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DREFACE

A request emanating from medical circles as to whether it was
possible to oonstruct a simple device for ocontinuous indiocation
end registration of the pulse rate in subjeots performing exercises
brought us to the develorment of the pulse rate meter desoribed in
this report,

The instrument was developed at the Physical Laboratory of the
National Defence Research Counocil T,N.Q., at the Hague. The authors
are glad of this opportunity to express their indebtedness to the
Director of the Physioal lLaboratory for his kind hospitality and
to his collasboratése for their most valuable advice and help.

The development and the construction was carried out mainly
by HeJe« van Dal.

From Januery first of 1952 the medical~physical research work
ig transferred to the Medical-Physical Department of the National
Health Research Council T.N.O. (Koningskade 12, the Hague). This
Department can give any information concerning the subjeot, this
report deals with.
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SUMMARY

A pulse rate meter is described in which a milliammeter indi-
cates the time intervals between all consccutive systoles of the
heart, The scale is calibrated in beats per minute, ranging from
50 to 200,

Because of the action of the heart changes occur in the blood-
content of thec car, These changes arc transduced by means of a small
clectric buldb and a photoccll into saw tooth shaped potential vari-
ations, being amplified in a threc stage push pull amplifier. The
amplified signal is changod into a square wave, so that the shape
and the amplitude of the signal do not affcct the meter reading.
This square wave controls an electronic relay, which allows a con-
denser to be charged between every two systoles, making the voltage
over this condenser a function of the time interval. This voltage
is switched on to another condenser permancntly connected to a
vacuum tube volimcter, Registration facilities are provided. A
checking circuit is included, The apparatus is mains operated.

No orror due to movements or muscular strains of the subject
arc encountered, One of the first requiremonts of physiological
investigations in cardiac changes during exercisc and emotion 1is
thus fulfilled,

It is expcocted that the apparatus will render good services
in other cases in which a continuous indication and recording of
the pulsc rate is wantecd. As applications may be mentioned investi-
gations on the field of '

physiology:s functional cxamination of the heart, exercise,
Tatigue and trainings
clinical examination: arhythmy
surgerys controlling the narcosis
pharmacotherapcuticss cardiaca,; narcotica, scdativa
ncurology and psychology.

A Dutch and an English version of this report was published.

Description d’un appareil pour la mesure de la fréquence du
pouls, dans lequel un mllllamperemetre indique la durée des inter-
valles de temps entre tous les deux systoles cardiagues conséecutives,
Gamme d’cchelle 50 — 200 battoments par minute.

Par suite de l’action du coeur ils sc produilsent des varia-
tions de remplissage sanguinc de l’oreille, lesquelles sont trans-—
formdes cen variations de tension électriquc en forme de dents de
scie par une petite lampe et une cellule photo-8lectrique, Ces
variations de tension sont amplifides dans un ampllflcateur push-pull
en trois &tages., Le signal amplifié est transformé & une tension
rectangulalre de telle fagon que la forme et 1l’amplitude n?influen-
cent pas l’indication du métre, Cette tension rectangulaire regle
un relais électronique, qui, entre deux systoles, charge un conden-
sateur, La tension du condensateur est une fonction de 1l’intervalle
de temps. Cette tension est transmise & un deuxiéme condensateur,
coupld constamment & un voltmdtre électronique, Enrcgistration es%
possible.
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I’appareil est alimenté par courant alternatif, il comprend un véri-
ficateur. Réglages complémentaires ne sont pas nécessaires,

Mouvcments ou tensions des mucles du sujet d’expérience n’influen-
cont pas 1l’indication du métre, De cette maniére une premicére demandc
aux cxpériences dans le domainc de la physiologie du travail est con-
tentdce

On peut s’attendre a que 1l’apparcil rendra de bonnes offices,
notamment 14 ot il c¢st désirable de mesurer ou d’enregistrer con-
tiatment 1a friguence du pouls, Commne applications on peut mention-
ner des recherches en domaine de la

physiologies des recherches rfonctionnels du coeur, du travail,

dc 1a fatigue et de l’entralnemcnty
des observations cliniques arrhythmie
chirurgic: la contréle de la narcose

pharmacotherapeutiquc: cardiaca, narcotica, sedativa
neurologic et paychologic.

I1 v a paru de ce rapport une édition ndéerlandaise et une

ddition anglaise,

ZUSAMMENI'ASSUNG

Bs wird ein Pulsfrequenzmesser beschrieben, welcher mittels
ein Milliampercmeter die Linge der Zeitintervalle zwischen jede
zwel aufeinanderfolgenden Systolen des Herzens anzoigt., Die Skala
hat cin Bereich von 50 big 200 Schlagen pro Minute.

Infolge der Wirkung des Herzens treten Anderungen in der
Durchblutung des Ohrens auf, welche mittels ein Ldmpchen und eine
Photozelle in ségezahnférmige Spannungsinderungen umgewandelt werden,
Dicse Spannungsénderungen werden verstirkt in einem dreistufigen
Gegentakiverstirker. Die verstirkte Signale werden in solcher Weisc
umgosoetzt in rechteckigen Spannungen, dass die Form und die Grésse
der Signalen licinen Einfluss haben auf dic Messeranweisung und dann
zugefihrt an ein clektronischer Relais, welches einen Kondensator
zwischen jeden zwei Systolen ladet, Die Spannung des Kondensators
ist also cine Funktion des Zeitintervalles zwischen zwei -aufcin-
anderfolgenden Systolen. Diese Spannung wird umgeschaltet auf einen
zweiten Kondensator, dauern angeschlossen an einem ROhrenspannungs-
mosser, Hinc Roglstratlonsmogllchk01t ist vorgeschen., Der Apparat
wird aus dem Netzc gespeist. Ein [I'ichungskrois ist eingebaut,
woitercs Einstellen ist nicht né'tlg°

Die Anweisung wird nicht zorstdrt durch Bewcgungen oder Muskel-
spannungen der Versuchsperson, Dies ist eine erste Bedingung fir
Vorsuche auf dem Gebicte der Arbeitsphysiologile.

Es darf angenowmen werden, dass der Apparat auch gutc Diensten
erweiscn wird in F&llen wo dic fortlaufenden Messung und Regis-
trierung der Pulsfrequenz orwiinscht ist.

Als Anwendungsgebiete kbnnen genennt werden Untersuchungen auf
dem Gebiete der
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Physiologies funktionale Untersuchung des Herzens, Arbeit, Ermidung
und Trainung;
klinische Untersuchungen: Arrhydhmus

Chirurgies Kontrolle der Narkose

Pharmakotherapies Kardiaka, Narkotika, Sedativa

Neurologie und Psychologie. '

s

Dieser Bericht is herausgegeben in niederléndisther Sprache
und in englischer Sprache.






1« INTRODUCTION

In many investigations and clinical cases it is desirable to
know the pulse rate at a given moment, or the variations of the pulse
rate during a given time, Usually this is done by fecling the pulse
and counting the number of pulses during a certain time, whereafter
the number of pulses per minute is to be calculated,

One thus obtains a mean value of the pulse rate during the time
the pulses werc counted, This methcd useful for the momentary deter-—
mination of the pulse rate of a resting patient, will be troublesome
with subjects performing excercises, especially when one is interested
in the way the pulse rate varies during the experiment.

Aim of our research was the construction of an instrument making

- oontinuous feeling of the subject’s pulse during physiological in-
vestigations superfluous,

As the present device was intended for an experiment in which
the pulsé rate was to be measured for about an hour, we did not claim
to reproduce the exact difference in duration of two consecutive
heartcycles. A modification of the system in which these differences
are brought out better, is described and was realized as an inter-
mediate result of our research.

2, LITERATURE REVIEW

The pulse is one of the oldest aids of the physician for making
a diagnose, Until about 1800 the qualitative determination predominatc
whereas little or no attention was paid to the quantitative determi-
nation of the heart rate. ' ,

In 1620 Galilei(1564-1642) (1) constructed the first pulse rate
meter making use of the fact, that the period of vibration of a peh--
dulum is proportional to the length of the pendulum, The length cf the
pendulum was shortened until the period of vibration correspondeé:
with the pulse of the patient. The frequency could be read off a
calibrated scale.

Early in the 18th century Sir John Floyer published a book
"Physicians Pulse Watch'" in which he made a thorough study of the
pulse rate,

Kraus, Goldschmidt and Seelig (2) (3) constructed a pulse reso-
nator based on the same principle Galilei used. The movement of the
Arteria Radialis makes an electric contact by means of a lever, The
excited current pulses flow through the coil of an electromagnet, sur-

s rounded Tty 24 pendula having different own frequencies. The pendulum

et yhieh own frequency approximateskhthe pulse frequency will show the
greatest displacement. When a pendulum becomes a certain predetermined
displacement an electric contact is made and an electric current
writes on especially precpared paper, This pulse resonator however did
not give satisfactory results. The instrument only gives the mean
value of 5 till 10 intervals,; whereas it can give only 6 till 8 pulse
variations per minute. The pulse resonator fails entirely at rapid
and large variations,

A, Fleisch (4,5,6) replaced the lever system of the pulse reso-
nator by a mercury column,; pressing against the Arteria Radialis by
means of a membrane, Afterwards he developed another system for
measuring the pulse rate. During the interval to be recorded an
electric motor draws a style upward past a drum blackened by a smoky
flame. At the beginning of the next systole the coupling between motor
and style is broken by an electric contact, a spring pulls thc style
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down, whereafter it is drawn upward again by the motor, The length
of the drawn line (plus a certain length) is equal to the duration
of the interval, This time interwval is rcecciprocally proportionate
with the froequency., .

A disadventage of this apparatus is that the fore arm of the
subject is 0 be fixed immecvatly in order to'fit:the pulsc membrone.

Fiirstenberg and Hoffstaedt (7) published a comparative exami-
nation of the pulso resonator and the electrocardiograph.

Goldscheider (8) examincd the regularity of the puls: with the
aid of the pulse resonator, The differences between two consecutivo
beats would be betweon 0,008 and 0,109 sec, with healthy subjects
at rest., Affter muscle exercises these ilrregularities incréase, viz,
0,035 111 0.317 secc. With Basedow’s disease he found an extremely
regular pulse (Pulsstarre). An artificial Pulsstarre can he obtained
by narcosis and alcohol inteoxication,

E.,P, Boas (9) used tho BR~top of the eleotroocardiogram to actuato
a relay, after being amplified in a four stage battery amplifior.
The style of the relay draws a straight line on a paper f£ilm and
deviates a few millimeters when the relay is actuated. The number of
tips can be counted,

In 1935 Whitehorn, Keufman and Thomas (10) published a report
of a series of experiments, showing that the pulse rate varies very
much at emotional disturbances.

In 1936 Schwarzschild and Shelesnyak (20) doveloped a pilse
counter, The R-top of the electrocardiogram decreases the negative
bias of a gas filled triode., The excited current pulses are counted
by an electromagnetic counter. With the aid of a synchrone motor
every minute a picture is made of the dialnumber after which a relay
4is actuated bringing the counter at ite zero position again.

In 1937 Franklin Henry (11) described a pulse counter. Again
the R top of the electrocardiogram was used to actuate 2 relayéafter
sufficient amplification. A high smplification factor, viz. 10
corld be obtained with a low noise level (4 muV.) by +tuning the em-
plifier at 20 cycles per soc, The active eléctrode wus placed on
the shest, the other in the mouth, According to Henry the apparatus
allows simple exercises of the subject,. In our opinion muscle polen-—
tials in the thorex are bound to give false readings.

About one year later Henry %13) improved his counter. Instead
of actuating a counting system the relay now connects a condenser
alternately to a constant voltage source and to a discharging circuit.
The time constant of this discharging circuit is such that the dis-
charging frequency is filtered out making possible to determine the
mean value of the voltage down to a frequency of 2 cycles per second,
However it is not posgsible to increase this time constant for lowoer
frequéncies,; because in that casé in the higher frequency range
integration arises. The voltage to be measured is impressed on a
Wheatstone bridge, consisting of two thermionic valves and two
rosistances, The meter in the bridge is to be calibrated at the
mean value of this voltage, On applying a constant low frequency
the pointer will not remain at rest; but deflect till a given point
at the scale and thon move backward, This makes a accurate reading
difficult.

In 1938 A, Djourno (12) describod a simple mechanical pulse
counter, in which the movement of the Arteria Radialis makes and
breaks a relay circuit. This relay actuatos a Strowger line finder
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switch as 1s used in automatic telephony, :

M. Tiitso (14) has used the Fleisch pulse writer (4) at experi-
ments on animals and compared with a blood pressure meter and an
electrocardiograph,

. Laurence, Morehouse and Tuttle (15), %00, described a pulsc
counter in which the R top of the clectrocardiogram is uscd 4o con-
trol a relay after being amplified adequatly. The electrodes are
pPlaced on the chest as close as possible to the heart. Good contact
and low contact resistances are of great importance, The second
stage of the amplifier is tuned at about 30 cycles per second, The
attenuator is to te readjusted in cach case to prevent false counting.
The relay is to be actuated only by the R top, In case of too much
amplification the T top, for instance, might couse an extra pulso
thus giving a higher frequency reading, When the amplification is
too low pulses might be missed (see fig, 7),

In 1941 Meyer and Seidel (17) composed a formula for the expres-—
sion of the heart deficiency in secondevolumey pulse rate and venous
pressure.

Dirk Albers (19) examined fifty subjects with heart vitia. The
relation botween the work done, the pulse rate and recovery time
was examined for various heart vitia, Duec to the small number of
patients no important conclusion could be drawn. The author suggested
to compare these results with the electrocardiogram, the oxygen uptakec
and carbondioxyde production,

E.A, Miller (18) searched the relation between pulse rate and
training, The increase of achievement after training is due to im-
proved cxchange of blood in the muscle tissues. There is hardly any
question of training of the heart, since after training of certain
muscles this improvement does not hold for other muscles.

K. Matthes (16) described a reflexion meter. A hole is made
in the centre of a selenium photocell and a light source is placed
behind the cell, The light beam is reflected by the surface to be
examined and the variations in intensity of the reflected light are
recorded by a mirror galvanometer., The author used this method with
infra red light for the reflexes of the pupils, He suggested appli-
cation of this method for the measurement of the pulse rate at the
Vena Jugularis, The main difficulty however is the immovable fixture
of the registration apparatus to the neck of the subject.

In 1942 Schwarzschild and Shelesnyak (20) improved their pulsc
counter, Instead of an electromagnetic counter they used now a gas
filled tube discharging a condenser at cach heart beat, As this dis-
charging depends too much upon the shape of the input wave it is not
measured, but used to set off the discharge of a sccond gasfilled
tube. This second discharge current flows through a meter shunted by
a condenser, The pointer of the indicator moves back to zero aftecr
each discharge making exact reading difficult.

Various kinds of work are examined by E.A, Miller (21) with
respect to their fatiguing, As a measurc for fatiguing he took the
relation pulsc rate - oxygen uptake, The following row shows an
increasing fatiguing factor: cycling, mountaineering, woight lifting,
handwheel turning, milking, mowing, .

Wood, Lambert, Baldes and Code (22) described the influence of
acceleration on erterial pressure, pulse rate, vascular filling de-
gree , respiration and consciousness,
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In the pulse rate meter of Sturm and Wood (23) again the R top
of the olectirocardiogram is used. In order to odbviate false readings
the amplifier 1s tuned at 15 cycles per second and in each individual
case the location of the electrodes is determined experimentally in
order to get the opitimal heart action potentials with a minimum of
skeletal muscle potentials, As the condenser to be charged is connected
permanently to the vacuum tube volticeter, the pointer of the indicating
ingtrument will move back to zero at each discharge of the condensor
‘making exact readings difficult. The battery supply and the laborious
adjustments aro serious disadvantages.

Suckling (24) detected the movements of the Arteria Radialis by
a piezo electrical crystal. A condensor is charged betwoen every two
systoles and tho ond voltage is transferred on to a RC combination
by means of an olectromagnetic relay, A vacuum tube voltmeter is
placed behlnd this RC combination, The meter indicates tho mean value
of the pulse rate and only slow varistions aro reproduced. Muscle
tensiors in the neighbourhood of the pulse cuff are bound to give ar-
tificial extra systoles.

Miller and Reeh (25) developed a pulse counter, in which the
hoart beat is detected optically. A sclenium photocell and a light
bulb are clipped at the car. The potential variations at the photo-
cell are amplified and control a gasfilled triode. A tolephone coun-
ter is inserted in the anode lcad of this triode. The dial is photo-
graphed every minute, By subtracting from cach numbor the preceding
numbery the mean frequency over a minute is attained,

The pulse rate meter of Boyd and Eadie (38), too, uses the action
potentials of the heart. This meter is constructed especially for
phermacological exporiments on animals, The amplifier is followed by
a frequency seclective stage, tuned at 15 cycles per second. A disad-
vantage is again the laborious readjustment of the apparatus before
each experiment,

3, PROPOSITION

The aim was to develop an instrument indicating or recording
during a given time the pulse rate of B subject performing exerciscs.
A gtudy of the above described pulse rate meters will make clear
that they all are showing one or more disadvantages, making them
unsuitablo for thls particular purpose,

Some of them are not pulse rate metors at all, but only pulse
counters (9), (1), (12), (15), (20), (25). | '

Othors are unfit for use with subjeots performing exercises
(2), (4,6), (13), (15), (16), (20), (23), (24).

Some methods of frequency measurement have a serious disadvan-—
tage,; viz., the pointer of the indicator moves back to zero betweon
two systoles, thus making exact reading impossible (20), (23), (24).

It is important that the operation of the apparatus requiraes
a minimum of the attention of the experimonior, The pulse rate metor
of Sturm and Wood (23) e.g., is difficult t. accept as this mater
requires readjustments from case to case,

Thus we decided to dovelop a pulsoe rato meter, which
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gives the pulse rate as a direct meter reading;

makes it pogsible to record the pulse rate on a filmg
fits for use on subjects performing exercises;

requires a minimum of the attention of the experimenter.

PN o

4. DEIECTION OF THE HEART BEAT

A pulse rate meter will have to measure the time intervals be-
tween every two consecutive heart beats,; this time interval being
a linear reciprocal function of the pulse rate, It is convenient
doing this interated time measurement electrically, The apparatus has
to be supplied with a pick up, detecting one of the ways in which the
heart beat revealzs itself and transforming it into some electrical
magnitude suitable for further digestion,

As demonstrations of the heart beat to be considered for detec-
tion, we can mention:

1; the action potentials of the heart;
2) the heart soundsg
3) the variations in the degree of filling of the blood vessels.

1) Though the heart action potentials have the attractiveness of
being already electric phenomenons, thus making transformation super-
fluous,; the shape of the electrocardiogram shows, that it will be
difficult to develop a pulse rate meter measuring the frequency at the
heart action potentials, The instrument would have to discriminate no+%
only between the R top and the T top (eventually the P top) of the
electrocardiogram; but also between the action potentials of the hcart
and those of other muscles.

2) Employing the heart sounds includes the use of a pick up discri-
minating between the vertex beat and each of the heart sounds. This
pick up has to bo insensible to breathing noise and any sound arising
from the environment, The fixation of a microphone on the chest of =&
subject performing exercises will lead to great difficulties.

3) The variations in the degree of filling of the blood vessels can
be detected plethysmographically and photo—electrically, In volume
measurements immovable fixture of the part of the body to be measured

is a fundamentel rcecquirement.

The photo electric measurement of the degree of filling of the blood

vessels offers +the best prospects at the deltermination of the pulse
rate of a person performing excrcises. From the literature we know oxy--
meters, pulse counters and circulation time meters taking the signal
off the lobe of the ear. The ear fits quite well for radiation of light
through it; whilst as there i1s a minimum of muscle tissue in the earjyno
disturbances are to be expected due to muscle movements., For these rcasous
we went into a more thorough examination of this method of detecting

the heart beat at the possibility to sorve as starting point of fre-
quency measurcment, It turned out to be important to fix the photocell
and thoe light source upon the ear in such a manner that mutual sliding

is prevented. [or this purpose a disk of perspex is interpolated be-
tween the ear and the light source, With this disk and a steel spring

the photocell and the light source are clinged to the car thus preven-

ting any sliding, while the blood circulation in the exposed part of
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the ear is not hindered. Besides this piece safeguards the sar for
ex.-~ssive heating.

The pulsation of the blood flow causes a saw tooth shaped po-—
tential over the load resistance of the photooell, Figure 1 shows
a few examples of the potential over the load resistance of the
photocell as a function of the time, The curves are taken from dif-
ferent persons and recorded with constant sonsitivityof the regis-
tration apparatus, The figure shows that the shape and the amplitude
of the curves varies for different persons, In pathological cases
we can expect much greater deviations than those shown here. Never-
thelrss these potentials always show a distinctly saw tooth shaped
nature, Whereas a saw tooth shaped potential fits extremely well as
starting point for electronic frequency measurement, this method
of detection of the heart beat was chosen,

5. GENERAL ARRANGEMENT

5,1 Introductory

The normal pulse rate of man at rest is about 70 beats per minute.
Under various clroumstanoes, as there are the consumption of food,
performance of exercises; or in consequence of emotions the pulse rate
increases. The pulse rate deoreases, ©.g. during sleep or under nar-
cosis,

A frequency range of 50 till 200 beats per minute was chosen
as the described pulse rate meter was meant particularly for physio-
logical investigations in cardiae changes during exercise:.

This frequency range can be altered easily when required.

There are various ways to measure frequencies electronically.

The measurement of very low frequencies can be done indirectly with
thé aid of a condenser being charged and discharged periodically.
The pulse rate in the reciprocal value of the duration of the intoer-
val hetween two consecutive systoles. The voltage across a condenser
being charged during this interval by a controlled current will be

o measure for the duration of this interval, Repeating this charging
and discharging periodically, viz. discharging the condenser quickly
at the begimming of a systole and then charging it till the next
systole, will produce a voltage, which value, immediately hefore the
discharge, will be a function of the pulse rate.

If we succeed in transposing this voltage into a meter deflectiong
we may calibrate this deflection directly in boats per minute and the
pulse rate meter is realized,

5.2 Block schematic diagram

The general arrangement and action 0f the instrument will ba dis—~
cussed with the aid of a block schematic diagram,

Figure 2 shows the block diagram, The pick up device is a photo
electric cell, The varying potential across the load impedance of the
photooell is applied to a three stage amplifier, The amplifier has a
frequency range from about one half till about 30 cycles per second.
The frequency of the mains supply is attenuated excessively.

We already saw how both shape and amplitude of the saw tooth
shaped signal may vary, In figure 8 two saw teeth are shown, having
like frequency, but differing in shape and amplitude. One might use
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these potentials to control a relay. It can be arranged thus, that
when the amplitude of the signal resches a certain velue, e, g, the
level o in figurc 8, a reclay is actuated and makes a contact. The
~ontact is broken again, when the amplitude of the signal is lowered
till below the level e, A condenser may be charged through this con-
tact, However, filgurc & shows that {we signals of like freguency but
differing in shaps will give different charging times (compare t, and
T ) thus giving ro exact relation betwecen She frequency of the slgnal
and the voltege aneross the condenser, That s why it is nesegsary to
insert a {riggering circuit between the amplifier and +the relay, This
triggering cirouit tranaforms the saw tooth shaped signal into constant
pulscsy tze nutual distance of these pulses is a measure for the fre-
guenazy of the signal, .ndepcndent of the shapo or the amplitude of the
signal, These pulses occur at the momen’s the voltage iy lowecred +ill
vhe lewel e in Tigure 8, _

A condenser is chargad and discharged periodically via a relay
system with the ald of these pulses., At the end of the charging period,
Just before the discharging, the load of this condenser is transferrecd
on to a gecond condenser. The voltago across the first condenser be-
tween two systoles is increasing from a certain initial value till the “civyie
nal value correspeadingwith the time interval between these two systole.:
and then diminishing guickly., The voltage across the second condenser,
however., remains constant during this time interval and is equal to the tar-
winal vin2e of the first condenser in the preceding intorval, If the
frequency does 1oy alter the first condenser will be recharged till . the
poss Gominel volfogoe; and the voltage across the second condenser re-
mains vnchenged,

Tn doing go the direct indication of the pulse rate is realized.
The voltage across the second condenser is measured by o vacuum tube
voltmeter having a very high input impedance in order to obtain =
neglectible load of this condenser. The measured frequency is indicated
by a milliammeter. A recording device can be put in series with this

meter.,

553 .A-G'bion

A further cexplanation of the various transformations of the signal
from the photocell will be given with the aid of figure 5. Figure 5a
shows the output signal of the photocell in its simplost form for two
different frequencies., Figure 5b represents the same signal after am-
plification, This signal, in figure 5c indicated by a thin line, is
the input signal of a bistable trigger. A bistable trigger is a circuit
with two stable states., Two d2ffurem’ oubput voltages are correspending
with these two stable states., IZ the input voltage of such a circuit
rises above a certain level the output voltage rises rapidly from its
lower to its higher value, On lowering the input voltage below this
level thecu$put voltage flops back to its lower value, In this way the
saw tooth shaped signal is transformed into a square wave. The duralioun
of this rectangle is not yet a measure of the frequency, since this
duration still depends on the shape and the amplitude of the signal,
The distance bctween two similar slopes of this square wave, however,
is 2 measure for the frequency, In order to discriminate betwsen the
downward and the upward slopes, the squaregare differentiated (figure
5d). Starp positive pulses arise instead of the upward slopes, sharp
negative pulces instead of the downward slopes, The desired discrimi-
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nation is obtained by cutting off either the positive or the negative
pulses., We have to cut off the positive pulses since the next trigger
is to be actuated by negative pulses; as we will see later on. The
rosult is shown in figure 5e. Attention is drawn to the fact that the
distance between two consecutive pulses is the reciproocal function
of the frequency of the original signal, These pulses mark the be~
ginning and the end of each interval.

A certain time is needed for the discharging of the condensecr.
This time,; diminishing the charging time, must be constant in order
to obtain a well defined frequency measurement, With the aid of a
monostable trigger the negative pulses of figure 56 are transformod
into squares of constant duration, A monostable trigger is a circuilt
with ons stable state. When a negative pulse is impressed on the
input of such a circuit, the output voltage rises rapidly from its
stable lower value to a certain predetermined higher value, and falls
back to iIts stable lower value after a certain time depending on the
RC time constant of the trigger. In doing so the negative pulses are
transformed into squares of constant duration (see figure 5f). Theso
squares are used to discharge the condenser at the end of the inter-
val (figurc 5g), :

6+ LIGHTSOURCE AND GENERATOR

As lightsource a normal incandescent bulb (6 Volts, 0.35 Amp.)
was used, Feeding this bulb with alternating current of 50 cycles
would give a 100 cycles component in the emitted light due to the
low heat capacity of the filament. The signal at the load resistor
of the photocell will contain a 100 cycles component too, As this
disturbance is a few times greater then the desired signal it is
difficult to eliminate the first without considerabdle attenuation
of the latter. Although rectifying and smoothing of the alternating
current is possible, it is preferable to feed the bulb with a high
frequency alternating current. A frequency of about 100 kc was
chosen., As the heat capacity of the filament is sufficicutly l=arge
at a frequenoy of 100 ke, there is no 200 kc component to be expectod
in the emitted light. Besides elimination of this freguency far out-
side the used frequency range is quite simple,

BExcessive heating of the ear is prevented partly by interpo-
lating a polyvinyl disc (see figure 21), partly by metallising the
glass of the bulb, In this metal coating; reducing the direct radi-
ation of heat at the ear and stimulating the heat conduction towards
the fitting, a small aperture is made such that the emitted light heem
is directed at the photocell,

As a generator circuit a modification of the Meissner ocircuit
was chosen, Figure 4 shows the dimgram, The oscillation is obtained
by inductive feed back of the anode circuilt of the EL 41 to the grid
circuit, To increase the efficiency the anode circuit is tuned., A
filter consisting of a self inductance of 200 mH and a condenser
of 0.1 prevents the high frequent oscillation from backing up
into the common power supply. The three honeycomb=coils are wound
jointly on a circular former of insulating material. Inside the
former a ferroxcubo ocore is mounted movably in order to provide
readjustment of the power supplied to the light source. The required
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anode voltage of the generator is derived from the common stabilized
power supply. The stability of the generator appeared to be such
that the light intensity could be considered to be constant,

7. PHOTOCELL AND CHECKING CIRCUIT

We chose a Philips photocell, type 3530, a gasfilled cell with
caesium cathode, This cell has a, for this purpose sufficient, sen-
sitivity for red light. Dimensions and weight arc reduccd by texing oll
the base. The required tension (90 Volts) is taken off the common
stabilized powor supply through a potentlometer and a low pass filtor
(see figure 3)+ A condensor (15000 pF) is placed in parallel with the
load resistor (3M SL) in order to preveiit any”dis.urbance of the
amplifier by the high frequency supply of the light source.

By means of a switch either the photocell, or the checking cir-
ouit can be connected to the input of the amplifier, This circuit
serves 1o verify the right operation of the apparatus, A cheeking
squeare wave of 80 or 160 pulses per minute can be obtained., These
values were chosen beocause they are distributed reasonably over the
used frequency range of 50 till 200 beats per minute. The checking
circult consists of a self starting synchrone motor, prapelling a
ghaft at a speed of B0 revolutions per minute, To this shaft two
disks are keyed respectively with one and two cams. These cams make
and break a contact thus impressing periodically a voltage on the
input of the amplifier. This voltage is teken from the common stabi-
lized power supply via a potentiometer.

8, AMPLIFIER WITH FILTER

The amplifier has to meet the following requirements:

1) The frequency characteristic has to be such, that saw tooth
shaped potentials of a fundamental frequency from % {0 3
cycles per second are amplified sufficiently.

2) Potentials in the order of 4mV have to be amplified till about
40 Volts, The amplification factor has to be about 80,000,

3) The amplifier has to be completely mains fed. The action of the
amplifier may not be affected by variations of the mains supply.

4) TInterferences are to be eliminated,

In amplifying these extremely low frequencies the push pull
amplifier offers many profits as this type of amplifier is less sen-
gitive to variations in the power supply and decoupling of the
cathode and screen grid is ‘not necessary (27), (28). -

The amplifier %zee figure 6) congsists of three push pull stages
followed by a parallel T filter.

The first stage contains a double triode ECC 40 employed as
a cathode follower (29) (32), thus attaining two equal but opposite
signals to be impressed on the control grids of the next stage
(twice EF 40), Since in this case the common cathode resistor is
large (33 k SL) a constant positive voltage has %o be applied to
the grids in order to obtain the correct operating conditions. This
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biag voltage is taken off the stabilized common power suprly
through a potentiometer and a double smoothing filter (twice
2 M and 12,5 muF).

" The couplifig eluments have been chosen such that sufficlient
amplification could be obtained for the lowest froguency used.
The shunt condenser at the in- and output of the amplifier and
the parallel T filter are limiting the frequency characteristic
up to about 30 cycles per second.

The. parallel T filter (31); (32) hag its resonarce freguency
at 50 cycles per second thus eliminating any interfercnce effeoc:-
tively (the BEuropers: mains supply has a frequency of 50 cycles
por second). ‘

The tubes are adjusted such that an overall gein of 160.000
is ob*ained, As the transmission factor oi the parallcl T filter
is os much as ¥; an inpub signal of % millivolt at the loalresis-
tance of the photocell. results in about 40 Volts at the first grid
of the bistable trigger.

9. MAIN TRIGGERS

The circuit next to the amplifier consists of three parts;,
viz.:

1) the bistable trigger
2) the differentiator
3) the monostable trigger

These circuits, showa in figure 9, will be briefly discussed
(33)., The grid of %he first triode of ‘he bistable trigger has a
negative bias, This negative bias nearly cuts the anode current
of the first triode, this tube is off. Due to this the anode vol-
tage of the first and the grid voltage of the second triode are
high., The second triode takes a large anode current — this tube
is on ~ the anode voltage of the second tube (the output of the
trigger) thus being low, The first grid receives its sdignal from
the parallel T filter.

If because of this signal the grid voltage is increased till
a certain prasad;ustable level the anode current will show a sudden
rise., This causes a rise of the cathode voltage,; whilst the anode
voltage and at the same time the grid voltage of the second triode
will fall, thus cutting off the anode current of the second triodo.
The output voltage shows a sharp rise, Lowering the voltage of the
first grid till beneath the forementioned level will cause a re-
verse action: the first tube goes off again, the second on, the
output voltage falls back to its lower value, In this way we have
transformed the saw tooth shaped signal into a square wave,

The output &ignal of the bistable trigger is diffeventiated
with the aid of a condenser of 1 kpF and a resistance of 500 k JL;
that means the square wave is trensformed into two sharp pulses,

a positive one corresponding with the upward slope of the square
and a negative onc cocirssponding with the downward slope (compare
figure 5c and d). 1 . .

The diode EA 50 is placed thus as to cut off the positive
pulses., In figure 5c the base line is drawn as a straight linos,
but in practice irregulrrities may occur. Ir order to avoid any
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reaction of the next trigger .due to these irregularities a positive
bias is impressed on the diode with the aid of a resistance of 2 M J\.
Due to this the cutting action starts beneath the base line making
sure.-only the required negative pulses are to reach the input grid of
the next trigger.

The next trigger is monostable, In the stable state the first
tube is on since the cathode is connected directly to earth and the
grid has a positive bias, The anode voltage of the first triode (the
output voltage of this trigger) is low. The ssoond triode dis off since
the grid bias is low and the cathode has a positive bias. The impres—
sion of a sharp negative pulse on the grid of the first triode will
cut off the anode current causing a sudden rise of the output voltage.
Since the grid voltage of the second triode follows this increase its
anode voltage will decrease. The grid of the first triode is connecte.l.
to the plate of the second triode by means of a 10 kpF condenser. It
depends on the time constant of this condenser and the grid leak how
long it lasts before the grid voltage of the first triode has risen
sufficiently to restore the stable state of the trigger.

Thus at the output of this trigger a square pulse arises with a
constant duration, which corresponds with the time the first tube is
off,

10, CHARGING CIRCUIT AND MECHANICAL RELAY

The monostable trigger produces pulses of constant duration and
height having mutual distances equal to the time intervals between
two consecutive heart beats, With the aid of a mechanical relay gysi~
we can use ‘these pulses to control the charging end discharging of a
condenser and the transfer of the endpotential from this condenser on
to a second condenser, connected permanently to a vacuum tube volt
meter.

, In figure 11 the diagram of the charging circuit and the mechani-
cal relay is given, The anode current of the twintriode ECC 40 flows
through the coil of relay 1. The cathode resistance congists of a
gasfilled tube (85 A 1) fed by a resistanceof 120 kiL. This neon
tube is keeping the cathode potential constantly at 85 Volts. The
grid of the triode is connected to the output of the monostable trig-
ger of figure 9, via a potentiometer. When there is no pulse at the
output of the trigger the grid has a large negative bias with.respcct
to the cathode, In this case no current is flowing through the valve.
When the monostable trigger produces-a pulse the grid potential in-
creases and allows an electron current to flow through the tube, thus
actuating relay 1. The contacts a and b are closed simul taneously and
remain closed as’ long as relay 1 is actuated., By c1051ng contact a
relay 2 is actuated, The contact ¢ and d are adjusted in such a manncr
that within the time of the dowmward stroke of the relay, contact c
is made and broken again before contact d is made. During the further
time in which relay 2 is actuated; ¢ remaing open and 4 closed. In 4he
time of the upward siroke ¢ is made and broken again. In the dovmward

stroke of relay 2.-contact ¢ connects the 12 ul' condenser with the
0,005 condenser via the closed contact b4 Since the 0.005 uF con-
densefr is small compared with the 12 condenser, the voltafe across

the first will become equal to:..the v ltage across the latter. After
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the contact ¢ is broken, the 12/uF condenser is discharged via
contact 4 and the 10 JLresistori

When the square pulse lmpressed on the grid of the triode
disappears,; relay 1 breaks the contacts a and b, thus cauvsing
rélay 2 breaking contact d, During the upward stroke «f relay 2
contact o 1s closed, but since contact b is open the 0.00SéuF
condenser is not connected to the, meanwhile discharged; 1 /uF

condenger and keeps 1ts charge until the next square pulse)

The desired freguency range debtermines the magnitude ~f the
charging current. This current depends on the dimensions of the
charging circuit. Apart from the frequency range the distribution
of the frequencileg over het scale may be adapted to any special
requirement by a suitable choise of the components of the charging
circuit,

In figuro 5g the voltage across the condenser during an in-
terval is dravn as if it was a linear function ¢f the time, In
this case the scale division would become linear; if no% a con-
stant part .f each time interval had to he used for the relay
gwitching. The consequence is that the scale is shrinking in the
higher frequencies,

In the case on hand it was desirable to expand the scale in
the middle of the frequency range, since these frequencies are
the most interesting in the experiments on subjects performing
exercises, This was achleved by charging the condenser via a paral-
lel cocnnection of a triode and a registor, In deing so the shrinking
of the scale at the upper end of the freguency range was diminished
as well,

It is possible to .Dbtain a fairly constant charging current
by means of a pentode and a exponential decreasing curreant 1y
means of a resistor, The charging current through a tricde is an
intermediate form of these two, By varying the magnitude of the
internal resistance of the triode and the value of the shunt
resistor a large diversity of charging curves can be obtained,
Figure 14 shows the scale division of the disocussed pulse rate
meter,

11. ELECTRONIC RELAY

11.1 Introductory

In certain cases the use of a mechanical relay in the pulse
rate meter might prove a disadvantage, viz. the beating of the
mechanical relay is audible, This beating inherent tc the rhythm
cf the heart beat of the subject will affect him psychically.
Since in this case it was preferable to use a noiselessly working
pulse rate meter, we tried to find an electronic equivalent of
the mechanical relay,

Proceeding from the square pulse of the monostable trigger
it was possibley; with the aid of a mechanical relay, to realize
the mutual connection of the condensers and the discharging of
the 12 condenser, In the electronic modification however we
need tWwo square pulsesy; proceeding shwrtly after ¢ne another.

For this purpose two auxiliary triggers are inserted.
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11.2 Auxiliar; triggers

Figure 10 shows two monostable triggeme to be connected to the
monostable trigger of figure 9, Thus we have obtained three monostable
triggers connected in series jointed by differentiating sections.

From this series of triggers threc positive square pulses arise, linked
closely to each another in time, that is to say the downward slope

of the first coincides with the upward slope of the second pulse, the
downward slope of the second with the upward slope of the third. Be-
tween the first and the third pulse a time interval has given by the
breadth of the second pulse. Using the first and third pulse we have
obtained two square pulses; proceeding shortly after one another.

11.3 Charging circuit and electronicvrelay

The charging circuit in the eleotronic modification is identical
to the charging circuit of the mechanical relay., In figure 12 this
charging circuit is added for the sake of completeness.

The twin triode 6SN7 serves to make and break the connection be-
tween the 124uF and. the 0.005 uF condenser. The two triodes are con-
nected back back, that is t60 say the anode of one triode is con-
nected to the cathode of the other triode and vice versa, whilst the
grids are joint together.The glow temperature of the cathode is de-
croased by placing a 10 ! resistor in series with the filament of this
tube. The pentode UL 41(used as a triode) takes care of the short cir--
cuiting of the 12 uF condenser. The squarec. pulse originating from the
first monostable érigger is impressed on the grids of the twin triode,
the square pulse originating from the thi®d monostable trigger on the
control grid of the pentode, Since a short time olapses between the
occurrence of these two square pulses. it is attained that the connec-
tion between both condensers is broken before the discharge of the
12 condenser begins. The points x and y are connected with one plate
of’ the 12 s respectively the 0,005 condenger, The other plates
of these tondensers are connected jo ntly'to the stabilized power
supply of +200 Volts, Depending of the charge of these condensers the
potentials of the points x and y may vary from about 150 Volts till
about 200 Volts in respect to chassis. The joint grids are connected
10 the first anode of the first monostable trigger. In the stable
state of the trigger this anode has a potential of about 60 Volts.

The grids of the twin triode have a large negative bias as well in
respect to the anode as to the cathodes this tube is off,

Measurements showed that even with this high negative grld bias
a troublesome leakage current may occur, It is easy to calculate that
if the 0,005 condenser is to keep its oharge unchanged during the
time interva{ between two systoles even at the lowest frequenciesy
that is to say if the p01nter of the indicator has to be at1?est
during that interval a maximwn leakage current of about 10 Ampéros
is to be tolerafed. For this reason the twin triode has to be selectoed.

When a square pulse occurs at the output of the first monostablo
trigger, the grid voltagc will increase by about 100 Volts making the
twin triode conductive in both directions, In case of different
voltages across the condensers (on changing the frequency) a balancing
current will flow between the points x and y making the voltage across
the 0.005/uF condenser equal to the end voltage of the 12/uF condensor,
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The seoriecs resistance (2.2 MJSL ) in the grid circuit serves to
limit any grid current and to decrease the load of the trigger.
The RC element (1 M SL'= 0.1 uF) decreases the capacitive coupling
between the grids on one s1d6 and the oathodes and anodes of the
twin triode on the other.

The square pulse from the third monostable trigger, cccurring
shor3ly after the square pulse of the first trigger, makes the
tube UL 41 conductive in order to discharge the 12 uF condenser.

Attention may be drawn to tho fact that the cbnductance of
the eleotronic relay is smaller then’that of the mechanical relay
where a connection with zero resistance is obtained. Consequently
the pulse rato meter with electronic relay will not follow instan-
taneously a suddcen change in frequency, As a result of this an
extra systole will be indicated only qualitatively.

12, VACUUM TUBE VOLT METER

~ As already 1s explained the vacuum tube voltmeter is not to
take any current off the 0,005 condenser, For this reason a
cathode follower circult was chosen (34) and put in push pull in
order to minimize the influences of variations in tho power supply
(see figure 13).

Since the moving coil meter is connected between the two ca-
thodes the current to flow through the meter is not flowing through
the tubes. In doing this the tubes are adjusted at minimum anode
current, i,e, large negative grid bias., As this implies, that the
resistance between tho grid and the cathode is large, the load
across the 0,005 uF condenser is neglectible, In the grid and plate
leads resistances of 1 kN are ingerted, To cancel any difference
in the internal resistance of both triodes a correction resistance
may be placed in one of the cathode leads., A zero adjustment is pro-
vided by means of a potentiometer connected to tho grid of the
second triods.

The sories resistance of the moving coil instrument is chosen
such that a variation of the meter current from O to 100 1 Amp.
agroes with the maximum potential difference across the 6.005/uF
condenser, '

13. POWER SUPPLY AND STABILIZATION

The apparatus is mains fed and the required anode voltages
derived from the rectifier wvalve AZ 41 are stabilized electro-
nically, Figure 15 shows the arrangement, Instead of the normal
L-C smoothing circuit just one electrolytic condenser is used.

The stabilizing circuit consists of a variable series re-
sistance (UL 41), two control pentodes (EF 40) in push pull and
two gasPilled tubes 85A1, (35), (36)

Point a of the potentiometer consisting of a resistance of
90 kSL and a neon tube B5A1 has a constant potential (85 Volts).
This potential acts as a reference voltage and is applied to the
control grid of one of the pentodes. Behind the variable series
rosistance (UL 41) a potontiometer is formed by two resistances



- 15 -

respectively 220 k.fL and 70 k SL, In equilibrio point b has likewise
.a povential of 85 Volts., Increase of the output voltage - whatever
the reason may be = causes an increase of the grid voltage of the
second control pentode and thus an incroease of the anode current,
Hereby the voltage in point ¢, i.e, the grid voltage of the UL 41,
will decrease, In consequence of this the intermnal resistance of the
UL 471 increases and .cancels the increase of the output voltage. In
case of a decrease of the output voltage the reverse process occurs.
This control works instantaneously, whereas moreover a forward
control consisting of a resistance of 15 M and a condenser of
100 pF', is inserted, This forward control is connected before the
series resistance UL 41, so that variations in tension do not necd to
appear at the output of the stabilizing circuit in order to be stabi-
lized.
With the ald of the first mentioned potentiometer (220 k L
70 k J1) the output voltage is adjusted at the desired value,
These values already assure a certain stabilization., A higher degrcec
of stability is obtained by a proper choicc of the value of the re-
sistance of the forward control, In connection with. already existing,

unavoidable capacitances two capacitators, respectively 0.1 ulf and
100 pF are employed in the control circuit in order to stabilizc the
mains frequency, x

Variations in the load are stabilized with the aid of a resis-
tance of 10 JL inserted in the minus lead of the smoothing circuit.
In case of an increase in load the voltage drop over this resistance
will increase thus making the grid bias of the second control pentode
moye negative and keeping the mutput voltage constant,

Since the vacuum tube voltmeter needs a stable supply of 200 Vol+i:
a cathode follower (EF 42) is ' placed at tho output of the stabili-
zation circuit providing this voltage (37).

In consequence of the high demands put on the input resistance
of the vacuum tube voltmeter it is necessary feeding the filaments
of the vacuum tube volitmeter and the electronic relay out of separate,
excellently insulated, windings on the power transformer, thus preven-
ting any leakage along this path.

14. CONCLUSION

A few drawings and pictures are added to elucidate the construc-
tion,

Figures 16 and 19 show the topchassis, containing the amplifier,
the triggers and the checking circuit with switch, It should be
noted that the input circuit inclusive tho switch and the double
triode of the first stage of the amplifier are screened thoroughly,

Figures 17 and 20 give respectively the arrangement and the
picture of the bottom chassis, containing the power supply with sta-
bilization, generator, electronic relay and vacuum tube voltmeter.

Figure 18 is a dimensional sketch of the frame.

Figure 21 gives some constructional details of the earclip with
photoeell, bulb and polyvinyl disc.

. PFigure 22 shows the earclip in situ, The four connections are
lead to a clip on the mask with the aid of fine flexible wires and
connected to the apparatus by a shielded cable of about 5 feet.
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With reference to figure 23 the necessity of providing a
good ventilation is emphasized, vide the wventilation holes in the
cabinet,

Finally a picture (figure 24) is given of a complete arrange-
ment as used in physiological investigations.

In many experiments in the field of the physiology of work
and exercise it is important that the subject has a greater free-
dom of movement than is possible with a 5 feet cable., The possi-
bility of disturbing interference when using a longer cable may
be prevented by placing the first two stages of the amplifier,
plus the generator for the light source in a separate box 1o be
carried by the subject. Since the signal of the photocell is now
amplified adequately there is no objection in connscting this
pre amplifier by a very long cable with the pulse rate metoer.

. In order to obviate any disturbance due to variations in the
day light a cap is to be placed over the ear thus proeventing
the direct light to fall on to the photocell, '
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fig. 1 Zaagtandspanningen
fig. 1 Saw tooth potentials
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fig. 19 Foto eerste chassis
fig. 19 Picture of top chassis

fig. 20 Foto tweede chassis
fig. 20 Picture of bottom chassis
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fig.22 Foto bevestiging van de oorklem fig. 23 Foto van het complete toestel

fig. 22 Picture of earclip in situ fig. 23 Picture of the complete instrument

fig. 24 Foto van een meetopstelling

fig. 24 Picture of a complete arrangement





