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(ABSTRACT)
Twist Capsules are rotating electrical connections that are used when low noise

electrical signals are required between a stationary connector and a mechanically

oscillating one.  Twist capsules are used throughout industry especially in areas that

require exceptionally clean signals such as the space satellite industry and military

applications.  Due to the high cost of replacing parts on satellites launched into space and

life-sustaining aspects of military applications, accurate modeling of these devices is

essential to predict their behavior.

Clock spring twist capsules use a flex tape, copper traces between two layers of

Kapton, which rolls onto itself tightening against the shaft at one extreme and rolling out

against the frame at the other extreme.  This cyclic tightening and loosing can cause

stresses on these flex tapes consequently, resulting in their failure due to fatigue.

Therefore, it is imperative that some method be used to estimate the stresses in the flex

tape in order that the optimal design parameters may be calculated.  The natural

progression from estimating the stresses is to predict the life of the twist capsule.

Current techniques involve iteratively building physical models and heritage

(what has worked in the past will work in the future) to build twist capsules.  This

methodology has been sufficient, but a large factor of safety is used during design to

cover the lack of assurance in the method.  This thesis proposes a new design method

using clock spring equations to estimate the torque in twist capsules and the stresses

induced into the flex tapes.  This new design method accurately predicts operating range,

torque, and stress in the normal operating range of the twist capsule sufficient enough for

design purposes in a fraction of the amount of time it would normally take to design a

twist capsule.
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1. INTRODUCTION

1.1 Introduction and Motivation

Twist capsules are rotating electrical connections that are used as a low noise

alternative to slip rings when only limited range oscillatory motion is required.  Twist

capsules are used in many varied industries due to their superiority over slip rings and

traditional wiring.  Twist capsules offer lighter weight, improved aesthetics, and better

dynamic characteristics than traditional cabling while providing lower signal-to-noise

ratios than current slip ring technology.  A picture of a twist capsule is shown in Figure

1.1.

Figure 1.1--Twist Capsule Produced By Litton Poly-Scientific (1998)

Twist capsules are very popular in high focus areas such as the space satellite industry

and the defense industry.  Due to the extreme requirements for weight, size, reliability,

and signal-to-noise ratio in these areas, twist capsules are the only viable choice for

electrical interconnects.  Replacing a twist capsule in space operation is often not an

option, or if it is an option, it is an extremely expensive one.  In military applications,

human life can depend of the proper operation of a twist capsule.  With the enormous

requirements placed on these devices, thorough understanding is necessary to accurately
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predict their behavior and life.  Some of the most important aspects of their behavior are:

the stresses induced onto the flex tape, the amount of torque needed to rotate the twist

capsule, the ultimate life of the twist capsule, and the range of motion of the twist

capsule.  Some of the basic structural variables over which the design engineer has

control are the frame diameter, flex tape length, and the total range of motion of the twist

capsule.  All of these variables should be designed with the greatest care to insure the

lowest possible risk of failure.

1.2 Background

There are three basic types of twist capsules:  the roll flex, the flat pack, and the clock

spring.  The roll flex consists of several bent flex tapes rolled between two shafts, which

have limited rotation, see Figure 1.2.  The roll flex twist capsule looks very similar to a

large bearing but with the needles or balls replaced by folded flex tapes.  This type of

twist capsule forces the flex tapes into a very sharp bend; therefore, high stress, unless the

distance between the shaft and frame of the twist capsule is very large.  Since size and

weight is usually a large concern, this large distance between the shaft and the frame is an

unfavorable trait.

Flex Tape

Small Shaft

Large Shaft

Figure 1.2--Roll Flex Twist Capsule
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A flat pack twist capsule is very similar to a roll flex twist capsule.  The flat pack

twist capsule contains several flex tapes rolling between two large flat disks, see Figure

1.3.  This type of twist capsule also forces the flex tapes into sharp bend radii.  This

places high stresses on the flex tapes unless sufficient space can be maintained between

the two disks.  Forcing flex tapes into sharp bends not only increases the stresses in the

flex tapes but it also decreases the life of the flex tapes and requires more torque to rotate

them.  Additionally, there is difficulty in manufacturing both the roll flex and flat pack

twist capsules.  Due to the limitations of the other types the clock spring is by far the

most widely used.

Flex Tape

Shaft

Disks

Figure 1.3--Flat Pack Twist Capsule

Clock spring twist capsules use a flex tape, consisting of copper, electro-deposited

onto a polyimide substrate, or rolled annealed copper bonded to the polyimide substrate.

This polyimide substrate or film, as it is sometimes called, is also known as Kapton, a

trade name in the industry.  The flex tapes can consist of several layers of

polyimide/copper layers; however, the most popular configuration for space and military

applications is known as a double layer flex tape in which a single copper trace layer is

sandwiched between two layers of Kapton.  The flex tape rolls onto itself tightening

against the shaft at one extreme and rolling out against the frame at the other extreme,

performing much like a clock spring.  This cyclic tightening and loosing can cause stress
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on the flex tapes resulting in their failure due to fatigue.  This failure may not be visually

evident but merely a deterioration of the flex tape’s ability to transmit signals cleanly,

which still renders the connection useless.  Throughout this paper, a few terms are used to

describe the twist capsule configuration being tested or modeled.  A pictorial

representation of these terms is shown in Figure 1.4.

Figure 1.4--Diagram of Twist Capsule with 4 Tape and 2 Exits

A tape exit is the location on the twist capsule frame where the flex tape protrudes

from the frame for attachment to other components.  The flex tape is bonded to this

location so that there is no sliding of the flex tape against frame or rotation of the flex

tape at this point.  By bonding the flex tape to the frame at the exit location, the tape

length inside the twist capsule is set to design-specified length, also called the active

length.  Twist capsules can have any number of exits depending on a customer's

specifications.  A tape is a flex tape, which is attached to the shaft at one end then, spirals

around the shaft several times and is finally attached to the frame.  A twist capsule can

have any number of tapes, depending on the number of circuits the twist capsule is

required to carry.  Tapes can even be doubled up so that two or more tapes are attached at

the same shaft location and exit at the same frame exit.  Therefore eight tapes with four
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exits would have two tapes leaving each of four different places on the shaft and exiting

four different locations of the frame.  Figure 1.2 shows four tapes with two exits.

1.3 Current Technology

Current techniques for design of twist capsules vary among different

manufacturers.  Frequently, the design method involves building physical models to

determine the optimal tape lengths.  These models are usually rough approximations

because building full working models is time consuming and expensive.  After the

models are completed, several tape lengths are tried to see which ones fit the design best

with the given rotation requirement.  Even after the final design is finished, the design

engineer has no idea of the amount of torque required to rotate the twist capsule, a key

design specification that is always of interest to the twist capsule customer.

Heritage also plays a major role in twist capsule design.  Heritage is simply using

what has worked in the past for no other reason than it has worked in the past.  If a new

application is similar to an existing design, the new design becomes a scaled version of

the old design.  This method has been sufficient in the past, but a large factor of safety is

always used to cover the lack of assurance in the method.  Today, more demands are

being placed upon twist capsules to work more efficiently, have longer lives, and contain

more circuits all in a smaller lighter device, therefore, pushing the need for newer and

more accurate modeling techniques.  The newer methods I have used are based upon

adaptation of clock spring technology because clock springs look and operate similar to

clock spring twist capsules.  This method, in addition to application of basic laws of

stress and strain, provides for the estimation of torque, stresses, and life of the flex tapes

in twist capsules.
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My design methodology, however, will allow a twist capsule design engineer to

input the customer-specified design parameters, then iteratively solve for the remaining

design parameters using a spreadsheet.  While iteratively solving for these parameters,

the design engineer will be able to view torque-versus-rotation curves, predict the total

amount of rotation of the twist capsule, and predict life of the twist capsule.  Using an

Excel spreadsheet during this phase of design allows the engineer to set design

parameters quicker and at much less cost than using current methods.  In addition, the

design engineer will be able to set these design parameters with more confidence since he

or she will be able to predict the life and torque which previously could only be guessed.

1.4 Summary of Results

The work reported here shows that twist capsules can be modeled as clock

springs.  In most cases, the predicted torque values are within ±0.05-ounce-inch, the

normal operating range on the twist capsule.  Therefore, the proposed clock-spring-

derived design methodology can be used to design twist capsule in less time and with

greater confidence than previous methods.

The assumption was made that if the torques per angle of rotation could be

predicted accurately, the clock spring equations for predicting stress would also be

accurate.  It has been found that both torque and stress are linear functions of rotation.

Flex tapes perform traditionally in fatigue which means that their strength decreases

asymptotically with number of cycles.

As further evidence of the linear relationship between torque and angle of

rotation, a linear fit line was added to the measured data in figures 4.2 through figure

4.23.  The correlation coefficient squared was calculated as an indicator measure of how
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well the measured data matched the linear fit.  In most cases R2 was above 0.9 which is

considered a statically strong correlation between the measured data and the linear fit;

and in the R2 was 0.82 which is still considered a strong correlation.  If the measured data

is very similar to the linear fit, the measured data must be linear itself.  This conclusion is

matched by the linear relationship in the clock spring equations.

1.5 Presentation of Thesis

An optimal twist capsule design is one that uses the proper physical parameters

such as tape length and frame diameter to induce the lowest possible stress on the flex

tapes of twist capsules.  Inducing the lowest stresses will require less torque to rotate the

twist capsule and therefore will increase the twist capsule's life.  It is the goal of this

thesis and the accompanying computer model to aid in twist capsule design methodology

by finding the optimal design parameters without building time-consuming physical

models.  These crude physical models still give no assurance that the final product will

meet specifications.  The methodology proposed will allow an engineer to try different

design parameters to find the design which falls within the design specifications and

induces the lowest stress on the flex tapes.  This design would then be the optimum

design.  All this design iteration can be done at no cost and essentially instantaneously.

The following chapters will discuss the method for which equations were derived

and compared against experimental data.  More specifically, Chapter 2 will go into more

depth concerning the different design guidelines when using flex tapes and the fatigue

testing that has been performed on flex tapes.  Chapter 2 also details the primary

guidelines and methodologies of clock spring design.  Chapter 3 outlines how clock

spring design equations come together to form the computer model.  The experimental
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procedure, as well as a description of the test apparatus, used to validate the predicted

results are cover in Chapter 4.  Chapter 4 also covers the mathematical methods used to

compare the linear assumption to the measured data.  Chapter 5 formalizes my findings

as well as discussing the means by which the accompanying design method and computer

model would be used in industry.
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2. LITERATURE REVIEW
2.1 Clock Spring Technology

The movement of a flex tape inside a twist capsule is very similar to the motion of

a metal strip comprising a clock spring.  Clock springs, or power springs as they are

sometimes termed, store torque by wrapping a strip of metal around an arbor and

confining it inside a case.  Different individuals have modeled clock springs; however,

the basic equations are very similar.

According to the Associated Spring Design Handbook (1981), load-deflection

curves for power springs are difficult to predict, because the amount of active material

changes as the spring is wound, and there is friction between the coils.  This is similar to

the scenario of flex tapes inside twist capsules.  This Design Handbook suggests that the

spring should occupy 40% to 50% of the available space between the shaft and the frame.

If more strip is used, the number of turns available for rotation decreases, and if less strip

is used, then the stresses are not as small as they could be.  This guideline cannot be used

for flex tapes, however, since their length is usually fixed by cost or circuit impedance

requirements.  These items will be discussed later.  The Design Handbook also suggests

that the torque is different in the loading and unloading cases.  Figure 2.1 shows that the

torque is higher for loading situation, as torque is applied to the shaft, than for the

unloading situation.  This scenario is seen in twist capsules as well; however, not to the

extent suggested by the figure.  During the twist capsule testing used to validate the

predictions of this thesis, all the measurements were taken in the loading curve or "worst

case" torque application.
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Figure 2.1--Diagram of Torque vs. Revolutions Shown inside a Design Book

The Design Handbook also suggests a "rule of thumb" guideline for design.  This

guideline says the ratio of clock-spring-metallic-strip length to metallic strip thickness

must be less than 15,000.  This principle is used to reduce the problems of friction caused

by tape interactions.  Flex tapes fall well within this guideline because the length of flex

tapes is much shorter than that of clock springs comparatively for reasons discussed

further in Section 2.2.

Wallace Barnes Company's Mechanical Springs Their Engineering and Design

(1944) covers several aspects of spring manufacturing as well as spring design.  This

handbook presents an additional "rule of thumb" guideline for springs: the ratio of width

to thickness should be between 3:1 and 18:1 to reduce chances of buckling of the spring.

For flex tapes, this ratio guideline is observed for most configurations.
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Wahl (1978) presents, perhaps, the most comprehensive and popular design

methodology for design of clock springs.  In his book, Wahl initially calculates the

maximum rotation of the spring.  This is done by equating the area of the metallic strip

straightened with the cylindrical area occupied by the spring when wound on the shaft.

The equation used to calculate the outside diameter of the spring in the wound-up

condition is

( )ddhl 124
22 −=∗ π

(2.1)

where l is the length of the metal strip, h is the thickness of the metal strip, d2 is the

outside diameter of the cylinder formed by the wound-up spring, and d1 is the diameter of

the shaft.  The wound-up condition is shown in Figure 2.2.

Figure 2.2--Wound Spring Diagram

Similarly, the dimensions of the area the spring occupies in the un-wound state are
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( )DDhl 124
22 −=∗ π

(2.2)

where D1 is the inside diameter of the cylinder formed by the un-wound spring and D2 is

the diameter of the frame.  The un-wound condition is shown in Figure 2.3.

Figure 2.3--Diagram of Un-Wound Spring

Assuming that one wrap of the metal strip is equal to the circumference of the circle

mean distance between d2 and d1, then the number or wraps can be calculated in the

wound-up condition (see Eq. 2.3 below) where n is the number of wraps in the wound

condition.

h
ddn

∗
−=

2
12 (2.3)
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Making the same assumption about the mean distance between D2 and D1, the number of

wraps can be calculated in the un-wound condition (see Eq. 2.4) where n' is the number

of wraps in the un-wound condition.

h
DDn

∗
−=

2
' 12 (2.4)

The total number of rotations can be found by subtracting the wound number of turns

from the un-wound number of turns (see Eq. 2.5) where ∆N is the total number of turns

of the spring.

'nnN −=∆ (2.5)

Making the assumption that the flex tape bends like a cantilever beam, the moment

required to cause a material to bend can be calculated from the traditional bending beam

equation and is shown in Eq. 2.6.

IE

M

∗
=

ρ
1

(2.6)

Where ρ is the radius of curvature, M is the moment or torque required to cause the

bending, E is the Modulus of Elasticity and I is the moment of inertia.  For a rectangular

cross-section, the area moment of inertia is can be calculated from Eq. 2.7.

hbI 3

12

1 ∗∗= (2.7)

Where b is the width of the metallic strip inside the clock spring, From Eq. 2.6, shows

that as the moment increases the radius of curvature decreases.  Wahl then assumes that

the minimum radius of curvature occurs at the mean distance between d2 and d1, as

shown in Eq. 2.8.

4
12 dd +=ρ (2.8)
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This, however, is not the case, the minimum radius of curvature occurs where the

metallic strip or flex tape exits the shaft and bends tightly around the shaft outer edge.

This is discussed further in Chapter 3.  Combining Eq. 2.6, Eq. 2.7, and Eq 2.8, Eq. 2.9

can be derived for the stress in a clock spring.

l

NhbE
M

*6

3Λ∗∗∗= π
(2.9)

Stress is then calculated from the bending moment, see Eq. 2.10.

I

cM ∗=σ (2.10)

Where M is the torque or moment, they are the same for this case.  This can be seen after

realizing that the torque of the shaft is the only device for inducing a bending moment

onto the flex tape.  Equation 2.9 and Eq. 2.10 reveals that stress and torque are an inverse

function of length.  Therefore, an increase in length results in a decrease in stress and

torque.  One would think that the simple solution would be to make the length as long as

possible while still following the 40% to 50% or available area guideline discussed

earlier; however, there are limits to making the length of a flex tape extremely long.  As

the length is increased, the cost and impedance also rise as will be discussed in Section

2.2.

2.2 Flex Tape Information

Extensive research has been done not only in the manufacture, use, and durability

of flex tapes.  Flex tapes have been subjected to EMI (electromagnetic interference),

vibration, and thermal stresses as well as mechanical stresses.

As mentioned earlier, there is a limit on the length of flex tapes that is set by non-

mechanical concerns.  As length is increased, the amount of resistance is increased by the
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rate 1.724E-6 Ω/cm or 4.37896E-6 Ω/in as reported by the Sanders design guideline

brochure (1982).  Values reported are for 2-oz. copper, the most common size used in

flex tapes that are used in twist capsules.  With typical lengths varying from ten to twenty

inches, resistance increases from 43.8E-3milliohms to 87.6E-3milliohms, depending on

length.  Although this resistance doesn't appear large, flex tapes must dissipate these

resistive losses (i2∗R) as heat, the same as traditional wiring.  In the case of space

application twist capsules, the only modes for heat transfer are conduction and radiation.

In steady-state conditions, the dominant mode of heat transfer is radiation because the

other devices are also assumed to be at the same temperature at the twist capsule.

Radiation, even in a 100-degree Celsius temperature differential and emitting like a black

body emitter, the flex tapes can only radiate 24 milliWatts/m2.  This obviously is not an

effective mode of heat transfer.  This can cause huge increases in the internal temperature

of the flex tapes and therefore, the twist capsule and other components located near the

twist capsule.  This further drives the need to quantify how much reduction in stress will

be achieved by an increase in flex tape length.

Litton Poly-Scientific (1998), a well known twist capsule manufacturer, produces

an informational brochure on their web site detailing the many benefits of twist capsules

and their operation.  One benefit of twist capsules they cite is the providing of constant

circuit resistance which is not degraded by wear, shock or vibration during the life of

twist capsules which is often measured in the millions of cycles.  In addition to these

attributes, the web site reports that the torque is an inverse function of rotation,

concurrent with equations mentioned above and the experimental data to follow in

Chapter 4.  A graphical representation from their web site is shown as Figure 2.4.
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Figure 2.4--Torque vs. Rotation Prediction quoted by Litton Poly-Scientific (1998)

Lamoureux (1979) states that the two most important considerations in flexibility

applications of flex tapes are fatigue life and electrical resistance changes.  Lamoureux

proceeds to state that copper foil itself obeys the normal S-N or fatigue curve, which is an

asymptotic shape discussed later and shown in Figure 2.5.  As the flex tapes are fatigued,

the resistance increases due to cold working of the copper traces.

Mongan (1983), in a technical note, covers an alternative twist capsule design

methodology.  Mongan states that clock springs, because they have less flexure per

degree of rotation, can have a life 1000 times greater than can be obtained from roll flex

and flat pack designs.  Mongan presents the total torque as

TTT ffl += (2.11)
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where Tfl is the torque due to the bending of the flex tapes and Tf is the torque due to

friction of inter-tape interaction.  Mongan suggests that the frictional torque can be

calculated from Eq. 2.12,

µρ ∗∗∗= lkT f (2.12)

where µ is the coefficient of friction, l is the tape length, ρ is the cable specific gravity,

and K is a constant of proportionality.  However, traditional statics and tribology states

that a frictional force, and therefore torque, is calculated from Eq. 2.13.

FrT Nf ∗∗= µ (2.13)

Where r is the distance to the from the center of the shaft to where the torque is applied

(in this case, it can be assumed to be half the distance between the shaft and the frame), µ

is the coefficient of friction, and FN is the normal force which is virtually impossible to

calculate without using finite element techniques.  Mongan's calculation for the torque

due to flexure is shown in Eq. 2.14.

EkT curvfl ∗∆∗= (2.14)

Where k is proportionality constant, ∆curv is the change in curvature of the cable from the

at rest to fully rotated position, and E is the composite elastic modulus.  This equation is

correct given the proper proportionality constant; however, Mongan doesn't state how

that proportionality constant is calculated.

Engelmaier and Wagner (1988) present the most encompassing paper on

mechanical stresses induced on flex tapes and the resulting effect on flex tape life.  In this

paper, flex tapes are bent around precision mandrels repeatedly until cracks begin to

propagate visually in the Kapton.  For cyclic loading of flex tapes, high ductility with low

strength (tensile strength and Modulus of Elasticity) is beneficial in a high strain/low
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cycle application.  Conversely, low ductility and high strength are desirable in the low

strain/high cycle application, which is our main area of interest for twist capsule

applications.  Engelmaier and Wagner expected to discover that rolled annealed copper

exhibits significant cyclic stain hardening due to the loss of tensile strength from the

annealing process.  Thus a reduction in fatigue strength in low strain/high cycle area

results.  However, the flex tapes that were tested exhibited better results due to work

hardening.  Therefore, as the flex tape is cycled, the copper loses its ductility and

improves in strength, which increases the flex life in the low-strain/high cycle

application.  The strength of copper foil, therefore, must be adjusted to show the

improved performance in the low strain/high cyclic area.  Both plots are shown in Figure

2.5.
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Figure 2.5--Fatigue Curve for Double Sided Rolled Annealed Copper Flex Tape

The fatigue curve has an asymptotic shape with the strain at twenty million cycles

equal to approximately 0.004 in./in.  Twenty million cycles is a typical life specification

for space application hardware.  Figure 2.5 does not extend to twenty million cycles but

the equations used to generate the figure can be extended to this life.  Since most fatigue

curves have an asymptotic shape, as long as one keeps the stress below a certain value,

the item, has nearly infinite life.  Using the Modulus of Elasticity, the maximum stress for

this material with this many cycles is 64.0-ksi, see Eq. 2.15.

εσ ∗= E (2.15)

The Modulus of Elasticity is a proportionality constant that relates stress to strain.  For

rolled annealed copper, this value is 16E+06 psi (Beer and Johnson 1992).
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3. MODELING OF FLEX TAPE

3.1 Clock Spring Equations

Wahl (1978) calculates the maximum stress in flex tape mechanics by assuming

that the minimum radius of curvature occurs half way between the shaft radius and the

wound spring outer radius as mentioned in Section 2.1, and formalized in Eq. 2.8 and Eq.

2.9.  However, the minimum bend radius occurs where the flex tape directly bends

around the shaft when the twist capsule is in the fully wound position. There is also an

initial torque and, therefore, an initial stress at the un-wound condition. This torque can

be calculated using Eq. 2.6 where ρ, the radius of curvature, is replaced by D2 divided by

2, this re-evaluated equation appears as Eq. 3.1.

IE
M

D ∗
= .min

2

2
(3.1)

The corresponding initial stress can be calculated using the torque from Eq. 3.1 with Eq.

2.10 to form Eq. 3.2.

I

hM
*2

.min
.min

∗=σ (3.2)

The maximum torque can be derived similarly using Eq. 2.6 and replacing ρ with d1

divided by 2 radius.  The resulting equation appears as Eq. 3.3.

IE
M

d ∗
= .max

1

2
(3.3)

This maximum torque can be used with Eq. 2.10 to derive the maximum stress, which is

stated in Eq. 3.4.

I

hM
*2

.max
.max

∗=σ (3.4)
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The torque and stress vary linearly with angular position between these two locations.  In

Eqs. 3.1 and Eq. 3.3, E* I is the equivalent flexural stiffness calculated from Eqs. 3.5

through 3.7 (Beer and Johnston 1992).

( ) IEIEEI KapKapcucucomp += (3.5)

Each individual area-moment-of-inertia can be calculated from Eq. 3.6 and Eq. 3.7.

hbI cucu
3

12

1 ∗∗= (3.6)

( )hhbI cutapeKap
33

12

1 −∗∗= (3.7)

Where b is the summation of the widths of all the copper traces and h is the height of the

copper traces or total height of the flex tape depending on equation.  Although the

Modulus of Elasticity is fifty times greater for rolled annealed copper than for Kapton;

the contribution of the Kapton cannot be ignored because of it's distance from the neutral

axis, see Figure 3.1.  The Modulus of Elasticity is 16E+6 psi for rolled annealed copper

and 0.3E+6 psi for Kapton.  It has been calculated that the Kapton comprises 21 % of the

total stiffness of the composite.  In Figure 3.1, the Kapton between the copper traces and

on outer edge has been ignored.  This is because the Kapton in this region is squeezed

together to form a 0.003 inch flex tape thickness comprised of only Kapton.  This Kapton

component only makes up 3 %, for the configuration shown, of the total flexural stiffness

because Kapton has a low Modulus of Elasticity, the thickness is small, and it is located

on the neutral axis.
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Figure 3.1--Cross-Section of Flex Tape

This equivalent area moment of inertia cannot be used to calculate the stress in

Eq. 3.2 and Eq. 3.4.  This is because the stress that is of concern is only the stress in the

copper and not the stress in the composite.  Therefore, only hcu and Icu, Eq. 3.6, is used in

Eq. 3.2 and Eq. 3.4.  The moment used in Eq. 3.2 and Eq. 3.4 must also be adjusted

because some of the total bending moment is used to deflect the Kapton.  Specifically, 22

%, for the configuration shown, of the total moment is used to deflect the Kapton.

Therefore, the stress equations, Eq. 3.2 and Eq. 3.4, use the moment calculated from Eq.

3.1 and Eq. 3 reduced by 22 %.

3.2 Model Predictions

Figures 3.2 through 3.7, shown below and on the following pages, represent the

predicted torque versus angular rotation lines.  Using the clock spring model for

predicting torque, no allowance is made for number of exits.  However, as will be proven

in Chapter 4, the number of exits has no effect on the torque needed to rotate the twist

capsule or the amount of stress induced into the flex tapes.  Predictions were made for

two models to match the two-model experimental setup.  Also, predictions were made

using the same tape lengths as were measured during experimentation.
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The model predicts torque using the following steps.  First, the model calculates

the minimum torque using the frame diameter to derive the radius of curvature.  Zero

degrees of rotation is associated with this torque.  Next, the maximum torque is

calculated using the shaft diameter to derive the radius of curvature.  This value is

associated with the maximum amount of rotation derived from the clock spring equations

from section 3.1.  A linear interpolation is then performed between zero degrees of

rotation and the maximum amount of rotation to coincide with the linear interpolation

from the minimum torque to the maximum torque.  The same interpolation can then be

performed between the minimum stress to the maximum stress.

A few assumptions were made when constructing the computer model.  It is

assumed that the copper stays in the elastic range throughout its strain, therefore the

Modulus of Elasticity can be used to calculated stress from strain.  As mentioned above,

the Kapton doesn't contribute to the stiffness of the flex tape only to the total amount of

space occupied in the wound up or un-wound case.  The tapes bend as linear multiples;

therefore, if one tape requires a certain amount or torque, two tapes will simply require

double that torque.  Finally, therefore is no buckling of the tapes and no friction between

the tapes.  The assumption of no friction is very good in the normal operating range of the

twist capsule; however, it can cause some non-linear torque values at the rotational

extremes, see Figures from Section 4.4.

Each of the lines for the following figures represents a different tape length

prediction.  Each tape length starts from the same zero-rotation-torque prediction, that

torque required to allow it to bend to fit inside the frame, and increases to the maximum

torque prediction, that torque required to bend the tape around the shaft.  The maximum
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torque occurs at different maximum rotational locations depending on the tape length.

The symbols in each figure indicate locations where the torque was predicted, and a

linear fit was used to connect these predictions to further emphasis the linearity in their

nature.

For the primary model, a frame diameter of 2.2 inches and a shaft diameter of 1

inch was used to construct the plots below to match the measured model discussed in

Chapter 4.  For the secondary model, a frame diameter of 5.5 inches and a shaft diameter

of 1.5 inches was used to measure torques.

Torque vs. Rotation

0

0.5

1

1.5

2

2.5

3

0 100 200 300 400 500 600

Rotation (degrees)

T
or

qu
e 

(o
z-

in
)

Torque (17 inch) Torque (13 inch) Torque (9 inch) Torque (5 inch)

Figure 3.2--Primary Model Prediction with 8 Tapes
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Torque vs. Rotation
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Figure 3.3--Primary Model Prediction 4 Tapes
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Torque vs. Rotation
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Figure 3.5--Primary Model Prediction for 1 Tape
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Torque vs. Rotation
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Figure 3.7--Secondary Model Prediction with 1 Tape

There are a few important trends that can be observed in each predicted case.

First, as the number of tapes is increased, the maximum torque is increased.  Since it

requires the same torque to rotate each tape, if more tapes are added, more torque is

required.  The second observation that can be made is that as more tapes are used, the

total amount of available rotation is shortened.  This increase in torque and reduction in

available rotation with an increase in the number of tapes prompts a classical design trade

off.

As mentioned above, stress and torque are both linear functions of angular

rotation.  This can be seen in Figure 3.8.



28

Stress and Torque vs. Rotation
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Figure 3.8--Stress and Torque versus Angular Position

From Figure 3.8, one can see that if torque is kept to a minimum, then stress is also kept

to a minimum.  Since more torque is required to bend a flex tape inside a twist capsule as

the bend radius becomes smaller.  As the bend radius becomes smaller, more stress is

induced into the flex tape.  The conclusion to this analysis is that achieving a twist

capsule that requires the least possible torque to rotate also has the least amount of stress

and, therefore, the longest life.  However this guideline should not be followed when

adding multiple tapes.  Multiple tapes cause an increase in torque but does not effect the

stress in flex tapes.
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4. EXPERIMENTAL SETUP AND RESULTS

In the absence of an accurate method for measuring stress in the flex tapes, the

assumption was made that if the amount of torque needed to rotate the twist capsule

could be predicted analytically and verified experimentally, then the twist capsule has

been correctly modeled.  Using this model, the stress in the flex tapes could be predicted

with a high degree of confidence.  Therefore, a testing procedure was setup whereby the

same test configuration will be modeled and measured and their results compared.  The

following sections of this chapter outline the details of that testing procedure and the

results are shown in Section 4.4.

4.1 Test Setup Configuration

Torque values were measured at different angular positions of the shaft to compare

with those values predicted from the model.  To reduce the possibility of non-linear

effects caused by different shaft and frame diameters, as well as those introduced by

different flex tapes, a single test fixture was used for most of the testing.  A second test

fixture was then used to look at the differences caused by different shaft and frame

diameters.  Both test fixtures are typical of those found in space and military applications.

The secondary test fixture yielded some difficulties when measuring rotational position

due to the difficulty in attaching the measurement disc and torque watch to the shaft.

An integral part of the twist capsule is the flex tapes and their configurations.  The

flex tapes used in both tests were also typical of those used in space and military

applications.  These flex tapes consisted of one layer of rolled annealed copper between

two layers of Kapton.  These "double sided" flex tapes were chosen to hold the neutral
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bending axis in the center of the copper traces thus removing the effects of a shift in the

neutral axis.  However, if a single-sided tape was to be modeled, the effects of shifting

the neutral axis could be accounted for by using the Parallel Axis Theorem when

calculating the area moment of inertia.

The rotation that the twist capsule undergoes was measured using a round disc

attached to the shaft with degrees marked around the perimeter of the disc.  The angular

position was read by from a stationary needle attached to the frame of the twist capsule.

The angular position was read by eye with a precision of ±5 degrees.

The torque was measured using a "Torque Watch", a very popular device used by the

twist capsule industry for measuring torque.  A torque watch consists of a clock spring

attached to a shaft and an exterior dial.  As this dial is rotated, it generates a prescribed

torque on the shaft or needle of the torque watch.  The dial also has a needle with torque

marked off as angular position.  The torque watch was calibrated to ensure accuracy.

This torque watch has a maximum measurable torque of 2.4 oz-in with a precision of ±

0.05 oz-in.  Most of the testing was performed by the author; however, torque

measurements were also taken by two other individuals on one test setup.  If two different

operators move the torque watch at two different accelerations, then two different torques

will be reported.  With this susceptibility to error in measurement caused by different

operators, it is important to determine the consistency between different operator's

measurements.  The results are shown in Figure 4.1.
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Torque vs. Angular Position
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Figure 4.1--Measurements taken by a Multiple Operators on a Single Test Setup

Lines denoting the torque watch's measurement precision were placed on the author's

measurements as an indication of the level of consistency between different operator's

measurements.  As one can see, except for the last point, all the measurement taken were

within the accuracy of the torque watch.  The level of variance between the author's

measurements and Operator #2 was only 0.037213 and the variance between the author's

measurements and Operator #3 was 0.033623, thus proving that the readings taken for

this test and the other tests are independent of the operator taking the measurements.

4.2 Experimental Approach

Several flex tape configurations were tested on the primary testing model as well

as the secondary testing model.  Torques were measured using four different tape lengths.

Several tapes are often used in the same twist capsule; therefore, the twist capsule torque

was measured with four tapes, two tapes and one tape.  A common practice in flex tape
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design is to allow two tapes to exit the shaft at the same location and then wrap and exit

the frame at the same location.  This allows more circuits to be used while keeping the

dimensions of the twist capsule small.  Therefore six, four, and two tape configurations

were measured as well.  By measuring both single and dual tape setups, the amount of

tape interaction can be measured.  Tape interaction is a concern since the coefficient of

friction of Kapton on Kapton has been measured to be as high as 0.4.

4.3 Testing Procedure

The first procedure step used involved measuring the maximum rotation of the

twist capsule using the angular disc attached to the shaft.  This value will be compared to

predicted values later.  The total rotation was then divided into eight increments.  The

twist capsule was rotated to each of these angular positions by twisting the dial on the

Torque Watch by hand and observing and recording the corresponding torque values.

These values were plotted as a function of angular position.

4.4 Presentation of Results

An example of the results that were measured are shown in Figure 4.2, Appendix

A shows the results for the remaining testing configurations.  A linear fit has also been

applied to the data as well.  The equation for the fit is shown in the title as well as a

measure of how well the linear line fits the data called the R2.  R2 is actually just the

correlation coefficient squared.  Warmbrod (1979) states that the R2 is a descriptor of the

proportion of the variance in the dependent variable explained by the independent

variable.  Relating R2 to this particular application, if one calculates the variance in my

predicted torques and then divides that by the amount of variance in the actual torques,
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the results is a ratio which measures how well the linear fit approximates the measured

data.  Therefore, the closer R2 is to 1.0 the better the least squares fit matches the variance

of the actual data.  Warmbrod sets up guidelines for determining the validity of a linear

fit.  These guidelines are shown in Table 4.1.  Table 4.2 shows a summary of slopes,

intercepts, and R2 values for all plots for quick comparison.

Table 4.1--Significance of Different R2 Values (Warmbrod 1979)

R2 Description of Fit

0.7 to 1.0 Very Strong Correlation

0.5 to 0.69 Substantial Correlation

0.3 to 0.49 Medium Correlation

0.1 to 0.29 Low Correlation
0.01 to 0.09 Negligible

Table 4.2--Summary of Slopes, Intercepts, and R2 of Measured Values

Configuration Tape Length Model Slope Intercept R2

8 Tapes 4 Exits 17 inch Primary 0.006029 0.834854 0.951521
8 Tapes 4 Exits 13 inch Primary 0.006593 0.718309 0.961150
8 Tapes 4 Exits 9 inch Primary 0.008776 0.609669 0.963000
8 Tapes 4 Exits 5 inch Primary 0.021990 0.300779 0.881249
4 Tapes 2 Exits 17 inch Primary 0.003454 0.087295 0.955011
4 Tapes 2 Exits 13 inch Primary 0.002551 0.438456 0.962012
4 Tapes 2 Exits 9 inch Primary 0.002750 0.521428 0.972604
4 Tapes 2 Exits 5 inch Primary 0.005535 0.487787 0.975321
2 Tapes 1 Exits 17 inch Primary 0.002006 -0.037789 0.929518
2 Tapes 1 Exits 13 inch Primary 0.001854 0.142141 0.821159
2 Tapes 1 Exits 9 inch Primary 0.001111 0.240918 0.938177
2 Tapes 1 Exits 5 inch Primary 0.003036 0.201951 0.976570
4 Tapes 4 Exits 17 inch Primary 0.001518 0.604121 0.882354
4 Tapes 4 Exits 13 inch Primary 0.001521 0.701377 0.941407
4 Tapes 4 Exits 9 inch Primary 0.002824 0.465435 0.993453
4 Tapes 4 Exits 5 inch Primary 0.005535 0.463536 0.984366
2 Tapes 2 Exits 17 inch Primary 0.000912 0.171356 0.936253
2 Tapes 2 Exits 13 inch Primary 0.001555 0.095030 0.953866
2 Tapes 2 Exits 9 inch Primary 0.001670 0.208205 0.913589
2 Tapes 2 Exits 5 inch Primary 0.001882 0.312073 0.907863
1 Tapes 1 Exits 17 inch Primary 0.000564 0.058970 0.941129
1 Tapes 1 Exits 13 inch Primary 0.000479 0.093790 0.923104
1 Tapes 1 Exits 9 inch Primary 0.001514 0.017312 0.827732
1 Tapes 1 Exits 5 inch Primary 0.001970 0.049816 0.938653
2 Tapes 2 Exits 17 inch Secondary 0.001777 0.153333 0.979591
2 Tapes 2 Exits 13 inch Secondary 0.002690 0.213658 0.999290
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2 Tapes 2 Exits 9 inch Secondary 0.025000 0.266666 0.986842
1 Tapes 1 Exits 5 inch Secondary 0.001233 0.010000 0.998865
1 Tapes 1 Exits 17 inch Secondary 0.001603 0.109543 0.861953
1 Tapes 1 Exits 13 inch Secondary 0.011800 0.075000 0.975070

Torque vs. Rotation
y = 0.006029x+0.834854

R2 = 0.951521
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Figure 4.2--Primary Model, 8 Tapes with 4 Exits, Length is 17 Inches

All of the R2 values fall within the very strong correlation range with the lowest

value being 0.82.  If a linear fit of the torques is a good fit, then the torques themselves

must be linear as a function of angular rotation.  This validates the assumption in Chapter

3 that the torques vary linearly with angular rotation.  There is no apparent trend that the

number of tapes or tape length have an effect on how linear the torque is with angular

rotation.  However, since the R2 value is not exactly 1.0, an error in the test

measurements or in some small level of tape interaction is assumed.  In each case the

final torque value is slightly higher than the linear trend.  This is due to friction occurring

at the wound up rotational extreme.  This non-linearity does not cause great concern since
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it is out of the normal operating range of the twist capsule.  The linear fits described

above in Table 4.2 are based on all data points except the last one.

As can be seen from comparing 4-tapes/2-exits with 4-tapes/4-exits, the number

of exits has no effect on the torque and total rotation.  Only the total number of tapes has

an effect on these two factors.  This assumption is verified by comparing 2-tapes/1-exit

with 2-tapes/2-exits

Tape interaction does occur; this is evident since the plots are not perfectly linear.

However, since the R2 values are close to 1.0, the effect of tape interaction is small.  As

the twist capsules reach their angular extremes of rotation, they deviate from the linear

trend as shown in most the plots.  This phenomenon indicates that the occurrence of tape

interaction causes the deviation from the linear as opposed to measurement errors

mentioned above.
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5. COMPARISONS OF CALCULATED AND

EXPERIMENTAL DATA

5.1 Comparison Plots of Data

Figures 5.1 to 5.22 show comparisons of predicted torque values and measured torque

value per degree of rotation.  Torque watch precision measurement bars have been

attached to the measured values corresponding to the precision of the torque watch (±0.05

ounce-inch).

Torque vs. Rotations
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Figure 5.1--Comparison of Predicted and Measured Data for Primary Model, 8 Tapes with 4 Exits,
Length is 17 Inches
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Torque vs. Rotations
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Figure 5.2--Comparison of Predicted and Measured Data for Primary Model, 4 Tapes with 2 Exits,
Length is 17 Inches
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Figure 5.3--Comparison of Predicted and Measured Data for Primary Model, 2 Tapes with 1 Exit,
Length is 17 Inches
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Torque vs. Rotations
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Figure 5.4--Comparison of Predicted and Measured Data for Primary Model, 1 Tape with 1 Exit,
Length is 17 Inches
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Figure 5.5--Comparison of Predicted and Measured Data for Primary Model, 8 Tapes with 4 Exits,
Length is 13 Inches
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Torque vs. Rotations
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Figure 5.6--Comparison of Predicted and Measured Data for Primary Model, 4 Tapes with 2 Exits,
Length is 13 Inches
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Figure 5.7--Comparison of Predicted and Measured Data for Primary Model, 2 Tapes with 1 Exit,
Length is 13 Inches
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Torque vs. Rotations
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Figure 5.8--Comparison of Predicted and Measured Data for Primary Model, 1 Tape with 1 Exit,
Length is 13 Inches
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Figure 5.9--Comparison of Predicted and Measured Data for Primary Model, 8 Tapes with 4 Exits,
Length is 9 Inches
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Torque vs. Rotations
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Figure 5.10--Comparison of Predicted and Measured Data for Primary Model, 4 Tapes with 2 Exits,
Length is 9 Inches
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Figure 5.11--Comparison of Predicted and Measured Data for Primary Model, 2 Tapes with 1 Exit,
Length is 9 Inches
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Torque vs. Rotations
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Figure 5.12--Comparison of Predicted and Measured Data for Primary Model, 1 Tape with 1 Exit,
Length is 9 Inches
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Figure 5.13--Comparison of Predicted and Measured Data for Primary Model, 8 Tapes with 4 Exits,
Length is 5 Inches
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Torque vs. Rotations
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Figure 5.14--Comparison of Predicted and Measured Data for Primary Model, 4 Tapes with 2 Exits,
Length is 5 Inches
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Figure 5.15--Comparison of Predicted and Measured Data for Primary Model, 2 Tapes with 1 Exit,
Length is 5 Inches
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Torque vs. Rotations
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Figure 5.16--Comparison of Predicted and Measured Data for Primary Model, 1 Tape with 1 Exit,
Length is 5 Inches
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Figure 5.17--Comparison of Predicted and Measured Data for Secondary Model, 2 Tapes with 2
Exits, Length is 13 Inches
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Torque vs. Rotations
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Figure 5.18--Comparison of Predicted and Measured Data for Secondary Model, 1 Tape with 1 Exit,
Length is 13 Inches
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Figure 5.19--Comparison of Predicted and Measured Data for Secondary Model, 2 Tapes with 2
Exits, Length is 9 Inches
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Torque vs. Rotations
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Figure 5.20--Comparison of Predicted and Measured Data for Secondary Model, 1 Tape with 1 Exit,
Length is 9 Inches
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Figure 5.21--Comparison of Predicted and Measured Data for Secondary Model, 2 Tapes with 2
Exits, Length is 5 Inches
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Torque vs. Rotations
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Figure 5.22--Comparison of Predicted and Measured Data for Secondary Model, 1 Tape with 1 Exit,
Length is 5 Inches

The predicted values are within the torque watch measurement precision for the

measured values in the majority of cases.  Therefore, the model accurately predicts the

torque curve for a twist capsule.  In addition to the torque values, the total rotation was

accurately predicted in each case tested on the primary model.  However, the total

rotation predictions for the secondary model were not as accurate.  This error is due to the

difficulty of measuring the total rotation of the secondary model.  The rotation-measuring

disc could not be attached easily to the shaft as with the primary model; therefore,

rotation measurements could be skewed.  Since the torque watch also attaches to this

disc, the torque measurements could also be misrepresented.

Several trends can be observed from viewing the Figures 5.1 through Figure 5.22.

First, as the tape lengths become shorter, the model prediction improves, since less tape

fills the area between the shaft and the frame, there is less chance for tape interaction.
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This phenomenon can be seen by comparing Figure 5.1, Figure 5.5, Figure 5.9, and

Figure 5.13 for 17, 13, 9, and 5 inch tape lengths respectively in a eight tape four exit

configuration.  The hypothesis can be backed up by comparing decreasing tape lengths

for four tapes, two tapes, and one-tape configurations.  In all testing configurations, the

predicted rotational range closely matched the measured ranges.  In all plots, the total

rotational range is approximately twenty degrees more than the last data point.  No torque

data was taken at the rotational extreme due to the non-linear values at this position.

The second major trend that can be observed from Figures 5.1 through Figure

5.22 is that as fewer numbers of tapes are used, the torque predictions become more

accurate, since less numbers of tapes filling the area between the shaft and the frame.

Figure 5.1, Figure 5.2, Figure 5.3, and Figure 5.4 show decreasing numbers of tapes all

with 17 inch tape lengths.  The scenario can be as well as when looking at any group of

test configurations with constant flex tape lengths.

When observing the results from the secondary test fixture, Figures 5.17 through

5.22, one can see large variations in between the predicted torques and the measured

torques.  This could be due to the difficulty in measuring the torque and rotational

position on the secondary test fixture, as mentioned earlier, and the trouble in holding the

second tape inside the test fixture while testing.  This would explain a disparity with all

test configurations on the secondary model, with more variance in the two-tape model.
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6. CONCLUSIONS AND FUTURE WORK

6.1 Conclusions

It has been shown that twist capsules can be successfully modeled as clock

springs.  Figures 5.1 through 5.22 show predicted torque values closely approximate

measured torque values at different angles of rotation.  In most cases, the predicted torque

values are within the measurement precision of ±0.05-ounce-inch.  Therefore, the

assumption can be made that using clock spring equations to model twist capsules is an

accurate method.

The assumption was made that if the torques per angle of rotation could be

predicted accurately, the clock spring equations for predicting stress would also be

accurate.  It has been found that both torque and stress are linear functions of rotation and

the inverse function of tape length.  Flex tapes function traditionally in fatigue in that

their strength decreases asymptotically with the number of cycles.  The asymptotic curve

indicates that there is a level of stress at which the material has near infinite life.

As further evidence of the linear relationship between torque and angle of

rotation, a linear fit line was added to the measured data in see Table 4.2.  The correlation

coefficient squared was calculated as a measure of how well the measured data matched

the linear fit.  In all cases, there is a strong relationship between the measured data and

the linear fit; and in most cases the R2 value is above 0.9.  If the measured data is very

similar to the linear fit, the measured data must be linear itself.  This conclusion is

matched by the linear relationship in the clock spring equations.
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Using these conclusions, the design methodology outlined in Section 6.2 can be

derived.  This methodology can reduce design time and provide greater confidence in the

design by allowing the design engineer to know the torque needed to rotate the twist

capsule and the total rotation of the twist capsule which previously could only be

determined after a model was built.  This new design methodology can also predict stress

and therefore flex tape life which cannot be done know without a time intensive life test.

6.2 Design Methodology
The following design methodology is suggested as an improvement over the current

techniques.

1. Determine number, width, and spacing of circuits required by the twist

capsule based on voltage and current customer specifications.

2. Determine the shaft size from the number of circuits that will fit inside the

shaft.

3. Determine the desired number of tapes from the number of circuits and

number of exit locations (customer specified).

4. If there is a space limitation, determine the frame diameter; if there is a cost or

impedance consideration, choose the maximum tape length.

5. With one of the previous unknowns determined, iteratively change the other

variable until desired amount of rotation is found using the desired factor of

safety.  The desired amount of rotation would be the required amount of

rotation multiplied by the desired factor of safety.  For instance, if ±180

degrees is required with a factor of safety of 2.0, then the total desired rotation

would be 720 degrees.
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6. Making the null or home position at half of the total rotation, determine what

the maximum torque will be; and check to see if it is acceptable.  Remember

that the lower the torque, the lower the stress induced into the flex tapes.

7. Using the above dimensions, determine what the stress will be and compare

that value to the strength on the fatigue curve to see if the flex tape will able to

oscillate the required number of cycles.

6.3 Future Work

The ultimate measure of life would be to perform a fatigue test.  The twist capsule

could be cycled until there is a failure in the flex tape, either a short or open or cracks

begin to visually propagate.  This type of testing would be easy to setup; however,

cycling once ever five seconds, it would require 1158 days or slightly over three years.

This type of test, although time consuming, can generate invaluable understanding into

the effects of fatigue on various components of twist capsules.
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Appendix A

Linear Fits Applied to Measured Data
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Torque vs. Rotation
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Torque vs. Rotation
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Torque vs. Rotation
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Torque vs. Rotation
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Torque vs. Rotation
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Torque vs. Rotation
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Torque vs. Rotation
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Torque vs. Rotation
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Torque vs. Rotation
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Torque vs. Rotation
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Torque vs. Rotation
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Torque vs. Rotation
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Torque vs. Rotation
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Torque vs. Rotation
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Torque vs. Rotation
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Torque vs. Rotation
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Torque vs. Rotation
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Torque vs. Rotation
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Torque vs. Rotation
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Torque vs. Rotation
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Torque vs. Rotation
y = 0.011800x+0.075000

R2 = 0.975070

0

0.2

0.4

0.6

0.8

1

1.2

1.4

0 10 20 30 40 50 60

Rotation (degrees)

T
or

qu
e 

(o
z-

in
)

Measured Data Linear Fit

Secondary Model, 1 Tapes with 1 Exits, Length is 5 Inches



69

VITA

BRIAN D. HALE

Rt. 1 Box 187
Vansant, VA 24656

(540) 859-2383

email:  Brian_Hale@sw.cc.va.us

Education: Master of Science in Mechanical Engineering, August 1998
Virginia Polytechnic Institute and State University
Blacksburg, Virginia

Bachelor of Science in Mechanical Engineering, May 1995
Virginia Polytechnic Institute and State University
Blacksburg, Virginia

Work Experience: Engineering Instructor, Southwest Virginia Community College, August
1997 to present
• Taught all engineering classes for students planning to transfer to a 4 year

engineering program
• Responsible for advising students in the engineering transfer program
• Engineering Transfer Program Head, responsible for updating curriculum in

response to changes at local universities

Test Engineer, Electro - Tec Corporation, September 1996 to August 1997
• Designed test setup and tested coaxial cable twist capsules for product life
• Organized and supervised construction of new plant area to increase

production
• Performed several analysis such as weight study, heat transfer, and stress

analysis which are crucial for satellite component design

Graduate Research: Use of Clock Spring Equations to Model Twist Capsules, June 1997 to
present
• Modeled twist capsules using equations designed for clock spring analysis
• Measured and analyzed torque data from twist capsule test figures

Course Experience: Hybrid Electric Vehicle Team of Virginia Tech, June 1994 to December
1995
• Auxiliary Power Unit and Motor Cooling Group Leader
• Designed air intake and cooling system for I/C engine in the trunk
• Designed a cooling system for the Primary Drive Unit (GE drive motor)
• Performed studies to determine the best APU for the Hybrid Electric

Vehicle

Honors and Virginia State 4-H All Star, June 1992
Activities: Member of American Society of Mechanical Engineers, August 1994 to present

Passed Professional Engineering in Training Exam, April 1995



70


	(ABSTRACT)
	Acknowledgements
	Table of Contents
	List of Figures and Tables
	Nomenclature
	1. INTRODUCTION
	1.1 Introduction and Motivation
	1.2 Background
	1.3 Current Technology
	1.4 Summary of Results
	1.5 Presentation of Thesis

	2. LITERATURE REVIEW
	2.1 Clock Spring Technology
	2.2 Flex Tape Information

	3. MODELING OF FLEX TAPE
	3.1 Clock Spring Equations
	3.2 Model Predictions

	4. EXPERIMENTAL SETUP AND RESULTS
	4.1 Test Setup Configuration
	4.2 Experimental Approach
	4.3 Testing Procedure
	4.4 Presentation of Results

	5. COMPARISONS OF CALCULATED AND EXPERIMENTAL DATA
	5.1 Comparison Plots of Data

	6. CONCLUSIONS AND FUTURE WORK
	6.1 Conclusions
	6.2 Design Methodology
	6.3 Future Work

	References
	Appendix A, Linear Fits Applied to Measured Data
	VITA

