6: Wiring diagram connecting each servo ampli er tots respective terminals on
the work-space support.

The analog servo drive selected is Advanced Motion Contro{&MC) B30A40AC shown
mounted to the Helmholtz system assembly on the right-handde of Figure 3.11. This is a
three-phase model, despite the fact that the desired servoiv® con guration was a single-
phase format unit which could meet the required performanceiteria. This exception was

40



deemed permissible given the knowledge that the B30A40AC méag used in single-phase
conditions provided the user reduces the maximum continuswcurrent demand of 15 A by
30%, therefore o ering a revised maximum continuous currémating of 10.5 A [35]. This
exceeds the desired maximum continuous current (8 Amps) by aqoximately 31%, exceeding
the desired 30% bu er established in Section 2.1.

Chapter 2 details the installation of all coil assemblies eept for that of the Y-axis,
advising the reader that its mechanical installation must b done in parallel with the electri-
cal installation. After mechanically installing the Z-axisand X-axis coil-pairs, and prior to
installing the Y-axis coil-pair, the installed coils' leadshould be routed to and connected to
their respective terminals on the work-space support usirthe diagrams presented in Fig-
ure 3.8. The leads for all six coils should be twisted as shownFigure 3.7 and shortened
to eliminate excessive wire movement during operation.

Figure 3.7: Photograph emphasizing twisted wire pairs for geral coil assemblies

Recall that the upper Z-axis coil assembly is elevated fromhé work-space support.
Once twisted, these leads are supported against the non-nmting plate of the negative X-
axis coil assembly using 1" wide x 0.0025" thick high-tempature Kapton tape (McMaster
No0.7648A735) in at least two positions or until the leads are ed in close proximity to their
respective terminals. When securing each of the leads to theespective screw terminals,
use coarse sandpaper to expose the copper on the last 1/2" atle lead, then, using large
pliers and a metal rod similar in diameter to that of the termnal block screw thread major
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diameter, bend the end of each lead until they each resemblehalf-circle. Position each
bent lead-end such that the cut side of the half-circle is tohe right. This forces the wire
to make a better electrical connection given clockwise rdtan of respective terminal screw.
The leads are now to be secured to the terminal blocks.

Figure 3.8: Diagram of the required connection location fohe leads of each coil assembly.
The left-hand image is of the work-space support taken fronbave. The right-hand image
is taken assuming the mounting-plate is facing the viewer.

There are 18 system table pass-throughs required in totalrfairing the servo ampli ers,
12 of which are near the servo ampli ers, while the rest proge access to the work-space
support terminals from directly beneath them. For brevity,those nearest the servo ampli-
ers will be referred to as \coil-side" grommets, and the otkrs \non-coil-side,"” while the
remaining pass-throughs will be referred to as \coil-accgsgrommets. The wire pictured
in Figure 3.6 is 14AWG twisted-pair. To promote easy wire terinal adjustment at the servo
motor outputs, and reliable connections at the work-spaceugport, terminals used include
spade and ring, respectively. Wire lengths were selected aseded to promote a minimum
wire bend radii of 8 times the overall diameter of the cable iquestion, and avoid running
wire-pairs in parallel with adjacent wire-pairs, throughat the route selected. Wire routing
required on the underside of the system table are pictured Figure 3.9. Note that the power
strip pictured is not used in the nal system installation.

Each of the (6) twisted-pair leads were produced one at a tim@ conserve as much
wire as possible. Approximately 2" of insulation was rst stipped from the existing cable-
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end, then 1/2" of insulation was stripped from the now-expa twisted-pair wires. Spade
terminals were then soldered to each of the exposed condustol” sections of heat shrink
with an initial diameter of at least 3/8" and a nal diameter smaller than 1/4" should be

applied such that 1-1/2" of each wire remains exposed. Themat sections of smaller red
and black heat shrink were applied to the black and white wig respectively. The installed
spade terminals should be pushed through the respective nooil-side grommets from the
underside of the table, and connected to the \MTR A" and \MTR B" terminals on the

respective servo ampli er shown in Figure 3.6.

Figure 3.9: Photograph of cable routing on underside of plate

While ensuring proper wire bend radii were maintained, the ne was then routed to all
desired points of security, and cable-tied in place. The clbwas then cut to the length
required to push the new cable-end through the respective kaccess grommet a distance of
2". The same wire stripping procedure presented was thenlfmved. Without applying heat
to them, slide short sections of red and black heat shrink avéhe black and white wires,
respectively. While being careful not to overheat the condtar, and maintaining the largest
distance possible from the loosely-installed heat shrinking terminals were soldered to the
exposed conductor ends. Heat was then applied to the smalledrand black heat shrink,
followed by the installation of the larger heat shrink just & done on the spade terminal end
of the cable. Ring terminals should now be secured to theirggective work-space support
terminal block connection as shown in Figure 3.6.
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During the calibration phase of installing the servo ampliers as presented in Section 4.2,
twisted-pair lead connections may be switched on the servanali er to ensure proper direc-
tion of current for desired magnetic elds. This process wagpeated for production of each
of the six sets of leads. Wire installation may be completed any time during the system
assembly as long as it is done prior to installation of the Y-ax coil assemblies.

Figure 3.10: Photograph of NEMA 15-5 cable prepared for poweg each servo ampli er

Power cables required for each of the servo drives may be paegd at any time. To
prepare them, rst ensure that all required outlets are not pergized. Using NEMA 15-5
plugs with wire leads, insert the plug into the unenergizedutlet, then feed the lead ends
through the respective coil-side grommet. While maintainign the recommended wire bend
radii, determine the appropriate cable length such that theable may reach the C1 terminal
block on the respective servo ampli er, and shorten the cablaccordingly. Unplug the cable
from the outlet and remove the cable from the grommet, then s8p the cable and leads
as previously discussed. Without applying heat, slide seatis of smaller heat shrink over
each of the three leads. While being careful not to apply exadge heat, ring terminals were
soldered to each of the leads. Now heat was applied to the srealheat shrink, and the
larger heat shrink was applied.

The black, white, and green wires were then secured to the \AC' \AC2," and \AC3"
terminals, respectively. Finally, a ring-terminal-endedymper was added, connecting \AC3"
to the \CASE GND" terminal, then another, connecting the \CASE GND" terminal to one
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of the 8-32 screws securing the respective servo ampli erttee table as shown in Figure 3.10.
To achieve a su cient chassis ground for the servo drives, thscrew used required an external-
tooth locknut to cut through the anodized coating. Plugs wes not powered until the code

structure required for communicating with the DAC was in plae per Chapter 5. Though

not pictured schematically in Figure 3.6, the switched plugare shown on the system wiring

diagram provided in Figure A.34 of the Appendix.

Figure 3.11: Photograph of high voltage system installed

For the nal coil installation, each of the following tasks vere performed on one coll
assembly before the other, then repeated on the nal coil as®sbly. While the user is facing
the work-space support from the side on which the coil is to bastalled, the coil assembly
is to be held in the approximate position required for instétion, then leaned toward the
user and lowered until the non-mounting plate is lying on th@luminum plate. Note that
the bottom of the coil (with respect to the installed orientdion) should now be in contact
with the respective mount-face of the work-space support. €ghis position to determine a
proper length for the coil leads, shorten them accordinglgnd prepare the lead ends just as
with the four previous coils.
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Secure the leads on their respective screw terminal, agaising Figure 3.8 and Figure 3.6
to assist in selection of the proper terminal position. Uprigt the coil and lift it o the table
about 1/2", or until it is approximately centered vertically with the X-axis coil plates. Move
the coil towards the work-space support until both coil plags align with the notches cut
into the X-axis coil plates. Lower the coil until it is restingin the notches as shown in the
right-hand image of Figure 2.9, then secure the coil using a-B2 brass hex rounded head
screw as shown in Figure 2.27. This process is repeated forlb¥taxis coil assemblies. The
complete installation of the high voltage system is shown iRigure 3.11.

3.3 Wiring Harness

The wiring harness whose fabrication details are providea ithis section, is required
for controlling and monitoring the servo ampli ers with the programmable DAC and Ar-
duino. Pinouts required for soldered harness connectionegrovided in Table 3.2, Table 3.3,
and Table 3.4. The male and female DB37 connectors secure e tanalog and digital ports
on the DAC, respectively. One male DB15 connector is needeut Securing to the P1 port
on each of the servo ampli ers. The leads connected to the DBTonnectors which do not
connect to either of the DB37 connectors are the (6) green w8, connect to the analog
inputs on the ADC shield as previously pictured in Figure 3.1.

Table 3.2: Generalized DB15 connector pinout for use withrs® ampli er P1 ports

Servo Pin | Analog/Digital | Input/Output | Wire Color |  Function
2 Analog Output Red SIGNAL GND
4 Analog Input Orange +REF
5 Analog Input Yellow -REF
8 Analog Output Green CURR.MON.
11 Digital Input Brown INH/EN
14 Digital Output White FAULT

To begin fabrication of the wire harness, (6) sections of 8w shielded cable were routed
as pictured in Figure 3.12. More speci cally, to determine ta appropriate length of each
wire section, it was routed from the respective P1 servo amgr port, down to the system
table, along the short side of the table furthest from the cbassembly, around the side of
the -Z servo, then cut approximately 6" past the center of théow voltage enclosure. Next,
one end of each of the cables had approximately 2" of insulati stripped, then 3/8" of
insulation was removed from the red, orange, yellow, greebrown, and white wires. The
(2) unused wires remaining in the cable are to be left alonevgnh the possibility that future
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installments require additional pins be addressed. Helpingands were then used to hold
the connector in place while 1/4" long sections of heat-simk suitable for 24AWG wire was
slipped over the rst wire to be soldered. Using the pin information provided in Table 3.2,
the rst wire is soldered to the respective DB15 solder-cupThen the heat-shrink is slipped
over the joint, and secured using a heat gun. This process wapeated for each of the (6)
connections required on the respective DB15 connector. Nea& 1.5" section of 3/8" heat-
shrink was slipped over the non-soldered cable-end, and ¢#a such that there is 1/2" of
heat-shrink covering the stripped side of the cable, and a Bection covering the remaining
black insulation. A properly-sized ring spacer was then sslted such that the cable would
be kept rmly in place within the connector assembly. Finally while ensuring the 24 AWG
wires were each completely contained, the connector hougivas installed. This process was
repeated for each of the (6) cables.

Table 3.3: Male DB37 connector pinout for use with DAC analogutput port

DAC Pin \ DAC Chan. \ Wire Color \ Servo Coil \ Servo Pin \ Function

1 - Red -Z 2 SIGNAL GND
2 - Yellow -Z 5 -REF
4 - Red +Z 2 SIGNAL GND
5 - Yellow +Z 5 -REF
7 - Red - X 2 SIGNAL GND
8 - Yellow - X 5 -REF
10 - Red +X 2 SIGNAL GND
11 - Yellow +X 5 -REF
12 - Yellow -Y 5 -REF
13 - Red -Y 2 SIGNAL GND
16 - Red +Y 2 SIGNAL GND
17 - Yellow +Y 5 -REF
19 - Black ALL - SIGNAL GND
20 DAC 0 Orange -Z 4 +REF
21 DAC 1 Orange +Z 4 +REF
22 DAC 2 Orange - X 4 +REF
23 DAC 3 Orange +X 4 +REF
24 DAC 4 Orange -Y 4 +REF
25 DAC 5 Orange +Y 4 +REF

Upon plugging the complete DB15 connectors in their respeei servo P1 ports and
laying each of the prepared cables in their respective pasits, the end of all (6) cables
should be taped together to form a single tapered end capalsé being fed through 5/8"
polyester sleeving. A 2" long section of 3/4" heat-shrink flowed by a piece of sleeving
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long enough to extend from the junction shown centered on theght-hand side of the DAC

in Figure 3.12, to within 3" of the -Z cable-tie-down were therslipped over the wire bundle
and positioned as far along the wire bundle as possible. Elecal tape was added the end
of the sleeving nearest the DB15 connectors to prevent theeslre fraying until it was time

to install the heat-shrink. Each cable was then labeled basen its respective servo drive
to assist in ease of wire-identi cation later. Next, the tapgoining the (6) cable ends was
removed and, one at a time, each cable was stripped startingpin the three-piece harness
junction, providing a wire breakout for joining each of the wes to their respective DB37
connector or routing and securing them to each respectiveatimel on the ADC shield. Note

that the wires again required labeling, one for each servo each of the (3) wire-sets after
the junction. The wires were then cut to length based on theirespective application.

Figure 3.12: Top view of wiring harness installed in completgy/stem

The red, orange, and yellow wires were positioned bendingawnfrom the bundle toward
the servos, then turning 180 back toward the DAC's analog DB37 port. The brown and
white wires were positioned bending away from the bundle t@ard the coils, then turning
180 back toward the DAC's digital DB37 port. Both DB37 wire-setswere trimmed to
length assuming 1" of extra wire. While held together in-linavith the center of the low-
voltage enclosure, the remaining green wires were trimmetagpproximately the center of the
Arduino. Two pieces of black 22AWG wire were then added to theime harness. One long
enough and routed to extend from the DAC analog ground, to th8-way harness junction,
then to the DAC digital ground. The other long enough and routd to extend from the DAC
digital ground to the desired ground terminal at the ADC shied. Once the black wires were
positioned such that their connection ends were in the sameomimity to their respective
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connectors as the other wires, they should be taped in place their respective wire-set,
xing their position in the harness.

Now, the wire-ends of each of the three separated wire-setgeve@aped together to support
the threading of three smaller sections of sleeving and hesdtrink. A 2" long section of 3/8"
heat-shrink followed by an 8" long piece of 3/8" sleeving, lowed another similar-length
piece of 3/8" heat-shrink were separately slipped over theE37 wire-sets, and positioned
as far along the wire-set as possible. The third wire-set wa®ne using the same-sized
sections of heat-shrink, and the same order of operationvgn a 12" long piece of sleeving.
Electrical tape was added to both ends of the smaller sleeygirio prevent the sleeve from
fraying or melting as a result of proximity to the soldering rion, until it was time to install
the heat-shrink. The three taped wire-sets were then held gether while another 2" long
section of 3/4" heat-shrink was slipped over the wire bundjecontinuing until slipped over
the non-taped end of the 5/8" sleeving (more tape may be addefdthe heat-shrink cannot
pass newly frayed edges). 1/4" of insulation was then striggl from each of the 40 wire-ends,
indicating that the harness was prepared for soldering to ¢hDB37 connectors.

Table 3.4: Female DB37 connector pinout for use with DAC dital input/output port

DAC Pin \ DAC Chan. \ Wire Color \ Servo Coil \ Servo Pin \ Function

1 /O 0 Brown -Z 11 INH/EN
3 /0 1 Brown +Z 11 INH/EN
5 1/1O 2 Brown - X 11 INH/EN
7 I/0 3 Brown +X 11 INH/EN
9 I/1O 4 Brown -Y 11 INH/EN
11 /O 5 Brown +Y 11 INH/EN
21 I/0 10 White -Z 14 FAULT
23 /0 11 White +Z 14 FAULT
25 I/O 12 White - X 14 FAULT
27 I/O 13 White +X 14 FAULT
29 I/O 14 White -Y 14 FAULT
31 I/O 15 White +Y 14 FAULT
33 - Black All - SIGNAL GND
35 - Black All - SIGNAL GND

As discussed previously, helping hands were used to hold thlespective DB37 connector
in place while 1/4" long sections of heat-shrink suitable fo24AWG wire was slipped over
the rst wire to be soldered. Using the pin information provicged in Table 3.3, the rst
wire is soldered to the respective male DB37 solder-cup. Théhe 24AWG heat-shrink is
slipped over the soldered joint, and secured using a heat gubhis process was repeated for
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each of the (19) connections required. Note that the black varshown soldered to pin 19
on the DAC is the rst of the two black wires added to the wire haness. The respective
section of 3/8" sleeving was then re-positioned along the m@iset approximately 2" from

the DB37 connector, with one of the pieces of 3/8" heat-shinpositioned 1.5" from the

DB37 connector. A heat gun was then applied to both respectwieces of 3/8" heat-shrink.
Also as previously discussed for the DB15 connector, a prolyesized ring spacer was then
selected such that the wire-set would be kept rmly in place ithin the connector assembly.
Finally, while ensuring the 24 AWG wires were each completelgontained, the connector
housing was installed. This process was repeated for the 1#4eaends to be soldered to the
female DB37 connector, using Table 3.3. Note that it does notatter which black wire-end

is soldered to pin 33 or 35. This is because all of the digitagesal ground pins are directly

connected to each other within the DAC.

Figure 3.13: Complete wiring diagram for wiring harness layb

For the remaining wire-set ((6) green wires and one black w), the sleeving was re-
positioned such that the cut edge extended 1/2" into the regxtive enclosure penetration,
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with the heat-shrink extending 1/2" past the sleeving. A heagun was then applied to
both respective pieces of 3/8" heat-shrink. Finally, the etgrical tape was removed from
the 5/8" sleeving which was then re-positioned such that theut edge was centered over the
cable-tie-down mount nearest the DAC. Upon positioning the dat-shrink to extend 3/4"
past the 5/8" sleeving on both ends, a heat gun was used to iaditthe heat-shrink, marking
the completion of the wire harness fabrication.

To secure the 8-wire cable to the table, one cable-tie-downommt was secured on the
top-side of the table for each of the servo ampli ers. The cés were plugged into their
respective servo amplier P1 ports, then, without violatirg the minimum bend radius 8X
that of the cable diameter, each cable was tied to its respég cable-tie-down mount, then
again to any additional cable-tie-down mounts between it ahthe DAC. Prior to securing
the wire harness to the nal two mounts, both DB37 connectorshould be plugged into
their respective ports on the DAC, and the remaining wires & through the right-hand
penetration of the low voltage system enclosure, as previaly shown in Figure 3.3. Given
each current monitor signal wire was properly labeled ahead time, they were each secured
to their respective analog channels on the ADC shield per FigaB8.5. Additionally, the black
wire should be secured to either one of the GND terminals. Giwveenough slack in the wire
harness, two more cable-tie-downs were added to the tablejeoon the coil-side of the -Z
servo, then another approximately one inch away from the DAQentered between the DB37
ports. Finally, the entire bundle was secured to both of the & two cable-tie-downs.
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CHAPTER 4
SYSTEM OPERATIONS

This chapter details the setup and use of on-board and indepadent electronics required
for setup, operation, and monitoring of the Helmholtz systemThese are covered over two
sections; instrumentation and calibration. The calibratbn section provided o ers details
regarding the physical system equipment installed, but thenethods required for improving
system further lie in the code structure, which may be founchi5.

4.1 Instrumentation

In order to ensure the system was fully operational, a DMM, tlee-axis hall magnetome-
ter, and oscilloscope were each used. The DMM was used fotitegs DC signal voltages, DC
current, AC voltage, and resistance for general system spetand diagnostics. The three-axis
hall magnetometer was used in conjunction with the GUI as detad in Chapter 5 to mon-
itor the system's performance with regards to production od reliable desired B- eld. The
oscilloscope was applied for monitoring potential noise ié system's analog signal wires.

Figure 4.1: Image taken of the leads made for servo ampli errdct current measurement
using DMM as pictured in the far right image.

The DMM was an important tool throughout the system's realiation. It was key for
inspection of Arduino logic signals, the DAC's logic and ana$ signals, LED potentiometer
reference voltages, continuity of all wired components irhé overall system, and various
other methods of implementing system electronics diagnast. Though DMMs are generally
safe for users, measures should be taken should the user neghonitor parameters of an
unsafe system. Additionally, the order of operations here wecritical for keeping the user
safe. To implement the DMM for inspecting the actual servo apili er current output, it had
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to be wired in series with one of the servo ampli er motor cuant outputs which were to be
in use while powering the coil. When using the DMM to monitor sgo ampli er current,
custom leads were made for the DMM to ensure the operator wastmequired to touch the
terminals while powering the ampli er as shown in Figure 4.1Note in the right-most image
that both terminals are covered by non-conductive materialprior to beginning testing.
The intent behind monitoring this signal directly was to praide a means of verifying the

10V current monitor signal coming from each servo ampli er. To raintain safe practices,
the servo in question was rst inhibited by means of a logic ghal provided by the DAC,
then either removed from or electrically disconnected frorthe 120VAC power source. As-
suming the user has veri ed the positive vs. negative direicin of current in the coils, the
negative DMM lead was inserted into the COM ground referenaen the DMM and secured
to whichever servo terminal provides intended source of ptrge current, while the positive
lead was inserted into the A reference on the DMM, and connect to the positive coil lead.
Next, after ensuring the drive was already inhibited, the sgo was powered back on, enabled,
and calibrated as discussed in the Calibration seciton of isichapter.

Figure 4.2: Image taken of the oscilloscope connected to therrent monitor signal for the
-Z servo ampli er

For use of the oscilloscope, the current monitor signals camgi from the servo ampli ers
were of particular interest. These signal wires are long, &pning as much as 5 feet between
connections to the servo ampli er and the ADC shield channebtwhich they are connected.
Crossing these paths with a large number of both high and lowuent wires bears high
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potential to cause unwanted noise in the current monitor sigal as shown in Figure 4.2.
Looking at the bottom of the image, the noise frequency andzs vary visibly.

The ADC shield was modi ed to add signal Itering via an instalation of (6) 0603-sized
capacitors rated at 3000pF, installed at capacitor positianC1, C3, C4, C7, C9, and C10
(named per the product reference manual), with capacitors AP1, CAP2, CAP3, CAP4,
CAPS5, and CAP 6, respectively, as shown in Figure 3.5. These anafsice-mount capacitors
which were installed in-house using solder paste. Thoughdidg these capacitors assisted
in the lItration of incoming signals, the variety of currents and large number of wires run-
ning in parallel prior to the shield front-end results in cotinued noise. This issue can be
signi cantly improved and potentially resolved by adding abu er to the front-end of the
shield. See Mayhew Labs extended ADC shield user manual pgoB more details. Given
system conditions which match or exceed the internal impedee of the LTC 1857 (12-bit)
A/D converter mounted to the ADC shield.

4.2 Calibration

There are two types of equipment used during operation of the keholtz system which
require the user to perform a physical calibration; the thre-axis hall magnetometer, and the
servo ampli ers. Metrolab's THM1176-MF three-axis hall magetometer was key for the
characterization of coil performance. As was discussed byien Chapter 2, the servo ampli-
er selected for use was AMC's B30A40AC, pictured in Figure 4.4A quality calibration of
the magnetometer and servo ampli ers are of equal importaadn this system. Only when
both are properly tuned can the user expect to produce a retiee B eld.

Figure 4.3: Pictographic representation of THM1176-MF instrmentation geometry [36]

54



Most modern hall magnetometers su er from o sets due to theineed to continuously
compensate for changes in the temperature. In addition to éhrequirement of performing a
zero- eld calibration using the gauss-chamber prior to evg testing session, MetroLab rec-
ommends the user bring the instrument back to the manufacter on a semi-annual basis[36]
for a more complete calibration. For the gauss calibratiorthe user inserts the magnetometer
fully into the gauss chamber keeping it there until after thecalibration is complete.

Figure 4.4: Photograph of the B30A40AC brushless analog serampli er[35]

Upon insertion, the user initializes the calibration eitherusing the GUI provided with
the product upon purchase, or by sending the THM1176 custom momands through a se-
rial interface. Though running and operating the THM1176 is gick and simple using the
provided GUI, it is only compatible with Mac and Windows, so a s&s of custom functions
are used for commanding and querying the device in Linux. Thiadditionally opens up an
opportunity for reliable methods of data storage, includig real-time data access to assist in
providing the user with instantaneous feedback. MetroLablso provides the user with the
ability to adjust the range in which the device is intended tooperate, and the number of
recordings to take before providing a datapoint.

The THM1176-MF model is capable of measuring with a maximum nge of 100mT,
300mT, 1T, or 3T with down to .1mT precision. This precision ray be improved however, by
indicating how many samples are to be taken and averaged f@oh every data point provided
by the magnetometer. By increasing the number of samples &k the user may improve
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the precision by the square root of the number of samples sekd [36]. For the Helmholtz
system, the number of samples desired was set to 100, o eriag order of magnitude of
improvement in the sampled data assuming zero mean noisecgrr The instrumentation

mount produced for securing the magnetometer in a known p&sn in the work-space, was
designed to force the magnetometer to remain in a known ortation per the device datum
geometry as presented in Figure 4.3. Note that the the X-direcin matches that of the
system, while the Y and Z-directions point in the opposite dections of the system.

Figure 4.5: Photograph taken of the DMM connected to the MotoA and B terminals on
the -Z servo ampli er

The AMCB30A40AC servo ampliers may be adjusted using a combation of two
surface-mount switch-busses and four potentiometers. Boswitch busses, SW1 and SW2,
have six di erent switches. On SW1, the test/o set switch wasswitched to o set to provide
a method of adjusting the ampli er's perception of the commiad signal. The current loop
proportional gain adjustment was left in the default positbon ON enabling the user to apply
a reduction in gain. Current scaling and current ratio were gsitioned for full-current mode
and 50% continuous to peak current ratio. Hall sensor phasingas kept at default, and the
inhibit logic was set to high meaning the system will be inhiked unless it receives a 5V
logic signal. The only requirement for SW2 was that the swit@s be con gured for "current
mode," using the "mode selection table" presented on pg.6 thfe manual[35].
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The actual calibration of the B30A40AC takes place with adjusnent of four potentiome-
ters. When operating in current mode, Pot 1 must be rotated fiy CCW because it provides
positive gain for systems operating in velocity modes. Pot\®as adjusted to bring the am-
pli er current limit high enough to match the system's desied capabilities. Finally, pots 3
and 4 provide a controllable gain and o set for the command gnal.

First, the custom DMM leads previously discussed should becseed to the respective
servo ampli er, as shown in Figure 4.5. After connecting and tming the DMM on, both
pots 3 and 4 were rotated until in the middle of the full potenbometer rotational range (the
middle is 7 full turns away from either pot limit). Next, a known command signal of 0.5V
(2.1 Amps) was applied. First, the gain was adjusted until thenicoming voltage signal was
within 0.05A of the current as seen on the DMM. Next, the currérapplied was OA for which
an adjustment of the o set potentiometer appropriate. Adjus until the value displayed on
the DMM is within 0.02A of the correct value. This process shid be repeated using a
variety of currents until the calibration seems like the bdst possible.

Once the servo ampli ers were each manually calibrated, Léar algebra was implemented
to calculate a series of coe cients relating a matrix of desed currents to that of the cor-
responding measured currents. More speci cally, the psenidverse, sometimes referred to
as the Moore-Penrose inverse, is a generalization of inersatrices[37]. One way to di er-
entiate between a pseudoinverse and a traditional genewdd inverse is that the traditional
inverse only must satisfy the rst of Penrose's four conditins, while the pseudoinverse must
satisfy all four[38].

The strength of induced magnetic elds is linearly related d the amount of current
passing through the element in question. Given the vector ofieasured currentsy, matrix
of desired currentsA, and vector of unknown constants , consider the system of linear
equations shown in Equation 4.1 where matrix dimensiom > n .

A =y (4.1)

Readily solving for here cannot be done by simple division, becauseand A are
dissimilar size matrices; however, Equation 4.2 demonstea that both sides of the equation
may be multiplied by the transpose of theA matrix in order to produce square matrices of
the same size on both sides of the equation.

™

ATA = ATy (4.2)
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Now, the term may be isolated by multiplying both sides of the equatio by the inverse
of the square matrix ATA]. The resultant Equation 4.3 satis es all four of Penrose'son-
ditions for the pseudoinverse. The relationship between ¢hdesired and measured matrices
has now been de ned by .

— TM1

= ATA ATy (4.3)

Moving forward, these newly calculated coe cients are usetb calculate the corrected
eld or current required to produce the exact eld desired. Arealistic application of the
pseudoinverse to a linear system of equations as it would atd to the Helmholtz system
is shown in Equation 4.4. A third order matrix is assumed, whe m, |1, a, b, and c are
measured currents, desired currents, and the three calctdd coe cients of , respectively.

2 , 323 23
m]_ ml 1 a Il

8m, m3 1881é = 81,5 (4.4)
ms mi 1 c I3
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CHAPTER 5
CODE STRUCTURE

The GUI developed for controlling, monitoring, and calibraing the Helmholtz system
was done in C++ via Qt, a cross-platform software developménool. An all-encompassing
Helmholtz class was written for controlling the system througobject-oriented-programming.
Finally, a further development of the calibration process dcussed in Chapter 4 is presented,
which may be used to maximize the system's calibration preston. Table Table 5.1 provides
a complete set of functions and their use.

5.1 Helmholtz Control GUI

The Helmholtz GUI is presented in detail rstto provide the realer with an understanding
of necessary modes of system control and feedback. The majoodes of controlling the
system include inhibition or enabling of the servo ampli es, manual individual coil eld
and current control, automatic eld and current calibration, dynamic vector applications via
time-stamped vector text les, and work-space lighting. Amaog the various forms of feedback
are the fault status of each servo ampli er, measured coil oents, measured magnetic eld,
intensity and color of the work-space lighting, and calcutad eld error.

The code written for the three-dimensional vector directio and magnitude graphic shown
in Figure 5.1 was written from scratch, changing in size andmiction given varying directions
of the desiredB vector. For clarity, the translucent yellow pane only appea& when the
vector is within that respective quadrant. If the magnetic eld desired has only one or two
components speci ed, the yellow pane will not appear, howerthe portion of the axes which
corresponds with the direction of the resultant vector becoes a solid bold line, accentuating
the exact orientation of the desired vector at all times. Alsoif the vector is positioned on
the positive side of the z-axis, it appears to be above the xplane as shown in Figure 5.1.
When below the x-y plane, it appears to be below the x-y planesahown in Figure 5.2.

5.2 Helmholtz Class

The Helmholtz class was written to build a clean and simple miebdology for storing and
accessing data related to all controllable or measurablepests of the complete Helmholtz
system. Any given instantiation of an object of the Helmholtz lass inherits a series of
objects related to the system's functionality. These objég include the six servo ampli ers,
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Figure 5.1. Snapshot of the dynamic 3D representation of thessired B- eld

Arduino, and DAC, each of which possesses unique operationéthe THM1176 device is
connected to the computer at the time of instantiation, it ta will be inherited as an object.

Declaring an instantiation of the Helmholtz system, requirg rst an understanding of its
componential relationships. Within the HelmholtzCoils clas, lies the programmable DAC's
serial number, in addition to which channel numbers on it péain to which output or input
channel on the servo drive. The next object de nition in the lgorithm is that of six servo
ampli ers, each of which requires an input of the previouslgdeclared DAC channel numbers,
to assist in the de nition of data locations for servo-relaéd pointers. Shortly thereafter, are
the more operationally standard procedures, such as loogimt the most recent calibration
records to keep the instrumentation up to date when possible

Taking a look at some object de nitions, the servo ampli er er function de nitions for
commanding the servo drive current the as well as the enabiehibit control function. The
THM1176 object de nition additionally provides the user with the ability to send a series
of commands to the magnetometer, including data logging angte, the preferred range
of measurement for theB, and more. The Arduino mega o ers methods of collecting and
communicating data back and forth between the servos and DAG addition to having full
RGB control over the work-space light.
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Figure 5.2: Snapshot of the system GUI operating in current ctolled mode

For various automatic system calibrations, there is a loop(statement with a series of
methods for testing or calibrating the system, each of whicare accessed given the start of
the loop, and the declared rate at which it is desirable for # loop to continue perform-
ing the operation in question. Each method has a general nam#nich is stored in a local
enumerator, then a local variable \testFormat" is de ned bythe desired test method while
also serving as the switch case which keeps the loop contimgiuntil the desired tests have
been completed. These methods are accessible via the falgafunction names: getSys-
temFieldError, setCoilStaticTest, setCoilStepResponsesetinitSystemCal, setFinalSystem-
Cal, setFieldTrajectory. Each of these operations make usé @ series of \set" and \get"
functions to control and/or monitor the system's current, nagnetic eld, fault condition,
and device connectivity. Objects used by the Helmholtz clasn general are controlled using
ACCES_USB_AO Device, AMC B30A40AC, megaADK Helmholtz, and MetrolabTHM1176.
Functions which are publicly available for use are detaileth Table 5.1. Note the use of
\COIL DES" and \ eld _values" within the contained function de nitions. COIL_DES is a
local enumerator which provides the coil designations; NE&, POS_X, NEG_Y, POS.Y,
NEG_Z, and POSZ. The eld values data structure is speci c to the \MetrolabTHM1176"
device, containing three vector elements of the measured gmetic eld; Bx, By, and Bz.
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Table 5.1: Name, use, and purpose of operation functions withHelmholtzControlGUI class

Function Description

getCurrent Syntax: getCurrent( COILDEScoil)

Input: The getCurrent function requires an input of
a desired coill.

Purpose: The getCurrent function provides the user
with the current value most recently measured by the
Arduino mega. The current value measured is output
by the current monitor channel on each of the servo
ampli ers in the form of a 10V analog signal which
passes through the Mayhew Labs ADC shield, enable
Arduino-based measurements.

getFaultCondition Syntax: getFaultCondition( COILDES
coilDesignation)

Input: The getFaultCondition function requires an
input of a desired coil.

Purpose: The getFaultCondition function's
intended use is for the retrieval of the desired coil's
respective servo ampli er's operational status. If this
returns true, the ampli er is inhibited or in \Fault"
condition; otherwise, it is enabled.

getField Syntax: getField( field _values
&fieldVector )

Input: The getField function requires an input of a
field _values struct.

Purpose: The getField function provides the user
with a struct containing the vector elements of the
magnetic eld measured by the magnetometer. The
input field _values struct is populated with the
results. The function returns true if the data was
successfully retrieved; otherwise, it returns false.
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Table 5.1: Continued.

Function

Description

getMagnetometerStatus

Syntax: getMagnetometerStatus()
Input:  No input required

Purpose: The getMagnetometerStatus function
retrieves the status of the magnetometer's connectivity,
This function returns true if the magnetometer is
connected without any errors. If the function returns
false, the magnetometer is either disconnected or will
additionally return an error number. See the
magnetometer owner's manual for a complete
description of various error classi cations. As an
example, this function can be used to enable/disable
operations which should/can not be performed without
the magnetometer connected.

getSystemFieldError

Syntax: getSystemFieldError(

&NErrorFieldX, &POSrrorFieldX,
&NErrorFieldy,

&POSrrorFieldy, &NErrorFieldZ,

&PO=rrorFieldZ )

Input: The getSystemFieldError function requires
inputs of six doubles; one for each of the coils. These
inputs must be provided in the literal order shown in
the function format.

Purpose: The getSystemFieldError function
calculates the approximate error(%) between the
desired coil eld and the measured eld. The six
provided inputs are populated with the six calculated
errors. This function returns true if the errors are
successfully calculated; otherwise, it returns false. Tdi
testing operation should only be performed while the
magnetometer is positioned in the center of the work
space. This function will only work if the
magnetometer is connected.
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Table 5.1: Continued.

Function Description

setCoilStaticTest Syntax: setCoilStaticTest(
currentToTest )

Input: The setCoilStaticTest  function requires an
input of a desired current value.

Purpose: The setCoilStaticTest  function is used to
initiate and execute a test wherein a single coil is
provided the input desired current for several seconds
while the remaining ve coils are kept in no-load (no
current) conditions. Once the rst coil test is complete,
this process repeats until all six coils have been tested.
By default, the resulting data is recorded in a local text
le resultsCoilStaticTest.txt , located in the
HelmholtzControlGUI class's respective debugging
folder. If not renamed, this text le is overwritten with
each test execution by default. This function will only
work if the magnetometer is connected.

Syntax: setCoilStepResponse(

setCoilStepResponse
currentToTest )

Input: The setCoilStepResponse function requires
an input of a desired current value.

Purpose: The setCoilStepResponse function used to
initiate and execute a test wherein a single coil is
provided the input desired current for one second while
the remaining ve coils are kept in no-load (no-current)
conditions. Once the rst colil test is complete, this
process repeats until all six coils have been tested. By
default, the resulting data is recorded in a local text le
timeStepTesting.txt , located in the
HelmholtzControlGUI class's respective debugging
folder. If not renamed, this text le is overwritten with
each test execution by default. This function will only
work if the magnetometer is connected.
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Table 5.1: Continued.

Function Description
setCurrent Syntax: setCurrent( COILDEScaoil,
val)

Input: The setCurrent function requires inputs of a
desired coil, and a desired current value to provide it.

Purpose: The setCurrent function is used to control
the amount of current provided to an individual desired
coil. This function returns true when the desired
command current has been successfully set; otherwise
it returns false.

setCurrentZero Syntax: setCurrentZero( )
Input:  No input required

Purpose: The setCurrentZero function makes use of
the setCurrent function to provide the user with a
means of returning the complete system to no-load
conditions without inhibiting any of the servo

ampli ers. Note that given a poor calibration setup,
this may not return the system to no-load conditions.

setFieldTrajectory fS'|yr|]\§aX: : setFieldTrajectory(  QString
ileName

Input: The setFieldTrajectory  function requires the
le name of a text le composed of comma-delimited,
time-stamped vectors of a desired eld magnitude.

Purpose: The setFieldTrajectory  function is used
to apply magnetic elds of a speci ed magnitude at
speci ed time-stamps per the provided text le. Prior
to attempting to apply a rotating or oscillating eld,
refer to each of the coil natural frequencies provided
in Table 8.3.

65



Table 5.1: Continued.

Function

Description

setMagnetometerZero

Syntax: setMagnetometerZero()
Input: No input required

Purpose: The setMagnetometerZero function is used
to zero out the magnetometer prior to performing tests
Calibrations should be performed while the system is
fully inhibited to ensure no-load conditions. Frequent
calibration is recommended to account for unknown
sources of background magnetic interference and
changes in ambient room temperature or system
performance.

setStaticField

Syntax: setStaticField( field _values
fieldToApply )

Input: The setStaticField function requires an
input of a desiredfield _values struct.

Purpose: The setStaticField function is used to
apply a uniform magnetic eld using as many as all six
coils simultaneously.

setSingleStaticField

Syntax: setSingleStaticField( COILDES
coil, singleFieldToApply )

Input: The setSingleStaticField  function requires
an input of a desired eld to apply, and a desired coill
to apply it with.

Purpose: The setSingleStaticField function's
intended use is to apply a static magnetic eld of
desired magnitude at the center of the work space with
one of the six coils.
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Table 5.1: Continued.

Function

Description

setSystemInitCal

Syntax: setSystemlnitCal( )
Input: No inputs required

Purpose: The setSystemInitCal function is used to
calibrate the system's current output by applying a
series of randomized desired currents and comparing
the desired value with their measured results in a
system of linear equations.

setSystemFinalCal

Syntax: setSystemFinalCal(
fieldToTest )

Input: The setSystemFinalCal function requires an
input of a desired magnetic eld strength

Purpose: The setSystemFinalCal function provides
a method of calibration which relates the applied
current to the desired magnetic eld. This calibration
should only be performed if thesetSysteminitCal
function has already been performed, and will only
work if the magnetometer is connected.
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CHAPTER 6
MAGNETIC FIELD APPROXIMATION METHODS

This chapter develops two methods of applying the Biot-Savlalaw to calculate the
magnetic eld vector produced by a electric current. Note thathis method is only valid
when considering electrostatic or magnetostatic condiths [39]. Methods of applying this
method numerically require either a single, double, or trip integral, used for a line, surface,
or volume contribution from the current in question. It's gaeral form as presented by
Gri ths is provided in Equation 6.1 [40].

Z
B(r) = IO | Irzf\dl0 (6.1)

The rst method assumes the coil to be an in nitely thin line d current while the second
assumes an in nitely thin plate. For both approximations, bur sets of integrations are
required; one for each side of a square coil. For the sake oévty, the coils in question
are assumed to have perfectly square corners. This is a comagve assumption, because
rounded corners inherently bring the magnetic eld sourcdaser to the center of the coil. The
point coordinates will need to be mapped to the reference free of the coil in question, prior
to integration. The transformations section of this chapte discusses how transformation
matrices may be used to acquire the total eld of the system Wi relative ease.

6.1 Single Wire Method

In assuming the coil to be in nitely thin, the total coil current was calculated assuming a
wire packing e ciency of 70%. Given the current applied by tke servo ampli erl s, the known
geometry of each coil, and this wire packing e ciency, the t@l coil current | is calculated.

If the exact current density is known, the only terms neededra packing e ciency and coll
cross-section. Next the coil orientation is identi ed to faititate the de nition of each wire
segment's bounds in the plane. For simplicity, the discussi provided assumes a square coll
in the x y plane (coaxially aligned with the system z axis), it howevemay be applied to
coils in any plane in space, provided its position relativeotthe point of interest is known.
Given the coil nominal width W, the r,, vector describes each wire segment's position [24].

fwi= X 9 0 rwe= 9 y O fws= X —3< 0 fwa= —3= y 0
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where the limits of integration for both x andy are W,=2 and W.=2. For brevity, the

labeling convention of 1, 2, 3, and 4 corresponding with topight, bottom, and left, respec-
tively, is maintained throughout this chapter. Next, the vecor de nition of the direction of

current is written. Given the right-hand rule, the direction of current | is de ned for each
wire such that counter-clockwise direction of the current fpduces a magnetic eld which
points out of the page.

To incorporate the position of the point of interest in the fomula, r is calculated using
rn and the coordinates of the point of interesp. For clarity, the # term is left in the form
of jp ryj in the nished equation. Now given the addition of four integals, one for each
wire segment, the total contribution to B by the coils in question is calculated as shown in
Equation 6.2. to take place.

[
X4 z In J p rwnjdlo

B(r =2
( Wn) 4 o1 kp rwnk3

(6.2)

6.2 Shell Method

For a surface integration, Equation 6.1 is modi ed by changig the line current term |
to a surface current termK , and the integration term from length| to area A[41]. While
treating a coil as an in nitely thin sheet (referred to as the"shell" throughout this section),
the total current in each coill was calculated using the same method as presented in the
wire method. To nd the current density over area termK, | is just divided by the nominal
width of the coil W.. Next the coil orientation is identi ed to facilitate the de nition of each
shell side's bounds in the plane. For simplicity, the discg®n provided assumes a square
coil in the x y plane. GivenW¢, the rg vector describes each shell side's position.

— - W — W — W
raa= X ¢ 2 2= % Yy Z f[ss3= X —° Z rsa= —5° Yy Z

where the limits of integration are W.=2 and W.=2 for x and y. Given the coil cross-
section side-lengthX ¢, the limits of integration for z are X =2 and X.=2. Next, the vector
de nition of the direction of current is written. Given the right-hand rule, the direction of

69



surface currentK is de ned for each wire such that counter-clockwise directn of the current
produces a magnetic eld which points out of the page.

K1: K 00 K2: 0 K O K3: K 0O K4: 0 K O

Just as in the wire method, the position of the shell sides aradorporated through the
calculation of *via rg and p. Equation 6.3 provides the numerical form of the shell metib
using surface integration. Though the integration term praided previously was that of the
surface areaA, it is broken down into two components here. The rst compon# is always
with respect to the anticipated direction of the magnetic éd vector, which in this casez.
The dI°term changes to eitherdx or dy, depending on which shell side is in question.

|
b Z . . :

Kn J p r;n] dAO (63)
n=1 kp rSWk

B(rsn) = 4i

6.3 Transformations

Recall that the system's world coordinate frame is at the vgrcenter of the overall
Helmholtz system. This means that all six coils require a horgeneous transformation
matrix, providing a translation and rotation of the desiredpoint p,, from the world coordinate
frame to the colil reference frame.

2 3
1 0 0

Ry( )= 90 cog ) sin( )5 (6.4)
0 sin() cog)
? cof ) O sin( )3
R()=8 0o 1 o0 ¢ (6.5)
sin() 0 coy )
?cog ) sin() O

Ry( )= 4sin() cog ) 08 (6.6)
0 0o 1

One of three rotation matrix formats may be used as shown in Eqtions 6.4, 6.5, and
6.6 as presented by Craig, and given the addition of transian information, a 4 x 4 element
transformation matrix may be created [41]. Given the 45rotation of the z-axis coil-pair
about the system's world coordinate frame, it is the only cbset of the three which require
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the application of a rotation matrix. Each of the six coil reérence frames are coaxial to
its respective world axis. Given that each coil-pair is ceated about the world coordinate
frame, the translationt required for each individual colil is calculated rst. Recdlthat the
separation distance between square Helmholtz coils is rempad to be 05445N,. and nd the
translation tY from the coil coordinate reference frame to the world refaree frame.

2* 0:5445N, < s 0:5445N, > 2
w " . 05445/\/
(tc)+x:§ 2 (tc)x:E 2 1wy, § 2
0 0
3 2
0 0 0

2 2
W 05445wc§ w -E 0 w _E 0
@ = § -5 ()e= 5 osaasw, s 1) 278 osaaan,

0 2 2

As an example, Equation 6.7 demonstrates how the point coondites p. may be cal-
culated given the known orientation of the lower Z-axis coileference frame relative to the
world reference frame [41]. It may be adjusted to accommodaapositive Z-axis coil by just
changing 0:5445N. from negative to positive. The remaining four coils are morgivial,
requiring a 3x3 identity matrix in place of the rotation matrix.

243 “cog45) sin(45) 0 0 32|0Wk3
Pe sm(45) cog45) 0 | 0 P
E z 0:5448N, ¢ z (6.7)
IO 0 1 — pw2
0 0 0 1 1

Given a correct implementation of point transformations, his paper o ers a closed form
solution for calculating the magnetic eld strength anywhee in the work space using the
wire method form of the Biot-Savart law. The center of the ovall square coil is assumed
to be at coordinate [Q0; 0] in the work space and the square is oriented such that itsdsis
appear either horizontal or vertical relative to the reader In the solutions presented in
Equations 6.8, 6.9, and 6.10¢,umberaxis 1S @ distance term relating the position of that
\number" wire in the direction of the speci ed "Axis". For example, given the left-hand
wire the number 1, ¢z, is assumed to be the distance separating the right-hand wifeom
the coil's center along the X-axis. Finally, the closed-formodutions are combined to form
the complete vector calculation shown in Equation 6.11 assing the given square coil is
coaxial with the world Z-axis.
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BZere

Given the same coil orientation, and term conventions ideiaal to those used above, the
following Equations 6.12-6.15 provide the closed-form stibn for calculating the magnetic
eld strength anywhere in the work space using the shell metid form of the Biot-Savart
law. This thesis later provides a comparison of both the wirenethod and shell method
approximations with actual data.

72



L]

1 €
BXshen = éclxyZK |Og yW, 2yp+

q
GWZ  donWoxy + 4B+ (YWe  2y,)2 + (2L 27,)°

<

q
log  yWc+2y,+ W2 4o, Wexp +4x2+(yWe  2yp)2+(zL  2z)%2 +

L]

1 €
écsxyZK lOQ ch 2Yp'|'
q
GW2 Ao Woxp +4X2+(YWe  2yp)2+(ZL  22,)?
q <
log  yWe+2y,+ GW?2 4oy Wexp +4x2+(yWe  2y,)2+(zL  2zy)2 (6.12)

1 €
Byshell = EXCZyZK log Czch 2Xp+ v

q
XZWCZ +( CZch 2Xp)2 4XWCyp + 4y§ +(zL ZZp)2

<

q

1 €
=XCayZK log CayWe  2Xp+
2 S

q
XZWCZ +( C4ch 2Xp)2 4XWCyp + 4y§ +(zL ZZp)2

<

q
log ( CayWe+2Xp+  X2WZ+ (CyWe  2¢p)2  4XWeyp +4ys+(zL  2z,)%) ; (6.13)

and, given the following:
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we can now de neBgne as,

2 3

Xshell

Bshell = 2Bysheu g (6.15)
B

Zshell

75



CHAPTER 7
TESTING

This chapter details testing of the Helmholtz system using ehtee-axis hall magnetome-
ter (THM1176), to verify the approximation methods discusse in chapter 6. Results of
testing each of the coils independently provides evidencétbe system's ability to produce
a uniform magnetic eld in a three-dimensional work-spaceypical of traditional Helmholtz
coils. Individual coil testing is used as a means of verifygnthe assembly geometry. The
instrumentation positioning section depicts the three phsical dimensions of interest when
positioning the magnetometer in the work-space. For both depair testing and individ-
ual coil testing, the desired maximum sustained current demmd was applied (8 Amps per
Section 2.1 in Chapter 2).

7.1 Instrumentation Positioning

Figure 7.1: Distance between instrumentation mount and top dadcrylic cylinder
For the purposes of this chapter, proper instrumentation pgtioning is achieved using

imperial measurements due to accessibility of tools. To biega six-inch scale and square are
required. It is recommended that two solid objects of knowrhicknesses 0.50 inches and 1.0
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inch are used to achieve 0 and 0.50 inches in the Z directiomatéve to the work-space datum.
For increased simplicity of test setup, three additional sgcers of known thicknesses 0.3, 0.5,
0.61, 1, 1.3, 1.61, 2.30, and 2.61 inches may be used to achieach required distance from
inner coil walls on the negative X and negative Y coils relate to the nearest parallel surface
on the instrumentation mount. If said spacers are at least @ninch long, the square is not
required. Otherwise, the square should be used to ensure g&lism of the instrumentation
surfaces relative to the neighboring coil plates.

Figure 7.2: Photograph of lit work-space with vertical camer suspended in the Z-axis

To ensure the de ned X, Y, and Z axes of the work-space align witthe X, Y, and Z
axes of the THM1176, the two symmetrical legs of the verticahstrumentation rack should
be placed in-line with the X axis, while the third leg should b placed on the negative Y
side of the coil assembly. Without any rotations of the camereack, the total assembly is
moved via translations in the X and Y directions to achieve e of the XY-planar positions
in the work-space. To achieve each of the three positions ihe Z direction for each of the
XY-planar positions, the instrumentation mount is secured atlistances of 0.0, 0.5, and 1.0
inches from the surface of the acrylic cylinder as shown in kigg 7.1. Just as with the
camera assembly shown in Figure 7.2, assuming the verticasirumentation rack assembly
is square, no precautions are needed to ensure the positianthe Z-axis is correct beyond
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ensuring proper distance between the instrumentation mouand the acrylic cylinder below.

For each coil-pair or individual coil, there are 100 sample=ach taken at 8 total positions.
In the X and Y directions, the positions of interest are -1" ad 1." In the Z direction, the
positions of interest are -0.5" and 0.5". These exact posins are achievable when measuring
the position of the instrumentation mount relative to xed objects in the work-space; i.e.
the inner wall of the negative X and negative Y coil pairs retave to the nearest face of
the instrumentation mount, and the upper surface of the achic cylinder resting in the
UHMW work-space support relative to the bottom face of the instimentation mount. These
dimensions are depicted clearly in Figure 7.1, Figure 7.3, afdgure 7.4.

Figure 7.3: Distance from instrumentation mount to Y coil plaes, respectively

Although the total valid work-space spans a region of 7cm(X) xcm(Y) x 7cm(Z2), the
instrumentation mount used (shown in detail in appendix Figte A.8 and Figure A.28)
introduces geometric restrictions, reducing the measurigbwork-space to a symmetrical re-
gion of size 5.08cm(X) x 5.08cm(Y) x 2.54cm(Z). The smallestrdension here is 2.54cm
in the Z-direction. As discussed previously, the Z-axis cgblair is the smallest of the three
coil-pairs. This suggests that the Z-axis coil-pair is the ost suitable direction to have the
smallest of the three measurable directions.
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As discussed in Section 4.1 of Chapter 4, the THM1176 is genérateroed using the
provided gauss chamber. This chamber eliminates externabgnetic elds to ensure proper
measurements are taken. For this test procedure, the THM117$ instead calibrated out-
side of the gauss chamber, when in a known no-load conditioh the desired position of
measurement, prior to taking the series of measurements we@d for each position in the
work-space.

Figure 7.4: Distance from instrumentation mount to X coil plaes, respectively

The system used to hold the instrumentation in a xed positia in space and provide a
smooth means of vertical adjustment, the vertical instrum@ation rack doubles as a xture
for mounting and guiding the instrumentation mount. A desaption of how to ensure the
exact center of the work-space is occupied by the datum of thiree-axis hall THM1176
without physically measuring the instrumentation positim is detailed in Section 4.1. For
the collected results and analyses, see Chapter 8.

7.2 Coil Testing

Prior to initializing measurements, it was ensured that anyforeign objects (i.e. scale,
spacers, square, etc.) were removed from both the work-spadtself and the system table,
to reduce the likelihood of magnetic interference as much psssible.

The individual coil testing setup is designed to collect theesults of applying the current
required to achieve a 10mT eld at the center of the work spaceith each of the six coils
individually while commanding no-load conditions for the emaining ve coils. Collected
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results were compared with the approximation methods detad in Chapter 6 as a means of
validating the system geometry, and the approximations thraselves. This method of testing

is most appropriate for validation of the approximation methods presented, because the
eld produced by a single coil is non-uniform throughout thehree-dimensional work-space.
This inherently provides more meaningful data, considerinthe large amount of expected

variation in results.

To gain insight regarding coil time step response, an addinal automated test was
created. While applying a xed current to all six coils indepadently in sequence, the
magnetic eld response is recorded at a rate of over 2500Hz. rRbe collected results and
analyses, see Section 8.2 in Chapter 8.
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CHAPTER 8
RESULTS

The data presented in this chapter are with respect to thoseoltected while performing
testing as described in Chapters 5 and 7, in addition to the iproved geometry of the
system assembly. All data used to develop the results detallen this chapter, which are not
provided, may be found in the Appendix in Table A.1 through Tal® A.3, and Table A.4
through Table A.7 of the Appendix.

Table 8.1: Average recorded B-eldat X =-1,"Y =1,"and Z = 0.5"

Approximation Error
Coil | Bx By Bz | Wire Method |  Shell Method || Units
| Bx | By | Bz | Bx | By | Bz |
-X |114.04) 0.79 | 051 | 0.44| -0.30| -0.12| 0.45|-0.13| -0.03|| mT
+X 9.74 | -1.23| -0.34 0.91| -0.29| 0.41 || -0.17| -0.62| 0.26 mT
-Y | -050| 965 | 0.62 | 0.42| 0.37 | 0.31| 0.22 | -0.41| 0.41 mT
+Y 1.31 | 14.01| 0.12 |/ 0.30| 0.91| 0.48| 0.42| 0.82| 0.42 mT
-Z | -156| 1.24 | 10.29|| 0.15| -0.75| 0.58 || -0.19| -0.40| -0.35|| mT
+Z 1.63 | -2.25| 14.50|] 0.08| -0.30| 0.89 || 0.78 | -0.99| 1.0 mT

8.1 Coil Geometry

Thanks to the coil manufacturing method discussed previolysin Chapter 2, the coill
spools were able to be designed such that ti® term was eliminated altogether. This
opened up the opportunity to alter the orientation of the inrermost coil-set in an e ort to
reduce the total system size as seen upon comparing the casambly in Figure 2.1 with
that of Figure 2.2. By rotating the innermost coil-set 45 about its axis, the W, term of
the secondary coil-set was able to be reduced by 0.625cm, 6f6%b6, while maintaining the
provided value forG,. When reducing the inner dimension of a colil, the cross-seati size
is also reduced, leading to compounding dimension reduct® This resulted in an overall
system size reduction of 1.464cm, or 3.57%.

Recall that the original reason behind maintainingG, was for coil cooling purposes.
Given this new orientation of the innermost coil-set, the gface area of the region nearest
the adjacent nested coil-set was reduced from spanning thetiee side-length of the coll
cross-section, to that of just a single wire. Reducin, from 1.27cm to 0.635cm would
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result in an additional overall system size reduction of 16#cm, or 3.71%, providing a total
reduction of 2.931cm, or 7.15% from the original size whilélsmaintaining a su cient gap
between coils.

8.2 Individual Coil Testing

Table 8.2: Average error of all six coils relative to the wire pthod, and the shell method

Approximation Error
Coil || Wire Method || Shell Method | Units
| Bx | By | Bz || Bx | By | Bz |
- X 0.49 | -0.37| 0.09|| -0.04| -0.37| 0.09|| mT
+X 0.81 | -0.26| 0.15| 0.28 | -0.26| 0.15|| mT
-Y 0.42 | 0.30 | 0.37| 0.42 | -0.13| 0.37 mT
+Y 048 | 1.04 | 0.40| 0.48| 0.60 | 0.40|| mT
-Z -0.09| -0.51| 0.76|| 0.0 | -0.59| 0.34|| mT
+Z -0.06| -0.31| 0.97| 0.12 | -0.13| 0.56|| mT

Table 8.1 presents the average of 100 data points collected éach coil while the magne-
tometer was positioned at [ 1"; 1"; 0:5"] relative to the Helmholtz system's world coordinate
frame. As discussed in the testing documentation, this proge was performed for eight po-
sitions in space. It was not necessary to run separate test#lwthe coils powered as pairs
because all results will provide the same result as that of muning magnetic eld contri-
butions of the positive and negative coils for each respegti coil-pair at the position of
interest; therefore, the assumed coil-pair magnetic eldantributions are presented in Ta-
ble A.8, found in the Appendix. The standard deviation of all the B terms was calculated
to be approximately 1.082. Given the average &, = 23:525, this results in a coe cient
of variation CV of approximately 0.046.

Table 8.3: Results of testing for coil time step response fall coils separately

Coil | SS(MT) | OS(%) | Damp. | Rise(ms) | Ntrl.( 25) | Poles

- X 11.082 12.5 0.552 6.7 332.34 183.38 277.17]
+X 12.811 12.3 0.555 6.3 355.90 197.61 295.98j
-Y | -11.634 5.0 0.690 20.2 130.41 89.95 94.42]
+Y -12.20 3.7 0.724 23.9 114.55 82.98 78.96j
-Z | -10.394 | 18.1 0.478 2.1 979.66 468.06 860.62j
+7Z -14.090 | 20.23 0.453 2.1 936.82 424.72 835.01j
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By means of superposition, the presented data may be used tetermine the quality of
the systems geometry via an investigation of the eld homogeity. Static eld homogeneity
is the measure of eld variation across the span of the work ape. In general, Helmholtz
systems are able to produce a eld with a homogeneity of lessan or equal to 1% given a
eld strength to coil radius ratio of less than or equal to 0.34[26]. The system produced for
this thesis cannot produce a magnetic eld of great enough rgaitude to exceed a 0.314 eld
strength to coil radius ratio; however, it is capable of proacing a eld with homogeneity of
approximately 0.75% given a eld strength to coil radius rab 0.219, therefore satisfying the
stated constraint.

Figure 8.1: Time step response plot for X-axis coils

Though an understanding of the system's static eld performnce is necessary for under-
standing the precision of the system geometry, production ddw/high frequency rotating
elds requires an analysis of dynamic system response. An atithal test was performed
investigating the time step response of each coil. Figure 8313 provide plots of the magnetic
eld vector as the coils and respective servo ampli ers regmd to a commanded current over
a sampling period of 120ms, the results for which are summeed in Table 8.3.

Figure 8.2: Time step response plot for Y-axis coils

For each coil, the rise in magnetic eld strength begins appximately 18ms after test
initialization, after which the rise time varies signi cartly between di ering coil sizes. Once
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the rise in magnetic eld begins, there are several terms reed to calculate each coil axes
respective transfer function; rise time, percent overshoOS), and steady state conditions.

Figure 8.3: Time step response plot for Z-axis coils

The rise time is taken when the eld response reaches 90% oéadly state magnetic eld
response. Percent overshoot is the amount by which the eldesponse continues beyond
steady state and is taken with respect to steady state conéins. Steady state conditions
are taken when the systems magnetic eld response has sta®h. In this case, when stability
is reached, the magnetic eld continues to oscillate but wit a consistent amplitude which is
small relative to average steady state conditions.

Figure 8.4: Bode plot of the average performance for coils onet X-axis

Given these three terms, each coils damping ratio and naturirequency were found and
used to produce the system characteristic equation, the rsoof which are referred to as the
poles of the system. For this experimental analysis, the s for paired coils were averaged
and used to produce a Bode plot for each system axis, e ectiyecharacterizing the system
frequency response as shown in Figure 8.4.
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CHAPTER 9
DISCUSSION

Performance of all coils within the tri-axially nested squee Helmholtz coil system pre-
sented by this thesis are within 5% of initialB - eld calculations. Initial calculations sug-
gested that the coils would produce 25.59, 24.47, and 23.76melds in order of the smallest
to largest coils, respectively. Provided in the same ordehe installed coil assembly produces
24.46, 23.75, and 23.6mT elds, respectively. Initial theetical calculations were made as-
suming a maximum sustained current density of8=mm?, and given 16AWG magnet wire,
this results in approximately 8A provided to the coil leads.The provided coil performance
is achieved using approximately 8A.

Figure 9.1: Snapshot of the system GUI with the desired and measd B- eld, along with
the calculated error
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Results detailed in Chapter 8 average within 5% of their reggtive calculated values;
however, better results are achievable and expected givemienplementation of the magnetic
eld-based calibration operation. Initial eld-based vaidations of current calibrations were
done assuming that both coils in a given coil-pair were to bencsimultaneously. In this
testing scenario the The vast majority of Helmholtz coil systms di er from this assembly
in that the coils are generally wired in series, powered by ¢hsame ampli er. The system
presented here provides a dedicated ampli er to each coil,eoing the user with increased
exibility in testing, tuning, and operational capabiliti es. The image of the GUI shown in
Figure 9.1 re ects the resulting error calculation given thenost recently applied calibration
sequence. There is marked improvement in the error as it wasduced from an average of
3 - 6% to below 1.5%. A larger-scale implementation of this dalation method is not yet
complete, but it is to be applied in future work.

Initial torque values of the given coils exceeded expectatis, reaching values high enough
to immobilize the installed cooling fans. The z and x-axis depairs remain xed in position
regardless of the current applied, however, the large caetvered section of coil on the y-axis
coil-set increases its susceptibility to magnetic torquef powering just one coil, this is not
a problem for coil movement; however, provision of currenbaditions above 5A to just one
of the coils causes noticable utter in nearby cooling fans.

To mitigate the cooling fan issue, their mounting point shold be extended at least 2
from the underside of the aluminum plate. Then, by means ofraple ducting, cooling fan
e ectiveness should be retained, while placing the fan faneugh from the Y-axis coil elds to
prevent fan motor damage. Provision of matched current abebA to the Y-axis coils leads
to observed coil- ex. Upon adding reinforcement to the Y-axisthis issue was mitigated.
Coil movement in high-load conditions was cut from 0.125 to 0.010, e ectively reducing
the largest calculated magnetic eld error from greater the 4% to less than 1.5%.

As a nal means of verifying system geometry and coil performae, each coils time step
response was investigated. The X and Z-axis coil-pairs pemned satisfactorily, reaching
90% of steady state conditions (rise time) within approximly 6 and 2ms, respectively,
and demonstrating rst-order response. The Y-axis coil-pai however, took over 20ms to
reach its rise time, the plot for which indicates the coil rezhes saturation during its ascent
to steady state conditions. This issue results in a naturakesonance frequency below 50Hz,
rendering application of rotating elds unsafe. It is expeted that this issue may be resolved
if the system may be provided three phase power. This would laesimple upgrade, requiring
a single cable change for each servo ampli er.

As discussed in the Results section of this thesis, the Helmtmokystem produced is
capable of producing a eld with a homogeneity of approximaly 0.75% given a eld strength
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to coil radius ratio 0.219, therefore satisfying the statedonstraint of less than or equal to
1% homogeneity given a eld strength to coil radius ratio of @14. An extension of this
investigation would come in the form of quantifying the sysms ability to produce a uniform
magnetic eld gradient. A classical approach to producing aniform eld gradient involves
the use of Maxwell coils, an assembly similar to Helmholtz ¢assemblies which instead
bear a separation distance of 3W, between its matched coils, and a third coil coaxial to
and centered about them. Although paired helmholtz coils bea separation distance ofV,,
when powering matched coils independently, eld gradientwith Helmholtz coil assemblies
become achievable. Just as with eld uniformity testing, cds are tested individually, then by
means of superposition, the uniformity of the eld gradienis calculated, the only di erence
being that of dissimilar eld contributions from paired cois.
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CHAPTER 10
CONCLUSION

A novel method of developing plans for the design of a Helmholtoil assembly as a
function of the desiredB eld and work-space sizesG. was produced. Given a 45rotation of
the z-axis coil assembly relative to the system assembly.etluser is provided an opportunity
to reduce the overall system size by at least 7%.

Two adaptations of the Biot-Savart law are developed in thipaper which o er a means
of calculating the B eld given the position of interest, the coil geometry, and he amount
of current passing through the coil. Both adaptations presged are accompanied by a
closed form solution, providing a simple means for perforng eld calculations. System
performance is monitored using a three-axis hall magnetotee the setup and results of
which are presented and used to validate the system geometayd both approximation
methods presented.

Included in the Appendix of this thesis are all of the mechanét and electrical draw-
ings and bills of materials required for a full-scale repradtion of this project. There the
reader may also nd a complete wiring schematic for the syste however, this schematic
is broken into more manageable sections in the Electrical Bign chapter of this thesis. A
comprehensive set of assembly and wiring instructions areopided.

The Helmholtz system produced is capable of producing a eldith a homogeneity of
approximately 0.75% given a eld strength to coil radius rab 0.219, exceeding performance
criteria for typical Helmholtz coil assemblies. Step respse times of the X and Z-axis coll
assemblies are suitable for setting rotating elds. Step sponse times for the Y-axis coils is
high, coming in at over 20ms; however, the system is equipptdbe powered by three phase
power, an alternative solution which is expected to provideatisfactory coil performance.

In addition to providing all that is required to build this system in totality, this paper pro-
vides high-level details of the HelmholtzControlGUI class tten for controlling the system.
Public functions within this class are detailed within the @per including syntax, inputs, and
functionality. Proper implementation of the discussed cdlration operations provide excel-
lent system accuracy with the highest of all coil error valiebelow 1.5%. This makes the
system a potentially viable solution for precision test saps such as a magnetically-steered
neurosurgical needle. Given a proper implementation of e@lgradients, the system is ex-
pected to provide a reliable means of both orientation and ¢omotion control of magnetic
devices with solely a Helmholtz coil assembly.
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Figure A.1: Helmholtz testing table drawing with bill of materals - sheet 1 of 3
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&20 S5RWDU\ 3BRWHQWLRPHWHU N 2KP /LQHDU 6SDUNIXQ QXPEHU VHH GUDZLQJ /RZ 9ROWDJH $VVHPEO\ %20
SRENHU 6ZLWFK _SRVLWLRQ IRU 3DQHO &XWRXW 0F0BVWHYL L ownsh 006 JURKQE EXV ZLULGI ORFDWLRQY IRU WKF
/RZ 9ROWDJH $VVHPEO\ 6HH 1RWH
86% $2 ( |3 RJUDPPDEOH 'LJLWDO $QDORJ &RQYHUWHU $&(66
$0& % $ $&EHUYR $PSOLILHU $ 0 &
$ &6 /RFNQXW OFODVWHU
$ 66 6RFNHW +HDG 6FUHZ /RQJ OFODVWHU
. 5XEEHU *URPPHW IRU KROH LQ PDWHULDO OFODV
$ 66 6RFNHW +HDG 6FUHZ /RQJ OFODVWHU
7HUPLQDO %ORFN &LUFXLW 6HH 1RWH OFODVWHU

7.71( +(/0+2/7= 7(67,1* 7$%/( %20

130( 6DPXHO 2VWHUKRXWs7( = 0$5
3+21( ( 0%,/ RVWHUKRXW#P\PDLO Pl
8&203%1< &RORUDGR 6FKRRO ®H4(0LQHV RI 5(9

Figure A.2: Helmholtz testing table drawing with bill of materals - sheet 2 of 3
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127(6

JRU D FRPSOHWH OLVW RI DOO PDWHUI
SOHDVH ORRN DW WKH IROORZLQJ GUD

&DPHUD $VVHPEOLHV %20 SDJH
&DPHUD ORXQW

9HUWLFDO ,QVWUXPHQWDWLRQ 5D
+RUL]JRQWDO &DPHUD %DFNGURS

+HOPKROW] %DVH 30DWH SDJHV
+HOPKROW] &RLO $VVHPEOLHV S
+HOPKROW] &RLO 30DWHV SDJHV

,QVWUXPHQWDWLRQ ORXQW %20
,QVWUXPHQWDWLRQ ORXQW

/(" $VVHPEO\ %20
/(' ODWUL[ ORXQW 30DWH
/RZ 9ROWDJH $VVHPEO\ %20

6TXDUH &RLO 6L]LQJ
:RUN 6SDFH 6XSSRUW %20 SDJF
:RUN 6SDFH 6XSSRUW  SDJHV

OLVFHOODQHRXVY ODFKLQHG 3DUWYV

727$/ 7$%/( $66(0%/<

7.71( +(/0+2/7= 7(67,1* 7$%/( %20

1$0( 6DPXHO 2VWHUKRXWs7( = 0$5

3+21( (0$,/ RVWHUKRXW#P\PDLO Pl
8&203$1< &RORUDGR 6FKRRO ®H4(QLQHV RI 5(9

Figure A.3: Helmholtz testing table drawing with bill of materals - sheet 3 of 3
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X0 3$57 12|'(685,37,21 47
286720 &OHDU $FU\OLF 6KHHW 6HH 1RWH 0FdD
286720 &OHDU $FU\OLF 6KHHW 6HH 1RWH 0FdD
=LQF 30DWHG %UDVV JHPDOH 7KUHDGHG 5RXQG 6WDRGRII
6HH 1RWH OFODVWHU

%UDVV +H[ 'ULYH 5RXQGHG +HDG 6FUHZ /RQJ 0FO
286720 6HFRQGDU\ &RLO 6HH GUDZLQJ 6TXDUH &RLO|6!
7 7XEH 'HOULQ _ 2' " &XW WR ILW 6HH 1RWH 0o
$ %UDVV +H[ 'ULYH 5RXQGHG +HDG 6FUHZ _ /RQJ| 6HH

$ %UDVV /RFN 1XW 6HH 1RWH OFODVWHU

127(6

7KH ELOO RI PDWHULDOV RQ WKLV GRFXPHQW TXDQWLILHV WK
FRLO 7R PDNH D SURSHU FRLO SDLU GRXEOH WKH TXDQWLWL
7KLV LV WKH LQQHU FRLO SODWH IRU ERWK RI WKH LQQHU Ft
FORVHVW WR WKH FHQWHU RI WKH RYHUDOO FRLO DVVHPEO\

SODWH LV VXVSHQGHG DV RSSRVHG WR WKH VHFRQGDU\ DQG
RQ VKHHW RI GUDZLQJ +HOPKROW] &RLO 30DWHV IRU GLPH!
7KLV LV WKH RXWHU FRLO SODWH IRU ERWK RI WKH LQQHU F
IXUWKHVW IURP WKH FHQWHU RI WKH RYHUDOO FRLO DVVHPEC
PRXQWHG WR WKH IRXU KROHV VKRZQ LQ WKH 7RS 9LHZ RI VKI
6XSSRUW 6HH LWHP QXPEHU RQ VKHHW RI GUDZLQJ +HCP
GLPHQVLRQLQJ DQG IDEULFDWLRQ LQVWUXFWLRQV 7KH XSSH!
39& DQJOH VKRZQ DV SLHFH QXPEHU VL[ RQ VKHHW RI WKLV
7KH UDGLXV RI WKHVH VWDQGRIIV ZDV LQHQWLRQDOO\ VHOHF
EHQG UDGLXV 7R SUHYHQW WKH SRVVLELOLW\ RI VKRUWLQJ F
WKDW ZLQGLQJ ODFTXHU GDPDJH RFFXUV WKHVH DUH WR EH
YLD D SUHVV ILW 7KH ," RI WKH GHOULQ WXELQJ PD\ UHT
ILW 7KH 2' RI WKH GHOULQ WXELQJ PD\ UHTXLUH ODWKLQJ WF
FXVWRP FRLO SURILOH 7KH OHQJWK RI ERWK LWHP QXPEHU

HQVXUH WKH DFU\OLF SODWHV PDNH FRPSOHWH FRQWDFW ZLV
,WHPV QXPEHU DQG DUH UHTXLUHG WR VHFXUH WKH XSSHU
SDLU HIIHFWLYHO\ VXVSHQGLQJ LW LQ LW V SURSHU SRVLWLF

7.71( +(10+2/7= &2,/ $66(0%/,(6 %20

1$0( 6DPXHO 2VWHUKRXWs7( = 0$5

3+21( (0$,/ RVWHUKRXW#P\PDLO Pl
8&203$1< &RORUDGR 6FKRRO ®H4(QLQHV RI 5(9

Figure A.4: Coil assembly drawing with bill of materials - sheel of 3
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7(0 12|3$57 180%(5 (6&5,37,21 47<
886720 &OHDU $FU\OLF 6KHHW 6HH 1RWH 0OFOC
&86720 &OHDU $FU\OLF 6KHHW 6HH 1RWH OFOC
s =LQF 30DWHG %UDVV )HPDOH 7KUHDGHG 5RXQG BWDQGRI
6HH 1RWH OFODVWHU
$ %UDVV +H[ 'ULYH 5RXQGHG +HDG 6FUHZ RQJ OFC
&86720 B6HFRQGDU\ &RLO 6HH GUDZLQJ B6TXDUH &RLO 6
7 [ 39& $QJOH &OHDU :DOO /RQJ BHH 1RWI
$ %UDVV /RFN 1XW OFODVWHU
$ %UDVV +H[ 'ULYH 5RXQGHG +HDG 6FUHZ /RQJ OFO
7 7XEH 'HOULQ 2" " &XW WR ILW 6HH 1RWH 0F0
) 127(6

7KH ELOO RI PDWHULDOV RQ WKLV GRFXPHQW TXDQWLILHV WK
FRLO 7R PDNH D SURSHU FRLO SDLU GRXEOH WKH TXDQWLWL
7KLV LV WKH LQQHU FRLO SODWH IRU ERWK RI WKH VHFRQGD
IDFHV WKH 8+0: ZRUN VSDFH VXSSRUW PRXQWLQJ WR WKH OR
VKRZQ IJURP WKH ERWWRP Rl WKH VXSSRUW RQ VKHHW |
6XSSRUW 6HH LWHP QXPEHU RQ VKHHW RI GUDZLQJ +HOP
GLPHQVLRQLQJ DQG IDEULFDWLRQ LQVWUXFWLRQV

7KLV LV WKH RXWHU FRLO SODWH IRU ERWK Rl WKH VHFRQGE
IXUWKHVW IURP WKH 8+0: ZRUN VSDFH VXSSRUW VKRZQ RQ GU
6HH LWHP QXPEHU RQ VKHHW RI GUDZLQJ +HOPKROW] &RLC
IDEULFDWLRQ LQVWUXFWLRQV

7KH UDGLXV RI WKHVH VWDQGRIIV ZDV LQHQWLRQDOO\ VHOHF
EHQG UDGLXV 7R SUHYHQW WKH SRVVLELOLW\ Rl VKRUWLQJ F
WKDW ZLQGLQJ ODFTXHU GDPDJH RFFXUV WKHVH DUH WR EH
YLD D SUHVV ILW 7KH ," Rl WKH GHOULQ WXELQJ PD\ UHT
ILW 7KH 2' RI WKH GHOULQ WXELQJ PD\ UHTXLUH ODWKLQJ WF
FXVWRP FRLO SURILOH 7KH OHQJWK RI ERWK LWHP QXPEHU
HQVXUH WKH DFU\OLF SODWHV PDNH FRPSOHWH FRQWDFW ZLV
7KLV 39& DQJOH LV WR EH PDFKLQHG WR PHHW WKH UHTXLUHF
OLVFHOODQHRXV ODFKLQHG 3DUWYV

7.71( +(10+2/7= &2,/ $66(0%/,(6 %20

1$0( 6DPXHO 2VWHUKRXWs7( = 0$5

3+21( (0$,/ RVWHUKRXW#P\PDLO Pl
8&203$1< &RORUDGR 6FKRRO ®H4(QLQHV RI 5(9

Figure A.5: Coil assembly drawing with bill of materials - shee? of 3
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X0 3857 17 "(6&5,37,21 47<
286720 &OHDU $FU\OLF 6KHHW 6HH IRWH GQFODVWH!
. 286720 &OHDU $FU\OLF 6KHHW  6HH LRWH OFODVWH
s |=LQF 30DWHG %UDVV )HPDOH 7KUHDGHG 5RXQG 6WDQGRII
1RWH OFODVWHU
%UDVV +H[ 'ULYH 5RXQGHG +HDG 6FUHZ /RQJ
286720 /DUJHVW &RLO 6HH GUDZLQJ 6TXDUH &RL® 6L]LQJ
7 |7XEH 'HOULQ 2 " &XW WR ILW 6HH 1RWH OFODVV

127(6
7KH ELOO RI PDWHULDOV RQ WKLV GRFXPHQW TXDQWLILHV WI
RQH FRLO 7R PDNH D SURSHU FRLO SDLU GRXEOH WKH TXDQ
7KLV LV WKH LQQHU FRLO SODWH IRU ERWK Rl WKH RXWHUP
IDFHV WKH 8+0: ZRUN VSDFH VXSSRUW PRXQWLQJ WR WKH OF
FHQWHU RI 9LHZ $ $ VKRZQ RQ VKHHW RI GUDZLQJ :RUN 6SC
QXPEHU RQ VKHHW RI GUDZLQJ +HOPKROW] &RLO 30DWHV
IDEULFDWLRQ LQVWUXFWLRQV
7KLV LV WKH RXWHU FRLO SODWH IRU ERWK Rl WKH RXWHUP
ZKLFK LV IXUWKHVW IURP WKH 8+0: ZRUN VSDFH VXSSRUW VK
6XSSRUW 6HH LWHP QXPEHU RQ VKHHW RI GUDZLQJ +HOF
GLPHQVLRQLQJ DQG IDEULFDWLRQ LQVWUXFWLRQV
7KH UDGLXV RI WKHVH VWDQGRIIV ZDV LQHQWLRQDOO\ VHOHF
FRUQHU EHQG UDGLXV 7R SUHYHQW WKH SRVVLELOLW\ RI VK
WKH HYHQW WKDW ZLQGLQJ ODFTXHU GDPDJH RFFXUV WKHV}H
"HOULQ WXELQJ YLD D SUHVV ILW 7KH ," RI WKH GHOULQ
EHWWHU VXLW WKH SUHVV ILW 7KH 2' Rl WKH GHOULQ WXELQ
LPSHUIHFWLRQV LQ WKH FXVWRP FRLO SURILOH

7.71( +(10+2/7= &2,/ $66(0%/,(6 %20

1$0( 6DPXHO 2VWHUKRXWs7( = 0$5

3+21( (0$,/ RVWHUKRXW#P\PDLO Pl
8&203$1< &RORUDGR 6FKRRO ®H4(QLQHV RI 5(9

Figure A.6: Coil assembly drawing with bill of materials - shee3 of 3
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DVVHPEO\ RQ WKH V\VWHP SODW}

7KH IRXU VFUHZV ZKLFK KDYH WKH KHDG SRLQWLQJ GRZQ DQ
%20

FRPSRQHQW GLPHQVLRQV PD\ EH IRXQG RQ WKH UHVSHFWLYH

7KLV GUDZLQJ VHUYHV RQO\ DV D ELOO Rl PDWHULDOV IRU Wk
GUDZLQJ

XVHG WR LQVWDOO WKLV /('

7,71¢
1$0(

127(6

/(" $66(0%/<

0$5

6DPXHO 2VWHUKRXWs7(

RVWHUKRXW#P\PDLO PI

(0s%,/

&RORUDGR 6FKRRO ®4(0LQHV RI

3+21¢(

5(9

&203$1<

Figure A.7: LED assembly drawing with bill of materials
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O

12| 3$57 180%|(5 "(6&5,37,21 47<
&86720 6HH 1IRWH O0FODVWHU
66 +H[ 'ULYH )ODW +HDG 6FUHZ /RQJ |[OFODV'

7KUHH $[LV +DOO ODJQHWRPHWHU OHWURODE

7 60RWWHG )UDPLQJ
OFODVWHU

JL[HG +HLJKW ORXQWLQJ )RRW 11

7 60RWWHG )UDPLQJ

(QG )HHG )DVWHQHU IRU +LJIK

&6 6RFNHW +HDG 6FUHZ /IRQJ OFODVWHU

127(6

7KLV GUDZLQJ VHUYHV RQO\ DV D ELOO RI PDWHULDOV IRU Wt

FRPSRQHQW GLPHQVLRQV PD\ EH IRXQG RQ WKH UHVSHFWLYH
GUDZLQJ

ODFKLQHG LQ KRXVH IURP ZKLWH 8+0: [
,QVWUXPHQWDWLRQ ORXQW

7,71( ,167580(17$7,21 02817

[ %DU 6WRFN

%20
1%0( 6DPXHO 2VWHUKRXWs7( 0$5
3+21¢( (0%,/ RVWHUKRXW#P\PDLO PI
&203$1<

&RORUDGR 6FKRRO ®4(0LQHV RI 5(9

Figure A.8: Instrumentation mount drawing with bill of materials
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7(0] 3$57 180%(j5(6&5,37,21 47<
%)6 8 6 &|& 03 &RORU %ODFNIO\ 6 86%  &DPHUD )/,5
; PP /RQJ ODFUR =RRP /HQV (GPXQG 2SWLFV
886720 6HH WHFKQLFDO GUDZLQJ &DPHUD ORXQW
&RUQHU %UDFNHW IRU 7 GORWWHG 5DLO 6HH [LIRWH
(QG )HHG )DVWHQHU IRU 7 60ORWWHG 5DLO OFODVWHU
66 +H[ 'ULYH )ODW +HDG 6FUHZ /RQJ| OFODVW
YLIHG +HLJKW ORXQWLQJ )RRW IRU 7 60RWWHG|5DLO | ¢
6HYHQ 3RLQW .QRE 7KUHDGV 6WXG OFODVWH
"URS ,Q )DVWHQHU IRU 7 60RWWHG 5DLO OFODVWHU
2SHQLQJ &DEOH +ROGHU IRU 7 60RWWHG 5DLD OFODV
01 66 6RFNHW +HDG 6FUHZ PP /RQJ OFOPVWHU
7 GORWWHG 6LQJOH 5DLO &XW WR OFODVWHU
286720 6WDLQOHVV 6WHHO 3UHVV )LW 3LQ 6HH 1RWH

B RZAENEEN]

~N| B NN

127(6

7KRXJK WKLV GUDZLQJ VHUYHV DV D ELOO RI PDWHULDOV VSt
GLPHQVLRQHG GUDZLQJV DUH QRW UHTXLUHG

7KH KROH ZKLFK LV XVHG WR VHFXUH WKH FDPHUD PRXQW WR
PDWFK WKH SURILOH RI SDUW QR

7KLV IRRW LV D PRGLILHG IRUP RI WKH SURYLGHG OFODVWHU ¢
GHWDLO RQ GUDZLQJ OLVFHOODQHRXV ODFKLQHG 3DUWV
7KLV LV D FXVWRP PDFKLQHG SLQ PDGH ZLWK WKH LQWHQW W
SLFWXUHG IUDPLQJ 6HH GUDZLQJ OLVFHOODQHRXYV ODFKLQHC

7.71( &$0(5% $66(0%/,(6 %20

130( 6DPXHO 2VWHUKRXWs7( = 0$5
3+21( ( 0%,/ RVWHUKRXW#P\PDLO Pl
8&203%1< &RORUDGR 6FKRRO ®H4(0LQHV RI 5(9

Figure A.9: Camera assembly drawing with bill of materials - et 1 of 2
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,7(0 12| 3%$57 180%(¥6&5,37,21 47<
&86720 6HH WHFKQLFDO GUDZLQJ &DPHUDp ORXQW
%)6 8 6 & & 03 &RORU %ODFNIO\ 6 86% &DPHUD )/,5
) PP /IRQJ ODFUR =RRP /HQV (GPXQG 2sSW
7 ,QOLQH 3LYRW IRU 7 60RWWHG 5DLO  6HH 1RWH
$GMXVWDEOH 3RVLWLRQ +DQGOH 7TKUHDGV
1IRWH OFODVWHU
$ &6 %WXWWRQ +HDG +H[ '"ULYH 6FUHZ /RQJ
$ [ 66 6RFNHW +HDG 6FUHZ PP /RQJ OFOD"
7 (QG )HHG )DVWHQHU IRU 7 60RWWHG 5DJO OFOD\
127(6

7KRXJK WKLV GUDZLQJ VHUYHV DV D ELOO RI PDWHULDOV VSI
VR GLPHQVLRQHG GUDZLQJV DUH QRW UHTXLUHG

,Q RUGHU WR ILW WKH DGGLWLYH PDQXIDFWXUHG FDPHUD PR
SDUDOOHO SODWHV WR WKH SLYRW SRLQW PXVW EH EDFNHG |
WKH FDPHUD PRXQW LV LQ SRVLWLRQ VHFXUH DOO IRXU SDU)\
SLYRW SRLQW

‘XH WR VSDWLDO OLPLWDWLRQV WKH EROWLQJ KDUGZDUH ZD
,Q SODFH RI WKH KDQGOH LV D VKRUW 10DW SODWH ZKLFK GF
FDEOH XSRQ VHFXULQJ WKH 7 1XW LQ WKH YHUWLFDO 7 VORW

7.71( &$0(5% $66(0%/,(6 %20

130( 6DPXHO 2VWHUKRXWs7( = 0$5
3+21( ( 0%,/ RVWHUKRXW#P\PDLO Pl
8&203%1< &RORUDGR 6FKRRO ®H4(0LQHV RI 5(9

Figure A.10: Camera assembly drawing with bill of materials -heet 2 of 2
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/X0 13857 1809%(6&5,37,21 47<

7 7 GORWWHG 6LQJOH 5DLO &XW WR
7 7 GORWWHG 6LQJOH 5DLO &XW WR oF
7 7 GORWWHG 6LQJOH 5DLO &XW WR
7 7 GORWWHG 6LQJOH 5DLO &XW WR
7 7 GORWWHG 6LQJOH 5DLO &XW WR
7 "LDJRQDO %UDFH IRU 7 60ORWWHG 5DLO
7 &RUQHU %UDFNHW IRU 7 6ORWWHG 5DLO
7 &RPSDFW (QG )HHG )DVWHQHU IRU| 5DLO
7 (QG )HHG )DVWHQHU IRU 7 6ORWWHG 5DL
7 886720 6HH LRWH OFODVWHU

6HYHQ /REH .QRE 7KUHDG OFODVWHL
. 886720 6HH LRWH OFODVWHU
7 "URS LQ )DVWHQHU IRU 7 60RWWHG 5DLO
7 2XWVLGH &RUQHU %UDFNHW IRU |5DLO o0l
7 2SHOLQJ &DEOH +ROGHU IRU _ 5DLO OFOI
7 / 6KDSHG &RQQHFWRU IRU 7 60RWWHG 51

' %$&. 9.(:

127(6
7KRXJK WKLV GUDZLQJ VHUYHV DV D ELOO Rl PDWHULDOV VS
VR GLPHQVLRQHG GUDZLQJV DUH QRW UHTXLUHG
ODFKLQHG LQ KRXVH IURP ZKLWH 8+0: [ [ %DU 6WRFN
,QVWUXPHQWDWLRQ ORXQW
ORGLILHG LQ KRXVH IURP IL[HG KHLIJKW PRXQWLQJ IRRW 6HH
___________ WHFKQLFDO GUDZLQJ OLVFHOODQHRXV ODFKLQHG 3DUWYV

/IDVHU FXW LQ KRXVH IURP ZKLWH $FU\OLF [ [ BKHHW
%DFNGURS RQ WHFKQLFDO GUDZLQJ OLVFHOODQHRXV ODFKL
7.71( 9(57,&%/ ,167580(17%$7,21 5$&. %20
. 1$0( 6DPXHO 2VWHUKRXWs7( = 0$5
5217 9.(:
( 3+21( (0$,/ RVWHUKRXW#P\PDLO Pl
8&203$1< &RORUDGR 6FKRRO ®H4(QLQHV RI 5(9

Figure A.11: Vertical instrumentation rack drawing with bill of materials
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RI PDWHULDOV VSHFLILF FXW GLPHQVLRQV DUH SU
UHTXLUHG

,7(0 12| 3$57 180% (4 "(6&5,37,21 47<
) &86720 6HH 1RWH OFODVWHU
7 7 GORWWHG 6LQJOH 5DLO &XW WR OFODVWH
&86720 B6WDLQOHVV 6WHHO 3UHVV )LW 3LQ 6HH
} 6HYHQ 3RLQW .QRE 7KUHDGV BWXG 0
7 &86720 6HH 1RWH OFODVWHU
7 ‘URS ,Q )DVWHQHU IRU 7 60RWWHG 5DLD OFOD\
7 (QG )HHG )DVWHQHU IRU 7 60RWWHG 50L0 OFO0
127(6
7ZR Rl WKLV DVVHPEO\ VKRXOG EH SURGXFHG LQ WRWDO 7KR

RYLGHG V

ODFKLQHG LQ KRXVH IURP ZKLWH 8+0: [ [ %DU 6WRFN
LGHQWLFDO ZLWK WKDW RI ,PDJLQJ %DFNGURS GHWDLO RQ !
3DUWV H[FHSW WKH XSSHU KROH VKRXOG RQO\ EH VHSDUL

WKDQ

6HH 7UDFN *XLGH 3LQ GHWDLO RQ GUDZLQJ OLVFHOODQHRX
7KLV LV D PRGLILHG IRUP RI WKH SURYLGHG OFODVWHU SDUW
GHWDLO RQ GUDZLQJ OLVFHOODQHRXV ODFKLQHG 3DUWV

7.71( +25,=217%$/ &$0(5% %$&.'523 %20
1$0( 6DPXHO 2VWHUKRXWs7(  $35,/

3+21( (0$,/ RVWHUKRXW#
8&203$1< &RORUDGR 6FKRRO ®H4(QLQHV RI 5(9

Figure A.12: Horizontal camera backdrop drawing with bill of mgerials
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,7(0 12 3$57 180%(5

'(6&5,37,21 47<

7HUPLQDO %ORFN )LYH $ &LUFXLWV &WR& OFODVWHU

$ &86720 6HH 1RWH OFODVWHU
$

66 XWWRQ +HDG +H[ &DS 6FUHZ /RQJ OFODVWHU

&OHDU &DVW $FU\OLF 5RG /IRQJ 'LDPHWHU 6HH 1RWH

127(6

7KLV GUDZLQJ VHUYHV RQO\ DV D ELOO RI PDWHULDOV IRU
FRPSRQHQW GLPHQVLRQV PD\ EH IRXQG RQ WKH UHVSHFWL
GUDZLQJ LQ $SSHQGL[ T7HFKQLFDO 'UDZLQJV

&XVWRP SDUW PDFKLQHG LQ KRXVH IURP EODFN 8+0: VKHHYV
‘RUN 6SDFH 6XSSRUW

7KH SXUSRVH RI WKH DFU\OLF F\OLQGHU LV WR RIIHU D VXL
H[SHULPHQWDO VHWXS DQG SURYLGH D PHGLXP IRU HYHQ
/(" PDWUL[ WR EH PRXQWHG GLUHFWO\ EHORZ WKH DFU\OLF
GLVWULEXWLRQ RI WKH OLJKW SDVVLQJ WKURXJK LW WKH
WKH FAOLQGHU IDFHV ZHUH OLJKWO\ VDQGEODVWHG

7.71( :25. 63$&( 6833257 %20
1$0( 6DPXHO 2VWHUKRXWs7( = 0$5

3+21( (0$,/ RVWHUKRXW#P\PDLO Pl
8&203$1< &RORUDGR 6FKRRO ®H4(QLQHV RI 5(9

Figure A.13: Work-space support drawing with bill of materias - sheet 1 of 2
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X0 3357 13 "(6&5,37,21 47<
$ %UDVV +H[ 'ULYH 5RXQGHG +HDG 6FUHZ /RQJ | 6HH
$ %UDVV +H[ 'ULYH 5RXQGHG +HDG 6FUHZ /RQJ 6H
$ %6 +H[ 'ULYH JODW +HDG _ /RQJ 6HH LRWH oFoDV

=)

!

v
O

127(6

7KLV GUDZLQJ VHUYHV RQO\ DV D ELOO Rl PDWHULDOV IRU Wt
FRPSRQHQW GLPHQVLRQV PD\ EH IRXQG RQ WKH UHVSHFWLYH
LQ $SSHQGL[ 7HFKQLFDO 'UDZLQJV $00 SDUWV SLFWXUHG Z
VKHHW RU ZHUH LQFOXGHG WR DVVLVW LQ FRPPXQLFDWLQJ
LQ H[SORGHG YLHZ
&XVWRP SDUW PDFKLQHG LQ KRXVH IURP EODFN 8+0: VKHHW
6SDFH 6XSSRUW DQG :RUN 6SDFH 6XSSRUW %20 IRU DGGLV
LQIRUPDWLRQ

%UDVV VFUHZ LV UHTXLUHG WR VHFXUH WKH LQQHU FR
FRLO VHW WR WKH ZRUN VSDFH VXSSRUW

%UDVV VFUHZV DUH XVHG WR VHFXUH WKH ORZHU LQQ

66 VFUHZV DUH XVHG WR VHFXUH WKH ZRUN VSDFH VX

LWVHOI
7.71( :25. 63$&( 6833257 %20
1$0( 6DPXHO 2VWHUKRXWs7( = 0$5
3+21( (0$,/ RVWHUKRXW#P\PDLO Pl
8&203$1< &RORUDGR 6FKRRO ®H4(QLQHV RI 5(9

Figure A.14: Work-space support drawing with bill of materiad - sheet 2 of 2
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Figure A.15: Low voltage assembly drawing with bill of materia
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Figure A.16: Base plate shop drawing - sheet 1 of 8
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Figure A.17: Base plate shop drawing - sheet 2 of 8
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Figure A.18: Base plate shop drawing - sheet 3 of 8
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Figure A.19: Base plate shop drawing - sheet 4 of 8
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Figure A.20: Base plate shop drawing - sheet 5 of 8
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Figure A.21: Base plate shop drawing - sheet 6 of 8
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Figure A.22: Base plate shop drawing - sheet 7 of 8
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Figure A.23: Base plate shop drawing - sheet 8 of 8
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Figure A.24: Camera mount shop drawing
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Figure A.25: Coil plate shop drawing - sheet 1 of 3

118



/ 2
%
o5/
© A/
[ 127(6

$00 GLPHQVLRQV SURYLGHG DUH LQ XQLWV RI LQFKHV
8QOHVV RWKHUZLVH SURYLGHG DOO WROHUDQFHV DUH DVVX
$00 FRLO SODWHV ZHUH FXW RXW RI WKLFN DFU\OLF OFO
,QGLFDWHY PHDVXUHPHQWY ZKLFK DUH LGHQWLFDO RQ ERV
7KH ODUJH FRLO FUDGOH LV D QRWFK LQ ZKLFK WKH ODUJH F
LQ HDFK RI WKHVH FUDGOHV ZLOO EH IOXVK ZLWK WKH SHUSFH
FUDGOH FDWFK SLFWXUHG LQ '"HWDLO % RQ VKHHW RI WKLV

(7%$./ % [$5*( &2,/ &5%'/( 7<3] 7.71( +(/0+2/7= &2,/ 3/$7(6
7<3,&%/ )25 %27+ 5,*+7 +$1' &872876 1$0¢( 6DPXHO 2VWHUKRXWs7( | 0$5
0,5525(' )25 /()7 +$1' &872876 3+21( ( 0%,/ RVWHUKRXW#P\PDLO Pl
6(( 127(6 8&203$1< &RORUDGR 6FKRRO ®R4(QLQHV RI 5(9

Figure A.26: Coil plate shop drawing - sheet 2 of 3
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Figure A.27: Coil plate shop drawing - sheet 3 of 3
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Figure A.28: Instrumentation mount shop drawing

121



127(6

7<3][

7<3]

15217 9.(:

$00 GLPHQVLRQV SURYLGHG DUH LQ XQLWYV RI LQFKHV
8QOHVV RWKHUZLVH SURYLGHG DOO WROHUDQFHV DUH DVVX}
8QOHVV RWKHUZLVH SURYLGHG DOO ILOOHWY DUH DVVXPHG \
7KLV SDUW LV WR EH SURGXFHG ZLWK 1\ORQ XVLQJ )'0

$00 IRXU /(" VWDQGRIIV DUH WR KDYH D GHJUHH FKDPIHU W
F\OLQGHU WR WKH PRXQW SODWH IDFH

7KH KROH SURYLGHV D ORFDWLRQ IRU SRVLWRLQLQJ D FRF
JURPPHW 6HH SDUWV OLVW IRU GHWDLOV RQ /(' $66(0%/< GUL

7,71¢( /(" 0$75,; 02817 3/$7(
1$0( 6DPXHO 2VWHUKRXWs7( = 0$5

3+21( (0%,/ RVWHUKRXW#P\PDLO PI

8&203$1< &RORUDGR 6FKRRO ®R4(QLQHV RI 5(9

Figure A.29: LED matrix mount plate shop drawing
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Figure A.31: Square colil sizing shop drawing
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Figure A.32: Work-space support shop drawing - sheet 1 of 2

125



%

72 )s&(] |
-

.
6<00(75,&$/ $%287 %25 +2/(
. 818&
——|  6<00(75,&%/ $%287 —
%25( +2/( / V7+58 7<3]
7 3”*1
<3l 7<3 [
VT 7<3

7<3[

%

7<3T‘ ‘ 72 )$&(

72 )ba(

o
o
i
7<37Tl F 72 )88&(

9. % %

6((127¢(

127(6 $
$00 GLPHQVLRQV SURYLGHG DUH LQ XQLWV RI LQFKHV
8QOHVV RWKHUZLVH SURYLGHG DOO WROHUDQFHV DUH DVVXPHG
%RWK YLHZV $ $ DQG % % DUH PLUURUV RI WKH RSSRVLQJ SDUW
(;&(37 IRU GLPHQVLRQV UHODWLQJ SRVLWLRQ RI WDSSHG KRO

7,71 ( :25. 63%&( 6833257
1$0( 6DPXHO 2VWHUKRXWs7( = 0$5
3+21( (0$,/ RVWHUKRXW#P\PDLO PLQF

&203$1< &RORUDGR 6FKRRO ®RH(QLQHV RI 5(9

Figure A.33: Work-space support shop drawing - sheet 2 of 2
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Figure A.34: Wiring diagram of the entire Helmholtz system
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Table A.1: Average recorded B-eldat X =-1,"Y =-1"and Z =-0.5"

Approximation Error
Coil | Bx By Bz Wire Method |  Shell Method || Units
| Bx | By | Bz Bx | By | Bz |
-X |113.98| -145| 0.51 |/ 0.38| -0.38| 1.01 | -0.70| -0.05| 1.16 mT
+X 9.87 | 1.03 | -0.31( 0.95|-0.04| -0.83|| 0.96 | -0.20| -0.91|| mT
-Y | -040]13.17| 0.77 || 0.42| 0.35| 1.16 | 0.62 | -0.43| 1.26 mT
+Y 1.12 | 10.22| -0.01)] 0.31| 0.82 | -0.41| 0.18 | 0.73 | -0.47|f mT
-Z | -164| -217| 993 |/ 0.01|-0.22| 1.34 | -0.34| -0.56| 0.41 mT
+Z 1.71 | 1.47 | 14.66| 0.22| -0.29| 0.42 | 0.93| 0.41 | 0.53 mT

Table A.2: Average recorded B-eldat X =-1,"Y =-1,"and Z = 0.5"

Approximation Error
Coil | Bx By Bz Wire Method |  Shell Method || Units
| Bx | By | Bz Bx | By | Bz |
-X |14.05| -1.47| 046 | 0.44| -0.42| -0.05| -0.64| -0.09| -0.20|| mT
+X 9.79 | 1.02 | -0.24 | 0.86| -0.05| 0.28 || 0.88 | -0.22| 0.36 mT
-Y | -0.38|13.12| 0.73 |/ 0.44| 0.30 | 0.33| 0.65| -0.48| 0.23 mT
+Y 1.18 | 10.22| 0.04 || 0.36| 0.84 | 0.44 | 0.24 | 0.75 | 0.50 mT
-Z | -1.73| -2.23 | 10.12|/ 0.14| -0.36| 0.60 || 0.84 | 0.34 | 0.71 mT
+Z 1.80 | 1.50 | 14.53|] 0.10| -0.20| 1.20 | -0.24| -0.55| 0.27 mT
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Table A.3: Average recorded B-eldat X =-1,"Y =1,"and Z = -0.5"

Approximation Error
Coll Bx By Bz Wire Method |  Shell Method || Units
Bx | By | Bz || Bx | By | Bz |
-X |14.30| 0.44 | -0.50| 0.73|-0.63| 0.0 || -0.34| -0.96| 0.15|| mT
+X 9.49 | -1.54| 0.79 || 0.54 | -0.47| 0.28|| 0.56 | -0.30| 0.20 || mT
-Y | -0.30| 9.66 | -0.22|| 0.52 | 0.27 | 0.18| 0.64 | 0.18 | 0.24 | mT
+Y 1.75 | 13.93| 1.02 || 0.93 | 1.10 | 0.63|] 0.73| 0.32 | 0.53 || mT
-Z | -1.70| 1.19 | 14.20|| -0.0 | -0.51| 0.87| 0.34 | -0.85| -0.06| mT
+Z 1.65 | -2.18 | 10.43|| -0.23| -0.31| 0.91| -0.93| O 1.02| mT

Table A.4: Average recorded B-eldat X =1,"Y =-1,"and Z = -0.5"

Approximation Error
Coil | Bx By Bz Wire Method ||  Shell Method || Units
Bx | By | Bz Bx | By | Bz |
-X | 939 | -1.37| -0.64| 042 -0.32| -0.10|| 0.43 | -0.15| -0.18|| mT
+X | 1451 0.78 | 091 || 0.93| -0.17| 0.33 || -0.15| -0.50| 0.48 | mT
-Y | 1.24 | 13.19| -0.09| 0.38 | 0.42 | 0.32 || 0.18 | -0.36| 0.22 || mT
+Y | -0.52|10.29| 0.89 || 0.26 | 0.90 | 0.42 || 0.38| 0.81| 0.48 || mT
-Z | 1.85| -245|13.91| -0.12| -0.38| 0.50 | -0.81| 0.35 | 0.61 || mT
+Z | -1.79| 158 | 10.41{ -0.23| -0.08| 1.13 || 0.12 | -0.42| 0.20 || mT

Table A.5: Average recorded B-eldat X =1,"Y =-1,"and Z = 0.5"

Approximation Error
Coil | Bx By Bz Wire Method ||  Shell Method || Units
Bx | By | Bz Bx | By | Bz |
-X 1936 |-139| 042 | 042|-0.32|-0.10| 0.43 | -0.15| -0.18|| mT
+X | 1454 0.90 | -0.17 || 0.93 | -0.17| 0.33 || -0.15| -0.50| 0.48 mT
-Y 1.20 | 13.25| 0.72 || 0.38 | 0.42 | 0.32 | 0.18 | -0.36| 0.22 mT
+Y | -0.56|10.29| 0.02 | 0.26 | 0.90 | 0.42 | 0.38 | 0.81 | 0.48 mT
-Z 1.75 | -2.21 | 10.02|| -0.12| -0.38| 0.50 || -0.81| 0.35 | 0.61 mT
+Z -1.93| 1.62 | 14.46(| -0.23| -0.08| 1.13 || 0.12 | -0.42| 0.20 mT
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Table A.6: Average recorded B-eldat X =1,"Y =1,"and Z =-0.5"

Approximation Error
Coil | Bx | By Bz Wire Method || Shell Method || Units
Bx | By | Bz Bx | By | Bz |
-X | 954 | 057 | -0.59( 0.60 | -0.49| -0.06|| 0.62 | -0.66| 0.02 | mT
+X [14.19| -1.90| 0.81 || 0.60 | -0.84| 0.31 | -0.48| -0.51| 0.16 || mT
-Y | 144 | 953 |-0.21| 0.62| 0.14 | 0.19 | 0.50 | 0.05| 0.26 || mT
+Y 0.12 | 14.09| 1.01 | 094 | 1.26 | 061 || 1.15| 048 | 050 || mT
-Z | 192 | 1.09 | 14.02| 0.23 | -0.61| 0.70 || -0.12| -0.96 | -0.23|| mT
+Z | -1.92| -2.01| 10.42(| -0.05| -0.14| 0.92 || 0.65| 0.56 | 1.02 || mT
Table A.7: Average recorded B-eldat X =1,"Y =1,"and Z = 0.5"
Approximation Error
Coil | Bx By Bz Wire Method ||  Shell Method || Units
Bx | By | Bz Bx | By | Bz |
-X | 943 | 097 | 050 | 0.49|-0.10| -0.02| 0.50 | -0.27| 0.10| mT
+X |14.48] -1.14| -0.25|| 0.88 | -0.08| 0.25| -0.20| 0.25| 0.40|| mT
-Y 102 | 971 | 061 0.21| 0.32| 0.21 | 0.08 | 0.23 | 0.14|| mT
+Y | -0.59| 14.12| 0.12 || 0.23 | 1.29| 051 || 0.43| 051 | 0.61| mT
-Z | 1.85| 1.28 | 10.18| -0.02| -0.59| 0.67 || -0.72| -1.29| 0.77|| mT
+Z | -2.01| -2.26| 14.42|| -0.31| 0.57 | 1.09 || 0.03 | -0.23| 0.16|| mT
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Table A.8: Calculated coil-pair B- eld at all recorded positons

Position || Coil-Pair | Bx (mT) | By (mT) | Bz (mT) Bot
x: -1" X 23.92 0.15 -0.23 23.92
y: -1" Y -0.56 22.94 0.675 | 22.95
z: 0.5" Z -0.05 -0.64 24.59 | 24.60
x: -1" X 23.85 0.10 -0.23 23.85
y: -1" Y -0.49 23.14 0.71 23.15
z: 0.5" z 0.06 -0.78 24.47 | 24.48
x: -1" X 23.84 -0.65 -0.24 23.85
y: 1" Y 0.23 23.18 0.70 23.19
z: 0.5" z -0.02 -0.85 24.70 | 24.72
x: -1" X 24.72 0.29 0.09 24.72
y: 1" Y 1.17 20.74 0.37 20.77
z: -0.5" Z -0.01 2.45 22.70 | 22.84
x: 1" X 21.31 2.43 -0.18 21.45
y: -1" Y -0.47 23.25 0.67 23.27
z: 0.5" Z 0.27 -0.48 24.43 | 24.44
x: 1" X 21.23 1.83 -0.06 21.31
y: -1" Y 0.12 23.30 0.70 23.31
z: -0.5" Z -0.18 -0.87 24.29 | 24.30
x: 1" X 23.87 0.31 -0.28 23.87
y: 1" Y -0.58 23.26 0.69 23.27
z: 0.5" z 0.19 -0.86 2458 | 24.59
x: 1" X 23.87 0.34 -0.14 23.87
y: 1" Y -0.61 23.41 0.74 23.43
z: -0.5" z -0.16 -0.75 24.45 | 24.46
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