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ABSTRACT

A Transduction and Loading Device (TLD) has been bullt to
investigate the utility of suppressing intention tremor in humen
subjects through the application of viscous damping. The device
restrains the forearm while allowing the hand, fastened to a
handle, to rotate freely about the wrist. As the subject
performs a tracking task requiring position control of the
hand, a magnetic particle brake applies across the wrist a
gselectable passlve torque which is proportional to the veloclity
of the hand. The damping constants developed by the TLD are
in the 0.0 to 4.0 in-1bf/(rad/sec) range.

Three subjects were tested with the TLD; two wlth intentlon
tremor and one normal. For the subjmcts with intention tremor,
reductlion in levels of tremor significant at better than the
+05 level (based on a paired Student's t test) were realized
through the application of viscous damping. Cne subject's
tramor was reduced in specific cases by a factor of 10, approaching
the levels of tremor witnessed in the normal. Viscous damping

across the wrist mailntalned or lmproved the average intended

response. Dr.M.Jd.hosen. © ._
Rehablilitation Engzlneering
Center
Massachusetts institute or
Technology
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CHAPTER 1
INTRODUCT LON

1.1 WYhat, Why, and How? The Purpose, Extent, and Approach

Abnormal Involuntary Movement (AIM) can be a significant
barrier to individual independence. The severity of this
handicap can range from a minor inconvenience to a more
moderate level where the individual ls unable to use an
otherwise normal limb in everyday life. In extreme cases,
individuals must be restrained to protect themselves and others
from thelr violent but involuntary movements. 1f some means
of minimizing this abnormal movement could be developed,
these people, particularly those with a moderate level of AIN,
could benefit from the resulting increased functional
independence.

This thesis addresses the feasibllity of suppressing AIM
through the applicatlon of viscous damping. The equipment
built to conduct this evaluation 1s presented in detall. In
this evaluation, subjects attempt to keep two lines displayed
on an oscilloscope aligned. The target line moves up and
down sinusoidally while the other line 1s controlled by the
position of the subject's hend relative to his/her forearm.
During the tracking task, various viscous damping loads are
applied between the restralned forearm and moving hand.by a
magnetic particle brake. The effect of this external damping
element is monitored by comparing the target and response

variables recorded on an FM tape recorder..



1.2 What is AIN? The Disorders Studlied

Abnormal involuntary movement 1is a "recurring pattern of
motion of any part of the body which is both unintended and
purposeless."12 This definition distingulishes Alll from normal
involuntary movements such as withdrawal reflexes or shlvering;
from behavior abnormalities of emotional disorders; and from
pathological quantitative changes in voluntary motilon.

The AIM studied in this thesis was restrioted to intention
tremor which 1s characterlized by osclllatory patterns of motion
in the 3 to 12 Hz (hertz) range. Intention or "action" tremor
18 initiated during the act of making an intended movement
and, unlike "resting" tremor, is absent in the relaxed limb.

In light of this definition, intention tremor can severely
1imit the use of the afflicted limb even when useful levels
of strength and average position control are present.
Consequently, individuals with this type of neurologlcal
disorder would obtain conslderable return of function 1if the

unintended oscillations could be minimized.

1.3 How Has AIM Been Controlled? Reported Technigues of Tremor
Management

Intention tremor 1ls a difficult theraputic problem since
most conventional techniques for tremor management have been
unsuccessful in treating it. Drug therapy with such drugs as
amantad ine and L-dopa have been of little help in reducing
intention tremor despite the effectiveness of these drugs in
the treatment of Parkinsonlsm.'5 The reported success of

‘surgical techniques such as thalamlc surgery has been
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inconsistent and seems to depend upon the etlology of the tremor.
Pursuing a different approach, several individuals have

studled the effect of attaching welghts to the wrist as a

means of reducing upper extremity tremor. In two separate

studies, Morgan, Hewer, and Cooper observed appreiable reductions

in tremor in 58% and 64% of the subjects tested.’*? Chase et

al found the application of a constant force to the finger in

the direction of extension (upward direction for a pronated

hand) attenuated finger movement during trackling tasks for

gsubjects with cerabellar system lesslions as well as normals.

Applying a constant force in the direction of flexlion resulted

in a marked increase in the tremor amplitude.2
Despite a recoanized need for a "simple mechanical

damping device", 1ittle work has been reported on the use of

viscous damping as a means of suppressing AIM. Bosen and

Gesink tested the feasibility of thls approach on a single

subject with upper extremity intention tremor.lzln these tests,

a lightweght hinged brace was fitted to the subject's forearm

and hand. Thils brace incoporated a linear pneumatic dashpot

with a damping constant of 4 1in 1bf/(rad/sec). The subject

performed a sinusoldal trackling task simllar to the tasks

used in this work. In these trlals, tremor was reduced anywhere

from .92 to .14 times the undamped value. In addition, more

acourate tracking was reported in 12 out of 16 trials. Simoes

et al at the Ranchos Los amigos Hospital tested orthotic braces

incorporating viscous damplng as a means of controlling

athetosis. ' This AIM 1s characterized by a complex writhing
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motion of lower frequency than the "action"tremors studied 1n
this paper. These researchers found that the performance of
the athetoid cerebral-palsy or braln damaged patlents wearing

these braces showed little or no consistent lmprovement.

1.4 Wwhat Causes Tremor? Muscle-Load System Models

The above approaches to tremor management are Jjustified
since the application of forces to a limb will ultimately
change the muscle-load system dynamics. Stiles showed that
under conditions of constant muscle stiffness, k, in normals,
the addition of mass with moment of inertia I to the hand
lowered the frequency w of the spectral peak of normal hand

%k/1', where I'ls

tremor consistent with the relationship w

the moment of lnertia of the hand and added mass about the

wrlst}l Joyce anc¢ Rack also showed that the frequency of

elbow tremor in normals could be adjusted in a consistent

fashion by selecting the appropriate comblnation of spring

and mass 1oads.5
Such results have lead several researchers to develop

models of the muscle-load sgstem in an attempt to explain the

onset and existence of tremor, both normal and physiologlcal.

Two models have receilved considerable attention in the literature.

The reflex oscillator hypothesls proposes that tremor reflects

an instability in the reflex servo loop primerily due to delays

in neural transmission and exclitation contraction coupling.

On the other hand, the mechanical resonance hypothesls assumes

that the muscle-load system 1s an underdamped second order

system subjected to broad frequency band foroing in the form
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of asynochronous muscle fiber contraction. Mathmatical models
of both these concepts were developed by Stein and Oguztoreli.lo
These math models indicate that both mechanisms for tremor
could result in oscillations in response to impulse inputs ,
hence establishing a theoretical basis for both conceptual
models.

Conslderable support exists in the literature for both of
the above mentioned hypotheses. Lippold, in support of the
reflex oscillator hypothesls, points out that tremor was not
present 1in deafferented limbs, that the frequency of tremor
decreased when the limb was cooled, and that bursts of muscle
action potentlal colncided with the frequency of tremor.

Stiles also observed amplitude modualation of EMG at the same
frequency as hand tremor during large (710Q/¢meters) displace-~
ments;r7 The mechanical resonance hypothesls 1s supported by
evidence of increased fremor frequency wlth increased muscle
tension, decreased frequency with added mass, and the exlstence
of tremor osclllations in neurally lsolated limbs. Other
workers have shown that the forearm and hand muscle-load

systen is in fact und erdamped having a damping ratio of 0.1 to
0.2.17 To complicate matters more, recent work by Stlles
indicates that the mechanlsm for normal hand tremor with RS
magnitudes in excess of 100 meters involves a combination of
mechanical resonance and neural feedback factors. 17 In addition,
Stiles suggests thath the mechanism for Parkinsonian hand
tremor 1s similar to that for normal hand tremor of large

displacements, indicating that physloloslcal tremor may Jjust
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be an exaggeration of normal tremor}7 In fact, Thorner 1s
ref erenced by Stliles to have hypothesized that Parkinsonian
tremor results from the loss of damping 1n the neuromusclar

systen.

1.5 How Do We Proceed From Here? A Brief Overview
It 18 evident that the muscle-load system is a dynamic

system albeit not completely understood. Consequently, it may
be possible to alter the parameters of the system and hence the
response in such a way as to atténtabe abnormel movements.

This thesis investigates thils hypothesis as 1t relates to the
suppression of intention tremor through the addition of an
external damping element. The design of this element 1s
described 1in detail in Chapter 2. Three subjects have been
tested using this equipment; one with rubral-like

intentlion tremor, and another with essential

intention tremor, and a normal to provide a basls for comparlson.
The methods used to evaluate the results of these tests are
presented in Chapter 3, and the results themselves are
discussed in Chapter 4.

It may be sald that the effect of viscous damping will
vary from subject to subject. Hence a large test population
is necessary if one intends to draw conclusions from these
tests which could be applied to a general patient populatlon.
Only three subjects were tested in this work; therefore no
such conclusions could honestly be made. However, the work
reported here does jdentify statistically significant trends

evident as a result of applying viscous damping, and thus



highlights the need for continued evaluation of this

approach to tremor management.

14
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CHAPIER 2
SYSTEM DESCRIPIION

2.1 Introduction

The emphasis of thls thesls was two fold. The flirst
objective was to fabricate the equlpment needed for the
erperiments required to assess the utility of the proposed
method of tremor management. With this task complete, the
next objective was to conduct a few initial trials with
human subjects using this apparatus. Thls chapter documents
the results of the first task; the equipment. The procedures

and result- of the second tesk are dlscussed in Chapters 3

and 4.

2.2 Definition of Equipment Needs
12
Tests conducted by Rosen and Gesink in Miaml suggest the

feasibility of suppressing intention tremor by mechanical
loading. In these tests, thermo-plastic curfs were fitted

to the subject's forearm and hand. These cuffs were coupled
together and hinged at the wrist. Wwhen conducting tests

with a larger subject population, such customizing would be
inefficeint. Futher, a linear pneumatic dashpot was positioned
between the hand and forearm cuffs to provide viscous damping.
Fluoctions in damping constants could be expected with this
dashpot due to changes 1in alr properties such as temperature.
In addition, the compressibility of the alr results in the
dashpot acting more like a damper and spring 1n serles rather

than a damper alone.

These drawbacks helped to define specifilc functlonal
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requirements for the equipment developed for thls thesls.

These requirements weres

s Versatility - Fit a large subject population with
minimal "customizing."

e« Hepeatablility - Provide accurate control of viscous
damplng constant.:,

e Provide "pure" viscous damping
The above functional requirements had to be satlisfled by
any apparatus developsd 1in order for the proposed experlments
to be siznificant. 1In additlion to these requirements, certian
design constraints were also speciflied. They were:

* Provide a means for measuring the level of torque
applled across the wrist

# Provide a means for securling the forearm

» Provide the capability to allgn the subject's wrist
with the axls of rotation of the apparatus

» Make the apparatus safe and comfortable for the
subjects

» Make the apparatus portable

2.3 Transduction and Loading Device

The transduction and loading device (TLD) developed to
satisfy the above requirements and constraints ls shown in
Flgure 2-1. It conslsts of a rigid base to whilch the subject's
forearm 18 securely attached. Mounted on thls base 1s a
magnetic particle brake whose output torque, m, is controlled
by the input current i,. See Table 2-1 for definition ofall
variables included in this thesis. Thls brake is coupled via
a torque transducer and shaft to a handle which rotates about
the same axls as the wrist. The subject's hand is strapped

to this handle. The rotational posltlion of the handle 8, 1s
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Signal Processing
Instrumentation

— Brake Current = l—— Position

Forearm
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Bearing
Biock
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Magnetic Particle
Brake
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Torque
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Figure 2-1 Transduction And Loading Device (TLD)



Figure 2-2) TLD Forearm Restraint, Brake mclosure, and
Oscilloscope Display

Flgure 2-2b) Experimental Setup Showlng TLD, Display, Power
Supplies/Signal Processing Modules, and
Four Channel il Tape Hecordaer
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Table 2-1

Definitlon of Varlables

System damping constant,in-1bf/(rad/sec)
Centimeter

Galn stage pot setting

Frequency of input to the differentlator
Hertz

Brake current

inch-pounds force

Differentiator gain, volts/volt

Galn stage gain, volts/volt

Position potenticmeter,zain mV/degree
Display gain, volts/volt

Torque outout of brake, 1ln-1bf

Torque Transducer system output, volts
Torque output of Brake dynamlcs in model
milliamperes

millivolts

Rotational position of TLD handle, degrees
nadlan

Radian/second .,

Response (or position) voltage, volts

Target voltage, volts
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detected by a precision potentiometer, and differentliated to
generate a signal proportional to the veloclity of the handle.
This signal 1s gain ad justed, rectified, and then used to
generate brake current 1b; thus producing electronically
controlled viscous damping. A more detalled description of
these components and thelr response characteristics follows.
Figure 2-2a and b are polaroid photographs cf the complete
experimental set-up.

2.3.1 Mechanical and Electro-Mechanical Components

The TLD conslsts of the following mechanical and

electro-mechanical components:

¢ A 3/4% inch plywood base gsized to rest across the
arms of a wheelchalr or arm chair. During an
experiment this base ls clamped to the chailr the
subject is sltting upright in.

« A 1/4 inch aluminum plate bolted to the plywood base.
This plate is the foundation onto which all other
TLD components are mounted. This allows the TLD
to be poslitioned under either the left or right
forearm without having to move the plywood base.

+ A thermo-plastlc cuff fitted to each subject's fore-
arm. The process of formling this cuff was the only
ncustomizing" required by this deslgn.

Spring clamps and velcro strap ror securing the tore-
arm cuff to the TLD foundatlon. This conflguration
provided a means of quickly allgning the wrist by
positioning the forearm. The velcro strap can be

used to secure the subject's elbow 1f necessary to
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prevent any violent proximal movements Trom
damaging the forearm restraints.

» A Force Limlted ( of Santa Monica, Celifornia )

Model B215F3-2 magnetic particle brake. This brake
has a maximum output of 40 inlbf for an lnput current
of 400 mA. ‘

. A flexiple coupling (Metal Bellows Model R3-C56).
This coupling compensates for any parallel, angular,
or end-to-end misalignment while exhibiting very low
windup (1/3° at 24 inlbf).

+ A stalnless steel torque transducer for measuring
the torque applied to the handle by the magnetic
particle brake.

. A 1.0 inch thick bearing block with two 3/8 inch
flanged and double shielded bearlngs, one mounted on
each side. This arrangement results in the bearings
carrying all loads applied to the handle, includ ing
any bending moments. Any bending moment appllied to
the handle is transformed into a couple acting at
the bearings in the plane of the appllied moment.

This prevents any bending loads from beilng carrled
by the torque transducer and ultimately the bushlngs
in the magnetic particle brake.

e An aluminum coupling, handle, and a section of thermo-
plastic material with a strip of velcro fitted to the
handle. The subject's palm rests on the thermo-

plastic pad and the velcro strip provides a means of
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securlng the hand to the handle. The coupling,
handle¢, pad and velcro strip have a combined moment
of inertla about the axlis of rotation of 0.006
in-1bf/sec?, based on the handle having a radius of
2.72 inches. For an average male, this moment of
inertia 1s approximately 15% of the moment of inertia
of the hand about the wrlst?

+ A preclasion potentiometer (New England Instruments
5kn Econopot) used to sense the rotational position
of the handle. Tli'+ pdentiometer incorporates a
continuous plastic conductive resistance element
rather than conventional wound wire. Consequently,
the resolution is better than 1.0 mV or 0.072°. it
has a gain, Ko of 13.9 mV/degree of rotation and
the RNMS nolse level 1s minimal ( measured,using a

HP 3004A BRMS Voltmeter, to be less than 1.0 mV).

2.3.2 Instrumentation and Electronics

The following commercial and custom bullt electronlcs
were used to provide the necessary power, dlsplay, controls,
and outputs for the experlments: See Figure 2-3

e A display oscilloscope (HP 3310A) for presenting the
target and subject response as the vertical position
of half-screen llne segments. |

e A portable power module/main frame (Tektronix TMS505)
containing;

+ Two power supplies (tektronix P3S501) capable
of being connected with a common ground in

order to provide + 40 volts DC across the
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output terminals.

+ One function generator (Tektronix FG501) to
provide amplitude and frequency ad justable
inputs for the target signal.

+ One custom bullt signal processing plug-in.

e Custom signal processing clircults packaged in a
TM500 plug-in module. Included in thls module were;

+ Adisplay driver circult.

+ + 15 volt DC and +5 volt DC regulators.

+ A practical differintlator for generatling a
voltage proportional to the angular veloclity
of the handle.

+ A gain control circuit for regulatling the
damping constant of the system.

+ A rectifying circult to genernte a unli-direction-
al signal for driving the magnetic particle
brake.

e A voltage controlled current source for controlling
the brake current 1,.

« An instrumentation amplifier (Burr Brown 3626AF) for
amplifying the low level torque transducer signals
close to the transducer. <This minimlzes the contam-
ination of the low-level output of the transducer
strain gages prior to ampliflcation.

o A 4 channel FM tape recorder (Tandberg Instrumentation
Model 100) for recording target, wrist angle, and

torque signals.
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Diagram
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2.4 Dynamic Response Characteristcs
The electrical and electro-mechanical response character-

1gtics of the TLD will dictate how effective this device will
be in performing its assigned task. This section discusse§
the design and response characteristlcs of the dynamloc
elements of the TLD., From the individual component responses,
the total system response can be better understood and
predicted. The nomenclature used in the followling sectlons

is defined in Table 2-2.

2.4.1 Differentlator and Galn Stage
An operational amplifier differentiation circult is

used to generate a voltage proportional to d(e,)/dt.
This slgnal 1s used to control the magnetic particle
brake and thus provide viscous damping. The galn stage
provides a means of adjusting the damping constant by
modifying the output of the differentiator.

The differentiator circuit shown in Filgure2-4 was
used rather than a tachometer because the rotatlon of the
handle was small and reversing. Tachometers are not well
sulted for this type of application. Hosen and Gesink
observed hand tremor amplitudes of + 20° at 3 to 4 Hz.
Tachometers sénerally do not operate well when shatt
rotations are less than one complete revolution and
include direction reversals. Gearing to obtaln greater
shaft rotations was considered infeasible since 1t would
inorease the inertia of the rotating portion of the TLD.

It would also be difrficult to elimilnate hacklash in the
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Figure 2-4 Differentiator and Gain Stage
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gearing.

Electronic differentiation is not without lits
problems. It 1s well known that electronic differentiation
amplifies any noilse or high frequency components in a
signal, thus degrading the signal to nolse ratio. To
minimize this problem, a "practical" differentiator for
1ow.rraquency slgnals was used. This ciroult acts as a
differentiator for low frequency signals and converts to
an integrator when the signal frequency exceeds a limit
whose value 13 dependent upon the circuit component values.
The corner frequency for thils work is 330 Hz, and the
corresponding component values result in a differentiator
gain of 0.1.

The galn stage, also included in Figure2-4, is a
standard invertling op amp confliguration whose gain, kg,
1s proportional to the ratlio of the feedback reslstance
to the input resistance. The feedback resistance can be
ad Justed by a dial potentiometer provided on the front
of the slgnal processing box. &s fabricated, thls stage
can provide gains between zero and five.

The Bode plot for the differentiatlon and galn stages
combined 1s shown in Figure 2-5. It 1s evident from this
plot that thls subsystem behaves as a dlfferentlator up
to approximately 300 Hz since the slope of the plot in
thie region is +20 db/decade.’ This plot corresponds well
with the calculated response of kqkg2wf, where f; 1s the
frequency in Hz cf the input signal and kg the differentiator
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galn. The phase of the response 1s +90° (i.e. lead) in

the .1 to 4.0 Hz range, decreasing to +85° at 10.0 Hz.

2.4.2 Magnetlc Particle Brake

A magnetic particle brake was selected to provide
viscous damping based on 1ts successful performance in a
similar role in prosthetic knee simulators developed at
M.I.’I‘.6 The brake selected for thls project was a iorce
Limited Model B215F3-2 which has a maximum output torque
of 40 in-lbf. The brake current may range between 0 and
400. mA. However, the range of 1incrementally proporticnal
response 1s 50 to 160 mA. Figure 2-6 shows the measured
DC torque versus DC current characteristics of the brake.

The brake consists of two disks, one fixed and one
rotating, lnside a housing. Surrounding these disks 1s
an inductive coill and the gap between the disks 1s filled
with magnetic particles (iron fillings). brake current,
1y, flowlng through the coll produces a magnetic rield
across the gap causing the metal filings to line up
perpendicular to the disks. when one dlsk beglns to
rotate relative to the other, the filings shear 1n the
middle of the gap. The force required to shear the
particles (.the torque output m) is proportional tc the
strength of the magnetic flileld and consequently 1.

The response of i, to a step change in voltage across
the brake consists of two portions, as shown in Figure 2-7.
The first is a steep rise lasting 5 msec. Thls portion

is indicative of a time constant of 40 msec determined
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graphically from the initial slope of the response. The
dominant response of 1, 13 a slower exponential rise with
a 120 msec time constant, again determined graphically.
Gse of this time constant alone would be a good apprx-
imation of the response of 1b to step changes in voltage
since the initial response.ls so short lived. Also shown
in ¥igure 2-7 is the repcnse of the torque to step changes
in voltage applied to the brake. This torque 1s the

voltage output,M, of the torque transducer and amplifier.

2.4.3 Current Stage

Use of a voltage controlled current source minimizes
the effect of these electrical time constants. Hence,
one of these sources was used to control the brake current.
This circult, shown in Figure 2-8, uses a high voltage
op amp incorporating feedback to regulate the current
through a power transistor 1in serles with the brake.
when switched on, thls power transistor can apply up to
40 volts DC to the magnetic particle brake. With this
voltage capacity, the direction and magnitude of 1b can
be rapidly changed insplte of the inductive element in
the brake. For a step input of 400 mV, 1, reachesb62% of
jts final value within 2.5 msec compared to She 120 msec
observed without the current stage. Table 2-2 shows the
time measured for ip to reach 1its final value for a step
change of 500mV as a functlon of the power tré@istor
supply voltage. Flgure 2-9 a,b,and c are polaroid

photographs of these Tesponses. Conslderable time savings
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Table 2-2

ib Rlse Time For Varlous Current
Stage Supply Voltages

Supply Voltage (VDC) Rise Time*(sec)

+ 20 11.0
+ 30 6.0
+ 4o 3.5

*3ise Time - The time 1t takes

lb to reach its final value with
a step input to the current stage
of 500 mV. See Flgure 2-9,
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are realized through the use of a 4O volt DC power supply.

The current stage with the brake as a load provides
a precléely'regulated 1, response to sinusoldal control
voltages. For input voltages of t+ 200 mV and t 400 mV,
no distortion, attenuation, or phase lag of lb was
measured at frequencles up to 30 Hz. These input levels
correspond to lb values of 20 and 40 mA respectlively.
For inputs of *+ 600 mV (corresponding to 1y = * 60 mA)
the current response becomes increaslngly trlangular for
frequencles in excess of 20 Hz. for all frequencles
and amplitudes encountered during actual trials with
human subjects, this distoption 1s not significant.
2.4.4 Torque Transducer and Amplifier

A torque transducer was incorporated into the TLD
to provide the capablllity of measuring the amount of
torque applied to the handle. The deslign of the transducer
was based on standard practices in which folil strain
gages were mounted on a cylindrical section of the shaft
connecting the brake and handle. BLH Electronics
FAED-06B-12-86 gages wlth a galn factor of 1.96 + 1%
were used. These gages are mounted 45° to the shaft
axls, coincident with the 45° components of the comblned
normal and tangential stresses in the shaft resulting
from applied torques. By applying two palrs of gages
180° apart on the shaft, a Wheatstone bridge with four
active legs 1s fabricated. Consequently, the effects of

temperature and forces or moments other than torques about
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the shaft axis are nulled out.

The torque transducer ampllification circuit 1s
centered around a Surr Brown 3626AP instrumentatién
amplifier. This amplifier has a galn of 672 volts/volt,
an offset output voltage of 10.4 mV, a temperature drire
of + 6.0_wV/°C, and an output noise level of 2.0V peak
to peak. The clrcult diagram for this subsystem 1s shown
Figure 2-10. The static or DC response of the combined
torque transducer and amplificatlon system 1s very llneer,
as shown in Figure 2-11. Thls subsystem has & total gain
of 83.3 mV/in-1bf. This galn can be adjusted by modifying
the gain control resistance 1ln the instrumentation amp-
l1ifier, which 1n thls case equals 15 ohms.

2.4.5 Simple Brake Model

Ideally, the magnetic particle brake, with the
torque tranaducer coupled to 1t, would produce a torque
voltage, M, proportional to the velocity of the handle
with no attenuation or lag. However, the time coﬁstant
relating M to input steps of voltage applied to the brake
in the absence of the current stage ls 220 msec, as
determined graphically from Flgure 2-7.

* . This 220 msec time constant is reduced to approximately
100 msec when the current stage 1s incorporated in the
system. Because the current staze nearly eliminates the
lag of the electrical response, the major contributor to
tis remaining time constant must be the mechanical dynamic

characteristics of the brake, coupling, and torque
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transducer. These characteristlcs are functions of the
amount of time required for the magnetic particles in the
brake to alter thelr alignment in response to changes in
lb’ and th2 "windup" of the couplinz and torque transducer,
(1.e. elastic deflection is required in these components
to develop full rated torque). The "windup" of the
coupling and torque transducer are 0.33o and 0.10°
respectively, at 24 1n-1bf torque. These correspond to
torsional stiffnesses of 4300 in-1bf/rad for the coupling
and 13,750 in-1bf/rad for the torque transducer,

The magnetic particle brake produces M opposing
rotation regardless of the direction of Trotation. When
this feature is comblned with the above dynamlcs, a simple
model of the brake can be developed. Shown 1n Figure 2-12,
this model includes, as an approximation, first order
dynamics followed by an all-positive nonlinearity. To
study the response of this model, 1, will be decoupled
from the shaft rotatlon; i.e. the changes in torque due
to changes 1in 1b will be studled assuming shaft rotation
is constant. Durlng a rapid ramp change in the sign of
lb’ made possible by the current stage, the output of the
dynamics component, M', would exponentially decay towerds
a new value of the opposite sign. However, the all-
positive feature of the model ;nverts the negative portlon
of M'. The result seen in Figure2-12 1s an exponent lal

decay in M to zero followed by an exponential rise to the

original value of torque.
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This undesirable transient response can be shortened
if the input current to the dynamic element were itself

rectified. Rectifying the 1 causes 1t to drop to zero

b
and rise back to a positive value during rapid sign
changes of input. Following i, M' begins its decay as
ip drops to zero. However, 1, reverses directlon before
M' reaches zero. GConsequently M' and hence M beglns to
rigse towards 1ts final value and reaches that final value
sooner than for the model without input ocurrent rectificatlion.
2.4.6 Rectifier

A rectifler has%ffact been incorporated into the TLD
prior to the voltage controlled current source. Thils
partially compensates for the time constants resulting
from the mechanical dynamics. The design of the rectifier
1g based on a standard op amp circuit and 1s detailed in
Figure 2-13. Although frequency response technlques
cannot be directly applied to the description of this
nonlinearity, the response of this component to unbiased
gsinusoidal inputs 1s to generate a full rectifled sine

wave with no attenuation for frequencles up to 40 Hz. In

addition, this element does not lntroduce any delays.

2.4.7 Combined Current Stage, Brake, and Torque Transducer
Response

The mechanical dynamics of the brake and transducer
will attenuate responses above a relatively low frequency
because the rectifier and current stage only partially
compensate for the existing time constants. As shown 1ln

Figure 2-6, the 1p versus M static response exhlibits a
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Figure 2-13 Full Wave Rectifler
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square law relationship in the 0 to 50 mA region. Beyond
this region, the LC torque is incrementally proportional

to brake current with the exception of some small hysteresls.
The M/ib gain 1n this region is 15.8 mV/mA..

The input to the curreggrggs DC blased to test the
frquency response in the incrementally linear response
region. Without such a blas, the system gain would be
a function of the amplitude of the input and would vary
over the course of a single cycle of an AC signal.

The frequency response of the current stage, brake, and
torque transducer in the region of proportionality is
plotted in Figure 2-14. This plot shows the gain of this
subsystem 1s relatively independent of frequency between
0.1 and 4.0 Hz. In this sector of the plot, the plot

has a slope of -4 db/decade starting at a DC gain of

zero db. The gains plotted 1n this figure have been
normalized with respect to the DC gain for the given input.
Between 0.1 and 4.0 Hz, the galn is down -3.0 to -5.0 db.
The gain drops off to -6.5 db at 10.0 Hz and -8.2 db at
20 Hz. The phase plot shows nearly constant slope of
-15°/decade. The lag is approxiamately 5° at 0.1 Hz ,
32° at 4.0 Hz, and 43° at 20.0 Hz.

These response characteristics were obtained by
moving the handle at a constant angular veloclty wlth a
large lever arm insensitive to varying torques applied by
the brake. DC biased sinusoidal inputs were applied to

the current stage by a function generator (Tektronix FG501).



45

Gain (db)
il

1 m T ™
. L
1 ' %‘"l i i ﬁk‘ it
i I Il T Ir T
il i ] i f
’ i ! | w'. I T
l 1! 1§
1¢r I 4 : |
f ! T
O . i ili i Ii T X T I‘F Hi
i i
| i l(i0 nii ] ) ! J; H-
|l | il ' f N 'I ' t
. ' 1l il :
L | et
T | ] i
]
|
i1 ' i i i
-5 - ! ' ; i il
u | Sy 1 HHIL
i 4 i
ik ¥ |
ol i Sy f

o

. | :F-:
10k ; ; ‘ i . ! ]
T ' i f ! ' i T
I % i - i
'i‘I ' ] l ™ Jﬁ
. . | . : i
i i | Il i
_ T TR 1 ‘ ! [l
1 55 i | [ Ji | ! il SN ERR AR ) L ' ég-f
.1 1.0 10.0
Phas= (9)
A i i I ! T T 1 TVEEIAI
; | , L
X il i il ;&
il | [l
1 ity i i
']E ' i ) mirih
-20 - ; TR T iiha ' l :1E
il i T | it IT-
(RN i i N H--
T i o
-30 ﬁ' ; hai i ih
i H;_l.!: *"'IH T Ill
~40 + il :Jli l 1
| I ! 5 g L'I T
_ i i e BN
_50 T f i } I T ||§[|! T ! k H‘F: .
o1 : 1.0 10.0

Frequency (Hz)

Figure 2-14 Frequency Hesponse of Current Sta.e,
Brake, and Torque Transducer



Lé

The input voltage and i were monltored on a Tektronlx
storage oscilloscope as the handle was moved through
an arc.

It i1s obvious from this plot that this subsystem
wlll act as a low pass fllter. I belleve thls results
from the spring-like response ("windup") of the torque
transducer and brake to changing inputs. It would be
worthwhile then to investigate the use of a smaller
brake with a correspondingly smaller mechanlical time
constant, to stiffen the rotating elements, or to provide
closed loop torque control.

2.4.8 Brake Subsystem Model

In analyzing the magnetic particle brake response,
it is worthwhile to develop a more sophlisticated model
of the brake subsystem than the one presented earller,
Such a model can give added insight into the features of
this subsystem and how i1t could be expected to respond.
The conceptual model developed for thils purpose ls shown
in Figure 2-15. The model consists of the following
componentss
First order dynamlcs assoclated with the resistance
and inductance of the brake and the mechanical dynamics
of the brake and torque transducer.
An all positive nonlinearity which generates positive
M' regardless of the sign of current.
A hysteresls function E(6y) of magnitude 1 and sign
opposite to the directlion of rotation. See Flgure
2-16.
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Flgure 2-15 Magnetic Particle drake Model
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f = Sgn(d(8,)/dt) can be graphed like this....

'y
+1
d(ew)/d}
-1
or this,.. >
"
~—— — +1 T~

k Vertical

e’

Flgure 2-16 Sgn(d(ew)/dt) Function
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The input to the first order dynamics 1s 1, which,
in the assembled TLD, is proportional to the angular
velocity of the handle (l.e. 1y = d(8,)/dt ). €  1s the
input to the hysteresis function as well. This hysteresls
function multiplies M' by the necessary value to account
for direction of rotation. Ideally, this would degenerate
to P(e,) = -San 8w as in Figure 2-16, simply multiplying
M' by + 1.0 to generate M. However, due to the energy
stored in the elastic windup of the brake, transducer, and
coupling, the direction reversal lines of the hysteresls
function are not vertical. The effect of this 1s shown
in Flgure 2-17.

As the shaft rotation changes direction, d(ew)/dt
progresses through a rapid sign reversal as shown in
Figure 2-17 a and b, During this time, the -Sgn d(ew)/dt
function would 1deally follow the dotted transition in
Figure 2-17 c. However, due to energy storage in the
various components, the P(8 (t)) function follows the
solid sloplng line.

At the start of a direction reversal, !M' would begin
to decay towards a value of the opposite slgn due to the
first order dynamics. If the all positive feature did °
not exist, M' would continue through zero and follow the
dotted response in Figure 2-17d. However, the all-positive
feature inverts the nezatlve portion of the response
causing ' to follow the solid line in Figure 2-17d. The
M' response is multiplied by the P(ew(t)) function
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Figure 2-17 Magnetic Particle Brake fiodel
Response



Figure 2-18 Cbserved Response of Il
During Direction Reversals

Note: On left side of photograph;
Top trace is P (wrist angle voltage),
Mlddle trace 1s 1, (brake current),
Bottom trace 1s M (torque voltage).
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and the resulting response M 1s obtalned, as shown in
Figure 2-17e. This response was infact observed and a
Polaroid photograph of it 1s shown in Figure 2-18. The
slgnificance of this observatlion 1s that the brake will
briefly assist the motion of the handle after a rapid
direction reversal. This asslstance comes from the
energy stored in the elastic deflectlon off the system
components. This energy 1s released during direction
reversals, More generally, note that che distortions of
a(8,)/dt seen in M(t) result form the combined effects
of brake response time and elastic energy storage. If
M(t) was truely a rectifled version of d(ew)/dt and P
was simply ~Sgn(6w), then M(t) would be instantaneously

proportional to ew(t).

2.4,.9 TLD System Response
The TLD frequency response was determined for the

completely assembled system by having a normal subject
track sinusoldal targets of increasing frequency and en-
semble averaging the recorded response and torque voltages.
Good sinusoidal trackinz could be maintalned on averagse
for frequencles up to 4.0 Hz. At each frequency, the
response and torque voltages were ensemble averaged to
glve an averaged response magnltude ﬁ.and an averaged
torque magnitude M. 20 log(M/R) was used to calculater
the system gain while phase information was obtalned by
measuring the shift between peaks of M and R.

The result of thils effort 1s shown in Flgure 2-19.
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The slope of the galn curve 1s 30 db/decade in the 1/b
to3/4 Hz range and tapers off to nearly 20 db/decade
above 1.0 Hz. Ideally, this plot should have a constant
slope of 20 db/decade, that of a pure viscous damper. The
increase in gain more than proportional to frequency is
caused by the increasing statlc galn (torque vs current
in Figure 2-6) of the magnetic particle brake. For low
frequencles, the input to the current 1s very small,
resulting in low brake galn and hence low torque. 4s
velocity of the handle increases, the brake current 1s
driven higher resulting in an increase in the brake galn.
This ococurance 1s evidenced in Figure 2-20 which is a
Bode plot for the combined current stage, brake, and
'torque transducer. Unlike the previous plot for this
subsystem (Figure 2-14), the input voltage ° - hers. .
was not DC biased when thls data was obtained. In fact,
the input voltage to the current stage and the output
voltage of the transducer stage were recorded while a
normal subject was trackling at varibas frequencles. As
a result, brake current was varying through the range of
varying brake gain. Hence , when this plot 1s combined
with the frequency response for the differentiator and
gain stage (Figure 2-5), the plot 1in figure 2-19 results.
In other words, the nonlinear response of the brake 1s
responsible for the additlonal 10 db/decade.

Finally, Figure 2-21 shows the equivalent damping

oonstant B in in-1lbf/(rad/sec) for the entire system.
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These values are plotted against the dial pot setting D
(gain stage control) for various rotational velocities.

It is obvolus from the plot that B is dependent upon the
rotational velocity of the handle as well as the value

of D. This relationship complicates the description of

the TLD since it becomes difficult to establish exactly
what damping constant was used during a specified trial.
This emphasizes the need to incorporate closed loop

torque control into the TLD since this deflceincy 1is the
result of the changing gailn of the magnetic particle brake.
In addition to "closing the loop", it may prove worthwhile
to use a smaller brake with a more constant gain in the
reglon of interest. Only 508 of the rated capacity of

the presently used brake is utilized and 1its tlme constants
and changlng galn are detrimental to the proper functioning
of the TLD.
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CHAPTER 3
METHODS

3.1 Introduction

The driving force behind this thesis is the hypothesis !
that abnormal involuntary movement, particulary intention
tremor, may be suppressed through the addition of an external
damping element. Chapter 1 presents the theoretical
Justificatlon for doing this and Chapter 2 discusses the
apparatus used. Thls chapter treats the methods used to
conduct the experiments and analyze the results.
J.4 Selection of Subjects

Contact with local neurologlists was established esrly in
the project for the purpose of locating suitable and willing
'Bubjects. Criteria for selecting subjects for the trials
were: the obvious presenceof action tremor at the wrist;
sufflceint strength to move the hand against a 3 to 4 in-1lbf
torque; visual acuity so the subject could observe the move-
ments of the target and response lines on the oscllloscope
socreen; and mental competence 80 the subject could under-
stand the intent, scope, and procedures of the trials.
Prior to participating in the program, each sub)ect was
screened in light of these criteria, and recelved and oral
end written explalnation of the experiment. Subjects
willling to particlpate were asked to sign an informed consent
form. This form, listed in Appendix I, meets the require-
ments of the human subjects committees of MIT, Peter Bent

Brigham Hospital, and the Brockton V.A. Hospital.
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Three subjects were tested: subject JF, male age 54 with
rubral intention tremor resulting from multiple sclerosis;
subject FS,age approximately 70 years, female with idlopathic
essential tremor; and subject ED, male age 26 with no ab-
normal movement., Subjects JF and £S5 had a long history of
thelr diagnosed disorder prior to participating in the
experiments. Hence thelr condition during the experiments
was consldered stable. Nelther were receiving medication
for thelr tremor at the tlime of the experiments. With both
of these subjects, previous theraputlc treatments had had
little or no effect on thelr tremor. A more detalled
clinical description of these two subjects 1s contalned
in Appendix I - "SUBJECTS".

3.3 Exverimental Procedures

The experimental trials were conductedaﬁthe subject's
residences because of their 1lnabillity to come to the
Rehablilitation Engineering Center at MIT. The trials with
JF were conducted at the Brocton Veterans Administration
Hospltal while FS was tested in her own home. Each subject's
particlpation was limited to two or three experimental
sessions, each session lasting approximately two hours.
Frequent rest perlods weregiven throughout the sesslons to
minimize the effects of boredom and fatigue. To the extent
that it fit each subject's schedule, all experiments were
conducted at the same time each day. FS, for example,
commented that her tremor was worse 1ln the morhlns than

in the afternoon, and was attenuated after a glass of wilne.



60

Hence, stanardization of this experimental procedure with
each subject 1s important to avoid any obvious variations
in levels of tremor experlienced during daily activities.

Prior to conducting the experiments, a thermo-plastic
cuff was fitted to each subject's forearm. In so doing, the
forearm was positioned on a flat surface in oriented to
match the 1ts position in the TLD.

During each trial, the subject sat upright in a wheel-
chalr or comfortable arm chair. The Plywood TLD foundation
with the TLD attached was fastened to the arms of the chair.
With the subject seated a comfortable distance away from the
oscllloscope (usually 4 to 5 feet), the subject's forearm
was placed in the restraint and his hand -fastened to the
handle.

During the trials, two horizontai lines appéared on the
oscllloscope screen in fornt of the subject. Each line was
only as long as half of the screen width. The target line
oscillated up and down sinusoldally while the other line was
controlled by the position of the subject's hand. The subject's
task was to keep the two lines aligned.

A sinusoldal tracking task was selected since it requires
direction reversals as well as constant control of hand
position. The sinusoidal tracking task represents a realistic
task slnce direction reversals and limb position control are
encountered in daily living activities. Also, direction
Treversals are known to aggrevate intention tremor. Thus the
results of these trials would provide an accurate assessment

of the clinical utility of this approach to tremor management.
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Pour experimental parameters could be varied during the
trials. These parameters are, in order of 1lnoreasing
importances

Display gain - The relationship between the angle of

deflection of the hand and the trace
displacement on the screen.

Target amplitude on the screen

Target frequency

Damping constant

Each parameter value used in the trials was asslgned a
single diglit code number. These code numbers were then listed
in the above order and the resulting four digit number
could be used to identify a specific trial for a given subject.

Only the effects of tawget fTrequency and damping constant
were studied in this work. The display gain, k., was set so
a 30° deflection 'of the handle corresponded to a 1.6 division
excurslion of the response line on the screen. Thils implies
a value of k., equal to 3.84 and an overall gailn of .053
cm excursion/degree of rotation. If kwb equealed 8.69,
corresponding to an overall galn of .121 cm/degree, the
displacement of the handle along its arc (with a radius of
6.9 ocm) would matoch the displacement of the response line on
the screen. Thils latter value of galn may be interpreted as
"normal®™ gain since there would be a one-to-one correlation
between hand movement and line movement.

An overall gain of 0.053cm/degree was used in order to
keep the response (including largeamplitude tremor peaks)
on the display at all times while providing a tracking task

that was comfortable and of reasonable-amplitude. This
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precedent was established for subject JF since his abnormal
movements were large in amplitude. It remained unchanged
throughout the remainder of trlals documented herein. The
target amplitude was maintained at a constant + 1.5 divislons
requiring + 28° of movement at the wrist.

For each subject several serlies of trials were conducted.
In any glven serles, the display galn, target amplitude, and
target frequency were held constant. The damping constant,
ad jJusted through D, was changed for each trial withln a series.
This was done in a random fashion to minimize any trend
recognltlion by the subject. FEach serles began and ended with
a trial with zero damping.

During each trial, the target, response, and torque voltages
were recorded on a 4 channel FM: tape recorder. The lnput
ranges for each of the channels, channel assignments, tape
speed, date, and subject identification were verbally recorded
on the tape prior to each series. Any appropriate information
such as changes in input ranges, D values, tape counter
reading, and subject comments were also recorded on the tape
as well as in a lab notebook. It was especlally important to
record ‘input range, D, and tape counter since these parameters
are necessary for proper scaling of the data and for
efflceint data processing. Flutter compensation was used at
all times to reduce tape nolse resulting from flucuations in
tape speed. Levels of tape nolse for a tape speed of 1 7/8
inches per second were reduced from 120 mV RMS to 25 mV RIS
at 10 to 20 Hz through the use of flutter compensation. The
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The sensitivity of the oscilloscope was set at 1.0 volts/div-
1sion and remained fixed throughout these experiments.

The duration of each trial was long enough to include a
minimum of 20 cycles of tracking. This was sufficeint for the
slgnal averaging program discussed in the next section. It
is recommended that all future trials be run for the same
amount of time, in addition to obtaining a minimum number
of cycles since equel lengths of records racilitates
spectral analysis of the data., Future tests should last at
least 2,0 minutes so enough data can be obtalned to produce
power spectra with reasonable confidence limits. For example,
if a record 1s divided into 15 overlapping segments of 512
samples each, a 102.4 second sample would be required,
assumming the sampling frequency was 40 Hz. The power
spectra for each segment could then be calculated and averaged
with the spectra for the other segments. The resulting estimated
average power spectra would have a confldence limit of 3 db
at a 90% confidence level.15In other words, by averaging 15
segments, you could be 90% sure that the resulting values
were within 3 db of the actual spectral value you would
obtain if you had an unlimited number of segments. Doubling
the record length (increasing 1t to 204.8 seconds) would
improve these limits. However, the cost of dolng tnls in
terms of computing time and the subject's attention span

may render thls approach impractical.

3.4 Data Analysis
Three effects of the viscous damping appoach were
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analyzed in this study. These included the effect on the
intended response, the effect on the abnormal movement, and
the effect on the frequency content of the subject's response.
The procedures used to extract this information from the

recorded analog signals are presented here.

3.4.1 Evaluating Intended Response

It 1s important to investigate the influence of
viscous damping on the intended response. It 1s hypothesized
that the additlonel damping introduced by the TLD will
suppress the AIM while not signiflicantly attenuating the
intended response. 1f the TLD does suppress the intended
response, then the utility of this approach to tremor
management 1s open to question.

The gain and phase of the intended response relative
to the target had to .be determined inorder to assess the
impact of the TLD. To make this comparison, an average
response was obtalned by ensemble averaging a subject's
response over a larae number of tracking cycles. Only
those components of the response which had a fixed temporal
relationship with the target would remain after this
averaging. Ideally, 1f many tracking cycles were avallable
all tremor components of the response randomly related to
the target would be averaged out. However, only a
limited number of cycles were avallable for tracking and
as a result not all of these random components could be
averaged out.

Hence, to asslst the process of averaging, the analog
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response signal was low-pass .fliltered prior to averaging.
This nearly eliminates all of the tremor components while
the presumably lower frequency intended motion would be
passed wlth much less attenuation. The target signal
was flltered in an identical manner in order to maintain
the original phase relationship between the target and
response signals. An eligth order Butterworth fillter
(Krohnhite Filter Model 3343) with a corner frequency of
2.0 Hz was used for filltering both siznals. This corner
frequency was used since the frequency hand tremor, both
normal and pathological, 1s in the 3 to 12 Hz range, and
because the tracking frequencies used in these experiments
were at or below 3/4 Hz,

The subject's average response may have contalned
harmonics above the 2.0 Hz ocut off frequency 1f the
response was dilstinctly non-sinusoidal. These harmonics
could have been attenuated by filtering since it is
impossible to differentiate them from oscillatory components
of tremor at the same frequency. To determine the upper
limit of the frequency content of the intended response,
the filter corner frequency was moved progressively up.
Bventually a corner frequency was reached where the ensemble
averaged response did not change shape when the corner
frequency was ralsed further. #for the two abnormal
subjects tested, shifting the corner frequency above 2.0
Hz 41d not noticably alter the ensemble averaged response
providing there were at least 15 cyocles availlable for

averaging. Figure 3-1 is a Polaroid photograph of an
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unflltered ensemble averaged response ror subject JF
where the target frequency was 1/4 Hz. Figure 3-2 shows
the same ensemble averaged response but filtered at 2.0
Hz prior to averaging.

After filtering, the response signal was sampled at
25.0 Hz over at least 15 cycles. Bach cycle was averaged
wlth the rest to extract an average response. This
averaging was accomplished using a BASIC siagnal averaging
program developed by Drs. #M.J.Rosen and D.Rowell and run
on the Digital Ejuipment Corporation PDP8e computer
avallable at the dehabilitaion Engineering Center. This
program is listed in Appendix II -~ "COMPUTER PROGRAMS".
The flltered target signal was also sampled at the same
rate to provide an equal number of points for comparison.
The sampled target signal, T, and the ensemble averaged
response, ﬁ. were stored on a Floppy disc for future
processing.

For each trial, an R/T amplitude ratio was calculated
and normalized with respect to the D = 0 amplitude ratio
for that serles. Phase relationships were determined irom
the times of the respective peaks. These normalized
amplitude ratios and phase relationships are plotted and
discussed 1in Chapter 4.

J.4.2 Bvaluating Abnormal Hovement

Tlie relationship tetween the amplitude of the abnormal
compnent of motion and the damping applied 1s of primary
lmportance in assessing the impact of the external damping

element. This relationship 1s an objective measure of the
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vallidity of the proposed hypothesis.

A measure of the abnormal motion was obtained by
band pass flltering an error signal (target minus response),
ensemble averaging that flltered response, then computing
the RMS of the ensemble average. The set up used for
thls analogz data processing 1is shown in Figure 3-3. To
accomplish this, an analog error signal was computed by
subtracting the response signal, P, from the target signal,
T. Thls error signal was band pass filtered between 2.0
and 20,0 Hz using the same eigth order Butterworth filter
mentioned in section 3.4.1 (two cascaded filters enabled
slgnals to be band passed). This filtering eliminated
1 kHz tape hiss and any 60 cycle nolse on the analog
signals in addlition to any portion of the intended response
due to lags in the subject's response. The error signal
was then gain ad Justed and squared to obtain an all-posi-
tive signal. This squared error signal was then ensemble
averaged over 15 cycles of tracking sampling at
100 Hertz, The mean of the averaged siinal was
then ocomuted using the "MEAN" routine of the program. The
mean value obtained was then scaled down according to the
galns used in the processing, and the square root of that
value was computed. This resulted in RMS (Root Mean
Square) measure of the tremor in the subject's response.
The RMS Tremor values for each subject were plotted against

D. These plots are shown in Chapter 4.
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J3.4.3 Spectral Analysis of Responses

Spectral analysis work done by Stiles et al has helped

to identify the frequency content of normal and parkin-
sonlan hand tremor. These researchers have used these

procedures to quantitatively assess the lmpact of added

mass, for example, on the amplitude and frequency content

of hand tremor. It is obvious from Stile's work that

spectral analysls capabllitlies can be a valuable asset to

this kind of research. Consequently, a spectral analysis

program was written and implemented on the Joint ME/CE
Computing Facilities Interdata M0 computer. This
program will be helpful in assessing the lmpact of the
TLD with its viscous dampling on the frequency content of
hand tremor.

In computing the power spectra of the subject's
responses, 1t was assummed that thelr AIlM was random and
stationary. The approach used in the developed program
was to sample a time record and divide thils record into
a number of dlscrete segments of equal length. The DFT
(Discrete Foulrier Transform) for each segment was

computed, squared, averaged with the other segments and

The flow chart, listing, and operating instructions for

the program are found in Appendix II - "COMPUTER PROGRAMS".
Prior to sampling, the analog response signal, R, was
band pass flltered between 2.0 and 20.0 Hz. This eliminated

any DC component of the response, any response components

15

then scaled to give an estimate of the actual power spectra.
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related to the target (i.e. intended response), and any
high frequency noise existing on the recorded analog
signals. The ouput of hte filter (two cascaded eigth
order Butterworth filters) was the patched to an A/D
(analog to digzital) converter.

The analog signal was effectively sampled at 50.0 Hz
to prevent allasing in the computed DFT. (To expidite the
sampling process, the tape recorder was actually played
back at twlce the original recording spped of 1 7/8 inches
per second. At the same time, the fllter frequencles were
doubled to 4.0 and 40.0 Hz as was the sampling rate doubled
to 100.0 Hz resulting in a real time sampling rate of 50.0
Hz.) 4096 samples of the analog signal were taken resulting
in a sampling time of 82 seconds. The 4096 sample record
was divided into seven overlapping segments of 1024
samples each. Hence each segment 1s approximately 20
seconds long resulting in the power spectral estimates
having bandwidths of 0.05 Hz.

In this method of power spectral estimation, the
confldence limits for the estimates are a function of
the number of dliscrete segments averaged together. In
this case, seven segments were used so the spectral
estimate for a given frequency band will with a proba-
billity of 0.9 fall with in a 6 db interval around the
actual spectral value for that frequency band. The unlits
of the power spectral estimates generated by this program

were (volts)z/bandwidth. The volts here represent the
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output of the positlon sensing potentliometer. £y galn

ad justing the digitized record in the software prior to
computing the DFT, the unlts could be in (degrees)z/band-
width., The estimates for each segment were smoothed by
impressing a Hanning data window over each dlgitlzed
segment. This window minlimizes leakage effects when
calculating the DFT.of the segnment.

Two slight modificatlons to the methods used in this
vower spectra’ estimating would. help to futher refine the
results. The output of the Tandberg FM tape recorder
ranges between * 5.0 Volts DC. The dynamic range of
the A/D converters used on the analog computer is + 10.0
volts DC. Hence, only 50 % of the dynamic range of the
A/Dconverters could be utilized. In future runs, it
would be worthwhile to gain ad just the filtered output
to utilize a greater portion of the dynamlic range of the
converters. This could be easily lmplemented through thre
use of the operational ampliflers avalable on the analog
computer. Secondly, alarger number of samples should Dbe
taken to help improve the confldence limits on the
spectral estlmates. Only additlonal blocks of 1024
samples are needed, the: number added depending on the
confidence 1imits desired and the capabilities of the

subjects to track for longexr perlods.
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CHAPTER 4
REJULIS

4.1 Introduction

After all is said and done, the slgnificance of thesis
rests 1n the results of the experiments conducted usinag the
equipment and procedures discussed in the previous chaptérs.
Does the TLD with its viscous damping rfilter out the alus
while allowing the intended response to pass unattenuated?
The answer to this and other questions are presented in
the followlng chapter, fortunately in a positive sense. first,
the effect of viscous damping on the magnitude and phase of
the intended response and the magnitude of the abnormal move-
ments 1s reviewed for the two subjects with intention tremor.
Following thls, the frequency content of JF's response
ls presented to show the usefulness of the spectral analysis
program.,
4,2 Intended Responses

Using the technlques described in 3.4.1, a plot of the
normalized average ' intended response amplitude ratio R/T
versus the damping pot setting was developed for each of the
subjects tested. These plots are shown in Figures 4-1,2,and3.
Agaln, these plots show the ratio of the amplitude of the
subject's ensemble averaged response, R, to the target
amplitude , T. The closer this ratio 1s to 1.0 the better
the subject 1s tracking.

For 1/8 and 1/4 Hz target frequencues, both abnormal



——
L)
—

.0

9

Normalized Average Intended Response (ﬁZ‘Q

73

Subject JF

Pot Setting - D

Figure 4-1 Normalized Average Intended Response R/T
vs Pot Setting D

Note: R/T is plotted for the following Target frequencies;
«1/8 Hz, X 1/4 Hz, 0 1/2 Hz, a 3/4 Hz.
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Note: R/T is plotted for the following target frequencies;
» 1/8 Hz, x 1/4 Hz,© 1/2 Hz, A 3/4 Hz.



Normalized Average Intended Response - R

75

'}
Subject ED
1.2 ¢
4
]l] r
p /\x
E—— St X
1.0 o .> ————)
A ~
.8
AR |
6 t+
'5 +
41
03 T
2
'] 1
0 t —r— Y \j + t t — g
0 1 2 3 4 5 6 7 8 9 10
Pot Setting - D
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Note: R/T is plotted for the following target frequencies;
* 1/8 Hz, X 1/4 Hz, o 1/2 Hz, & 3/4 Hz,
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Figure 4-4 Phase Lag or Lead of Intended Response
vs Pot Setting - D

Note: Phase is plotted for the following target frequencies;
o 1/8 Hz, X1/4 Hz, o 1/2 Hz, & 3/4 Hz.
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Figure 4=-5 Phase of Average Intended Response (R) vs Pot Setting -

Note: Phase is plotted for the following target frequencies;
*1/8 Hz, X1/4 Hz, 0 1/2 Hz, A 3/4 Hz.



Subject ED

+5 1 K x\ ‘

/

Phase o)

1-25 +

o 1 2 3 4 5 6 7 8 9 10
Pot Setting - D

Figure 4-6 Phase of Average Intended Response (R) vs Pot Setting -
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subjects JF and £S and the normalED showed improvements in
tracking with increasing values of D. JF laproved from an
average of .86 to an average of .97 while FS increased her
responses from averages of .71 to .88. ED's intended response
ratlos improved only slightly from .97 to 1.01. These

overall improvements in tracking are consistent with the
results observed by Rosen and Gesink.

Increasing the target frequency to 1/2 and 3/4 kHz provided
increasingly difficult tasks for JF because of the severity
of his intention tremor. This increasing difficulty was
compounded by the application of damping. As Flgure 4-1
shows, JF's average response at these frequecles dimlnished
with increasing damping, indicating that his response was
becomling inoreasingly random. This reflects JF's inubility
to track the target in a sine-like fashlon at these frequencles.
Hls response in these faster trials could be described as
a summetion of random step-like responses of varying
magnitude applled in an attempt to keep up with the tarset.

At 1/2 and 3/4 Hz, FS's tracking improved when low levels
of damping (D = 2 and 4) were applied. Higher levels of
damping d1d not effeot her response in a consistent manner.
BD's response at these frequenclies did not appear to have
been slgnificantly effected by the addition of damplng.

All of these plots show two points for D = 0., Those
polnts connected to the rest of the data points for that series
represent the first trial in that series. The second point

represents the D = 0 trial that was run at the end of each



80

serles. No statistically significant trend relating the
intial D = 0 trial to the final D = 0 trial could be found.

It 1s also important to know the phase of the subjects!'
responses relative to the target. At the 1/8 and 1/4 Hz
target frequencies with D = 6 or better, damping appeared to
stabllizm the phase of JF's responses. The result was a
decrease in the range of the phase lag of his responses from
between -10° (Lag) and +20° (lead) to between -1° and +3°,
in all series except the 3/4 Hz serles, JF's phase in the
final D = 0 trial was ahead of his initilal D = 0 trial by
10 to 30°.

Damping dild not seem to consistently modify the phase of
FS8 responses as seen in Figure L-5. FS seemed to lag an
average of -15° behind the target in the majority of her trials.
In ED's trials, an initial lag of -5° was reduced to zero

through the application of damping.

4.3 Tremor Attenuation

It is most interesting to review the reduction in AuS
tremor brought about by the application of viscous damping.
Plgures 4-7,8, and $ show the tremor attenuation resulting
from damping. With JF, the higher'values of D in the 1/2
and 3/4 Hz trial are shown in rigure 4-7 even though his
response in these trials was so random that no meaningful
intended response existed.

The reductions in levels of RMS tremor are quite pronounced

in the case of Jf. in all four of his serles, Ji's RMS tremor
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was reduced by a factor of 10 when the maximun level of
damping was applied. In the undamped trials, Ji''s RM3 tremor
ranged between 4,2° and 8.40, increasing in this range as the
target frequency increased from 1/8 to 3/4 Hz. With maximum
damping, his RMS tremor ranged between .28° and .94°, This
corresponds closely to the .15° to .80° tremor observed in
the normal. The greatest percentage reductlons in tremor
were brought about with the first two appllcations of
damping. Wiht D = 2 reductions of 12 to 77% were observed
while with D = 4, reductions of 50 to 79% were observed.

The reductions in RMS tremor was not quite as dramatic
for FfS, particularly in the 1/8 and 1/4 Hz series. In these
serias, her tremor was reduced only by a factor of 2.0 from
typical values of 2.1° to 1.,15°. 1In the 1/2 and 3/4 Hz triak
the reduction was somewhat greater. At 1/2 Hz, FS's tremor
was reduced from 4,1° with D = 0 to 1.4° with D = 10 in
nearly a straight line reduction. At 3/4 Hz, her tremor was
reduced from 6.1° with D = 0 to 1.4° with D = 10.

The RMS tremor of the normal ED was cdecreased only sllightly
from 0.2° to 0.15° in the 1/8 Hz serles. The most extreme
tremor observed with this subject was in the 3/4 Hz series where
it remained close to .840, regardless of the damplng applied
by the TLD.

A palred Student's t test was used to determine the
statistical significance of the observed reductions in tremor.
The results of this analysis are shown in Table 4-1. BEach

value of RMS tremor, listed in Table 4-3, was compared to
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Table 4~-1
Statistical Signiflcance of

Reduction in Abnormal Population RMS Tremor

D , Significance Level

2 .05

b .01

6 .01

8 .01

10 .05

0 -Not Significant

Table 4-2

Statistical Significance of
The Difference in RMS Tremor Between
abnormal Subjects With Damping And

Undamped Normal

D Slgnificance Level

2 .05

4 .05

6

8 }.Not Slgnificant

10 .05
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Table 43

RMS Tremor Data(mV)

Target
Subject frequency ]
JF 1/8 221
1/4 296
1/2 331
3/4 -
F3 1/8 112
1/4 116
1/2 220
3/ 327
Statlstical
Parameters
B
8
n
&
t
B =
o2= 2% . B2
'n
& ='s[‘1;"ﬂ
n-1
t = B/n’

a

2 & €78 "w o
142 59 42 W - 154
68 61 _27 37 15 186
293 163 164 - - 314

96 62 65 55 59 75
83 85 75 69 61 142
206 165 131 94 76 238
211 114 98 72 70 '213

74.9,13Q 146 155 158 43
71.1 77.7 82.5 85.6 96.7 59.4
7 ? 7 6 5 2
76.9 83.9 89.1 93.8 108.1 65
2.45 b1 4,34 4,05 3.27 1.62

RMS Tremor at D - RMS Tremor at D = 0 (initial)
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the value of RMS Tremor for the initial D = 0 triel. The
reductions observed are significant at better than the levels
shown in the table.

With all values of D used in the trials, reductlons
slgnificant at better than the +05 level were observed, with
values of D = 4,6,and 8 giving reductions significant at
better than the .01 level. In addition, in 6 out of 8 trials
reductions in RMS Tremor were recorded in the final D = ¢
trial of each series. These reductions however, were not
significant.

Finally, 1t 1s important to know from a clinical utility
Viewpoint whether or not the reduced levels of tremor existing
in the damped abnormal trials are signiflicantly different from
the tremor in normals with no damping. If a statistical
difference is found then additional clinical evaluation may
be required to determine if the damped level of tremor is
low enough in displacement to allow the individual to regain
the functional usefulness of the afflicted limb,

Table 4-2 shows the statistical siagnificance of the
difference in RMS Tremor between the abnormals with damping
and the undamped normal. A Student's t test was used to
determine if the difference was slgnificant. As the table
shows, the difference is significant at the .05 level ror
values of D = 2,4, and 10. For D = 6 and 8, the difference
was not significant. In other words, no slgnificant
difference bepween damped tremor in our abnormals and normal

tremor could be demonstrated &t D = 6 and 8.
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As a point for comparison, Flgure L-10 shows the difference
in undamped RMS Tremor for various target frequencles between
the abnormals and the normals. As can be seen, sbnormal
undamped tremor ranges between 6 and 10 times that of the

undamped norwmal tremor.

4.4 Frequency Content
The spectral analysis program was developed to provide

a means of studying the impact of viscous camping on the
power spectrum (and hence frequency content) of the subjects'
responses., After debugging the program, one series of test
data was analyzed to show the capabllitles of the program.
JF's response for the 1/4 Hz series was selected for this
purpose. Chart recordings of his response for D = 0,4, and 8
are shown in Figure 4-16. The corresponding power spectra
ars shown in Figures 4-11,12, and 13 for values of D = 0,4,
and 8 respectively. As can be observed, the total area
under these curves decreases with increasing damping. The
most dramatic reductions result when going from D = 0 to
D = 4 rather than from D = 4 to D = 8. This 1s consistent
with the BMS Tremor attenuation evident 1in Figure L-7 which
shows that most of the tremor reduction occnrs with the first
two values of D (2 and &).
Unfortunately, the signals being dlgitizea were rather

low Level signals, anl, as a result, these slgnals were
contaminated by various sources of noise in the processing

setup. The frequency content of this noise is shown in
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Flgure 4-14. This was obtained by holding the handle in a
fixed position, taking a record of the unchanging positlon
voltage, then determining the spectra of that record.

If the power spectra of thls processing nolse 1is
subtracted form the undamped power spectra, as shown in
Figure 4-15, twoe spectral peaks are evident; one at 2.5 Hz
and the other at 5.0 Hz. The magnitudes of these peaks, As
well as the rest of the spectral values,were reduced through
the application of damping. However, no obvious shifts in
the frequency of these peaks was observed when damping was

applled.

L.5 Discussion
These results demonstrate with statistical silgnificance
the ability of the TLD to selectively attenuate in involuntary
components of our subject's response. This reduction, with
the accompanying improvement in tracking, suggests the use
of viscous damping wlll prove to be an effective means of
returning function to individuals with intention tremor.
Subject JF, for example, found 1t very frustrating and fatiguling
to track with no damping because of the severlity of hls tremor.
At the lower target frequencies however, he noted from time
to time the damping enabled him to Jjust "glide along" and
gave him"support”. It was obvious that he was considerably
more relaxed during trials with damping than in those without.
Damping does reduce tremor 1in these subjects then, and this

reductlion may be due in part to the more relaxed state 6f
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mind the subject ls in when he or she is tracking well as a
result of the attrnuation (mechanical or physiologlcal) of
thelr tremor. Hence, the total reduction in tremor may

be the sum of the reductions due to the damping effects on
the muscle/load system and the lmproved voluntary hand
control resulting from the more relaxed state of mind. [t

1s possible that the reduced tremor obgerved in the final

D =0 trial of each series may have been the result of a carry
over from this relaxed state. In any event, the key 1s

that the application of viscous damping has modified the
muscle/load dynamics 1n such a manner as to attenuate the
involuntary motions while maintaining or improving the average

intended response.
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CHAPTER 5
CONCLUSIONS

The application of viscous damping through the TLD has
resulted in statistlically significant reductions in the alll
of the subjects tested. One subject's tremor was reduced by
a factor of 10, approaching the levels of tremor observed in
in normal, when the highest level of damping was applied.
rfor the other subject tested, the reductions were not as
dramatic but, nevertheless, the reductlions observed in the
sample population were statlistlcally signiflcant at better
than the .05 level, for all levels of damplng. The tracking
of the target was also maintained or improved as a result of
the viséous damping. The application of viscous damping
also attenuated the frequency content of a subject's AIM 3
but did not shift the peaks of the power spectra.

Future work on this project should be dlrected towards
improving the response of the TLD and aquiring additional
subject data. Because of the significant attenuation observed
in the trsts documented herein, addltlonal subjects should
be tested to provide a larger sample population and hence
a higher level of confldence in the data. Prior to additional
testing however, more accurate control of the damping
constant of the TLD should be implemented. Closed loop
torque control 1is probably the most effective means of
accompllishing thls. In addition, trlals of uniform length

should be conducted in future tests regardless of the tracking
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frequencles used. This will facllitate spectral analysis and
wlll lead to improved confidence limits on the power
spectral estimates.

All in all, the results of thls work are guite encouraging.
It 1s obvious that viscous damping does suppress the abnormal
involuntary movements while maintaining or improving the
average tracking of the subjects tested. Based on this data,
a possible theraputic technique for tremor management has
been identifled and, it is hoped that the application of
viscous damping may assist people with alM gain functional

independence.
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Appendix I - SUBJECTS

This appendix includes:
a) Informed Consent Form

b) Clinical Description of Subject JF



) RESLARCI CONSENY FORM . ' " 102
- PREPARED:

ECT TITLE: SUPPRESSION OF ABNORMAL |NVOLUNTARY . . -
YOVEMENTS BY APPLICATION OF MECHANICAL LOADS APPROVED FCZ USE OF THE PETER BENT BRIGILV
IND_BIOFEEDBACK _ HOSPITAL HUMAN SUBJECTS COMMITTEL ON: .
ivestigator(s): M. Rosen, Ph.D.; M. Hallet,
POWNGS) : M.D., P. Drinker, Ph.D. -

FIFYING NUMBER(s) ' ' SIGNED BY: : .
) ' ‘ Secretary, Human Subjects Committee

DOCKET NUMBER:
EXPIRATION JATE:

NTEER/PATIENT NAME:
adot imprinted above)

————
——— -

) Description and Explanation of Procedures: We are interested in testing new methods of
suppressing tremors and other abnormal movements in people who could use their arms more
effectively If It weren't for these movements. We hope to determine whether such move-
ments may be reduced by (1) providing a brace for the afflicted 1imb which resists the
muscles’ ''attempts'’ to move it in an undesirable way and (2) training the patient to

\ control his/her tremor by conscious effort. You may be a subject in one or both of these
studies. -

You will be asked to view a screen somewhat like a srall television. Two lines
‘wil] appear on. the screen. The right line will move up or down as the arm we are testing
moves, The left line will be under our control and may or may not move. The limb will
"be fitted to an apparatus which measures its position. In some experiments it is used
) to apply a force to the limb which opposes the tremor. You will be asked to try to move
the limb being tested In such a way as to make the right line on the screen keep up with
the left one. The force, when applied, may make it easier for you to perform this task.

The line-matching task will be performed repeatedly for about five minutes at a time.
Between trlals, you may rest as long and as frequently as necessary for your comfort. An
experimental session will last at least an hour - counting breaks - but beyond that point
their length and scheduling will be sulted to your capacity and convenience.

During each session a tape recorder will be kept running to store our comments,
your comments and other data. The tapes and the information obtained from them will
be kept In a confldentlal file. If this Information is used for education or published
reports, your name will be withheld. Short sequences of roving picture or video tape
may be taken for our records, but this material will not be used for education or publi-
cation If you request that it be kept confidential.

Risks or Discomforts to be Expected: The measuring and loading device which will be at-
) tached to the 1imb being tested will be cushioned and fitted to suit you and produce

no discomfort. Although much of the equipment we will use is electronic in nature, you

will be In contact with none of this and no shock hazard is present. You may withdraw

from participation in this study at any time. You are encouraged to ask questions and

make comments or suggestions at any time. The success of these experiments depends to

some extent on your willingness to do so.



103

Benefits to be Expected: The intention of these studies is limited. We will test only
one joint of one limb., We will not construct.a practical tremor-suppressing device for
you to use in normal activities. |f these experiments are successful on you and other
subjects, the nzed for such a device will have been demonstrated. its ultimate avail-
ability to you should, however, be thought of as a potential, indirect, long-range
outcome of these studies.

If your participation in these studies involves attempts to reduce your abnormal
movement by conscious effort on your part, and if your attempts are successful, it Is
conceivable that this ablility may carry over into your daily use of the affected limbs.
This would, of course, be of direct benefit to you. No such abllity has been demon-
strated in the past, however.

Alternative Procedures: There are,. at present, more conventional methods of treatment
which might be appropriate for your movement disorder. It has not yet been demonstrated
that the techniques to be tried In these experiments are useful alternatives to present
methods of treatment. '

I have fully explained to the above pro-
cedures, identifying those which are investigational, and have explained their purpose.
| have asked whether or not any questions have arisen regarding the procedures and have
answered these questions to the best of my ability.

Investigator's Signature

The above procedures have been satisfactorily explained to me, and | agree to be-
come a participant in the study as described. | understand that | am free to withdraw
my consent and discontinue participation at any time, without prejudice of any kind.

I understa d, also, that If )| have any questions at any time they will be answered.

In the event that | should later feel | have not been adequately informed of the
risks, beneflits, and alternative procedures, or feel under any pressure to continue
this treatment against my wishes, | understand | may ask for a representative from
the Committee on the Protection of Patients to be available to speak with me.

Signature of Patient (Parent or Guardian)
or patient's Legal Representative when
appropriate



Subject JF

The subject 1s & 53 year old male with a degenerative
neurological 1llness that has evolved over the past 30 years
or more. The subject is confined to a wheelcohalr and bed.
The by-products of this lllness are severe incoordination,
ataxia (both appendicular and truncal), and tremor most
reminlscent of rubral tremor. anatomically, these symptoms
result from degeneration of cerebellar efferent dentate
nucleus and pyramidal tracts. It 1s speculated that the
subject suffers from a multiple system degeneration involving

dentato-rubral pathways.
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Appendix II - COMPUTER PROGRANMS

Thils Appendlx includes:
a) A Listing of the Signal Averaging Progranm

b) A Flowchart, Listing, and Dliscussion of the
Spectral Analysls Program
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5C 70 15¢E .
ERINT "FILENAME";

1727 F=(P(1V+F(2V+E(2V+P(4)+F(2))/2
1202 he(h(1)n(2)*N(2)+h(&)4N(2))/E
1¢23 FRIMT UMAXIMUM PCSITIVF DEIVIATION FROM MipN FROM 1 10 7
1228 TEINT "MAXIWUM NTGATIVE DIVIATION FECM MEAN FRCM 1 70 F
1207 PRINT "PZIp7 FOS VELIUIZS OCCUR AT T ="3
1223 FRAINT T1(1)3T1(2)3T1(3)35T1(4)571(8); " SEC
1273 FRINT "PIAy NEG VALUTS CCCUR AT T =";
101z PRINT T2(1)372(2)iT2(2)iT2(4)3TE(%)i "SLC
1215 FFINT "AFRCY TIMZ OF FOS PEAK =3 .
121 FFINT (T1(1)+71(2)+T1(2)+T1(4)+71(3))/85 £iC
1212 FSINT "AFROY TIME GF NEG PFRAX =7
1716 FRINT iT“(l‘+T‘(2\+T4(’\+T°(4)+m2(5))/5,"SEC"
1227 17 #4="PP0CISE” TIEN 2290
1721 GG 70 1£2
1262 r=1 )
1263 FRINT "FILENAME™S
181¢ INEUT E$ (1) .
1311 PFINT "4H2T CALCULFTION™;
1212 INFUT C%(v) . .
1213 IF C$(¥)="NCNE  THIN 1E16\IF C$(M)="MTIAN THIN 1Ll
1214 17 csi~{=_snzv: THEN 1519
118 I C$(M)="PDIV" THIN 1510
1212 IF CH(M)="CAIC" TEIN 151¢
° 1217 TRINT "HUE";
1213 5C TO 1E1:
131¢ PRINT "ENCTHE?";
1227 INFUT E$
1222 IF F$="NC" THIN 3212
1282 M=M+l
1322
s2en
2212 INPBUT ¥$§
£211 303 I=1 TO ¥
2712 C{1)=GIT(1)
2213 NIXT I
2{1£ 50 TO 5¢2
Z0ZT BILIVH #1:M$
2232 FRINT #1:4,3,7,X
274¢ IOF I=1 TC T
2327 ERINT &1:C{1)
Z76C NIAT I

2277 CLOSE 1

£0e7 GC 10 128

I0ce PRINT "FriENpvE”
1012 INBUT N$(1)

170 M
#1 -M$({\
211 E,...,u
17C7T
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110
SPECTRAL ANALYSIS PROG:aAll

The following documented FORTzAN program computes an
estimate of the power spectra of an analog voltage signal
assumed to be random with zero mean. The slgnal used in
this case 18 the response signal, band pass filtered between
2.0 and 20.0 Hz. The filtered signal was patched to an
A/D converter on the analog computer in the Joint MWE/CZ
Computing Facility at MIT. Upon loading the FORTHAN
program into the Interdata 180, the computer would pause,
und er command from the program. At this time, the FM tape
recorder is started, and then the computer 1ls glven the
go ahead by pressing the space bar then "CR". This actlivates
the sampling process and ceases any program interrupts.

Upon completion of sampling, the program computes tne power
spectra using the techniques discussed in the text of thls

thesis and plots the power spectra.



Spectral Analysls Program
Flowchart
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Apply Data

Window to
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DT for
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THTS EOASRAIN ZTILZULATRS TUR ONAYFR SOECTRR NF MY
EALT T ST BV OSYILTIVAG THE STSNAL UM DTVYINTNG mual
AARLT RETETN TYTD N MTASn AR DVRALAPPIVG SESHpVTE,
DRI GRRTTRPL RN EMCY GDTMINT TS ZALTHNIATRED PHEMN AYER3GFN
AITY D4 SPRATRI AT TUE ATLHIR STCUENTS TA PTINLT TV PV
AVEIESED PORNTR SIECTER WHTTYH TS AN RSTIVITR NP TUR ATTIAT
IVNLI SPRECTRA, TUI COVPRINDENCE LIVITS ROR TU'™ ESTIMATRED
MOYRL SPETTRY ART B FINCTTIN MR THE YUMRF? OF GFEIYENTS TN RR
VYTRA5E0,  THTS TV TN TS N TOVITICY NT OPHT LEN3ITH NT TTVR
RICHIAD AVEIILAGLT ., 572 RAGSTTARNG “NISITAYL STIMAL AMALYSTS®,
CTARTTRS 13 MDD 14 TN RORTHFR NEPATLS.

NTETNTTAY Ve ()
LR LUNLLRIS LA

SIMTITTIN AME(D, 10500
TH4nLIY ALy
TIMOLEY LNRT(
CAMDLIY YTRA(R

o " n
"'IIO*.‘ L':'.

RTRIIT TR JIARRT QT IACPLAS AND THT SAUNLING FRTRUETNY
SAMTID = U THE IVJOTROD SEPUOLING FIFHUENTY SIVCOR THE
TARE TG A2INYT ) BTV AT TITCP TUT NRIZNTIVMAL PRTNONTMG anann,

3'*?‘ “".‘“—.‘I.,”c’.“q.."lo:'—“q'..‘/
VTN fuacy

DIT™ NSRS /1720/

SRLL HTMT

SYUEIN=IY.

RT=1.7 /58005

payse

TYITELTIT £URAYTITY S
OYLL TYTACN)

TLLL CDSTAR(GT)

oL BANE &

27 3 T=1,20

TALL TSYNTH(LIST)
TIMTINN

TELL ITETCO(RT)

ZULL Je

TereRRCLUDLT ITUC QA70ATN

~
e

5N Rl T=1,V




CULL TeyraN(nIST)
IVA(T) =400

1 mnenLann
fun(3,1)=0,
AL YT
12145703

~
A

SereewdTTLNE SENDRN LUTD T IEAMTITT AMD OAPRLY A 4YANNIVS TIUROY TO DATA

~

N 230 T=1,1

9N 75 1=1,.°0C

VT * UGO8 G 05,

ATNTAT=1.0
N=dTNFAC*GAI(M)

TNOITLL)=""ILY(RD,D,D)

7% TAVPTYYT
~
SevexCILIILATE Tu¥ DFT™ JF AT J2GUENT
~
::LL T‘(T.\")”“ 1"1" s‘”,qn)
:
CHrweeINMOgTT TET LOYTE 31TY OINN AD) TN DRERYTAYT BONIR GAINE,
< YLED COMEUIS THE ASTOZLATED FRENITMTY.
-~

NIDS22NTPS/D

Ny 1L L=1,13980

A "‘"W-S(IWWJT(7))
“.’I‘-.JD 35
TE(1435,3T, 0 IY) 30 ™) 20
AVMES5=,7701305

g AMD(2,L)=hAD(D, L)L 0 3D
lv?(1'L)=quﬁr(T,l(?.j*nr*FLﬁnr("gpg))

100 25PTYNY

2':{ ﬂf\\vv\'\- ',-

E*tiw'ng?? VNN ATYINR 74T 297aRD TYTN K=J-1 STIMMITS

12J-1
DY 3%) T=1,v
M 255 L=1,Y308
41=T+¥508-NGF32+1
ITNFIC=.5%(1,2=-0NS(36) 1% PLONT(L) /FLORT (NSPS)))
RN=SA% (A1) *WTIFRC
TYPUT(L)=CUPLY(RD,),?)
261 CoNTTNT

e et LOULATT 47 DF™ QF PUT SEIWRNTS

c
CALL SE™ITIADRIP,A7,1,4TR00,1)
c ThMDYNE TUE PIWTR SATVY NN ADH TN THE PREVIOUT PAWER GATVS,

07 275 L=1,%3°82
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1 AT=CARSOINPUT(L))
vT12,1039725

TF(* (A6, 5T, IV) 32 ™) 267
1 4R%=2,07718

VUR(T,L)=ANR(2,0)+ (VA5 AT
SouMTINgY
TavMTINgT

R
Y
A
pr'>-

QANDWTNTH

1=+

DY 357 L=1,%3PS2

14D (2,L)=0%0(2, LY DT+2,0/(2,6¢FLOAT(YIPS2)I*FLAAT(K1)*0,373)
TavrTHYT

nY 0 T=3,715752,3

J=1-1
v=T-2

17=1/3

P (1,202 E(1,0)

3402, T2)=(140(2,T)+190(2,J)+040(2,¥)) /1.0

shba Sk
v_"...uspf"\ /‘j

;"L NRICTR(MYFE, 2N, (2) Y (1), QT30 (12) ,AYSIL(YSIT))
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