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[5 7 ]' ABSTRACT 
A respiration unit for supplying a preselected limited 
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volume of breathing gas to a patient at limited positive 
pressures, and at a preselected limited ?ow rate is dis 
closed. The system includes an air delivery cylinder 
having a drive weight which is free to move up and 
down. A diaphragm connected to the weight divides 
the cylinder, into an upper control chamber and a 
lower delivery chamber. A vacuum source is con 
nected to the control chamber through a ?rst sole 
noid-controlled valve to regulate the lifting of the 
weight, and _a second solenoid-controlled valve regu 
lates the bleeding of air into the control chamber to 
release and regulate the rate of fall of the weight, 
thereby driving breathing gas under pressure out of 
the lower chamber. A control system regulates the lift 
and lower cycles of the drive weight to provide the re 
quired operation of the system, with various sensors 
being provided to allow patient control of the system 
under selected conditions, and to assure patient safety. 

The control system incorporates, among other things, 
means for providing a variable inspiratory-expiratory 
ratio, for permitting patient assisted breathing, for 
mixing oxygen with air or anesthetic gases, for 
periodically altering the breathing pattern, for 
permitting selection of positive or negative end 
expiratory pressure, for allowing selection of the 
breathing waveform, and for providing accurate 
displays of essential parameters. 

52 Claims, 19 Drawing Figures 
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VOLUME-RATE RESPIRATOR SYSTEM AND 
METHOD 

BACKGROUND OF THE INVENTION 

The present invention relates, in general, to respira 
tion systems, and more particularly to such a system 
which inherently provides a safe, reliable operation and 
which is easily controlled, highly ?exible, and capable 
of a great variety of operational modes which permit a 
wide choice of functions for maximum effectiveness in 
use. 

This application is related to copending application 
Ser. No. 402,679, of Theodore B. Eyrick and Allen C. 
Brown, ?led on even date herewith and entitled 
“Breathing Gas Delivery Cylinder for Respirators” and 
application Ser. No. 402,678, of Theodore B. Eyrick 
and Neil R. l-Iattes, ?led on even date herewith and en 

titled “Respiration Ratemeter”, the disclosures of 
which are hereby incorporated herein. 
Numerous types of respiration devices and systems 

have been developed in the prior art, and have at one 
time or another been on the market. Such systems have 
all generally had characteristics and features which met 
special needs or which overcame speci?c problems, 
and thus were of value to the art in speci?c circum 
stances. But, unfortunately, many of the prior art sys 
tems had ?aws which made them inappropriate for use 
insome cases, or which made them unreliable, dif?cult 
to control, or inaccurate, and thus the search has con 
tinued for an improved respirator which would over 
come‘ such dif?culties. 
The basic types of respirators are well known, having 

been in clinical use for many years and often discussed, 
both as to advantages and shortcomings, in the techni 
cal literature. Some of the respirators now in use are 
described by W. W. Mushin, L. Rendell-Baker, P. W. 
Thompson and W. W. Mapleson in their book Auto 
matic Ventilation 0f the Lungs, 2nd Ed., F. A. Davis 
Co., Philadelphia, Pa. (1969), and by W. T. Heironi 
mus in Mechanical Artificial Ventilation, C. C. Thomas, 
Spring?eld, Illinois ( 1967), as well as in other publica 
tions. ' 

Broadly speaking, respirator devices can be classi?ed 
by the parameter which controls the cycling of the ma 
chine: pressure, time, or volume of gas, and many cur 
rently available machines can be so classi?ed. A pres 
sure-cycling machine allows air to be delivered to a pa~ 
tient until a preset pressure is reached, at which time 
the control system closes the valve controlling air ?ow. 
A disadvantage of the pressure-cycled machine is that 
it will deliver varying quantities (tidal volumes) of air 
when the pulmonary back pressure or the compliance 
of the system changes. This requires that the ventilation 
be very closely monitored to insure that the gas level of 
the blood does not fall outside desired limits. Gener 
ally, too, such systems have relatively low pressure ca— 
pabilities and present problems in controlling the 
amount of oxygen delivered to the patient. 
A time-cycled machine sets the time for inspiration 

and expiration, so that the volume of air actually deliv 
ered becomes a function of ?ow rate. Since the ?ow is 
limited by pulmonary resistance, changes in this factor 
leads to variations in the volume delivered. Most such 
systems also have relatively low peak pressures. 
Volume~controlled machines provide a relatively 

constant tidal volume delivery, except, under very high 
pulmonary resistance conditions, where losses due to 

20 

25 

35 

45 

55 

65 

2 
the compressibility of the gas becomes a factor. These 
devices generally have high pressure and ?ow capabil 
ity, but may be limited in the particular features made 
available in a given machine. Although volume 
controlled machines provide the advantage of deliver 
ing a desired quantity of air on each cycle, the utiliza 
tion of this concept has not been without problems in 
prior art machines. For example, in a volume 
controlled machine it is essential that the measurement 
of volume be very accurate to insure that the machine 
functions properly. However, prior machines have not 
been reliable in this regard, and because of compliance 
in the machine itself, dif?culties in obtaining an accu 
rate determination of the location of a movable piston 
or like air drive mechanism, and sluggish mechanical or 
electrical control systems, it has not been possible to 
provide a volume system that would repeatedly provide 
a selected quantiity of air for a patient. 
Another dif?culty encountered with volume 

controlled systems is the likelihood of encountering ex 
cessive pressures, and such systems thus can produce 
a considerable safety problem. Where a gas delivery 
machine is arranged to sense and be controlled by the 
volume of gas being delivered, high pressures can ap 
pear, and it then becomes necessary to provide often 
complex sensing and control systems to guard against 
injuring the patient. However, the fact that dangerous 
pressures can be produced is a safety hazard in itself, 
for failure of they control system can result in damage. 
For example, pressure relief valves are commonly used 
in such systems to regulate the maximum pressure that 
can exist; but the operational characteristics of such 
valves can change over a period of time, and if one 
should fail at the wrong time, a patient could be in 
jured. - 

In a volume system, it is common to provide a be] 
lows or other air container which will receive the gas 
to be delivered to the patient. The container is then 
compressed mechanically or pneumatically to dis 
charge the air to ‘the patient when the inhalation por 
tion of a breathing cycle is reached. In such systems it 
is customary to ?ll the container to its maximum vol 
ume prior to inhalation, and to then terminate the dis 
charge when the desired volume has been delivered. A 
real danger exists with this arrangement, however, for 
if the control‘ system should fail during the discharge 
stroke, the full volume of air the machine is capable of 
delivering can be discharged into the patient’s lungs, 
and can do irreparable harm. 
A volume controlled system which relies on sensing 

the delivered volume and controlling the end point of 
the delivery stroke may also be inaccurate because of 
the overshoot that will occur after the stop signal has 
been given. Inertia within the mechanical delivery ap 
paratus and lost motion in the controls may result in the 
mechanism moving past the desired stop point, and this 
can produce an inaccuracy in the delivery of the 
breathing gas. 

In general, then, it can be said that although prior res 
pirator or ventilator devices have been satisfactory, 
nevertheless, they have been too in?exible and have 
not been capable of safely meeting the needs of various 
patients in various circumstances. A patient whose 
breathing must be completely controlled, for example, 
requires different machine characteristics than a pa 
tient whose breathing is merely being machine assisted. 
Often a patient whose breathing has been machine con 
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trolled for an extended period becomes dependent 
upon the machine, and cannot breathe without it. Such 
a patient must be gradually withdrawn from the ma 
chine, and thus ?exibility in operation to allow shifting 
from machine to patient controlled breathing is high 
desirable. A machine that does not have ?exibility and 
reliability, then, cannot meet the varying needs of pa 
tients. 

SUMMARY OF THE INVENTION 

It is, therefore, an object of the present invention to 
provide a respirator unit which is ?exible, reliable, eas 
ily controlled, and, above all, safe. 

It is a further object of the invention to provide a res 
pirator system which is easy to use, compact, and accu 
rate, and which provides a variety of features to enable 
safe and convenient delivery of breathing gas to a pa 
tient. 

In accordance with a preferred embodiment of the 
present invention, a respirator system is provided 
which is mechanically arranged and electrically con 
trolled to produce an accurate and repeatable delivery 
of a preselected limited volume of breathing gas to a 
patient at limited positive pressures and at preselected 
limited ?ow rates. The system responds to a variety of 
sensed parameters to regulate the respirator apparatus 
and provide total and adjustable control of the breath 
ing gas supplied to a patient, in accordance with the de 
sires of the operator. This is accomplished through an 
air delivery unit which comprises a vertically posi 
tioned cylindrical housing containing an axially extend 
ing hollow shaft which forms a guide for a movable 
weight that is mounted, by means of suitable bearings, 
on the shaft. A follower chain extends through the hol 
low central shaft and is attached to the weight and to 
an external potentiometer, whereby motion of the 
weight within the housing causes a corresponding vari 
ation in the output of the potentiometer to provide an 
indication of the exact position of the weight within the 
cylinder. A rolling diaphram seals the circumference of 
the sliding weight to the inner surface of the cylindrical 
housing into an upper and lower chamber. The cham 
bers are sealed from the central shaft by means of 
upper and lower bellows which surround the shaft and 
are secured between the sliding weight and the upper 
and lower ends of the housing. 
A vacuum pump is connected to the upper chamber 

through a solenoid-operated control valve, while the 
lower chamber is opened through an inlet check valve 
to a supply of breathing gas and through an outlet 
check valve to the patient’s lungs, the valves serving to 
insure the proper direction of flow. Application of a 
vacuum to the upper chamber allows the breathing gas, 
which is at approximately atmospheric pressure, to 
enter the lower chamber and lift the sliding weight up 
wardly to a preselected position, the breathing gas ?ll 
ing the expanding lower chamber. The location of the 
weight is monitored by the potentiometer so that when 
it approaches the desired level, corresponding to a de 
sired volume of gas in the lower chamber, the vacuum 
control valve can be closed. The breathing gas may be 
atmospheric air, oxygen, an anesthetic breathing gas 
mixture, or a combination of those in accordance with 
the needs of the patient. 
Also connected to the upper chamber is a bleeder 

valve which is variable to allow the vacuum in the 
upper chamber to be relieved at a predetermined maxi 

25 

55 

65 

4 
mum rate. This allows the weight to move downwardly 
under the force of gravity to compress the lower cham 
ber and force breathing gas out of its outlet at a rate 
limited by the setting of the bleeder valve, and by the 
back pressure produced in the lower chamber. 
The raising and lowering of the movable weight 

within the cylinder, and the consequent expanding and 
contracting of the lower chamber, produces a periodic 
?ow of air from the chamber through suitable conduits, 
?lters, humidi?ers, and the like to a conventional 
breathing manifold, which may be connected to a mask 
or inserted tube, for supplying breathing gas to a pa 
tient in accordance with a preselected, adjustable 
breathing cycle. As soon as the cylinder has completed 
the delivery of gas, the weight is lifted to the prese 
lected volume location in readiness for the next breath 
ing cycle, and is held in that location until the control 
system calls for the delivery of air. 
As is known, a breathing cycle includes an inspiration 

mode, or phase, when the patient inhales or is caused 
to inhale by the respirator, an expiration mode, when 
the patient exhales, and an in?ation hold mode, which 
occurs between inspiration and expiration, when the 
patient is in effect holding his breath. The time rela 
tionship of these three modes may be referred to as the 
breath waveform, and in the present system this wave 
form may be adjusted to provide the required breathing 
pattern for the patient. In the inspiration mode, which 
is at the start of a breathing cycle, the cylinder is oper 
ated to deliver breathing gas at a rate, volume, and 
pressure that is determined by the breath waveform 
and the setting of the machine controls. During the 
hold and exhalation modes, the cylinder drive weight 
returns to its upper position and a check valve is closed 
to prevent exhaled gas from returning to the cylinder. 
Following the end of the hold mode, if any, the exhala 
tion mode occurs when an expiration path is opened 
through the conventional breathing manifold to atmo 
sphere. During the exhalation mode, if it is desired to 
assist the patient to exhale, or if it is desired to produce 
a negative end expiratory pressure (neep), a flow of air 
is generated through a venturi arrangement which then 
serves to draw air out of the patient’s lungs. When a 
positive end expiratory pressure (peep) is desired dur 
ing the exhalation mode, the expiration balloon valve 
within the conventional breathing manifold is cycled to 
maintain the preselected level of positive end expira 
tory pressure. 
The system is controlled by a circuit which effects the 

energization of the various solenoid-operated valves in 
accordance with the condition of the patient, of the res 
pirator itself, or in accordance with the values of ad 
justable controls and sensors. Several of these adjust 
able controls and sensors are photosensors which re 
spond to the system pressure at predetermined loca 
tions to operate the solenoids in accordance with a pre 
set pattern or in response to emergency conditions. 
Thus, although the system is operable on a fully con 
trolled basis, wherein the patient plays a passive role 
and the machine produces the necessary inspiratory 
and expiratory breathing patterns, it is also operable on 
a patient demand basis, wherein activity by the patient 
in attempting to breath on his own overrides the preset 
rate control. The activity of the patient in trying to in 
hale during an expiratory mode, for example, may be 
sensed as a change in pressure within the breathing 
manifold; and this change may be used to override the 
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preset rate pattern and allowthe patient to inhale be 
fore completion of the programmed exhalation. The 
degree of patient activity required to override the sys 
tem operation may be preset'by a sensitivity control 
which may be adjusted to provide the override at a se— 
lected pressure level. Other sensors detect low and high 
pressures within the system to insure proper cycling, 
and established limits to provide an extra measure of 
patient safety. Various manual overrides are also avail 
able in the system to permit the operator'to- initiate a 
breathing cycle, or to produce a sigh, at any time in 
place of the automatically recurring breathing and sigh 
cycles provided by the system. Various other automatic 
and manual controls will become apparent from the 
more detailed description which follows. i 

The operation of the system is carried‘out by means 
of a logic which responds to the various sensors and 
control switches to provided output signals which serve 
to activate or deactivate corresponding solenoid valves, 
indicator lights, alarms, and the like. The logic control 
circuitry of the system may be roughly divided into 
three general functions; basic control, ‘power, and 
alarm and volume control. The basic control circuit 
regulates the normal cycling rate of the machine and 
the aborting of a cycle in response to an alarm or an 
override caused by patient demand. The control also 
responds to an exhale assist signal and permits manual 
as well as automatic regulaction of normal and sigh cy 
cles. The normal cycling of the machine is under the 
control of an astable multivibrator within a normal rate 
control circuit which initiates the inspiratory mode of 
the machine at preset intervals to start thefsuccessive 
machine cycles. The output pulses from the normal 
rate control energize a pulse generator to create an ex 
ecute cycle pulse which is used in conjunction with the 
rate control signal to operate the system in accordance 
with the predetermined parameters. The operation of 
the breathing cycle, which includes the inhale, hold, 
and exhale modes, is automatic, unless overridden in 
response to monitored conditions, whereby a positive 
control of the‘ breathing cycle and of the inspiration 
expiration ratio is provided. ' ' 

The power control circuitry responds to the control 
signals to drive the solenoid~controlled valves, provides 
a clearing signal for clearing the logic circuitry immedi 
ately following the start up of the system upon initial 
application of power, provides machine synchroniza 
tion, monitors power failures and powers the audible 
and visual alarms for the system. ‘ ‘ , 

The alarm and volume control circuitry in the pre 
ferred embodimemt of this system monitors such ma 
chine conditions as' proper cycling of the gas delivery 
cylinder to insure that the full volume is being deliv 
ered, oxygen ratio in the breathing gas, pressure limits 
within the system, and compares the volume control 
setting of the machine with the rest position‘, of the gas 
delivery drive weight at the end of its upstroke. This 
circuit portion also provides condition indicators, and 
incorporates a ratemeter for responding to successive 
inhalations to provide a continuous breathing rate indi 
cation. . 

A respirator system thus constructed overcomes 
many dif?culties encountered with prior art systems 
and provides a highly accurate, repeatable delivery of 
preselected volumes of breathing gases at preselected 
rates, with a high degree of safety. Because of the use 
of a delivery cylinder having a rolling diaphragm ar 
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6 
rangement- separating ‘an upper control chamber from 
a lower delivery chamber, a delivery chamber having a 
very low compliance is provided, thereby permitting 
accurate control of the volume of the gas being deliv 
ered to the patient, and permitting limitation of the 
pressure within close tolerances. ' ~ 

The use of a sliding weight~to provide the driving 
force on the delivery stroke of the cylinder produces a 
distinct improvement over prior devices in that the air 
delivery system does not rely-on complex control sys 
tems to protect the patient. This is due to the fact that 
the maximum pressure that can be generated in the de 
livery chamber under any condition is that produced by 
the force of gravity acting on the weight. By selecting 
this weight, in the design of the cylinder, to have a mass 
which will produce a maximum pressure within known 
limits even under free falling, or no-control, conditions, 
the system may be made self—pressure‘ limiting, thereby 
providing a large margin of safety for the patient. 
Again, because it is the operation of the moving weight 
under the in?uence of gravity, but restricted by the 
bleeder valve, that produces-the outward ?ow of gas to 
the patient, the cylinder is limited as to the maximum 
rate of ?ow that can be produced, thereby further im 
proving patient safety with fewer components than are 
required in prior art systems. I ‘ 

Since the weight remains constant as it moves down 
the central shaft of the cylinder during the delivery ' 
stroke, the ?ow of gas to the patient is unaffected by 
cylinder compliance and other variations that occurred 
in prior art systems. Furthermore, the moving weight 
arrangement of this invention provides a simple, highly 
accurate, repeatable method of selecting and delivering 
a desired volume of breathing gas. By regulating the po 
sition taken‘by the weight at the end of its upward, or 
loading stroke, the volume of breathing gas drawn into 
the delivery chamber is accurately known, because of 
the low compliance of the chamber. Further, the loca 
tion of the weight, and thus the volume of the delivery 
chamber, is monitored prior to the delivery stroke so 
that if an error has occurred in the control system it can 
be recognized before the delivery portion of the cycle 
begins. Because the delivery stroke always ends adja 
cent to the bottom of the cylinder, discharging virtually 
all the air stored in the delivery chamber, only the pre 
selected volume can be delivered. 

BRIEF DESCRIPTION OF THE DRAWINGS 
‘The foregoing and additional objects, features, and 

advantages of the‘invention will be more fully appreci~ 
ated when considered in the light of the following de~ 
tailed description of a preferred embodiment thereof, 
selected for purposes of illustration and shown in the 
accompanying drawings, in which: 
FIGS. 1 and 2 provide a diagramatic illustration of 

the respirator system of the present invention, includ— 
ing the air delivery cylinderand accompanying pneu 
matic controls; 
FIG. 3 illustrates the relationship of FIGS. 1 and 2; 
FIGS. 4 through 7 provide a functional block dia 

gram of a preferred control arrangement for the respi 
rator system of FIGS. 1 and 2; ~ 
FIG. 8 illustrates the relationship of FIGS. 4-7; 
FIGS. 9 through 17 provide block diagram of the 

logic circuitry used in the respirator system of the pres 
ent invention, corresponding to the functional diagram 
of FIGS. 4-7; ' 




































