
Project No: m-21-646 

Principal Investigator •Dr. M. E. Womble 

Agreement Period: From 9/16/74 	Until 

GEORGIA INSTITUTE OF TECHNOLOGY 
OFFICE OF RESEARCH ADMINI3TRATICN 

RESEARCH PROJECT INITIATION 

Date: October 197 1; 

Project Title: 	Control. and Medical Device Development Studies 

Sponsor: 	Naval Coastal Systems Laboratory 

Type Agreement: 	P. O. No. N61331-75-N-0 610 

Amount: 	$ 7C38 NCSL 
2 )432 GIT (E- ,1-129) 

TI-O Llag.  Total 
Reports Required: Technical Report 

Sponsor Contact Person (s): 

Z. N. P.alkcom 
Naval Cc,astal Systems Laboratory 
Panama 

 
C s 
	124fr 

• 
Assigned to: 	 lecti4ical.Engine4ring 

COPIES TO: 

Principal Inves -:igator 	 Library 

School-  Director 	 Rich Electronic Computer Center 

Dean of the College 	 Photographic Laboratory 

Director, Research Administration 	Project File 

Director, Financial Affairs (2) 
..," 

'' L.' :.= , .-N.„ Security - Reports- Property Office 4....,"'. 
 .:.: \ 14 ' ,,-:;.Patent Coordinator 	 Other 

, 
‘...4 

_Q:•, _ 	r,..:i 

I. :-- 	
- •,-- fit.A — 3" 4W-71 )21 i 

t ,--r, 	.1: 7  S-, 4n
.

. , - 

"., - - • - 	 e• "7,...? 
' 1  > b" - - • ■ t • 7 ' ‘''''. 



Assigned to School of 

COPIES TO: 

Principal lnvesdgator Library, Technical Reports Section _ . . 

Project Title 

Project. No: 

Principal Investigator: 

TtavAl C4,1stal 	Ltt,.4ms 

Effective Termination Date: 	11/115/7-4 

Clearance of Accounting Charges: 

Grarrticontract Closeout Actions Remaining: 

I: 

Sponsor: 

• 

School Director 	 Computer Sciences 

Dean of the College 	 Photographic Laboratory 

Director of Research Administration 	 Terminated Project File No. 

Office of Financial Affairs (2) 	 Other 

Security - Reports - Property Office 

Patent and Inventions Coordinator 

RA-4 (5/70) 

GEORGIA INSTITUTE OF TECHNOLOGY 
OFFICE OF RESEARCH ADMINISTRATION 

RESEARCH PROJECT TERMINATION 
to/ 

Date: 



Extracting Vehicle Transfer Function 

From Flight Test Data 

by 

M. Edward Womble 
21 January 1975 

Georgia Institute of Technology 
School of Electrical Engineering 



This report was prepared for the Naval Coastal 
Systems Laboratory under Contract No. N61331-75-
M-0610. The NCSL technical monitor for this task 
was Dr. Douglas E. Humphreys. 



ACKNOWLEDGEMENTS 

The author would like to acknowledge the help and support of the 

following people during the performance of this effort. Mr. Richard 

Savoie and Mr. Bill Gross, both graduate students at Georgia Tech, who 

aided in the computer programming necessary to process the tapes supplied 

by NCSL, and to implement the navigation and identification algorithms 

investigated. Mr. Ken Watkinson of NCSL whose suggestions and encourage-

ment were invaluable, and Dr. Douglas Humphreys who guided this effort. 



Table of Contents 

Page 

1. Introduction 
	

1 

2. Equations of Motion 	 2 

2.1 Coordinate Transformation 	 2 
2.2 Nonlinear Equations 	 4 
2.3 Linearized Kinematics 	 6 
2.4 Forces and Moments 	 8 

2.4.1 Gravity and Bouyancy 	 8 
2.4.2 Propellers 	 10 
2.4.3 Hydrodynamic Forces and Moments 	 11 
2.4.4 Linearized Equations of Motion 	 14 

3. Available Measurements 	 16 . 

3.1 Accelerometers 	 16 
3.2 Gyros 	 17 
3.3 Position Measurements 	 17 
3.4 Doppler Measurements 	 21 

4. Navigation 	 22 

4.1 Alignment Node 	 24 
4.2 Basic Navigation Mode 	 26 

5. Identification 
	

28 

5.1 Taylor and Iliff's Method 
	

28 
5.2 Longitudinal and Lateral Dynamics 

6. Results 	 32 

6.1 Data Processing 	 32 
6.2 Navigation 	 36 
6.3 Identification Algorithm 	 40 

7. Conclusions 	 42 

Appendix A 	 43 



1. Introduction 

In designing control systems for underwater and surface craft, 

one requires the transfer functions describing the relationships between 

the control inputs--rudder, stern plane, propellers, etc.--and the 

outputs describing the state of the craft--position, velocity, attitude, 

etc. The ultimate objective of this study is to develop algorithms 

capable of extracting the desired transfer functions from flight-test 

data. This task, which is merely the first step, involves 

1) developing the capability of processing flight test data 

recorded on magnetic tape, 

2) developing navigation algorithms for smoothing the data and 

producing estimates of the state of the craft, and 

3) putting existing identification algorithms by Taylor on the 

Georgia Tech Univac 1100 computer and verifying that they work. 

Once this preliminary task has been accomplished, the problems 

involved with identifying the craft's transfer functions from the 

flight-test data can be investigated. These problems include, but are 

not limited to, widely different time constants for various modes, 

various degrees of coupling between modes, and unwanted noise in the 

original data. 

The remaining portion of this report addresses how we have gone 

about accomplishing the three preliminary subtasks--processing the 

flight-test data, smoothing the data with a navigator, and putting 

Taylor's identification program on our Uftivac 1100 computer--and suggests 

how we would propose to continue our effort. 
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2. Equations of Motion 

In the first phase of this task we will not only assume the earth is 

nonrotating, we will assume the earth is flat! For the short period of 

time we are considering (<5 minutes) and the small distances involved 

(.< 5 nautical miles), these assumptions are reasonable. (1) They allow us 

to make two considerable simplifications. First, we can consider the initial 

local level coordinate frame (x
0 
 and y

0 
 in the initial local level plane 

with z
0 
 perpendicular to the plane and pointed down. x 0 

 is pointed along 

the initial heading and y0  is pointed so that x0, yo , zo  is an orthogonal 

right-handed system) to be an inertial frame. Secondly, the actual initial 

heading is insignificant; therefore, we will always assume the initial 

heading is zero degrees (on a flat earth, it makes no difference whether 

or not we head north, east, south, etc.). 

2.1 Coordinate Transformation 

All of the forces are known in the initial local level frame; however, 

in order to take advantage of the mass symmetries of the vehicles and to 

get time invariant moments of inertia, the equations of motion are coordinated 

in the body frame. Furthermore, some of the measurements used are from 

body mounted gyros and accelerometers. Therefore, we must transform vec-

tors from the initial local level frame to the body frame. 

(1). Bernard Etkin, Dynamics of Atmospheric Flights, John Wiley and Sons, 
Inc., New York, 1972, pp. 145 - 151. 



(2.1) 
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The Euler angles used to keep up with the orientation of the vehicle 

with respect to the initial local level frame are T (yaw), c (pitch), 

and 5 (roll), see Figure 2.1. From Figure 2.1, we obtain the desired 

x0 
 

z 0 
 

Figure 2.1 Orientation of the vehicle (x,y,z) 
with respect to the initial local 
level frame (x ,y ,z ) 

0 0 0 

transformation matrix. It is (1) 

CeCy 	 COS• 	 -SG 

CTSSS5 	SYC5 	CYC5 + S'ilS2S5 	CGS(1) 

CTSGC8 + 	SySGC6 - 

where CS = cosy, S (T)  = sino, etc. 

1. 	Etkins op.cit.,  p. 117 



2.2 Nonlinear Equations 

The general nonlinear equations defining the motion and attitude of 

the vehicle are
(1) 

4 

p
2 
r = g - f 

and 

= 

where 1) p designates the time derivative with respect to the 

local level frame. 

2) i4  i

• 

s the acceleration due to gravity. 

3) 1 i

• 

s the nongravitational specific force. 

4) V is the vehicles angular momentum. 

5) g i

• 

s the torque applied to the vehicle. 

Using Coriolis °  theorem, we can express (2.2) and (2.3) as (2')  

Pb V = 
( g  - T)- (11ith 

(2.2) 

(2.3) 

(2.4) 

and 

  

 

p
b 	

= 1;1)  - tc
tb 

x (2.5) 

   

where 1) pb  is the time derivative with respect to the body frame. 

2) --‘,7.4  = 	r 

3)
b 

is the angular velocity of the vehicle with respect to 

the local level frame. 

1, W. Wrigley, W. M. Hollister and W. G. Denhard, C. Theory, Design 
and Instrumentation,  MIT Press, Cambridge, Mass., 1969, p. 33. 

2. R. L. Halfman, Dynamics,  Addison-Wesley Publishing Company, Inc., Reading, 
Mass., 1962. 



Equations (2.4) and (2.5) coordinatized in the body frame become 

-6 	*b 
v =C

b 
 g -f - wxv (2.6) 

and 
b 

I w - cu..?..,b  X .L (2.7) 

where the superscript on the vectors imply they are coordinatized in the 

. 
indicated coordinate frame, H = I

b 
 wtb, I

b 
 is the inertia tensor with 

respect to the body frame, and X is simply (dx/dt). The actual position 

of the vehicle and its attitude are given by 

ct vb 
	

(2.8) 

and (1)  

where 

6b = cb 

Er x] = 

tip 

0 

r z 
-r 

J  

-r z 
0 

r
x 

r 

-r 
x 

0 

(2.9) 

(Observe that if we know C
b
, then we can solve for 	g  and ! via 2.1).) 

1. Wrigley, op.cit.,  p. 23 
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2.3 Linearized Kinematics 

Equations (2.6) - (2.9) are the equations of motion for underwater 

vehicles; however, they are highly nonlinear. It is extremely difficult 

to design control systems with nonlinear equations; therefore, the following 

highly successful, technique will be used. We will assume that a nominal 

flight path is given and design a controller to control the vehicle about 

the nominal flight-path. The advantage of this approach is that the 

equations of motion describing small perturbations of the vehicle from its 

nominal flight path are linear. Furthermore, for many important - flight 

paths, they are time invariant. The linearized equations of motion are 

derived by expanding both sides of (2.6) - (2.9) in Taylor's series, 

truncating each of the series after the linear terms, and evaluating the 

partial derivatives along the nominal flight path.. Using the variational 

notation of Hildebrand
(1)

, we can express the linearized equations as 

41a 
Sv 	

odb gt, 	eb 	87 .b x  vb 	 b 
x ov Ab 	nom wtbnom  

b 	b 	 b-6 	 b ,b I 	= 	- Ow x I m 	 x I ow 6(11.0 	 zb 	'.-!tb
nom 

- tu,tb
n
am 

-4) Or = sib 	+ C
b  6v  b nom 	
nom 

Ab 	b -6 
5c = 8C [w 	x] + Cb  [8(1D  x] 

nom 	9 	;„b 
-nom 

(2.10) 

(2.11) 

(2.12) 

(2.13) 

F. B. Hildebrand, Methods of Applied Mathematics,  Second Edition, 
Prentice-Hall, New Jersey, 1965, pp. 131-135. 
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J. 

where ox(t) implies the first variation of x(t), Ox(t) = x(t) 	x (t) 

with x (t) the nominal value of x(t), and the subscript "nom" implies that 

the variable is evaluated along the nominal flight path. The first varia-

tion of a matrix X is simply a matrix whose components are the first 

variations of the components of X. We will further simplify (2.10)-(2.13) 

by limiting the nominal flight paths considered in this report to those 

for which 

T A 
(a

!a)
)
n
Gm 	[1/ 	R]

nom 
= 0 (we have assumed a flat earth!) 

-40 T A 
) nom  - [U V W]nom = [V0  0 0] 

b 
Ct
nom 

= Identity Matrix 

That is, we will consider nominal flight paths composed of only straight 

ahead motion at a constant speed, that speed can be zero. With these 

restrictions, (2.10)-(2.13) can be expressed as 

24b ,b 	-40  
[g x]ou 	v

nom 
xiow b  

ow = (Ib )-1 

(2.14) 

(2,15) 

or = [vnom  x] Sot + ov 
	

(2.16) 

eka, 	83.),pb 	 (2.17) 

A 
where a 

-.T 
- [_ 9 y]. In deriving (2.16) and (2.17), use was made of the 

* 	* 	* 	_ 	b 	, ---) observation that, for 	= 9 = y = 0, 5C - L5cy  x 
,?,

] 
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2.4 Forces and Moments 

The forces and moments acting on the vehicle are a result of gravity, 

propellers, bouyancy, and fluid flowing over the vehicle (in many cases 

modified by control surfaces). As was previously mentioned, the nominal 

values of these forces and moments, for a particular flight path, are 

in the initial local level frame; therefore, small perturbations in the 

vehicle's attitude,Cc4i, will affect the actual forces and moments acting on 

the vehicle. The forces of propellers, bouyancy and gravity, and their 

resulting moments are easy to calculate, while the hydrodynamic forces 

(functions of the vehicle's shape, the currents, etc.) are more difficult 

to determine. 

2.4.1 Gravity and Bouyancy 

Because of the flat-earth assumption, gravity and bouyancy forces 

can be expressed as 

--' 

0 

g = 0 

g 

0 

0 
	

(2.18,19) 

-b 

Since gravity acts on the center-of-gravity of the vehicle, there is no 

resulting moment applied to the vehicle. The bouyancy force can be assumed 

to be applied at the center-of-bouyancy; therefore, it will cause a 

moment, 

—b 	b 
Mb = Cz (rz  b ) (2.20) 

(see Figure 2.2) 



.center of bouyancy 

center of gravity 

r b  

9 

Figure 2.2 The bouyancy force and moment. 

We determine the linearized nongravitational specific force resulting 

from the bouyancy by expanding (2.19) in a Taylor's series, which yields.: 

C S b  
0 
0 
1 

ab - b X] 2.21) 

    

    

The linearized moment resulting from the bouyancy is determined in the 

same way with the series being truncated after the linear term and the 

partial derivatives evaluated along the nominal flight path. The results 

are: 

bb = S C 	x b 
+ (C-f,

)
1. 	(rb x 	

= 0 	(2.22) 
nom  om 

In evaluating the partial derivatives in (2.22), it was assumed that, 

because of the symmetry of the mass of the vehicle, the vehicle's center 

of bouyancy is directly above its center of gravity--r
b' 

b and oh are 

all collinear. 
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2.4.2 Propellers 

We are interested in vehicles which use propellers for translating 

and/or attitude control. We will define the force resulting from the ith 

propeller asF . The moment it produces can be expressed as 
P i 

b -0 
M 	= C (r" x P ) 
P. 	P. 	P. 

(see Figure 2.3) 

.th 

	

1 	propeller 

P i 

r 
• Pi 

center of gravity 

Figure 2.3. The propeller forces and moments. 
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Linearizing the propeller forces and moments yield 8 F 
13

and 
P. 

6,+b 

P. 	I- P. 	p. 
(2.24) 

where because F 	= 0, it follows that oF
pi 

= F 	. 
P i nom 	 pi  

We will 

have four 

SF 

8Mp  = 

where X 	, 
8FA 

now 

sets 

X
8F1 

0 

0 

L 

 0 

N 
8 BP_ 

Y 
8BP 

specialize 

of propellers 

6
FA 

+ 

a
BP

+ 

, Y 	, and 
SP 

0 

Y a 
0 

L 
SP 

0 

SP 

Z 
V 

the vehicles 

that produce 

8BP + 

8SP + 

are the maximum 

0 

YSP 

0 

0 

M8FA 
0 

considered 

SP + 

8
FA 

forces 

to 

zv 

produced 

the ones which 

(2.25) 

(2.26) 

by the fore 

and aft propellers, the bow propeller,;the  stern propeller, and the 

vertical propellers, respectively. In (2.25) the quantities A 
-FA' 8BP' 

8 SP and 6
V 
 are the normalized control variables and their values range 

from -1 to +1 depending upon the speed of the propeller and its direc-

tion of rotation. Equation (2.26) results from substituting each of 

the force vectors in (2.25) into (2.24) and summing up the results. 

2.4.3 Hydrodynamic Forces and Moments 

Because of the complexity involved, we will not derive closed form 

equations for the hydrodynamic forces and moments. We will simply note 

-• 



b 
M
h 
= C 

(V,P,R,M 1% 1%8 ,8 ) h 	 ' ' 	B R 

Mh (V , W , Q , 007,M,8B ,8 s) 
_ 	. 	. 	. 

(2.30) 

and 

12 

that they are in general functions of the vehicle's translational accelera-

tion and velocity, its altitude, angular velocity and angular acceleration, 

and the control surface's deflections. 

 

410 	 --Ato 	-!, 14D 	N 
Fh  = F017  , 	, a, wtb , Wtb , &) 

,b 
Mb  = Mh (v , v , u, wth , wth , a) 

(2.27) 

(2.28) 

 

Because the x,z plane of the vehicle is a plane of mass symmetry the 

hydrodynamic forces and moments can be expressed in the following functional 

forms 

b 
F
h 
= C

t 

X (V W Q h 	) 3 3 

Yh (V,P,R,  

Zh (V , W, Q , 

8,'Ci,M,8 )3 ,8 s ) 

'' R,8 B' 8R)  

RAI:7,M,8B ,8s ) 

(2.29) 

where the vehicles considered have been restricted to those which have a 

set of bow planes (8
B
), a set of stern planes (8 ) and a rudder (6

R) 

for control. We will further assume that the nominal values of the 

control surfaCe deflections are zero. With these assumptions, the 

linearized force and moments resulting fru,a the hydrodynamics can be 

expressed as 



13 

and 

Ao 
6F 	= 

)Xh 

x
L 

xLAT + 

0 

h 
x

LAT 

XLO 

+ 

)1 1  

6X h 

?-)5 B 

TSB 

TSB 

.6X 11 

8B 

8 s  

8 R 

8 B 

5 S  

OR 

(2.31) 

)xLO 

0 

)Z
h  

0 
?.)61 S 

xLAT 

0 

0 

amh  

0 	
Z8 R 

)xLO 

)L
h 

S 	
0 

)L
h 

)x
LAT 

0 

)N
h 

)8B 

 6Ah 

0 
)8R 

6Mh 	0 
xL0 

0 

)8B 
)Nh 

) s  

6Nh 

xLAT )6B  0 	AS R 

where the variables describing the vehicle's motion have been divided into 

the longitudinal variables 

T A 	 • • • 
x
LO 	

[u,w,q,,u,w,q] 

and the lateral variables 

T A 
xLAT  

and lower case letters are used to signify the first variation of a 

variable. 

4 



and 

- ASP + 

0 

M 	I 
5FAI 

0 	1 

5FA 

[L
s SP 

0 

1-1 s BP 
0 6 

BP 
8M 

N 
6 SP 

N 

-6xLAT 

+ 0 

Nh  

_ LAT _ 

0 

xLAT + 
^rlh 
6x

LO 

0 

xLO  + 

14 

2.4.4 Linearized Equations of Motion 

We are now in a position to express the linearized specific force 

in (2.14) and its resulting moment in 

       

       

 

0 
X 

5 FA 

81) - —0 

0 

 

0 

YS  BF  BF BP m 

0 j 

0 

YSP 

0 

 

of = - 1— m 
0 

0 

8 	- 
FA m 5 SP 

      

       

       

X
h  

x
LO 

1 	 1 
5V- 	0 	x 	- m 	L0 - m 

Zh  

DLO 

	

xh 	xh  

	

B 	65S 

	

h 	6Yh 

BR 

x
LAT 

(2.33) 

0 

z
v  

0 

0 

aYh  

SLAT 

0 

0 

1 
in 

1 

8B 

 Os  

8
R 

-6 	 6Lh Lh 0 

s s 	(2.34) 

8R 

	

B 	68R 

63% *rti 0 

	

65B 	8S -  
(")N h  

0 
BR_ 



x:1 

=-- A
LO 

P
LO 4 

0 

15 

(2.34) 	into 	(2.14) and (2.15) and performing a 

- Longitudinal - 

0 —  aFA 

8V  -1 
+ B

L  
alp (2.35) 

0 
B 

0 
S 

(2.36) 

(2.37) 

- Lateral - 

V 8 

p 

BP 

° SP 
r + BLAT (2.38) 

6 B 

(2.39-) y
0 
 = - V

0 
 + v 

Substituting (2.33) and 

little algebra yields: 

= U 

zO= vo 9 + w 

[.

: 

PLAT r 7-- ALAT 

V 

where the matrices P
LO' 

A
LO' 

B
LO' 

PLA
T' AJAT 

and B
LAT 

are defined in 

Appendix A. 
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3. Available Measurements 

3.1 Accelerometers 

The accelerometers measure the (1) 
"nonfield specific force which the 

instruments exert on the support." The nonfield specific force at the 

instrument package is given by (2) 

? = 	 p Tj; x 	+ wpb 	 1.4 
-03 	p 	x  Ab 

X 
 p' 

where 1--)  is the position of the instrument package with respect to the 

CG. Substituting (2.2) into (3.1) yields: 

= 	+ --(14) 	x 	 x (.-tp x ib )  
p 	 p 

(3.2) 

Expanding both sides of (3.2) in a Taylor's series, truncating the series 

after the linear term, and evaluating the partial derivatives along the 

nominal flight path yields: 
• 

-A)  
6f = b 	- rp x .tb 

3.3) 

-4 
where, since 1r i is of the same size as lorl, the term [r x Swzb is 

considered to be second order and neglected. Therefore, if we process 

the measurements as is shown in Figure 3.1, then the linearized accelero-

meter measurement is 

m
a 
= 6f + n

a 
(3.4) 

1. Wrigley, pp.cit., p. 51 

2. Wrigley, ibid., p. 245 

 

     

3.1) 
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n
a 	accelerometer error or noise 

m
a 
= ab  +n 

Accelerometers 

P 	 linearized 
measurement. 

-43 	-4  
m = 80)

th 
+ n

g
g 

n 	gyro error or noise 
g 

---> 	-47 	---> 
"wmg  = owtb  + n 

nominal 

(3.5) 

nominal 

Figure 3.1 The linearized accelerometer measurement. 

3.2 Gyros 

The gyros measure the angular velocity of the vehicle with respect 

to the initial local level frame. If we process the measurements as is 

shown in Figure 3.2, then the linearized gyro measurement is 

Figure 3.2 The linearized gyro measurement. 

3.3 Position Measurements 

The position measurements to be considered are reference points in 

the bay. The initial position of the vehicle will be surveyed and well 

known. We will also survey several reference points and identify them 

so that the vehicle can pass over the references (see Figure 3.3). 



i
th landmark 

bottom 

18 

ocean surface 

sighting device 

reference point 

y (right) 
Gig  

(y,z) plane 

(straight ahead) 

g 
(down) 

barrel of sighting device 

Figure 3.3 Landmark sightings. 

When the nominal flight path calls for the vehicle to be over the known 

landmark, we use the sighting device to determine a unit vector along 

rYlib  

Figure 3.4 Geometry of sighting device. 

An examination of Figure 3.4 shows that once the sighting device is pointed 

at the landmark, we can determine a unit vector along r 	from the 
Zmjb 

sighting device's gimbal angles (o and ,G ). 
- g 
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L 
rtm.ib  

ct 

S9 
g i  

	

-Cp 	SO 
gi 

	

CO 	Co gi  

g i 

gi  

(3.6) 1 ) 

tmi  lb I 

Expanding both sides of (3.6) in a Taylor's series, truncating the 

series after the linear terms, and evaluating the partial derivatives along 

the nominal flight path yields: 

      

      

      

  

0 

   

gi 

6u-Exa .9gi 

0 

  

9 	- 8 
gi 

P P 
gi 

0 

 

 

0 X 6ct (3.7) 

      

       

where e =8 - 8
A 
 ,p = 5 - 	 ,p= - 	, and the 

gi 	gi 	g. 	. 

	

1 	g. 

	

1 	gi 

nominal gimbal angles have been assumed to be 0 0 . The assumption of 0° for 

the nominal gimbal angles corresponds to the vehicle being directly over 

the landmark. We can also express the landmark unit vector as 

7r4"?' 

I 
tmi la 

(3.8) 

where r 	is the position vector of the known landmark with respect to 

the initial local level frame (this is determined from surveying). Expanding 

both sides of (3.8) in a Taylor's series truncating the series after the 

linear terms, and evaluating the partial derivatives along the nominal flight 

path yields: 

gut  8111" 	LM. sr 
?gym . 	1 1 

(3.9) 

ir.aT 
1  1) LMi  = 	

LI - 
1 	is the projection operator. After a vector is 

1 	d
2
1  

1 

multiplied by LMi , the result is the negative of the component of the 

vector orthogonal to ali  divided by di. 

where 



= 

=H 
tmi  

or 

- 
of  

eg. 

g i 

0 0 1 0 

0 1 0 -0 
where H 

0 

20 

2) I is the identity matrix 

3);1 =[00di ]istiledeptlivectoroftheithlandmarkanAcLis 

the depth of the ith landmark. 

Combining (3.7) and (3:8) yields: 

Therefore, if we process the sighting device's gimbal angles, as is shown 

in Figure 3.5, we can express 

H 
Zm. 

Or 

ba 

nom 
 

tm. 

the linearized measurement as 

+ 

(gimbal angle errors) 

(3.10) 

Sighting 

Device 0g  0 

Figure 3.5 The linearized landmark measurement. 



Doppler 

Radar 

nd 
Doppler Error 

C v 
1(., nom. 
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3.4 Doppler Measurements 

We will consider the Doppler radar measurements to indicate the 

velocity of the craft with respect to the initial local level frame co-

ordinatized in the body frame. This implies the assumptions that the radar 

antennas are fixed to the craft and the error in the transformation from the 

radar antenna coordinate system to the body coordinate system is negligible. 

Subject to these assumptions, we can express the Doppler radar measurement 

as
(1)  

/ 	-> 
m
d 
= v + n

d 
(3.11) 

where n
d 

is the error associated with the radar measurement. If we process 

the measurement as is shown in Figure 3.6, we can express the linearized 

measurement as 

(3.12) x160/ + n
d d 	[NTnom 

1. M. Kayton and W. R. Fried, Avionics Navigation Systems,  Wiley, 769, pp.211. 
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4.0 Navigation 

In this work, we will consider the gyros and accelerometers as the 

basic navigation measurements. The other available measurements--Doppler 

radar, etc.--will be used to correct the errors in the basic navigation 

system's output and to remove instrument errors. 

These are basically two ways to use the gyro and accelerometer measure-

ments. To see these and to understand why one is perferable to the other 

consider the following. We will ignore the problem of coordinate systems, 

Coriolis effects, etc., in order to simplify the argument and make the ideas 

clear. We begin with Newton's law 

F/m = a (4.1) 

and immediately observe that the force F acting on the vehicle is a rather 

complicated function of both the velocity and the acceleration of the craft. 

Not only is this functional relationship rather complicated, it is precisely 

what we are trying to identify. On the other hand, the acceleration a is just 

a kinematical relationship and well known. Finally, we observe that the 

specific force measured by the accelerometer is 

f = a - 	 (4.2) 

or 

f + R = a (4.3) 

where R is the gravity vector. At this point it becomes clear that we can 

use either (4.1) or (4.3) as the equations of linear motion; however, by 

using (4.3), we eliminate the complicated and unknown force terms F--they are 

replaced by the accelerometer measurements. As is always the case, a price 
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is paid for this simplification--we have thrown away all of the information 

we have about the inputs to the craft and the functional relationship between 

the accelerations and velocities and the forces acting on the vehicle. 

In sunuaary, the two basic navigational modes for the systems we are 

considering are: 

1. From the functional relationships between the forces and the 

accelerations, the velocities, and the inputs, evaluate the 

left-hand side of (4.1) and set it equal to the acceleration of 

the craft. Integrate the acceleration once to determine the 

craft's velocity and again to determine its position. 

2. Add gravity to the outputs of the accelerometers to obtain the 

craft's acceleration. Integrate the acceleration once to 

determine the craft's velocity and again to determine its position. 

In the beginning we definitely prefer the second method. Not only are the 

functional relationships unknown, it's rather hard to know the inputs--ocean 

swells and currents and wind gusts. However, since we are performing the 

system's identification off-line, we can make several passes at the data. 

After we have roughly identified the vehicle's parameters, we will use both 

methods simultaneously and combine their estimates via an extended Kalman 

filter algorithm. The combined estimates will then be used to better identify 

the system parameters, and the procedure will be repeated until no improvement 

results. 

The other measurements available for navigation will be incorporated 

into the estimates of the craft's state and the instrument errors via the 

extended Kalman filter algorithm yielding an aided-navigation mode. 

One other bit of information has been used to estimate the initial 

alignment of the vehicle. When the craft is stationary, (4.2) reduces to 

f = 
	

(4.4) 
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It will be shown that, if we consider which coordinate system the measurements 

are made in and the coordinate system we know gravity in, (4.4) yields: 

noise 	 (4.5) 

where the noise is the sum of the unknown inputs to the vehicle and accelero-

meter noise, and 0 and 0 are the vehicle's roll and pitch angles. Equation (4.5) 

will be used with a prefiltering version of the Kalman filter to estimate 

the initial alignment of the craft. 

4.1 Alignment Mode 

During the alignment mode, we will take advantage of the fact that the 

vehicle is stationary (except for wave motion, wind gusts, etc.) to determine 

the vehicle's initial attitude. For the stationary case, (2.14) can be 

rewritten as 

rl?" xlea = 	Jib 	 (4.6) 

or 

= - 6 f 	- 171/g 
	

(4.7) 

= 8f /8  "Vg 
	

(4.8) 

Ao 
where Of = [bf Of bf ]

T 
and by = [u v w]

T
. Substituting the linearized 

x y z 
accelerometer measurements into (4.6)-(4.8) yields: 

    

    

of x 

of 
y 

= H1 
 

e 
(4.9) 

    

    

    

f
x 

f 
y 

 

0 
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where 

       

        

    

• 
-u 

   

  

0 	-g 

g 	0 

  

n
ax 

 

 

H
1 
 = 

11 1 
= 

   

 

• -v 

   

    

n
ay_ 

      

        

        

Observe that the noise term in (4.9) is the weighted sum of the accelero- 

meter errors and the small perturbations in the vehicle's linear 

accelerations. We will consider the noises and accelerations to be 

Gaussian random processes with zero mean values and statistically indepen-

dent from one sample to the next. We will define 

R1  = cov[al , 

where cov[nl , 	EuEl  - Etal l][121  - Etpl l]
T
1, and use the prefiltering 

version of the Kalman filter (1),(2),(3) to estimate the initial values of 

-.4 	6 and cp. We preprocess the measurements via 

= H1  TR-I N 	ofx  1 R1 	bf 
Y 

(4.10) 

J (N) = N H1 
T
R
1
1
H
1 
	 (4.11) 

1. Fourth Quarterly Progress Report, Contract NASD-10386, MIT Draper 
Laboratory, Cambridge, Mass., April 30, 1971. 

2. M. E. Womble, The Linear-Quadratic-Gaussian Problem with Ill-
Conditional Riccati Matrices," Ph.D. Thesis, Dept. of Aero. and 
Astro., MIT, Cambridge, Mass., May, 1972. 

3. M. E. Womble and J. E. Potter, "A Prefiltering Version of the 	, 
Kalman Filter with New Integration Formulas for Ricati Equations;" 
Proceedings of the 1973 IEEE. Conference on Division and Control. 
To appear in the IEEE Trans. on Auto. Control. 
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and estimate the angles and the error via 

P = [I + P0a(N)]
-
1 PO 
	 (4.12) 

(4.13) 

4.2 Basic Navigation Mode 

Once the vehicle becomes propelled we will use the accelerometer and 

gyro measurements as the basic inputs for navigation. Other measurements 

will be used as aids. In the basic mode, we will use the corrected output 

of the accelerometers and gyros to determine estimates of 0 and g b  in 
Zb 

(2.14) and (2.17). Substituting (3.4) and (3.5) into (2.14) and (2.17) 

yields: 

.:>1) 	 -> 	->b 	 -> 	 --> 
EN = [g x] &y+ v

nom 
x] 	n] -m

a
+ n

a 
(4.14) 

and 
• --) 	a 
Su = m - n (4.15) 

Therefore, the basic navigation equations to be used are 

x =Ax+Bu 
	

(4.16) 

where 

->b TT - 	T 	-T [(ov ) (8r -) 
J 	it = Dal 

	

03x3 	
0
3x3 

	

= 
13x3 	

0
3x3 

	

03x3 3x3 	3x3  

x] 

nom x ]  

0 3x3  

3x3 	...b 
-I 	

nom 
x] 

',-. =0
3x3 	03x3 

03x3 13x3 



27 

Observe that in using (4.16), we are assuming that all the noises are 

zero. Since we do not accurately know the vehicle's dynamics, this is 

the best we can do with only accelerometer and gyro measurements. 
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5. Identification 

The purpose of this task is to develop an algorithm to identify 

from flight test data an accurate model of water vehicles. First several 

existing techniques will be investigated. 

5.1 _Taylor and Iliff's Method (1) 

This method falls into the class of identification techniques known 

as
(2) 

"output error methods," techniques which adjust the model parameter 

to make the measurements predicted by the model closely match the actual 

measurements. This class of techniques does not consider perturbations in 

the inputs (i.e. perturbations in the ocean currents, etc.); therefore, 

their best performance will be when the flight tests are performed under 

conditions as near as possible to ideal. In this method, we assume that 

the unknown system dynamics can be expressed as 

x =Ax+B'u 	 (5.1) 

y_ =Fx+Gu+ b 	 (5.2) 

z = Y + n 
	

(5.3) 

where y is the part of the measurement z caused by the system and n is the 

measurement noise. The vector b in (5.2) represents biases -- for instance 

we will use this to represent gyro drifts, accelerometer biases, etc. All' 

vectors and matrices in (5.1) and (5.2) are considered to be functions of the 

vector c, whose components are the unknown parameters. The idea behind this 

1. L. W. Taylor and K. W. Iliff, "Systems Identification Using a Modified 
Newton-Raphson Method - A Fortran Program,"' NASA TN D-6734, May 1972. 

-2. R. K. Mehra and J. S. Tyler, "Case Studies in Aircraft Parameter Studies," 
Proceedings of the Third IFAC Symposium on Identification and System 
Parameter Estimation, The Hague/Delft, The Netherlands, June 1973. 
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method is to determine the parameter vector c which minimizes the least 

square error cost function 

J =
2 	

(z. - yi ) T  D1 
 (z. 	

i 
- y) 

1=1 
(5.4) 

where D
1 

is required to be a symmetric positive definite matrix and N is 

the number of measurements made. Observe, that in (5.4), we are trying to 

drive the predicted measurements y. close to the actual measurements z.. 

The matrix D
1 
is the means of considering the measurement noise n -- the 

larger the noise, the smaller we make D l . 

The particular optimization technique used is a Newton-Raphson 

method. It is based on determining the value of c which will make 

= O. Observe that this is a necessary condition for c to minimize 

J. Expanding 6.1/c in a Taylor's series yields: 

T
2
J 

S0 ) 2 

0 

+ (HOT) 	 (5.5) 

C = C 
— —0 

where HOT are the higher order terms, and c 0 
 is our present best guess of c. 

From (5.5), we see that the value of c we want satisfies 

T 	r2J- 
(c-c ) = - 

0 	 ,6c2 - 

C Co  

Or 

C Co  

(5.6) 

We obtain the partial derivatives required in (5.7) as follows. Differentiating 

(5.4) yields: 

=11 (y. - z.) 
1 	1 

— 	= 
(5.7) 



Differentiating (5.7) yields: 

T N (6yI 	Ov. 

2 
O

2
J = 	F6J1 
	 D . 	6c 	lac 11 	— 

N 	 a
2
yi  

(5.8) (Yi 
	z.)T  D1 

aa
2
c i=1 

62 

where 	 remains to be defined. Observe that when c 	co , 1(y, 	I z.); 
6c  

i = 1, ..., N will be a small term; therefore, in (5.6) we will consider 

T N 	 a
2 

. 

(C -  CO ) 	(Yi Zi 
T 

2 2 
i=1 c 

 

to be a second order term. Substituting what is left of (5.8), and,(5.7) 

into (5.6) yields: 

c= c 0  + 
— — 

N 

i=1 

T 	2y. 
—3_ D

1 a c0 
D(5.9) 

(CO )  i=1 	) 1  

     

which is the iterative algorithm used. The iteration is to enter a 

guess c
0 
 into (5.9) to get a better estimate of c. The procedure is 

repeated until a value of c is found for which lc- 	 is is insignificant. 

Observe that once co  is specified,i(co ) can be determined directly from 

(5.1) and (5.2); however, the gradient vector, ayi /aco , is a little more 

difficult to determine. First we differentiate both (5.1) and (5.2) with 

respect to c, which yields 

d tax' 1 	A  x 
dtOci 	— (5.10) 

and 

F 	, 617 	 k.1_ 

	

7- 	x+ 	+ G 
ac ac — ac — 	ac ac 

(5.11) 
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where the operation of multiplying the derivative of a matrix with respect 

to a vector by another vector is defined as: 

X )c. 
x  -- FaX  xl 	

m 
t E 	Li x.  

— L6c —J 	 j j=1 	_ 
ij 

with x a (k x 1) vector and X a (m x k) matrix. Therefore, we obtain 

(--)y./c from (5.10) and (5.11). 
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6. Results 

The ultimate objective of this study is to develop algorithms capable 

of extracting the desired transfer functions from flight-test data. This 

task which is merely the first step involves 1) developing the capability 

of processing flight test data recorded on magnetic tape, 2) developing 

navigation algorithms for smoothing the data and producing estimates of the 

state of the craft, and 3) putting existing identification algorithms by 

Taylor on the Georgia Tech Univac 1100 computer and verifying that they 

work. 

6.1 Data Processing 

The data received from NCSL consisted of the outputs of three strap-

down gyros and accelerometers sampled every 0.02 seconds. These six 

signals are recorded on seven-track magnetic tape in records of forty 

samples. The tape is written in the form of files, each file corresponding 

to a particular maneuver and consisting of a specified number of records. 

On the tapes received at Georgia Tech (#1479 and #1856), each data file is 

preceded by a file which contains information about the following data 

file. 

The first step in getting the data into a form useable in the Univac 1100 

computer is a result of the difference in word length between the data 

acquisition system and the Univac 1100. The data acquisition system which 

writes the tape uses a twelve bit wordlength while the Univac 1100 uses 

a 36 bit wordlength. Therefore, when the Univac reads one Word off the 

tape, it is actually reading three of the data acquisition system's words. 

THREE DATA ACQUISITION SYSTEM' S WORDS 

xxxxxxxxxxxx xxxxxxxxxxxx xxxxxxxxxxxx 

ONE UNIVAC 1100 WORD 
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As a result, the first step 1n processing the data read from the magnetic 

tape is to break each word read into three words. 

The outputs recorded on the tape are the number of pulses received 

from the gyros and accelerometers between samples (.02 seconds). The 

scalings used to convert the data to (radians/sec.) and (ft./sec.
2

) are 

w
x 

= (x
1  

- 640) (7.622078645E-04) 

w 	= (640 - x2)  (7.613280004E-04) 

w
z 

= (640 
- x3)  (7.631259562E-04) 

f 	= (x
4 

- 640) ( .1563082025) 

f 	= (640 - x
5

) ( .156280745) 

f
z 

= (640 - x6 ) ( .1556946525) 

where xl , x2 , ..., x6  are the numbers from the magnetic tape, 

w
T 
= [w, wy'z

] is the angular velocity, and f
T 

= [f , f 	f ] is 
x x y' z 

the specific force--(a - g). 

After the data is scaled, it is written into a datafile on the F2 

drum in the Univac system. The data is written into the file in the 

form of records, each record consisting of 40 samples of 6 words each 

(3 angular rates and 3 specific forces). 

Plots of the angular rates and the specific forces obtained from the 

6th file on tape f1479 are shown in Figures 6.1 and 6.2. The time increment 

used in making the plots is 2 seconds, and the first point plotted is the 

100th sample in the file (this is defined as t=2 seconds). 
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6.2 Navigation 

The data from the 5th file on tape No. 1479 were processed with the 

alignment and navigation algorithms implemented on our Univac computer. 

The first record in the file (40 samples) was skipped, and the second 

record was used for the alignment. The navigator began with the third 

record. The alignment routine estimated the initial roll and pitch angles 

at the end of the second record to be 

0 = 1.864443 	degrees 

9 = .051712047 degrees 

The outputs of the navigator--linear velocities, positions, and attitude-- 

are plotted in Figures 6.3 through 6.5. 
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Figure 5.3 The linear velocities in feet/second for file no. 1479. 
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Figure 6.4 The position of the craft in feet for file no.5 of tape no. 1479. 



T-  
90.00 	 100,00 
TIME 	t',7)1,,L.J231 

40.00 

-J 

39 

CO 

0.00 

  

40.00 	80.00 	120.00 

TIME (sEccNins) 
160.00 	200.00 

  

0 .00 	40.00 	80.00 	120.00 

TIME (SEC;MOSJ 
1'60.00 200.00 

Figure 6.5 The attitude of the craft in radians for file no. 5 of, tapo 147g. 



I 
I 

4o 

6.3 Identification Algorithms 

The identification algorithm of Taylor, along with a test case, were 

implemented on our Univac computer. This was accomplished by duplicating 

the fortran program and data given in NASA-TN-D-6734. The cards were then 

copied on to datafiles and after extensive debugging, the algorithm con-

verged to an answer for the test case given. At the suggestion of NCSL, a 

second test case has been set up which is similar to the systems we are 

trying to identify. It is a fourth order system with a lightly damped high 

frequency mode that is two decades above an almost critically damped mode. 

This problem is a good example of those that contain widely varying modes. 

The difficulty caused by this is best understood by considering the following. 

The period of the fast mode is one-hundredth of the period of the slow mode. 

If we want to observe the fast mode, we need at least ten points. At this 

sampling rate, we will need one thousand samples to observe one period of 

the slow mode. At present Taylor's program can handle a maximum of four 

hundred samples. The limitation on samples is caused by the procedure of 

storing the histories of the inputs and outputs in the active "core" of the 

computer. This situation can and will be easily remedied by storing the 

data in files during the execution of the programs. However, widely varying 

modes present a second problem that is not as easily circumvented. With 

widely different sizes of numbers it is probable that, at some point in 

the algorithm, large numbers will be subtracted to generate a small number-- 

an ill-conditioning problem. When this occurs, the accuracy of the small - 

number is questionable and the performance of the algorithms is impaired. 

To eliminate this problem we propose to perform the identification in 

two stages. First, a fast sampling rate and a rather short time duration 

of data will be used to identify the fast mode. During this time the slow 
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mode will be considered constant--it doesn't have time to respond. After-

ward, a slower sampling rate and a longer duration of time will be used to 

identify the slow mode. During this time, the fast mode identified in the 

first stage will be used. This approach requires the derivation of a pro-

cedure for transforming the system model into its Jordon canonical form. 

The required transformation matrix is a function of the unknown parameters! 

Therefore, some form of an iterative procedure must be derived. 

Once the identification aiggrithm has been refined for our problem we 

will be able to run the identification process in the following mode. 

1. Process the data using version 2 of the navigator. 

2. Using the output of the navigator, identify the system. 

3. With the system just identified process the data with 

both versions of the navigator, and combine their 

outputs via a Kalman filter. 

4. Repeat steps 2 and 3 until the procedure converges. 
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7. Conclusions 

The first step has been performed in developing an algorithm for 

extracting transfer functions from flight-test data. It is now proposed 

that the capabilities developed during the performance of this preliminary 

task be used to accomplish the stated objective--develop a computer 

system which processes flight-test data and produces accurate estimates 

of the vehicle's transfer functions. 
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Appendix A 

P
LO 

= 

The matrices used in 

m- X • 	-X • 
hu 	hw 

m- Z • -Zhu 	
hw  

u 

0 	 0 

(2.35)-(2.39) 

-X 	• 
hq 

-2 	• 
hq 

I 	-M • yy 	hq 

0 

0 

0 

0 

1 

are defined as follows: 

X
hu Xhw 	Xh 	

Xh 

A
LO 

= Z
hu r-  

M.
hu 

0 	

X 

Z
hw 	

mV0+Zhq 

M
hw 

0 

N. 
hq 

1 	

X
hg

+m(b-g) 

2
hG 

Mho 

0 

X
6FA 

0 X
h 

X
h  

8B 8S 
0 2

v 
Z
h 

Z
h 

8B 5 5 
M
6FA 

0 M
h 

M
h 

8B 55 

0 0 0 0 

LAT is a 5x 5 matrix with the following components. 

( 1 , 1 ) m- Y
hv 

 • (2,1) -(I zz L
hv 	x 
• + I z Nhv .)/den 

(1,2) -Y h • 
hp 

(2,2) 1- (I 	L • + I 	N •)/den 
zz hp 	xz hp 

(1,3) -Yhr 
(2,3) 

-(I zz Lhr 
• + 	

xz. Nhr 
•)/den 

(1,4),(1,5) 0 (2,4),(2,5) 0 
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(3,1) 

(3,2) 

(3,3) 

(3,4),(3,5) 

-(I xz Lhv 
• + I xx Nhv .)/den 

-(I 	•+ I N .)/den 
xz hp xx hp 

1- (I L •+I N •)/den 
xz hr xx hr 

0 

(4,1),(4,2),(4,3),(4,5) 	0 

(5,1),(5,2),(5,3),(5,5) 	0 

(4,4),(5,5) 	 1 

A
LAT 

is a 5x 5 matrix with the following components 

(1,1)' Y
hv 	

(2,1) (Izz
Lhv

+I
xz

Nhv
)/den 

(1,2) Y 
hp 	

(2,2) (I
zz

L
hp

+ I
xz

N
hp

)/den 

(1,3) -ITIVO+Yhr 	
(2,3) (I

zz
L
hr

+IxzNhr )/den 

(1,4) m(g-b)+Y
hO 	

(2,4) (I
zz

L
h0

+ I
xz

N
hi

)/den 

(1,5) Ymk;t 	
(2,5) (I zzL4+IxzN h ;. )/den 

(3,1) (I L +I N )/den 
xz hv xx hv 

(3,2) (I xz 
L

hp
+ I

xx
N

hp
)/den 

(3,3) (Ixz
L

hr
+I

xx
N
hr

)/den 

(3,4) (I
xz

L
hO 

 + I
xx

N h(,)
) /den 

(3,5) (I xz  L h  • + I xzN -)/den ;)  

(4,1),(4,3),(4,4),(4,5) 	0 

(5,1),(5,2),(5,4),(5,5) 	0 
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B
LAT 

is a 5x 4 matrix with the following components 

(1,1) Y 
8BP 	

(2,1) 
(IzzL8BP+ 

 I XZ N 6 BP)/den 

(1,2) Y 
8 SP 

(2,2) (I L 	+ I N 	)/den 
zz 

8SP 	
xz 8

SP 

(1,3) Y
8 B 	
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zz

L
h8

B
+ I

xz
N

h8
B
)/den 

(1,4) Y
8 R 	
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zz

L
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R
+ I

xz
N

118
R

)/den 

(3,1) (I L 	+ IN S  )/den 
XZ

BP 
xx 8

BP 

(3,2) (Ixz L 	+ I N 	)/den 
SP xx 8 SP 
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L
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B
+ I
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N

118
B
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L
ho 

+ I
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N
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R
)/den 

R 
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1. INTRODUCTION 

In any kind of an engineering development effort, small subsystems are 

built and assembled to form the resulting system. Questions always arise 

as to how subsystem specifications affect the performance of the overall 

system. Specifications that are too stringent cause the cost of the system 

to be more than necessary, while specifications that are not stringent 

enough cause a degradation in the performance of the system. Degradations 

in the performance of the system cannot be determined until the system is 

assembled, which results in costly delays. Too stringent specifications 

which raise the cost of the overall system may never be determined. In 

order to avoid these pitfalls, mathematical models for each of the sub-

systems should be developed, and the models connected together to form a 

mathematical model of the overall system. With such a model it is easy to 

vary the many parameters involved and investigate how various specifications 

affect the overall system performance. The charts and figures obtained 

would be invaluable to making design decisions. 

At present, the Naval Coastal Systems Laboratory is in the process of 

securing for the U. S. Navy a portable volume controlled respirator capable 

of surviving combat conditions. It is hoped that we at Georgia Tech can 

apply our expertise in system analysis to developing mathematical models 

of the subsystems composing the respirator--the compressor, the accumulator, 

various valves, flowmeters, etc.--that can be used by us to aid the personnel 

at NCSL in making decisions affecting the cost and performance of the 

respirator. 

In order to be able to contribute to this program we first surveyed 

the literature pertaining to the theory of ventilation and to existing 
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mechanical ventilators. The results of this study is Section 2 of this 

report in which we investigate and tabulate models of the various pieces 

of equipment comprising a ventilator. In Section 3, we apply these models 

to the GE-NAVY respirator and develop a crude model which is used to 

investigate how the dynamic response of the flowmeters affects the per-

formance of the respirator. 

Finally, in Section 4, we summarize the results of this effort and 

suggest future work. 
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2. MECHANICAL VENTILATION 

The term ventilation means the movement of gases into and out of the 

lungs, while respiration, in addition to the movement of gases, includes 

the use of the oxygen in the gases--by enzyme systems producing energy, in 

the enrichment of the blood cells in the pulmonary artery, etc. Therefore, 

to be correct [1],[2], any mechanical device which merely aids a patient in 

pumping gases either in (inspiration), out (expiration), or both in and 

out of the lungs should be called a ventilator. However, engineers have 

never worried about being exact, we just want to be close enough; therefore, 

we will use the term in common use by anesthesiologists, respirator. No 

matter what they are called, mechanical respirators have now been in daily 

use by anesthesiologists for more than thirty years, and millions of patients 

with respiratory problems have been aided in breathing by them with very 

few cases of ill-effects [1]. However, because of the marked differences 

between mechanical ventialtion and the normal physiological mechanism of 

ventilation, certain precautions must be observed by the designers of 

respirators. 

In the next section, we will investigate these differences. 

2.1 Major Differences Between Natural and Mechanical Ventilation 

Both mechanisms affect the movement of gases by differences in pressure. 

In normal breathing, inspiration results from an expansion of the thoracic 

cavity which causes a negative pressure within the thorax, the intrapleural 

pressure. The negative intrapleural pressure overcomes the elasticity of 

the lungs, causing them to expand and lower the pressure inside the alveoli 

to a point less than atmospheric pressure. The negative alveolar pressure 
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causes air to flow into the alveoli. Typical values for the differences 

in pressures involved are [11 a maximum of 2 cm H 2O between the exterior 

and the alveoli, and from 5 cm H2O at the end of inspiration to 10 cm H2O 

at the end of expiration between intrapleural and alveolar pressures. On 

the other hand, inspiration by a respirator is affected by applying gas at 

a pressure higher than atmospheric to the airway, which causes the gas to 

flow into the alveoli. As the gas fills the alveoli, the alveolar pressure, 

in marked contrast to the normal inspiration case, becomes greater than 

atmospheric, which causes the intrapleural pressure to become positive. 

Although some respirators do aid the natural expiration by applying 

either a negative pressure or a pressure lower than alveolar pressure, most 

are passive during the expiratory phase, with the expiration of the alveoli 

being accomplished by the elasticity of the lungs and thorax forcing the 

gases out. Respirators which are passive during expiration are said to 

cause intermittent positive pressure ventilation (IPPV), those which apply 

negative pressure during expiration are said to cause positive-negative 

pressure ventilation, and those which apply a small positive pressure during 

expiration are said to cause continuous positive pressure ventilation [2]. 

The possible harmful effects of the use of respirators are primarily a 

result of the positive intrapleural pressure [1]. This interferes with the 

venous return to the heart and disturbs the distribution of blood and gases 

throughout the lungs. During normal inspiration, the negative pressure in 

the thorax also sucks blood from outside the thorax into the great thoraic 

veins and into the heart. The positive pressure associated with respirators' 

causes substantial changes in this process. In normal breathing the minimum 

intrapleural pressure during inspiration is much less than the minimum 

intrapleural pressure during expiration, which causes the venous return to 

be the greatest during inspiration. With mechanical ventilation, the 
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intrapleural pressure is smallest during expiration, causing the venous 

return to be greatest during expiration. The positive pressure in the 

lungs causes them to compress the heart as they expand. The greater the 

peak pressure and the longer it lasts, the more it will affect the cardiac 

output. Normal pulmonary capillary blood pressure is 	12 cm H20; therefore, 

when alveolar pressure becomes positive, these capillaries are compressed 

which makes it more difficult for the right ventricle to pump blood through 

them. These factors are important with patients who have an intact thorax. 

An obvious possibility of positive pressure in the lungs is the rupture 

of the lungs themselves. The minimum pressure required to rupture an 

exposed and unsupported lung is between 40 to 80 cm. H 2O [1]. When the lung 

is supported by the thoraic cage and musculature, a pressure of 80 to 140 cm 

H2O is required. Therefore, the maximum safe alveolar pressure is = 70 cm 

H2O for a patient with an intact thorax [1] and 30 cm H2O for a patient 

undergoing thoraic surgery. 

A more difficult problem to deal with is the uneven distribution of 

gases in the lung. Perfusion with venous blood of insufficiently ventilated 

sections of the lung will result in blood that is insufficiently oxygenated 

being returned to the left ventricle of the heart--a shunt from the right 

ventricle to the left. On the other hand, ventilation of insufficiently 

perfused regions of the lung results in some of the oxygen not being used 

to oxygenate the blood, which causes an increase in the PCO 2  of the blood. 

There is evidence which indicates that during normal breathing various 

regions of the lung are used and rested interchangeably, while with mechanical 

ventilation, the gas flows in the same way every cycle resulting in the same 

distribution [2]. 

The metabolic problems are overventilation and underventilation, each 

term referring to deviations from normal ventilation. Of the two, the first 
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is the more desirable and is used during surgery. It guarantees good 

oxygenation and carbon-dioxide elimination. The P0
2 of the blood goes 

up while the PCO 2  goes down. However, the change from the normal condi-

tions does produce changes in tissue activities; therefore, long periods 

of overventilation should be avoided. There seems to be no possible good 

from underventilation. The PCO
2 
of the blood goes up while the P0

2 
goes 

down, which can lead to a coma and damage to individual organs [1]. 

Finally, when a mask is used, it is possible to inflate and rupture 

the patient's stomach. In this situation, it is suggested that the 

pressure at the patient's mouth be limited to 15 cm H 20. 

In Section 2.3 design techniques will be suggested for alleviating 

these problems. 

2.2 Different Types of Respirators 

In order to classify and analyze the different types of respirators, 

we will now present mathematical models of a respirator and lung. Using 

these models one can classify most of the respirators in common use into 

either flow generators or pressure generators [1]. 

2.2.1 Compliance 

Although the mathematical relationship between the pressure and volume 

of the gas in an elastic container is nonlinear 

V = f(p) 	 (2.1) 

where V is the volume and p is the pressure, as long as we are interested 

in only small changes in pressure and volume from some operating point, we 

can describe the changes with a linear model. First (2.1) is expanded in 

a Taylor's series about the operating point (V 0 ,P0 ) 

     

 

f 
V = f(P0 	) ) + 

2 
f 

(1)- 2 0 )+-f 

P= PO 

(P - P0 )
2 
+ HOT. 

P= PO 

 

 

(2.2) 
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where HOT are the higher order terms in the expansion [terms involving 

(p-p
0  )

3
, (p-p

0  )
4
, etc.]. Next we restrict our range of interests to values 

ofpressure for which (p-p)
2 

is much smaller than (p-p
0 
 )' then (2.2) 

yields the linear model. 

v = Cp 	 (2.3) 

where the deviation volume and pressure are v = V - f(P 0 ) and p = p-p 0 , and 

the compliance of the container is C = 	 . The operating point for the 
6P0 

lungs and chest wall is the volume and pressure of the lung at rest--P
0 
 = 

atmospheric pressure and f(p 0 ) 	1 liter [2]. The compliance of the lungs 

alone of an average man, awake and erect, is 	.2 liter/cm H2O [1],[2]. 

When anesthetized the compliance of the lungs alone of the average man 

is 	1 liter/cm H2O [1]. The total compliance is a combination of the 

compliance of the lungs and that of the chest wall. For a supine, 

anesthetized, relaxed patient, the total compliance varies from .02 to 

.14 liter/cm H20, while for conscious patients, the total compliance is 

^,1 .1 liter/cm H2O [1]. 

2.2.2 Resistance 

The two basic physical laws that govern the flow of fluid through 

passageways are [2]: 

Hagen-Poiseuille Law  

During laminar flow the velocity of a volume of fluid flow through 

a straight tube of uniform bore is directly proportional to the pressure 

exerted to move the fluid, and directly proportional to the fourth power 

of the diameter. 

And in passageways which are irregular and cause turbulent gas flow, the 

following applies. 



Darcy-Weisbach Law  

Turbulent gas flow rate is proportional to the square root of the 

pressure exerted to move the gas. 

The gas flow rate is also a function of the density and the viscosity of 

the gases used. For instance, for turbulent flow, substituting helium for 

nitrogen in air yields a gas which requires one-third the pressure increase 

to double flow rates. 

For a particular gas and passageway, and laminar flow, we have 

Pin -P
out = R v 
	

(2.4) 

• 
where pin  and -out 
	

v and are the deviation pressures at the input and out- 

put of the passageway and gas flow-rates and R is the resistance of the 

passageway. Unfortunately, the normal airway is not of uniform diameter--it 

is quite irregular--and turbulent flow through them is the rule rather than 

the exception [2]. However, one can make the following observation. At low 

flow rates, the flow will certainly be laminar and (2.4) will be valid. 

Turbulent flow will not begin until the flow rate has built up. At that 

time we must use 

.2 
pin 	

= K v 
in out 

(2.5) 

where K is a proportionality constant. But, since v 0, we can expand 

the right side of (2.5) in a Taylor's series and obtain linear terms. 

. 	• 1  
P
in 

-P
out 	1 

= K V
2 
 + 2KV (V - V

1 
 + K(V - V1 )

2 
 + HOT (2.6) 

• • 	2 	• 	• 
If we assume (V -

1
) << V

1
(
V 

- , then (2.6) yields 

 

• 
Pin in out 

 

(2.7) 
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where R' = 2KV
1. 

It is proposed that the relationship between v and 

(pin pout) shown in Figure 2.1 be used. 

Figure 2.1 Quazi-Linearized Flow-Rate, Pressure Relationship 

If v is less than v
max 

it is proposed that the dotted line in Figure 2.1 be 

used as the flow-rate, pressure relationship. That is, 

(Pin - out = R"  (2.8) 

2.2.3 Patient Model 

We are now in a position to use the first-order RC lung model, postulated 

by Campbell and Brown [3], shown in Figure 2.2. 

Figure 2.2 Brown and Campbell's Lung Analog 

In Figure 2.2, p. is the applied pressure, R
a 

is the airway resistance, R 

is the resistance of the lung tissue and chestwall, C is the compliance 



R
s 
+ R

a 

• Ps 	Pa 
v - (2.9) 

RL 

• p
a 

- v/c 
v - (2.10) 
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of the lung and chestwall, pa  is the alveolar pressure, and v is the 

deviation volume. 

2.2.4 System Models 

2.2.4.1 Inspiratory Phase 

First we will consider the case of a constant pressure source p s  with 

a resistance R
s 

from the point where the pressure is generated to the mouth. 

The model during the inspiratory phase becomes 

Figure 2.3 The Constant Pressure Model 

By using circuit analysis techniques [4], one obtains the two nodal 

equations for the model of Figure 2.3. 

Ps P a  

Eliminating pa  via (2.9) and (2.10) yields 

= p s /RT  - v/T 
	 (2.11) 

where RT  = Rs 
+ R

a 
+ RI,  and T = RTC . The solution to (2.11) is 

v(t) = (1 - e -t/ ')Cp s 	 (2.12) 
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Observe that (2.12) yields the change in the volume of gases in the lung as 

a constant pressure source is applied. A plot of the deviation volume in 

the alveoli versus time is given in Figure 2.4. 

 

v(t) 
C p 

s 

  

Figure 2.4 A Plot of the Deviation Volume of Gas in the Alveoli 
Versus Time when a Constant Pressure p s  is applied 

Differentiating (2.12) yields an expression for the gas flow rate. 

v(t) =  Rs -t/T (2.13) 

which is plotted in Figure 2.5. 

if(t) 

P s 
R
T 

 

 

Figure 2.5 A Plot of the Gas Flow Rate Versus Time 
when a Constant Pressure p

s 
is applied 

Another quantity of concern is the deviation pressure in the alveoli. From 

Figure 2.3 we observe that p
a 
is given by 

pa (t) = ;r(t) Rt  + v(OCt  

or 

R 

R 
pa (t) = p 4 

e-t/T 
 + p s (1 - e

-t/ T
) 

(2.14) 
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The first term on the right side of (2.14) results from the resistance of 

the lung tissue and chestwall to gas flow while the second term results from 

the elasticity of the lungs and chestwall. A plot of the resistance term 

would be Figure 2.5, with (p s /RT ) replaced by (p s  Rt/RT), while a plot of 

the elasticity term would be Figure 2.4 with (c 1  p s ) replaced by (p s ). 

Finally, an examination of Figure 2.3 shows that the pressure at the 

patient's mouth is given by 

pm(t) = p s  - v(t)Rs  

or 
	

(2.15) 

p 	= p (1  e e-t/T )  

"\T 

A plot of the pressure at the mouth versus time is given in Figure 2.6. 

  

_ 	s 	ps  
R
T 

--- 

0 
	

2T 	3 T 	4-r 	57 

Figure 2.6 A Plot of the Pressure at the Mouth Versus 
Time when a Constant Pressure p s  is applied 

In order to get a feel for the times, volumes, and pressure involved we 

use the following values for the parameters: 

c = 0.1 liter/cm H 2O 

R
a 
= 1.5 cm H

2
0/liter/sec. 

R
s 
= 2 cm H20/liter/sec. 

R = 1.2 cm H
2
9/1iter/sec. 

p
s = 

12 cm H2O 
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For these values, we have 

1) Total Resistance RT  = Rs 
+ R

a 
+ Rt., =4.7 cm H

2
0(liter/sec. 

2) Time Constant T = RT Ct  = .47 seconds 

3) Volume of gas delivered to lungs C
t
p
s = 1.2 liters 

4) Maximum Flow Rate (p s /RT ) = 2.6 liters/sec. 

( R 
5) Minimum pressure at the mouth 1 -( — 

'T 	
= 6.9 cm H

2
0 

Observe in Figures 2.4 through 2.6 that the transients are over in P--- 3 time 

constants, which is 1.41 seconds. Therefore, for these parameters and a 

constant pressure source, the inspiration phase is over in 1.41 seconds. 

We can get the constant flow source model easily from the constant 

pressure source model. We will simply make use of the Taylor's series for 

exponentials 

e-t/T 	 t
2 

2 	
t
3 3 

=1 - t/T + 	 + 
2.T 3!T 

 (2.16) 

by observing that, for times much less than the time constant , the 

exponential can be accurately approximated by 

e -t/T = 1- t 	 (2.17) 

The largest error in using (2.17) for (2.16) is proportional to (t/T) 2 

which will be small as long as we limit the inspiratory phase to times much 

less than the time constant. Substituting (2.17) into (2.12) through (2.15) 

yields: 

v (t) = Cy p s ( t/ T) 

-7(t) = 4 (1 - t/T) 
1\T 

Pa (t) = P RT 	Ps  (1  - -1") (t/T) 



Steady Flow Source 
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R 
pm (t) = p s[l - RS (1 - t/T)] 	 (2.21) 

Next, we observe that the time constant is made small by increasing 

Rs (T = (Rs 
+ Ra 

+ Rt)C); therefore, R 
s
/R_ 	1 and for large resistances 

t/T becomes much less than 1 which yields the constant flow equations 

v(t) = ; t 

v(t) = p /R 
s s 

Pa (t) = p s (Rt/RT) + (p a /Rsyt 

Pm 	= (Ps /T)t 

(2.22) 

(2.23) 

(2.24) 

(2.25) 

Observe that in order for the volume in the lungs to build up rapidly the 

flow rate v must be high, or, the pressure of the supply, p s , must be high. 

Therefore, constant flow-rate is obtained with a high constant pressure, 

high resistance source. 

These are the two basic respirators, and their merits will be dis-

cussed in the section on parameter sensitivities. 

A slightly more complicated source is made up of a constant volume 

source with a reservoir bag as shown in Figure 2.7. 

Reservoir Bag 

to patient 

Figure 2.7 A Steady Flow Source with a Reservoir Bag 
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The electrical analogue for this generator configuration is a constant 

current source in parallel with a capacitor and with a resistor representing 

the valve and tubing between the bag and patient. This is shown in 

Figure 2.8. 

Generator 
Configuration 

Figure 2.8 The Electrical Analogue of the Steady Flow Source 
with a Reservoir 

Using circuit analysis techniques, we find that the differential 

equations describing the source-lung model of Figure 2.8 are 

         

         

         

v
R 

 

-1/R_C 	1/R_C 
T R 	T L 

1/R_C 	-1/R C 
I R 	 -r L 

 

vR 

  

v
s 

(2.26) 
• 
V 

to. 

    

0 

  

         

         

         

         

         

whole solutions are 

CT 
[t - (1 - e-t/T )1 	T(1 - e-t/T ) 

(2.27) 

T Et 7 (1 - e
-t/T

)1 
CR  



responses are basically the same--exponential with a ramp added. 

In many situations gas at a very high pressure is applied through an 

orifice, which can be thought of as a high resistance, to be diffused with 

a second gas. We will model this process as simply a high pressure source 

in series with a large resistance 
R 

P 1 e 
I 

U 

Figure 2.9 A Model of a High Pressure Source Supplying Gas 
through an Orifice 

Leaks can be inserted intentionally to control the flow rate or can 

occur because of an accident, because of wear and tear on the machinery, etc. 

In any case, we can analyze their effects by inserting a resistor between 

the point they occur and the atmosphere, as is shown in Figure 2.10. 

leak 

Figure 2.10 The Model that will be used for Leaks 

2.2.4.2 Switch Over from Inspiration to Expiration 

There are several techniques for switching from one mode to the other. 

The decision to switch can be based on elapsed time, pressure at the mouth, 

volume of gas supplied, gas flow rate, etc. We will in a later section be 

analyzing respirators whose switching logics are based on pressure and 

volume. In particular, we will investigate the effects of time lags and 

16 

where C
T 

= C
L
C
R
/(C

L 
+ CR), RT  = R

a 
+ R

s 
+ R , and T = RTCT . The equations 

in (2.27) are more complicated than the ones we had before; however, the 
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errors inherent to the measuring devices: For the volume method of 

switching we will use the following model and assume that the integrator 

Figure 2.11 A Model of the Volume Sensing Device 

in the second block is reset to zero at the beginning of each inspiration. 

In Figure 2.11, we have included an error source that represents the error 

in the output of the flow sensor after it reaches steady-state, the lag 

effects have died out. We are allowing that error to be a function of the 

flow rate being measured. The differential equations describing the proposed 

model are 

q 
1 q 1  = - — 
T
sen 	

T
sen 

(2.28) 

= q K 	e v
meas 

(2.29) 

2.2.4.3 Expiratory Phase and the Switch over from Expiration to Inspiration 

The expiratory phase of the respiration is usually affected by the 

elasticity of the lungs. The pressure at the source ranges from a few cm H 2O 

negative to a few cm H2O positive [1]. The respirator designs available 

range from constant pressure-low resistance to high pressure-high resistance 

(constant flow-rate) sources. The models and equations for the expiration 

phase are almost identical to those of the inspiration phase and will not be 

repeated here. 
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As with the switch over from inspiration to expiration, there are 

four basic techniques for detecting the time for switching from expiration 

to inspiration--elapsed time, pressure at the mouth, volume of gas removed 

and gas flow-rate. In addition, in the control-assist mode, the switchover 

is initiated when the patient attempts to begin inspiration (a small negative 

pressure is detected or a pressure more negative than the negative pressure 

of the source is detected). 

2.3 Suggestions For Respirator Design 

In order to minimize the cardiovascular effects of mechanical ventila- 

• tion, one should attempt to reduce the average value of the alveolar pressure, 

where the average is taken over one cycle [1]. 

A 1 p
ave 

= 	j p(t)dt 
0 

Observe that in using the average value of the alveolar pressure as a 

measure, we are considering both the amplitude and the duration of the 

pressure--a high pressure for a short duration is no worse than a lower 

pressure for a longer period of time. The techniques suggested in l] 

and [2] for minimizing the mean alveolar pressure are: 

1) Positive pressure should be used only to affect the desired 
volume exchange. 

2) Inspiration time should be less than expiration time (I/E < 1). 

3) The lungs should be inflated with rapid flows of gas. 

4) Expiratory resistance should be low. 

5) The dead space should be small. 

6) Small negative pressures may be applied during the expiratory phase. 
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Some of these recommendations are rather confusing and require a closer 

look. The objective of number one is to allow the intrapleural pressure to 

decrease to normal as quickly as possible; on the other hand, there is 

reason to believe that keeping the pressure in the alveoli constant for a 

short period of time after the alveoli is inflated allows for a more even 

ventilation of the gases. However, it is shown in [1] that the additional 

time of positive pressure has serious effects on the central venous and 

arterial pressures. 

There seems to be pretty complete agreement on recoumie.ndation number 

two, both in [1] and [2] and in the additional references referred to at 

the end of this report. Again, the purpose is to remove the positive 

pressure from the cardiovascular system as much as possible. The third 

recommendation has the same objective; however, high flow rates are 

questionable for other reasons. At flow rates above the critical velocity 

of the gases, the flow becomes turbulent in regions where it would normally 

be laminar and the pressure required to move the gas becomes proportional to 

the square of the flow-rate, which increases the airway pressure. This 

leads to uneven distribution of the gases and increases the dead space. In 

certain disease states, which make the airways more susceptible to this con- 

dition, and with children and infants (because of small diameters of airways--

high resistance), low flow-rates, which produce laminar flow are desirable [2]. 

Recomuendations four and five seem to be obvious; however, number six 

is not. The purpose is to have a slight negative pressure in the lungs at 

the beginning of inspiration. By slight we mean something less than 15 cm H 2O 

as opposed to a suction catheter whose pressure exceeds 500 cm H20. However, 

the detrimental effects of negative pressure during expiration seem to be 

numerous. It has been reported to have induced ventricular arrhythmia in 
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anesthetized patients during hypothermia [2]. It also leads to airway 

narrowing, air trapping and to an increase in dead space E2]. 

2.4 Testing and Specifications for Respirators 

After discussion with various physicians, we were referred to 

Dr. L. Rendall-Baker, who then asked Dr. Meyer Sakland to forward to us 

a copy of the "Proposed ANSI Standard Specifications for Breathing Machines 

for Medical Use, Z-79,7." A copy of this document is included as Appendix A 

of this report. Although the ANSI document does not attempt to specify 

the ideal machine (no one knows what it is!), it does specify the parameters 

that the manufacturer should supply, the minimum acceptable accuracies of 

various valves and controls, the various electrical specifications, etc., 

and it also specifies how to test a respirator. Also, included as Appendix B 

is a document prepared by Mr. Ken Watkinson of NCSL that contains electrical 

specifications for medical devices. 
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3. THE GE-NAVY PORTABLE VOLUME CONTROLLED RESPIRATORS (PVCR) 

As with any engineering development effort, questions have arisen as 

to the effect specifications pertaining to specific pieces of hardware 

will have on the overall performance of the respirator. As would be expected, 

there are tradeoffs to be made between the cost of equipment and meeting 

those specifications. The actual performance of the overall respirator 

system cannot be determined until the individual pieces of hardware--flowmeter 

compressor, accumulator, valves, etc.--have been built and assembled, At 

that time, it is rather expensive to find out that one of the pieces of 

component hardware has to be either replaced or redesigned in order for the 

respirator system to perform adequately. Another problem, just as serious 

in these days of belt-tightening, is to discover that the extracting 

specifications placed on a piece of hardware could have been eased without 

degradating the performance of the respirator, which would have allowed 

the use of much more inexpensive pieces of hardware. 

Although the exact effects of the various components on the respirator 

performance cannot be determined until the respirator is assembled, by 

developing mathematical models that describe the respirator, we can predict 

those effects while the hardware is being developed. In fact short of 

inserting representative samples of all possible variations of that piece 

of hardware into the respirator, the only way to determine how a particular 

piece of hardware affects the respirator performance is via mathematical 

models. 

Two mathematical models of the respirator are needed, one overly 

simplified to allow "back of the envelope" type calculations and the other 

more detailed to verify those calculations. The simplified model, which 
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would be based on laminar flow and the use of average resistances and 

compliances, would be used to obtain a better understanding as to how 

various design parameters affect the overall respirator performance. The 

detailed model would include nonlinearities such as turbulent flow, valves 

not opening until a certain pressure difference is developed, etc., and 

would be used to verify the conclusion drawn from the simplified model. 

The detailed model, because of its complexity must be programmed on a 

digital computer. 

As a first step, a simplified model for a particular phase of the 

GE-NAVY PVCR will be developed, and it will be used to address some of the 

questions raised in [5]. 

3.1 The Simplified Model 

A schematic, obtained from [6], of the GE-NAVY respirator is shown 

in Figure 3.1. As a first step we will develop a simplified model for the 

open-cycle, controlled breathing mode. A block diagram of the components 

of the respirator in this configuration is given in Figure 3.2. The model 

is obtained by replacing each block in the diagram with its electrical 

analogue (see Section 2). The numbers used in the analogues are from [6]. 

The compressor is modelled as a constant flow generator supplying 0.5 liter/ 

sec. The accumulator is modelled as a compliance in parallel with the flow 

generator. The compliance used is calculated from the fact that the 

accumulator is sized to store 2.5 liters of air at 90 cm H 2 O" 0" [6]. This 

yields a compliance of .028 liters/cm H
2
O. The inhale and exhale flow 

valves are each modelled as an on-off switch and a resistance. At the 

present time, we do not have a good value for the resistance; however, as 

the exact value is not critical in our initial analysis, we will arbitrarily 

assign it a value of 1 cm H20(liter/sec). The bypass valve on the diaphragm 
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pump is modelled as a resitance, the value of which is determined from the 

fact that "the valves are capable of passing 1 liter/sec. with a pressure 

drop not exceeding 5 cm H
20" [6]. This yields a resistance of 5 cm H 2

0/ 

(liter/sec.). The oxygen solenoid valve will be modelled as a 23 psi 

(1620 cm H
2
0) in series with a resistance determined from the requirement 

that it pass 1.5 liters/sec. at a pressure of 23 psi. The resulting series 

resistance value is 1080 cm H
2
0/(liter/sec.). The CO2  scrubber is modelled 

as a resistance. Again, its exact resistance value is not known; however, 

as its value is not critical, we will arbitrarily assign it a value of 

1 cm H
2
0/(liter/sec.). The rate control valve is modelled as a variable 

resistor. The check valves between the rate control valve and the inhale 

pressure limit valve and between the exhale flow sensor and the PEEP valve 

0 	are each modelled as a resistance, the value of which is determined from 

the requirement that drop in pressure across it at a flow-rate of 3 liter/sec. 

must be less than 1.5 cm H
2O. This yields a value of 0.5 cm H2  0/(liter/sec.).  

For this first study we will assume that the setting of the inhale pressure 

valve is not exceeded; therefore, it is modelled as a resistance, the value 

of which is determined from the vague statement that the pressure drop 

across it will be 0.5 cm H2O at the normal flow-rate (whatever that is). 

We will assume normal flow-rate is 0.5 liter/sec., which yields a resistance 

of 1 cm H
2
0/(liter/sec.). The inhale and exhale flow sensors and the inhale 

and exhale filters will each be modelled as a resistance. From the present 

information, it is impossible to determine the value; therefore, we will 

arbitrarily assign a value of 1 cm H 20/(liter/sec.). The patient will be 

modelled as two resistors in series, one for the airway and the other the 

lungs, both in series with a compliance. All three will be assigned various 

values. In this study, we will assume that the PEEP valve is adjusted to 

0 cm H2), and that it can be modelled as the inhale pressure valve, a 
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resistance of 1 cm H
20/(liter/sec.). For simplicity's sake, we will ignore 

the compliance of the ventilator and its hoses in this study. The 

resulting simplified model is given in Figure 3.3. 

3.2 Analysis of the Effects of the Dynamic Response to the Flowmeter 

It is pointed out in [5] that a study should be made to determine how 

the dynamic response of the flowmeter affects the performance of the 

respirator. We will do just that for the case stated in Section 3.1--open-

cycle, controlled breathing. One other simplification will be made: we 

will consider breathing on air, no oxygen. Adding the oxygen supply does 

not appreciably affect the results obtained. With these restrictions, the 

model during inspiration and expiration becomes 

C
L  Ti= 6+ (variable resistance) 

Figure 3.4 The Inspiration Model 

and 

    

 

02B 

Figure 3.5 The Expiration Model 

First, let's consider the expiration mode during which the accumulator is 

being recharged by the compressor and the lungs are discharging through the 

exhale circuit. For our model, the colume of air in the accumulator, v
a
, is 

increasing at a constant rate of 0.5 liters/sec. until it reaches 2.0 liters 

•we are ignoring the compliance of the system; therefore, we are subtracting 



C 

-C

. (1-e-t/T ) + 	t/T 
C 

(1 e -t/T  ) 
L 

C
T  

.028 
(1- e-t/T)  + e -t/T 

C
T 	-t/ 

( 1  - 	7 ) .028 

v 
a
(0) 

ve (0) 

v
a
(t) 

v (t) 

28 

the .5 liters added for it); at which time vents open and the accumulator 

volume remains constant at 2.0 liters. If the accumulator volume does not 

reach 2.0 liters, it is given by 

va (t) = ve (t I ) + .5(t-t I ) (3.1) 

At the same time the patient's lungs are venting according to the equation 

-(t-t
I

) 

vL (t) 
 = v (t )e 

L I (4+R
pL  

(3.2) 

where v
L 

is the deviation volume of gas in the lungs and t
I 

is the time 

at which the switchover from inspiration to expiration occurred. Observe 

that the inspiration model in Figure 3.4 is identical to the model in 

Figure 2.8; therefore, (2.27) describes the accumulator and lung volumes 

during inspiration. 

T r, 	
1 - e-t  

CL  L L  

.028 [t 	(1- e-t/T )] 

C
T 	

T )1 	T 	_ - t/T,
e ') 

(3.3) 

_J 

where t = 0 corresponds to the beginning of inspiration C T= .028CL/(.028+CL), 

RT  = R + R , and T = RTCT . First, we will consider one of the cases 

examined in [7]. We will let C L  = .05 liters/cm H2O and R = 5 cm H
2 
 0, and 

P  

will adjust the controls to deliver a tidal volume of 1 liter at 12 cycles/min. 

with an I/E ratio of 1/4. It is iumiediately not obvious how to do this. 

The four second expiration time is no problem; however, obtaining a one 
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second inspiration time by varying thellow-rate control is quite puzzling. 

We will have to develop an iterative scheme for determining TR% or in this 

case T. 

First, observe that (3.2) yields 

v (0) = v (t )e 
L I 	.45  .00014vL 	I 

(t ) 	0 

from which we conclude that the lungs completely discharge during the four 

second expiration period. From (3.1), we conclude that the accumulator 

will charge completely to two liters during the four second expiration 

period. For the values chosen for the parameters, (3.3) becomes 

-t /T 	 -t / T 
v (tI 
	

i 	
I ) = 1.286 (1- e 	) + .321[t 1  - T(1- e 	)] 

or 

1 = 1.286(1- e
-1 /T ) + .321[1- TT(1- e

-1/T
)] 
	

(3.4) 

Observe that (3.4) can be rearranged to yield 

e
-1/T 	 -1/7 

= .472 - .25T + .257e 	= x 3.5) 

which brings to mind the following iterative scheme for determining the 

flow-rate setting 

1) guess T 

2) evaluate x via x = .472 - .25T + .25Te -1/T  

3) evaluate T via T = -1/ln x 

4) repeat steps 2) and 3) until T is unchanged. 

The iterations converged to T = .883 seconds, which yields gT  = T/CT  = 

.883/.018 = 49, R = 49 - R = 49 - 5 = 44, or variable resistance = 	- 6 = 38. 
p 

After all this, we conclude that the resistance of the variable flow-rate 

control should be (38 - 2.5) = 35.5 cm H20/(liter/sec.). 
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Substituting this value of T into (3.3) yields the following expression 

for the volume of gases in the lungs during inspiration. 

v 	= 1.003 (1-e -1.13t) + .321t 
	

(3.6) 

Differentiating (3.6) yields an expression for the actual flow-rate during 

inspiration. 

= 1.13 e-1.13t  + .321 
	

(3.7) 

Now, we are in a position to analyze the effect of the dynamic response 

of the flowmeter. We will assume that it can be modelled as a simple lag 

of 20 milliseconds and ignore the bias and scale-factor errors. With these 

assumptions (2.28) yields the following for the output of the flowmeter. 

t  
q(t) = 50 	

e -50(t- a) .ka)da  

0 

Substituting the flow-rate equation into (3.8) and integrating yields 

q(t) = -■17 (t) - 1.45e -50t  

(3.8) 

(3.9) 

The second term on the right side of (3.9) is the error in the flowmeter 

reading, which at one second is for all practical purposes zero (1.93 x 10
-22

). 

Integrating the second term on the right side of (3.9) yields the error in 

the indicated tidal volume. 

v. 	v (t) = -.029 (1- e-50t ) 
Ind 

(3.10) 

An examination of (3.10) shows that flowmeter lag of 20 milliseconds results 

in an error in the indicated volume delivered to the patient of .03 liters 

after 60 milliseconds. Observe that this error results from the flowmeter 

responding to the initial flow of 1.45 literS/second [see (3.7)]. At the 
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end of the inspiration period, the tidal volume delivered to the patient 

will be 1.03 liters--a 3% error. For higher initial flow-rates, this 

error will be larger. 

3.3 Recoinffiendat ions 

A quick analysis has shown that at a setting of (see Figure 3.6) 

Tidal Volume 
	

1 liter 

Exhale Time 
	

4 seconds 

Inhale Rate 
	

Adjusted to make I= I 

a 20 millisecond lag (a time constant of 20 milliseconds) in the flowmeter 

will cause a +3% error in the tidal volume delivered to the patient. Since 

this error is primarily a function of the initial flow-rates, it is antici-

pated that the same magnitude error will result in the exhale flowmeter, 

causing it to yield negative error of the same size--the lag will cause 

the exhale flowmeter to indicate a smaller volume being exhaled that is 

actually exhaled--the two errors will tend to cancel each other. 

Because of the large errors involved, 3%, it is recommended that the 

dynamic response effects be studied further at higher flow-rates; however, 

the initial results indicating that the two flowmeter errors tend to cancel 

each other is encouraging. 

If our understanding is correct, a certain P0 2  of oxygen is obtained 

by diffusing air with 02  for a fraction of the inspiration period. This 

would seem to cause the air that is diffused with the 0
2 

to have a higher 

than necessary P0
2 

level while the air supplied to the lungs after the 0
2 

solenoid is closed has a difficiency of 0
2' 
 Although the overall tidal 

volume has the correct P0
2' 

it seems that the uneven distribution of 0
2 
would 

tend to intensify the blood-gas distribution problems mentioned in Section 2.1. 
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Finally, the difficulty encountered in choosing the flow-rate resistance 

leads us to believe that the only way anesthesiologist can adjust the 

respirator to a given VE ratio is the same way we did--trial and error. 

This is not a desirable procedure and it should be corrected with urgency. 
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4. SUMMARY AND SUGGESTIONS FOR FUTURE WORK 

A survey has been performed of the literature pertaining to the theory 

of ventilation and to existing mechanical ventilators. From this survey 

crude mathematical models have been determined for the various pieces of 

equipment that comprise a respirators, and those models specialized to the 

GE-NAVY respirator. The resulting model has been used to show that sub-

stantial errors in the tidal volume delivered to the patient occur as a 

result of the dynamic response of the inhale flowmeter (3% for a maximum 

flowrate of 1.45 liters/sec.). However, an analysis of the model shows that 

an error of similar proportions results in determining the volume expired 

by the patient, and from the standpoint of detecting leaks tends to cancel 

the error caused by the inhale flowmeter. 

It is suggested that these crude models be refined and at the same time 

more advanced models that include linearities be developed and programmed 

for the digital computer. The crude models will be used to develop a better 

feel for the interactions of the equipment comprising the respirator, 

while the computer models will be used to generate curves and tables which 

will prove invaluable to NCSL personnel in making decisions pertaining 

to the respirator. 



35 

REFERENCES 

1. W. W. Mushin, L. Rendall Baker, P. W. Thompson, and W. W. Mapleson, 
Automatic Ventilation of the Lungs, Blackwell Scientific Publications, 
Ltd., Oxford, second edition, 1969. 

2. Terring W. Heiranimus, Mechanical Artificial Ventilation, A Guide  
for Students and Practicioners, Thomas, Springfield, Ill., second 
edition, 1971. 

3. D. Campbell and J. Brown, "The Electrical Analogue of Lung," Brit. J. 
Anaesth., vol. 35, pp. 684-693, 1963. 

4. J. A. Aseltine, Transform Method in Linear System Analysis, McGraw-
Hill, pp. 40-42, 1958. 

5. Beeman Ruthven, "Report of Travel to General Electric Co., Philadelphia, 
Pennsylvania, 24-27 November 1974," NCSL memorandum, 3 December 1974. 

6. "Preliminary Design Report Portable Volume Controlled Respirator," 
GE document no. 74SD2192, Philadelphia, Pennsylvania, November 4, 1974. 

7. M. Mills, "Problems with Mechanical Ventilators," Anesthesia and 
Analysis ... Current Researches, vol. 52, no. 5, 1973. 



36 

ADDITIONAL REFERENCES 

During the course of this study, the list of references following were 

obtained. Where textbooks are indicated, specific sections have been 

xeroxed and are on file. 

1. W. W. Arkinstall, S. W. Epstein, "Mechanical Failure of Ventilator: 
A Case Report," Anesthesia and Analgesia .. Current Researches 
vol. 52, no. 1, Jan.-Feb., 1973. 

2. Peter P. Bosomworth, Frank C. Spencer, "Prolonged Mechanical Ventilation 
I. Factors Affecting Delivered Oxygen Concentrations and. Relative 
Humidity," The American Surgeon, vol. 31, no. 6, 1965. 

3. Lester R. Bryant, "Mechanical Respirators," NAMA, vol. 199, no. 3, 
Jan. 16, 1967, 

4. J. G. DeFares, Handbook of Physiology, vol. 1, Ch. 26, American Physiol. 
Society, Wash. D.C., Ed. W. O. Fenn, H. Rahn, 1964. 

5. James. O. Elam, James H. Kerr, Clinton D. Janney, "Performance of 
Ventilators Effect of Changes in Lung-Thorax Compliance," Anesthesiology, 
vol. 19, no. 1, Jan.-Feb. 1958. 

6. J. D. Elder, Jr., D. Duncalf, L. S. Binder, M. H. Harmel, "An 
Evaluation of Mechanical Ventilating Devices," Anesthesiology, vol. 24, 
no. 1, 1963. 

7. H. Barrie Fairley, B. A. Britt, "The Adequacy of the Air-Mix Control 
in Ventilators Operated from an Oxygen Source," Canad. Med. Ass. J., 
vol. 90, June 20, 1964. 

8. Carl-Gunnar Engstrom, "The Basic Principles of the Author's Method for 
Controlled Ventilation," Acta. Anaesth. Scand. Suppl. 13, 1963. 

9. H. Barrie Fairley, D. D. Hunter, "The Performance of Respirators Used 
in the Treatment of Respiratory Insufficiency," Canad. Med. Ass. J., 
vol. 90, June 20, 1964. 

10. E. D. Dyer, D. E. Peterson, "How Far Do Bacteria Travel From the 
Exhalation Valve of IPPB Equipment?", Anesthesia and Analgesia ... Current 
Researches, vol. 51, no. 4, July-Aug. 1972. 

11. W. H. Fleming, Maj., USAR, J. C. Bowen, Capt., "A Comparative Evaluation 
of Pressure-Limited and Volume-Limited Respirators for Prolonged Post-
Operative Ventilatory Support in Combat Casualties," Ann. Surg., vol. 176, 
no. 1, July 1972. 



37 

12. A. W. Grogono, P. H. Byles, "Mechanical Ventilators," Intern. Anesthesiology 
Clinics, vol. 4, no. 3, A. B. Dobkin, (Ed.), Boston, Little, Brown, 
1966. 

13. T. W. Heiranimus, Mechanical Artificial Ventilation, A Guide for Students  
And Practicioners,  Thomas, Springfield, Ill. second edition, 1971. 

14. J. B. Hickam, H. O. Sieker, W. W. Pryor, R. Frayser, "The Use of 
Mechanical Respirators in Patients with a High Airway Resistance," 
Ann. New York Acad. Science, 66:866, 1957. 

15. A. R. Hunter, "The Duration of Inspiration During Artificial Ventilation 
of the Lungs," Anaesthesia, vol. 17, no. 1, Jan. 1962. 

16. A. R. Hunter, "The Classification of Respirators," Anaesthesia, vol. 16, 
no. 2, April 1961. 

17. P. Hutchin, R. M. Peters, "The Influence of Altered Pulmonary Mechanics 
on the Adequacy of Controlled Ventilation," The Annals of Thoraic 
Surgery, vol. 7, no. 4, 1969. 

18. V. K. Jain, S. K. Guha, "Control System for Lung Ventilation," IEEE Trans. 
on Biomedical Engineering, Jan. 1972. 

19. V. K. Jain, S. K. Guha, "A Study of Intermitten Positive Pressure 
Ventilation," Med. & Biol. Engng., vol. 8, pp. 575-583, Pergamon Press, 
1970. 

20. V. K. Jain, S. K. Guha, "Design for Positive Pressure Respirators," 
Med. & Biol. Engng., vol. 10, pp. 253-262, Pergamon Press, 1972. 

21. J. V. Maloney, Jr., J. O. Elam, S. W. Handford, G. A. Bella, D. W. 
Eastwood, E. S. Brown, "Importance of Negative Pressure Phase in 
Mechanical Respirators," JAMA, May 16, 1953. 

22. W. W. Mapleson, "The Effect of Changes of Lung Characteristics on the 
Functionting of Automatic Ventilators," Anaesthesia, vol. 17, 1962. 

23. M. Mills, "Problems with Mechanical Ventilators," Anesthesia and 
Analgesia.,. Current Researches, vol. 52, no. 5, Sept.-Oct. 1973. 

24. W. W. Mushin, L. Rendall Baker, P. W. Thompson and W. W. Mapleson, 
Automatic Ventilation of the Lungs,  Blackweel Scientific Publications, 
Ltd., Oxford, second edition, 1969. 

25. J. J. Nobel, "A New Portable Clinical Suction Device," Anesthesiology, 
vol, 29, no. 6, 1968. 

26. O. P. Norlander and C. G. Engstrom, "Volume-Controlled Respirators," 
Anals of the New York Academy of Science, vol. 121, 1965.• 

27. 0. P. Norlander, "Functional Analysis of Force and Power of Mechanical 
Ventilators," Acta Anaesth. Scandinay., 8, 57-77, 1964. 

28. R. M. Peters, The Mechanical Basis of Respiration,  "An Approach to 
Respiratory Pathophysiology, Boston, Little, Brown, p. 297-304, 1969. 



38 

29. R. M. Peters, P. Hutchin, "Adequacy of Available Respirators in Their 
Tasks," The Annals of Thoracic Surgery, vol. 3, no. 5, May, 1967. 

30. H. Pontoppidan, P. R. Berry, "Regulation of the Inspired Oxygen 
Concentration During Artificial Ventilation," JAMA, vol. 201, no. 1, 
July 1967. 

31. E. P. Radford, Jr., "Ventilation Standards for Use in Artificial 
Respiration," Journal of Applied Physiology, vol. 7, 1955. 

32. C. C. Rattenborg, D. A. Holaday, "Constant Flow Inflation of the. Lungs." 

33. Proposed ANSI Standard Specifications for Breathing Machines for Medical 
Use, Prepared by the American National Standards Committee Anesthetic 
Equipment, Z-79, Meyer Saklad, Chairman, John Hedley-Whyte, Secretary, 
May 1974. 

34. M. Saklad, D. Wickliff, "Functional Characteristics of Artificial 
Ventilators," Anesthesiology, vol. 28, no. 4, Jul.-Aug. 1967. 

35. H. Schwerma, A. C. Ivy, "Safety of Modern Alternating Positive and 
Negative Pressute Resuscitators," JAMA, Dec. 29, 1945. 

36. D. S. Tysinger, Jr., "What No One Knows, Though Everyone Shoud, About 
IPPB Machines, Part IV-Monaghan," Journal of the Medical Assoc. of 
Ala., vol. 42, no. 1, July 1972. 

37. D. S. Tysinger, Jr., "What No One Knows, Though Everyone Should, 
About IPPB Machines, Part III-Bird," Journal of the Med. Assoc. of 
Ala,, vol. 41. no. 12, June, 1972. 

38. D. S. Tysinger, Jr., "What No One Knows, Though Everyone Should, About 
IPPB Machines, Part II--RETEC," Journal of the Medical Assoc. of Ala., 
vol. 41, no. 11, May 1972. 

39. D. E. R. Fox, T. E. Waine, "A New and Versatile Closed Circuit Anaesthetic 
Machine with Automatic and Manual Ventilation," Brit. J. Anaesth„ 34, 
410, 1962. 

40. A. A. Wald, T. W. Murphy, Valentino D. B. Mazzia, "A Theoretical Study 
of Controlled Ventilation," IEEE Trans. on Bio-medical Engng., vol. BME-15, 
no. 4, Oct. 1968. 

41. J. L. Whittenberger, Artificial Respiration: Theory and Applications, 
Paul B. Hoeber, New York, 1962. 



39 

APPENDIX A 



May 1974 

ANERICAN NATIONAL STANDARDS 

ANESTHETIC EQUIPMENT, Z-79 

Standards for Anesthesia and Breathing Equipment 

Proposed ANSI Standard. Specifications 

for 

BREATHING MACHINES FOR MEDICAL USE 
Z-79.7 

Subcommittee on Ventilators . 
 Meyer Saklad, M.D., Chairman 

Unit K - Rhode Island Hospital 
593 Eddy Street 

Providence, Rhode Island 02902 

John Redley-Whyte, M.D. Secretary 
Harvard Medical School, 
Boston, Mass. 02215 



It is the purpose of ANSI Z- 79 to spzciy minimal requirements for 

the design and construction of breathing machines for medical use. 	The 

aim is to ensure that machines designed for this purpose shall be safe 

and reliably cf .Zective and be compatible with other apparatus used in 

siir.ilar applications throughout the world. 	Since breathing machines 

have varyins,  capabilities, it is proper-that test procedures be developed 

to Droviec infczm -,tion concerning their behavior when they are caused 

to ventilate lungs vith different characteristics. 

Progress in this field has been rapid and is - still continuing at a 

fast pace. 	nor this reason no atte7,pt has been made in Section 2 to 

specify .theeharacteristics of en ideal ventilator. 	It was felt that 	a.:!) - 

 such specification would soon be outdated and that it might also inhibit 

develo?:1;:sts in this. field. 	Yowaver, in view of the known  

of ventilator characteristics on the patient's. circulatory end respiratory 

function, it is .:(.rz,portent that manufacturers shall pr'o'vide as much 

informatIoff as possible for. the prospective purchaser. 	To facilitate 

this exchan ge of iforr.:ation a test procedure has been devised utilizing 

a model lung wi.th a nuzber of different, bull standardized, lupedances to 

ventilator outyvt. 	It is intendeci that iniormation derived flom• testa 

on this riodel shall supplent the other information customarily .provlded 

by the manufacturer. 

e- 
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SECTION 1.  GENERAL  

1.1 SCOPE 

Section 1. of this standard defines the main classes of breathing 

machine which may be used in medical practice and indicates how these . - 

May be further subdivided according to their node of action. 

Section 2. of this standard deals specifically with lung ventilators 

designed for use on adult, pediatric or neonatal patients. 

Section 3, of this standard deals with humidifiers designed for use 

with lung ventilators. 

1.2. CLASSIFICATION AND DEFINITIONS. OF TYPES OF BREATHING MACHINES  

Class of Equipment 	 Classification and Definitions 

1.2. (1) LUNG VENTILATOR An automatic device which is connected to 
. the patient's airway and is designed to 

augment or provide the patient's ventilation. 

A. Types of Jung ventilators. 

1. Controller. An apparatus which inflates 
the patient r s lungs independently of the 
patient's inspiratory effort. 

2. Assistor.  A device designed to augment the 
patient's inspirations synchronously with his 
inspiratory effort. 

3. Assistor-controller.  An apparatus which 
is designed to function either as an assistor 
or a controller and which may, in default of 
the patient's inspiratory effort, automaticall 
function as a controller. 

1.2. (2) RESUSCITATOR A portable device used in emergency situations -
to provide lung ventilation to individuals 
whose. breathing is inadequate. 

A resuscitator is not conventionally employed 
with a tracheal tube. 

Resuscitators are classified according to their 
prime movers as follows: 

(a) Hand powered 
(b) Gas powered 
(c) Electrically powered 



Auxiliary apparatus and methods for use in 
emergency situations are classified as follows: 

1.2.(3) INHALATION THERAPY 
VENTILATOR 

1.2.(4) EXTERNAL BODY 
VENTILATOR 

(a) hanual resuscitation 
(b) Exhaled air (mouth to mouth or mouth 

to nose) resuscitation. 

A device which is connected to the patient's 
airway affEirS- pfiLarily designed to deliver 
an aerosol and/or augment ventilation. 

A machine designed to augment or replace the 
patient's ventilation by means of the 
application of intermittment or alternating 

.•pressures to the trunk. 

External body ventilators are classified 
as follows: 

(a) Tank or Cabinet. An external body 
ventilator in which the patient is 
enclosed 'to his neck in a rigid 
airtight chamber. 

(b) Cuirass. An external body ventilator 
• in which all or part of the trunk is 

in an airtight enclosure, forming or 
incorporating a rigid frame._ 

(c) Belt.  An external body ventilator 
consisting of a flexible airtight 
bag wrapped around the patient's trunk. 
When inflated the bag produces forced 
expiration followed by inspiration 
upon deflation. 

1.2.(5) ROCKING APPARATUS 	A device used to produce or aid ventilation 
by using the weight of the abdominal 
contents to move the diaphragm. 

1.2.(6) ELECTROSTDIULATOR An apparatus in which activity of the 
respiratory musculature is induced by 
electric impulses acting on the corresponding 
nerves or muscles. 
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SECTION 2. 	LUNG VE'NTILATORS  

2.1.  DEFINITIONS  RELATED  TO THE PERIORKNNO7 07 LING VFYTILICTORS  

For the purposes of this draft recommendation, the following 
definitions apply: 

TERM 	 DEFINITION .  

2.1.(1) FREQUENCY, VENTIL2.TOaY (f) Ercathing cycles per min. 

2.1.(2) TIDAL VOLUME (V 1. ) 	 Volume of 	measured in millilitres 
entering or leavin.7, the patient or the 
lung model during the inspiratory or 
eNpiratery phase time. 	The conditions 
under-  which gas volumes are measured shall 
be given. 

2.1.(3) MINUTE VOLUME (VE ) 	Volume of gas in litres e::pired per 
minute by the patient. 

2.1.(4) VOLUMETRIC DISPLACEMENT 	That volume, expressed in millilitres, 
passed per cycle, during the inspiratory 
phase through the - patient connection port 
when the pressures at the-intake to the venue— 

for and at the outlet from the patient connecti97 
port are equal to the atmospheric pressure. Suck" 
a volume. may or may not be equal to the 
patient's tidal volume, 

2.1.(5) PATIENT SYSTEM 	 That part of the ventilator gas system 
through which respired has travels at 
respiratory pressures. 

2.1.(6) APPAaATUS Ir.TERNAL 	Volume/pressure relationship (in ml/cmH 20) 
COMPLIArCE 	 of those portions of the patient .system 

which are pressurized during the inspiratory 
phase time also see clause 2.3, 

2.1.(7) VE:ITILATOR PRESSURE 

(Pvent )  Pressure at a specified point in the 
ventilator. 	The conditions under 
which measurements are made shall be 
given. 

Pressure at a specified point in the 
patient's airway. . The conditions 
under which measurements are made 
shall be given. 

2.1.(9) ALVEOLAR PRESSURE 	 ‘ 

Pressure in the alveoli. In the case 
of the lung model this Is represented 

-by thc prv5.5ure In the compliance 
chamber. 

2.1.(8) AIPJIAY PRESSURE 

(Paw )  

(PA) 

—7 



2.1. (10) SUB-ATNOSPHERIC 
FRrES"P" 
(sub-ombient) 

• Pressure lower than ambient, developed 
by the ventj1.-.tor durinc the expiratory 
phase time. (The pressure - is normally 
measured in the delivery hose at a 
point close to the patient's face (also 

•see 2.1.(7). The sub-atmospheric 
pressure may be constant throughout the 
expiratory phase time or it may vary 
throughout the-phase time depending upon • ' 
the method by which such pressure is generated.) 

• 
2.1.(11) MAXIMUM SAFETY 	Highest gauge pressure which can be 

PRESSURE (P smax.) 	attained in the patient system during 
malfunction of the ventilator but with 
functioning safety - mechanisms. 

2.1. (12) NAXai1U• WORKING 
PRESSURE (Pwmax.) 

2.1. (13) MINIMn SAFETY 
PRESSURE (Psmin-) 

2.1. (14) MINIMUM WORKING 
PRESSURE (Pvymin.) 

2.1.(15) INSPIRATORY 
TRIGGERING PRESSURE 

( P tr) 

2.1. (16) DIFFERENTIAL 
INSPIRATORY 
TRIGGERING PRESSURE 

highest gauge pressure which can be 
attained in the patient system during 
the inspiratory phase when the 

. ventilator is functioning normally.- -
(This may be limited by a controllable 
ventilator mechanism to less than P smax.) 

Highest numerical value of subatmospheric 
gauge prossue which can ba attained in 
the patient system during malfunction of the 
ventilator, but with functioning.safety mechanisms. 

Highest numerical value of subatmospheric 
gauge pressure which can be attained in 
the patient system during the expiratory 
phase when the ventilator is functioning -
normally. (This may be limited by a 
controllable ventilator mechanism to a 
subatmospheric pressure which is 
numerically smaller than Psmin:.) 

The airway pressure at the patient connection 
port which must be generated by the patient 
to initiate the ventilator inspiratory phase.. 

The change in airway pressure at the patient 
connection port which must be generated by the 
patient to initiate the ventilator inspiratory 

(LIPtr ) 	 phase. 

2.1.(17) INSPIRATORY 
TpGGERENG FLOW 
(V

tr
)  

2-.1.(16) INSPIRATORY 
TRIGGERING 
VOL•E (Vtr ) 

The flow which must be generated by the 
patient at the patient connection port to 
initiate the ventilator inspiratory phase. 

The volume measured at tha patient connection 
port which must be iroved by the patient to 
initiate the ventilator inspiratory phase. 



2.1.(19) INSPIRATORY TRIGGERING 
RESPONSE TIME (T

tr
) 

2.1.(20) INSPIRATORY RELIEF 
VALVE 

2.1.(21) INSPIRATORY RELIEF 
VALVE RESISTANCE 

2.1. (22) FAIL-SAFE MECHANISM 
VENTILATOR 

2.1.(23) INSPIRATORY PHASE 
TIME (T1 ) 

2.1.(24) EXPIRATORY PHASE 
TIME (TE) 

2.1.(25) INSPIRATORY PAUSE 
TIME (TIP) IP 

2.1. (26) EXPIRATORY PAUSE 
TIME (TEp) 

2.1.(27) INSPIRATORY-EXPIRATORY 
PHASE TIME RATIO 

Time delay between the satisfaction of 
the inspiratory triggering pressure, and/or 
flow ,And/or volume requirements and the 
start of inspiratory flow. 

A unidirectional valve designed to admit 
air to the patient system when the patient 
inspires_spontaneously, and the supply of 
inspiratory gases from the ventilator is 
inadequate. 

Pressure difference across the inspiratory 
relief valve at a constant flow of 30 
litres per minute in an adult. 

A safety mechanism which permits the patient 
to breathe air during malfunction of the 
ventilator. 

The interval from the start of inspiratory 
flow td the start of expiratory flow. 

The interval from the start of expiratory 
flow to the start of inspiratory flow. 

The interval from the end of inspiratory 
flow to .the start of expiratory flow. 

• Interval from the end. of expiratory flow 
to the start of - inspiratory flow. 

Ratio of the inspiratory phase time to 
the expiratory phase time. 

2.1.(28) SIGH, VENTILATOR 

2.1.(29) WORK, VENTILATOR 

2.1.(30) POWER, VENTILATOR 

Deliberate increase in tidal volume for 
one or more breaths at intervals. 

Work performed by the ventilator on the 
patientoexpressq in joules.. 

• .)(Paw' V  ) 

Rate of work performed by the ventilator 
on the patient expressed. in watts. 

2.1.(31) VENTILATOR EXPIRATORY 
RESISTANCE 

Paw .V 

For ventilators in which expiration is not 
assisted the total resistance to gas flow 
from the patient connection. port, through 
the expiratory port of the patient system 
to atmosphere. This is expressed in cm H 90 
referred to a flow of 0.5 liters per seeeEd. 
(Suggested test flows are 1 litre per sac. and 
0.5. litres per sec. for adults, 0.3 litres 
per sec. for pediatric model and 0.03 litres 
per sec. for the neonatal model). 



2.1.(32) TIME CONSTANT The time in which an exponential decay process 
is 637, complete. 

2.1.(33) SPIROMETER A device designed to measure a volume of gas. 

2.1.(34) NFB1.;L1ZING A device designed to add water to the inspired 
HUMIDIFIER gas in the 'form of droplets. 

2.1.(35) VAPORIZING A device -lesigned-to add water to the inspired 
HUMIDIFIER gas in the form of vapor. 

Note: Pressure shall he expressed in terms of gauge pressure in 
units of millibars.or cmH

2
O. 
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Volur-e 
Pressure 
Time 
Other 

2.2.(5) 	Ty2es of Prere. Pattern  

2.2. 	1,1:;:G V=1717..%7OR (77,n1C.Tr,RTSTTCF; (See also 1iusir, W.'7., 
L., Th.J7:.son, P.V.I:e7Dlcson, W.W., 	• 

7entil:.tion of t11(2 Luns", - second edition, 19G9, 
Elackvell Scientific Publications Lirlited,Oxford) 

2.2. (1) 	10025 of cperati6n  durin;-  the inspiratory or  expiratory  Rhlse 

(a) Flow Funeretor 
(b) Pressure generator 
(c) Conbined flow and pressure generator 

2.2.(2) 	Vole Control 

(a) 	Pressure pre-set 
(b) 	Volume pre-set 

(i) Tidal 
(ii) ninute 

(c) 	•Combined 

2.2.(3) 	CyclinA  Control  

(a) 	Inspiration to. Expiration 
(i) VoluDe 
(ii) Pressur'r. 

(iii) Tia 
(iv) now 
(v) Combined 

(vi) iui Cite 
(vii)Other 

(b) 	Expirat- ion to Tn-piration 
(i) Pressure 
(ii) Time 
(iii) now 
• (iv) Coc)bincd 

(v) Patient 
(vi) Overide 

.(vii) OLher 

2.2. (4) 	Types of sef ,:zy 112.it 

(a) Fonitive - atr:esphr--ic 
(b) Positive - subatispharic 
(c) Positive - positive 

2.2.(6) 	Source of Pr::ar 

(a) Pnc,datle 
(b) Electrical 
(c) Other 



2.2.(7) 	Power Traasmisslon 

(a) Direct 
(b) Indirect .  

2.2.(3) 	Sou -sce of trispired Gas  

(a) Driving Gas 
(b) Fresh Gas 
(c) Mixed 

2.3. LUNG YODEL AND MZTPOD  OF TESTING  P72FORMANCE OF LUTIC; VENTILATORS  

2.3.1. 	Test equin-_,:nt* 

2.3.1.1. Lunc; model. 	The lung modal is des 4 7.ned to simulate the impedances 
to ventilator oueut Ishich may be found in both normal and diseased states. 
The impz?dances to ventilstor output arc lung elastance and airflow resistance: 
these arc simulated in the lung model by a comnliance+ and resistance connected 
in series (Fis. 1). 	The various car:;-inations of comp -Liz-laces and resistances, 
used in the test procedures are given in Table. 1. 

,2.3.1.2. Co717liances. 	The required compliances are as follows: 

C 50 	50 ml/cmH20 

C 20 	20 ml/cmH2O 

C 10 	10 ml/cmH20 

C 3 	3 ml/cmE20 

C 1 	1 ml/cm1120 

These complj.nnees shall include the compliances of flow meter, resistance and 
tubing between the patient connection port and the model compliance. 	The 
volu=c-pressure characteristics of the model compliances shall be measured at 
.ambient pressure and temperature and shall be within -4- 5Z of the above values 
throughout a ran se of gauge pressure changes from -20 to ± 100 cmH,0 and 
throughout a :sense of inspiratory phase times of 0-1 to C50 secondE. Suitable 
methods_ of constructing such compliances are described in the appendix. 
(Appendix A) 

2.3.1.3. Resistances. 	The required resistances are as follows: 
Accuracy  ±  20% in flow range 

R5. 	5 cmH20/1/sec 	 0 - - 2°0 1/sec 

R 20 	20 cmH0/1/sec 	 0 - 1°0 1/sec 

R 50 	50 cmH20/1/sec 	 0 - 0°5 I/sec 

R 200 	200 cmH
20/1/sec 	 0 -7- 0'1 1/sec 

R 500. 	500 cm 20/1/sec 	 0 - 0=075 1/sec 

R 1000 	1000 cm:120/1/sec 	 0 - 0°05 1/sec 

The above values relate to dry air at ambient pressure and at 20 ° C. 	They 
include the resistance of the flow-measuring device. liethods of constructing 
and testine  suitable resf.stsnces ara given in the Aoendix A.  
The present sugastioas for a lung mcdal do r.ot preclude the development of 

more sophisticatsd lung models with the same ranges of compliance andlinear or 
alirear resistances. The lung model serves a similar purpose to those developed 
by the French Laboratoire National d'Essais. The. French lung model system uses 
parabolic resistances. If these non-linear resistances are used, their 
characteristics must be stated. 
+In clinical practice the elasticity of the lung is usually defined in terms of 
compliance (volume change per unit pressure change) so that compliance = 	1  

elastance. 
-12- 
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TABLE 1 - PROCET,TnE FOR 	 YIST rAVEFOS  

I : E ratio as close to 1 	2 as.  pDssible - see 2.3.3.2. 

For information only 
• 

Test Eur.tbcr 	C 	RV 	f ±. 57 	 T.C. 	P — 	..... 	T 	 deck  

	

1'i.;' ii . 
ol 	 sec. cmll20 • 4.- f,7. _ 

50 	5 	500 	20 
50 	20 	500 	20 
20 	5 	500 	20 
20 	20 	500 	20 

20 	20 	30.) 	20 
20 	50 	300 	20 
10 	20 	300. 	' 20 

th

10 	50 	300 	20 

3 	20 	50 	30 

3 	50 	50 	30 

3 	200 	50 	30 

3 	50 	30 	30 

3 	200 	30 	30 
1 	50 	30 	30 

 1 	200 	30 	30 
1 	500 	30 	30 
1 1003 	30 	30 
1 	200 	75 	60 

' 	0.25 	12.5 
1.0 	20 
0.1 	27.5 
0.4 	35 

0.4 	21 
1.0 	30 
0.2 	36 
0.5 	45 
0.06 . 	18.5 
0.15 	20.3 
0.6 	32 

0.15 	12.3 
0.6" 	19 
0.05 	32.3 
0.2 	39 
0.5 	52.5 
1.0 	75 
0.2 	24 

T.C. = tima constant (seconds) 

peak 
= calculated peak ai rwcy pressure for constant flow generators. 

AcIditional Information relating to peak pressures developed by constant 
flow generatoks is givc...n in Appendix B. 

Th:= vontilato ,' controls shall be rei„etto suit the appron=inte standard 
conditions (rird) before undetnking each stfosequcnt . test. 	Thus the 
order of recordine,s obLained on 	woul6 Le.TestW, Test 2 (controls 
1...:1chen1;ed), Test: 2 (cont.olr, :dju:-.;te.-.: if necessary), ce -atrole reset to 
satisfy Te.:st- 0,c.Di.Iditip:13, Tent 3 (co=ntrols unchanged), TestQ)(controls 
readjusted if necessary) etc. 



2.3.2. 	neasur=entF. 	tfeasurevnLs of pi- essu -ze, flow an-1 '.clue shall 
ba made as shoyn in Fio. 1, and shall be accurate to within + 2.5Z of the 
reading + 2.5 of the peak reedin in the waveform. 	::easurements of power 
and work shall be accurate to within ± 5Z of the reading ± 5Z of the peak 
reading. 	This accuracy shall be maintained at frequencies up to 10 ha. 

The total compliance of the prPssure-nleasuring devices, connecting 
tubes, flot:,  reesnring device and resistance, shall not exceed 4Z of the 
modal conpliance. 

2.3.3. 	Test procc:':u: -es. The following tests are type tests to be 
carried out by the manufacturer on one or more samples of production 
ventilators with the assurance that the results, which shall be made 
available to custorars, are representative of all production ventilators 
of that type. 	These- test procedures incle cne for endurance and two 
for performance. 	The ell:durance test is performed first and the performance 
tests im?:ediately after. 	Routine maintenance as specified by the 
manufacturer may be carried out durins- these tests, but details of all, such 
maintenance shall be included in the test report. 

2.3.3.1. 	EndurElas  	Each tested ventilator (as described in 2.3.3.) shall ba 
tested for endurance in respect of each group of patients for which it is recom:.aendc 
to be employed, i.e. adult, pediatric or neonate. A separate machine may be used 
for each group or the period of test nay be divided ervially between. groups. 
The inspiratory : e:.:piratory phase ti:Ta ratio shall be as close to 1 : 2 as 
possible and the ventilator run for 2,000 .hours against the appropriate 

Croup 

Unute Voin7:e Frequ ,n1;cy, 	or 
nearest possMe 

Cca-14-rac. D.c...nr.r. 

'7 
E C   11, ,, J. 	, 

Adult 10 	- 20   .50 20 

Pediatric 4.5  30 20 50 

Neonate 0.8 	. 40 3 .200 

The test shall be run contincusly except for necessary maintenance as 
- described in 2.3.3. above. 

2.3.3.2. 	Vavefo= perfon-nce tr!st. 	The ventilator is connected in turn 
to each of the co!yplianee and resistance combinations appropriate to its 

- intended sphe:c of use (i.e. adult, pad/citric, neonatal), in the order shown 
in Table 1. 	At the bcf-innin:-, of thu test, the ventilator controls shall 
adjusted to obtain the desired frcou.ency and tidal volnme at an inspiratory : 
expiratory ratio which -is as close to 1: 2 as pecsible. 	The ventilator 
settings required to obt ain these conditions sh-211 be recorded. 	If ft is 
necessary to reset the ventilator controls to m:itch the ventile,tor to the 
ne set of coniitica::, this rust be nctod in Ciau results. 	In such an 
event recordl. shall ba obtained hafo ,-._: and after resetting the ventilator 
controls. 	The ventilator shall a1 -is be recr2t to the standard conditions 
appropriate to a givon tfdal volume (as in-]icatcrl in Table 1) before each 
subsequere. test. 
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All tests shall be nerform-d without a skAb-atmospliuric phase unless 
this is an integral feature of the ventilator mechanism. 

The following traces shall be record:5kt during the tests and displayed 
in the order silown: 

(1) Pressure at the patient end of the ventilator tubas (P
1 
 Fig. 1). 

(2) Pressure in the chamber - (- alveolar pressure, P 2  Fig. 1). 

(3) Flow 

. (4) Volume 

(5) Power - Optional 

(6) Work - Optional 

If desired, additional recordings may be appended to illustrate special 
characteristics of the ventilator. 

The sesle and clarity of the records as reproduced shall be such that a 
change of 5Z of the peal: reading can be detected easily. 	All racorcl_s shall 
be inscribed with the appropriate scales, time base, and details of the test. - 
Th-, se'shall 

(a) .Amblent temperature and pressure, •toqether with the temperature, 
composition and huuidity of the inspired gas. 

(b) -  The nature and dimensions of the breathing tubes connecting the ventilator 
to the test lung a7:12 'cloth 	other a. par 	 spirometer 
or water trans) was inclucled in the part of the circuit which is 
pressurized during inspiration. 	If such instruments are included the 
type and position shall be specified. 	If a humidifier 'is included 
shall be filled to the 'full' water level with selatin or other relatively 
non-copressible sustance. 	If this is not practiceble,.the. humidIfir 
shall be replaced with an equivalent compliance and resistance. 

(6) All .stt:;.ngs of the controls shall be listed df possible. 
(d) Any other relevant information (e.g. source and pressure of driving 

gas, use of special circuits, type of humidifier). 

2.3.3.3. 	Volume nerfor7dance test. 	The ventilator is tested against the 
combinations of compliance (C) and resistance (R) appropriate to its sphere 
of use 

C - 	R Frequencies 

Adult 20 	• 20 10, 15, 20, . 30 

• Pediatric ) 10 50 ) . 	15, 20, 30, 40 

) • 3 ' 200 ) 

Vconatal 1 200 20, 30, 40, 60 

The rcnufacturr shall determine the r:lk:c c:f . tidal vols which th:_l vntilator 
is capable of deli,2ering to the lu-qT.; at the sp ,_:cificd frc,_quencies wit an 
I : E phase time rzizio as las:ir 1 . 2 as po:., F,ible 	Furir itiasurcza2=s 
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at different frequencies and with different CR combinations may be 
included if desired. All results shall be eesressed in the form of a 

- table or diagram, e.g. Table 2. The conditions under which the tests 
are carried out shall - be stated (see 2.3.3.2.). 

2.4. POWER SOURCES  

The ventilator shall continue to function efficiently at any control 
setting with a variation of not more than 7 10% of minute or tidal volume 
throughout the range of fluctuation from 105% of the maximum to 907, of the 
minimum rated voltage and for from 105% of the maximum to 95%. of the minimum 
rated driving gas pressure. 

2.5. ACCURACY OF CONTROLS, INDICATIONS AND PRESSURE RELIEF VALVES  

2.5.1. It is desirable that when working at nominal power inputs all 
calibrated controls shall be accurate to within + 10% of the reading. 

.2.5.2. Pressure relief valves. Calibrated positive or sub-atmospheric 
pressure., reliefvalves shall restrict the airway pressure to within + 5 
cm H2O or + 20% of the set value (whichever is the greater) for all 
settings of other controls and in the case of total respiratory obstruction. 
Transient increases in pressure in the circuit may cause these limits to 
be exceeded. Valves should be designed to minimize this effect. 

2.5.3.• Pressure gauges should be accurate to within ± 2.5% of the full scale 
readingof the gauge in the position of use. An addition error of ± 2.5% of the 
reading is permitted. 

2.5.4. 	De-.7icee indicating ventilatory frequency shall Le accurate 
to + 10% cf the readine. 

2.5.5. 	iks a ;; ,. n..eral rule all other ird!cet . ors shall be accurate to within 
+ 	o; of 

2.5. 	srl70=a 	el=  D77::ICT7  FOR T:DTrATIcn OF VE:TIIATT: 17=71.01;  

2.6.1. 	Provision shall be redo_ for connection of a spirometer for the 
measurement of expired gas volume. 

2.6.2. 	Any Spiro .'ter ehall Le accurate to within 	107, of the reading 
over the volume ant; flora race ren-,e, specified by rha manufacturer. 	The 
pressure drop with a steady gas flow of 30 1/r:1n shell not exceed 1.0 cm 112

0. 

2.6.3. -- 	Suironeters shall continue to function within the limits of 
accuracy delineated in 2.6,2. whatever the humidity and within the temperature 
range of le') to 37 ° C (due allowance having been made for the difference between 
gas t000urature and humidity in the spirometer -  ard the temperature 'end 
humidity at Yhich the spirometer wes calibrated). - Spiro meters designed 
to be posticned close to the petient shall be desiencd in such a manner 
that they cannot become obstructed by secretions from the patient. 

2.6.4.. 	Spironeters shall be capable of bein; steri_lized (see 2.13e). 
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• s-,--,-3t c A crrrat: of Tal ,lc ^n;?/or di ,717.7= used to illustrat:e voluaae• 
perforif:ance tf , st. 

VT _ Fr(,,vvncv 

10 15 20 30 

Max 

Mi 

• 

VT 
 • 

10 15 20 30 
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9 !  7. 	CHAPACTERISTICS 07 DELIVERED GAS  

2.7.1. . 	The gas temperature at the patient end of the breathing tubes shall 
in no circumstances exceed 41 ° C nor fall more than 5 ° C below ambient. 

2.7.2. When ventilators have incorporated an inspiratory gas mixture control, the 
accuracy of the mean delivered oxygen concentration shall be within + 10% of 
the set oxygen concentration throughout the range of pressures, frequencies 
and tidal volumes of which the ventilator is capable. At a given setting of the 
ventilator the delivered oxygen percentage shall be stable within ± 3%. If this 
condition cannot be met then it shall be clearly stated on the machine that "The 
controls of this ventilator do not permit accurate control of the delivered oxygen 
concentration". 

2.8. EXPIRATORY RESISTANCE  
In the absence of expiratory resistors or positive end-expiratory devices 

the pressure at the patient connection port should not exceed 5 cm .U.
2
0 at an 

expiratory flow of 50 1/min for equipment for adult use at 15 l/nin for 
pediatric equipment and at 5 1/min for neonetel.equipment, when breathing 
attachments and snirnmeter as specified by the manufacturer are used. 	If 
expiratory eesistance is necessary to comply with these requirements it should 
be stated. 

2. 9 . 	APP/17_ATUS INTERNAL CO:TLIANCE 

2.9.1. 	General. 	-During mechanical ventilation there nay be differences 
between the tidal volume setting, the volume of gas delivered to the lungs and.' 
the volume of gas leaving the expiratory limb of the patient system. • These 
differences are due to the addition of fresh gas to the circuit during the 
inspiratory phase, to compression of gas within the system, to the elasticity of 
the walls of the positive pressure bellows or connecting tubing and to leal•s. 
This section deals with the volume of gas compressed within the patient system' 
this depends on the pressure in the system at the end of inspiration and is 
defined by the internal compliance. 

2.9.2. 	The tea_asurement of internal compliance. 	In ventilators with a 
graduated tidal volume scale the internal compliance (Fig. 2) shall be 
separated into two components: 

(1) 	That .part of the patient system within the ventilator from the 
intake valve to the inspiratory valve (the 'bellows compartment'). 

. (2) 	That within the tubing from the inspiratory valve to the expiratory 
valve. (the 'tubing compartment'). 

• 
The latter may include the humidifier and water traps if desired. .kanufacturer 
shall state which components are in the system during the test and the probable 
variations in compliance due to manufacturing tolerances or variations in 
humidifier water level. 

The internal compliance of the bellows compartment results in a difference 
between the tidal volume setting on the ventilator - and the volume of gas passing 
through the inspiratory valve. In most ventilators this volume of pas remains 
within the ventilator and dces not contribute to the volume of gas measured 
by a spirometer at the expiratory port. 

The internal compliance of the tubing compartment results in the volume of 
as recorded at the expiratory port being larger than that delivered to the 

lungs. 
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In f:7;27 v:Intilators part of the as co-P"- ess- ,1  in the 1 ,ellovs compartm:mt 
dischares to atmoore thrc . gh the ex ,:Aratory valve during expiration. 
This 	voluto co::::ri':utes to the ri ,are.f: tubin7, ce7,:lart7:_ent. In other 
ventilators the e:=pireJ as volt':'.._ may be au=ented by a continuous nebulizer 
gas flow. 	In either event, manufactu rers sh , 11 provi de a clear statement 
indicating the likely error in 	 as volume measurement. 

2.9.3. 	The procedures for mcasu:inc the internal compliances of these two 
co::Thart=nts are i7;ivIal in th 	 The  A. Th volurle/presure relationship 
of the two co7prt;:.ents is sometimes clinear. 	The co-Ipliance shall be 
expressed in the form of a volum:J72ressure dia;!ram cov2rin a range of end- 
inFpirntory prey nres up to 60 cm 5 1  20 or to the ma7imum safety pressure of 

- the machine, whichever is lover. 

2.10. 	FITTIF:GS C=ECTINO THE ADULT VENTILATOR 71- 77  PATIENT AND SPI 12.0ETER  

2.10.1. 	Materials and design. 	All 22 inn male conicl fittings shall. i.e 
constructed of a rigid material and shall inclu:.e a groove as standard. • 
Positive locking devices are desiralle. 

2.10.2. Where the inspiratory/expiratory valve mechanism is integral with 
the ventilator, all connections leading from the valve mechanism to the patient 
shall be 22 mm except connections to the patient which shall be 22/15 mm coaxial 
in accordance with Clause 2.10.1. 

The connectors on the inspiratory and expiratory ports shall be grooved 
22 mal :rale cones -with groove and shall be pr.frably mount8.A with their 
axes parallel to the floor. 

- 2.10.3. 	where the inspiratory/expiratory valve mechanism is not integral 
with the venti_lator it shall nevertheless be consi ,:lered as being part of the 
maim ventilator mechanism and connections between it and the ventilator 
shall be non-interchangeable with the 22 mm and 15 mat connections or any 
other standard connectors. 	The choice of connections shall' be determined 
by the manufacturer so as to minimize the rich of incorrect assemblyof the 
components, but the connection between the non-intel inspiratory/ • 
expiratory valve mechanism and the patient must Le 22/15 mm coaxial in 
accordance with Clause 2.10.2. 

2.10.4. 	All other 22 r conical connections need not follow a specific 
male/female sequence except in the case of components of which correct 
functioning is vital to .safety and dependent upon. ditection of gas flow. 
Such components shall follow the sequence inlet: female, outlet: nale. 

2.10.5; 	If a connector for a bag for manual ventilation is provided on 
the ventilator this shall face downward and shall ha situated away fret 
the connectors for the patient breathing tubas'. 	The bec: count s1-all be 
the standard 22 mm male cone with recess and may incorporate a cage support 
for the bag neck. The connector for the bag shall be clearly marked with a -
symbol together with the word 'bag'. 

2.10.6. 	If provision is made for including a spirometer within the patient 
system (i.e. in the inspiratory or expiratory system or between the patient 
and the Y--piece) the connection shall be accomplished with standard 22 mm cone 
and socket joints. 
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2.10.7. 	If there is a separate outlet for the spirometer on the breathing 
tubes or on the machine, and it is intended that the air from the spircmecer 
shall be discharged to atmosphere, then the outlet leading to the spironeter 
shall be a 30 mm male cone. 

2.10.8. 	If an air inlet is fitted to the ventilator it shall not be a 
22 mm, 15 mm or 30 rmli male cone and shall be clearly marked as 'Air Inlet'. 

2.10.9. 	If an expired gas outlet (other than an outlet for spirometer) 
is fitted to the machine, it shall be designed in such a way that it cannot 
easily be connected to either 22 rmi, 15 mm or 30 mm cones or sockets, or to 
22 mm internal diameter tubing. 

2.11. 	ALAP.11 SYSTEM 

2.11.1. 	Alarm systems shall provide warning of 
ventilator malfunction. 	Alarm systems may provide warning of changes in 
inspired gas composition or temperature, leaks or obstruction in the breathing 
system and/or changes in the characteristics of the patient's lung. 	Such 
systems nay be activated by changes in gas composition or temperature, 
variations in motive-power or changes In pressure, flow or volume. in the 
breathing circuit., 

2.11.2. 	General. 	An alarm system shall comply with the following 

2.11.2.1. It shall operate independently of any part of the main - ventilator 
mechanism unless it can be shown that failure of the said main mechanism would 
not impair or prevent the operation of the alarm. 

2.11.2.2. The alarm signal shall be preferably audible and visible. Provision shal 
• preferably be made for remote extension. 	If a remote extension is employed, 
it shall be so arranged that a failure in the external circuit will not affect 
the correct functioning of the main alarm system. 

2.11.2.3. A simple method of testing the alarm shall be provided. 

2.11.2.4. If the alarm is activated by a power failure the alarm shall 
operate without delay for at least 5 minutes unless reset. All other alarm 
conditions shall be indicated preferably within 15 seconds and certainly 
within 30 seconds. 

2.11.2.5. A self-resetting delay switch shall be provided to temporarily 
inactivate the alarm during aspiration of the trachea. 	This shall inactivate 
only the auditory alarm. 

2.11.2.6. Any portion of the alarm system which is situated within the 
patient system shall be capable of being sterilized. 

2.11.2.7. Indicators  used for any visual alarm signal shall be clearly 
visible under normal operating conditions and shall be suitably protected against 
mechanical damage. Filament lamps, miler. used, should be run at not more than 
80% of their rated voltage when the equipment is. supplied at tha maximum 
voltage appropriate to a specified supply voltage range. 
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2.11.2,3. 	If the alarm cyst= is line current oncrated there shall 1,e an 
independent alarm to detr_ct nains failure ':-7hich, if battery operated, must have 
an automatic charging syst= or a means of testing the battery. 

2.1 1 .2.9. 	Where batteries only are used they shall be readily accessible 
and of the ion;-lusting type. 	A battery test facility or autcmatic char'-:±n 
system shall be su?plied. 	The battery container shell not be.susceptible to 
attack by acid or alkali. 	It.shall effectively contain any spillage and 
if necessary, shall be suitably vented to atmosphere to preclude accumulation 
of as evolved during ct7erza or discharge. 

2.11.2.10. 	Where gas-operated alarms are used to indicate a loss of supply 
pressure from cylinders or pipelines_ they shall not be dependent on another 
full cylinder. 

2.11.2.11.  The manufacturer' shall provide detailed instructions for the 
setting and operation of the alarm mechanism. 	Adequate operating instructions 
shall also be marked on the case of the alarm or ventilator. 

2.12. 	11,17:1IDIrICATIOIT  

Humidifiers, if provided, shall comply with the requirements of 
Section 3. 

2.13. 	1:ET:07) 0: PISI-FECTICrT  OR S-":"ITLIinTTON 

2.13.1. 	The manufacturer's recomi7ended methods of disinfection and 
sterilization shall be provided with each ventilator. 	Such sugested 
method of disinfection or sterilization shell be capable of disinfecting 
or sterilizin ,,:z all internal and external parts of the lung ventilator without 
detriment to -  the ventilator. 

2.13.2. 	The sugsested methods of disinfection or sterilization shall 
ensure that there are no residual substances harmful to the patient's airways 
or lungs. 

2.13.3. 	The suggested method of disinfection or sterilization shall not 
affect the performance of the ventilator. 

2.13.4. 	The suggested method of disinfection or sterilization shall he 
- in accordance with the requirements of the relevant national standardizing 
body. 

2.14. 	ELECTIICAL 5AFETY REOUTRE=TS. 

Appendix D is provided as a guide to basic requirements until such time 
as an international standard is agreed by IEC/TC 62. 

2.15. 	r.." - A`.07S  LOCATIO.TS 

2.15.1. 	All ventilators that are designed to deliver anesthetic agents 
and are suitable for use in hazardous anesthetizing locations shall be so 
marked. 

-23- 

IO W 



2.15.2. 	All ventilators designed for use in the presence of explosive 
anesthetic agents shall be in accordance with the requirements of the 
relevant national standardizing body. (Guidelines for electrical design for 
ventilators that are allowed to be used in hazardous locations can be found 
in Section 2.15 and Appendix D). 

2.16. 	INFOMUTI07 TO FE PROVIDED BY TITE VAITUFACTURTT,  

In the case of controls the manufacturer shall state the range of 
adjustment, whether this adjustment is infinitely variable or in stepped 
intervals and whether the adjustment is dependent or independent of other 
controls: 

(1) Recommended 	applications (e.g. adult, pediatric, neonatal 
anesthesia) 

(2) Internal compliance 

(3) Minute volume range 

(4) Tidal volume range 

(5) Frequency range 

(6) Inspiratory phase time range 

(7) Expiratory phase time range 

(8) Inspiratory•expiratory phase time ratio range 

(9) Ventilator pressure control range 

(10) inspiratory flow range 

(11) Inspiratory pressure limit 

(12) -Inspiratory triggering pressure, flow and volume 

(13) Inspiratory triggering. response time 

(14) Maximum safety pressure ,  

(15) Maximum working pressure 

(16) Minimum safety pressure 

(17) Minimum working pressure 

(18) Sub-atmOspheric pressure range 

(19) Expiratory resistance or end-expiratory positive pressure' range 

(20) Sigh characteristics 

(21) Inspiratory mixture (range of oxygen ccncentration and accuracy) 

(22) Flowmeter (s) (Function, range and accuracy) 

(23) Manual changeover (mode of operation and type of circuit) • 

(24) Inspiratory relief valve (pressure flow characteristics) 

(25) Humidifier and monitors (type and position in circuit) 

	

(2S) 	System pressure gauge 
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(27) Airway pressure gauge, 

(28) Spirometcr (type and position in circuit) 

(29)• 	Alarms 

(30) Power source (e.g. air pressure electric current requirements) 

(31) Power consumption (watts cr 1/min) 

(32) . 	Dimensions (including floor space for separate stand) 

(33) Weight 

(34) Method of disinfection or sterilization 

(35) Eacterial filter 

(36) Fail-safe mechanism 

(37) Other pertinent features (e.g. mobility, etc.) 

2.17. 	MARKIW;  

2.17.1. 	Al? breathing circuit components in which the direction of gas flow 
is critical 	 perr!:Inently merl ,:cd in such a vay that the intended direction 
or gas 	is immediately apparent to the cpernror. 

2.17.2. 	For the purpose of this standard all ventilator system components 
that contain a valve 	•or valves, the ourrose of which is to establish the 
direction of gas flow are considered to Le flo ,: -critical and shall te marked. 
Exam?les include Irhalal:icn Chock Valves, Exhalation Choc!: Valves arc t..on-
rehreathinT Valves. 

2.17.3. 	 marilings are applied to breathing system components in order 
to inf.licatc the direction of c ,:as flow, the minimum acccotable marking shall 
consist of at least one headed arrow perancntly affixed to-the component.• 
Where a cOr_ponent contains more than one check valve, the minimum acceptable 
n.er:cin3 shall consist of at least one headed arrow indicating the direction of 
flow through each check valve. 

2.17.4. 	All markings which are applied to breathing system components for 
the purpose of indicating direction of gas flow are to be located, if possible, 
so that they will fall in the normal field of view of the operator when the 
equipment is - in use. 

2.17.5. 	Breathing system components which are designed to accommodate gas 
flow in a specific direction, but which do not contain valves, the purpose of 
which are to establish s'as flow direction, shall be marked. 	Examples may 
include humidifiers, moisture traps, carbon dioxide absorbers and filters. The 
manufacturer shall be responsible for determining if the direction of flow 
through 8u•2:1 components is related to the safety of the patient or the efficiency 
of the breothing, system. 

2.17.6. 	Ercathing system components in which the direction of flow is not 
critical need not La -.Larked to indicate specific flow direction. 	Examples 
include mashe s  breathing tubes, reservoir bags. 
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2.17.7. 	Ventilators shell if possible be clearly marked with the following: 

(1) ,L.de9uatc. instrl.:cr , c1-,s for lutrication and routine 
maintenance. 

(2) If means of hand opszsrPt 4 on are provi:ied, operating 
in 	shall be clearly 7:.ared on the machine. 

(3) Equipment operated by f;as shall be marked with the 
required operating ,as pressure. 

(4) The relief pressure of non-adjustable safety valves, 
and Crle maximum relief pressure of adjustable safety 
valves, -shall 1),7 cicarly marke ,I adjacent to the 
relcvant eluipLent. 

(5) The maximum volumetric displacement, if it is less 
than 1400 ml. 

(6) Eanufacturar's nate or trade-marl= and country of 
manufacture. 

(7) Inlets and outlets of machine. 

(3) Recomnended ne',_hod of sterilization. 

(9) Voltage and current require ;eats. 

(10) All conn ,-,2ctors for electrical End 17,,as supplies shall 
be marlcad with identification labels. 

72 62928 
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SEuZION 3. 	EUMIDIrIER: FOR ucv IJITH BREATHING MACHINES 

3.1. 	Design - General. 

3.1.1. 	The construction of the humidifier shall be such that there. shall 
be no danger to the patient, operator or surroundings. 	It shall be 
sufficiently robust and corrosion resistaat to withstand, without any 
reduction of safety factors, the mechanical stresses, heating, coolirlg, 
anesthetic gases, humidity, sterilizing" and disinfecting likely to be 
encountered. 

3.1.2. 	The internal surfaces of the chamber and gas passages shall be 
capable of being easily cleaned and sterilized by a readily available 
technique. 	The external surfaces of the apparatus shall be designed to 
facilitate easy cleaning and disinfection- 

3.1.3. 	Access covers which are necessary for the safe use of the 
apparatus shall be secured by devices which will remain effective after 
repeated use. 	. 

3.1.4. 	Any control device, other than those to which access is essential 
during normal use, the operation of which affects the safety of the equipment, 
shall be inaccessible without the use of a tool. 

3.1.5. 	The resistance of gaseous flow of the humidifier shall not exceed a 
pressure of 3 cm11 20 under conditions of a steady gaseous flow at a rate of 
30 1/minute for adults or 10 1/minute for neonates unless the humidifier is 
an integral part of the ventilator. 

3.1.6. 	Electrical components shall be designed and positioned so as to 
reduce the possibility of short circuit. in the event of spillage or leakage 
from the water reservoir. 

3.1.7. 	Adequate precautions shall be taken to drain any condensate away 
from the patient without adversely affecting the performance of the 
ventilator. 

3.2. 	Connections. 	For direction sensitive humidifiers which are not 
integral with the ventilator, screw -threaded,or non-standard conical 
connections shall be used. 	The inlet connection shall be female and the 
outlet male. 	The direction of the gas. flow shall be permanently indicated 
on the humidifier. - 

3.3. 	Water reservoir. 

3.3.1. 	The water reservoir shall be designed to prevent water from the 
reservoir entering any other part of the respiratory circuit when the 
apparatus is tilted 20 degrees out of the horizontal in any direction. 

3.3.2. 	In cases where the level of the water in the reservoir cannot 
be seen, an easily visible water level indicator shall be provided. 	This 
shall nloo be marked with the maximum and minimum water levels 	. 

3.3.3. 	The water reservoir in the operating position shall be incapable 
of being overfilled through the filling orifice. 
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3.3.4. 	The filling orifice shall Le el.:ill -1 y tiarl.ed and zhall 
in such a way that it is impossible to connect the filling orifice directly 
to either 22, 15 or 30 mm cones or sockets, or to 22. mm internal diameter 
tubing. 

3.4. 	Performance.  

3.4.1. 	Nebulizing humidifiers.  The effects of this type cf humidifier 
have not been clearly defined at the present time. 	It would seem; however, 
that the following requirements shall be met: 

The humidifier shall be capable of delivering a minimum of 33 mg H2  0/1 
dry gas, and it shall be possible to restrict the total quantity of water 
to 43 mg H

20/1 dry gas, throughout the range of minute volumes specified in 3.4.2.1. 

The droplet sizeshould be in the range 1-5pmr at the patient connection port. 

3.4.2. 	Vaporizirr? humidifiers  (for suggestions as to measurements see Appendix F.; 

3.4.2.1. Humidity. 	The humidifier shall be capable of delivering gas with a. 
humidity of not less than 33.0 mg/liter (e.g. a relative humidity of not less 
than 75% at 37 ° C) at the patient connection port when the gas has passed 
through such delivery tubing as is provided or specified by the manufacturer. 
This humidity shall be maintained when the ambient temperature is as low as 
20 ° C, when the input gas is at a temperature as low as 10 ° C with a relative 
humidity of 0 and when the delivered minute volumes extend throughout a 
range of 5-20 liters per minute for adult use, 2-10 liters per minute for 
pediatric use and 0.5-3 liters per minute for neonatal use. 

3.4.2.2. Temperature Units. The gas temperature at the point of entry to the 
patient (wlen tubing as specified in 3.4.2.1. is used) shall be within the 
range 32-39 ° C, when Lhe minute volume is maintained at the levels specified 
in 3.4.2.1. 	Greater variations in minute volume (such as those produced 
by temporary disconnection of a pressure preset ventilator during suction) 
shall never result in a temperature of more than 41 ° C at the point of entry 
to the patient. 

The temperature of the inspired air shall be limited so that it cannot 
rise above 41 ° C. 	If failure of the normal temperature control could 
otherwise result in this temperature being exceeded, a separate thermal 
-safety device shall be incorporated and this shall either be of a non-
recycling type or shall be arranged to operate an audible and/or visual 
warning device when the maximum safety temperature (41 ° C) is reached. 
If it is possible to change the operating temperature of the safety device, 
the control shall be accessible only by the use of tools. 	If the design 
of the humidifiers is such that the normal temperature limitation is 
independent of the operation of any thermostat, or similar control device, 
an audible and/or visual warning device shall be incorporated to indicate 
when the maximum safety temperature is reached. 

3.5. 	Electrical requirements  

3.5.1. 	General. 	Electrical equipment for humidifiers shall be 
accordance with the relevant requirements of 2.15. 
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3.5.2. Power supplied for te7loerature sensors used close to the. patient. 
Appendix D is provided as a guice to oasic requirements unuil sucit time as 
an international standard is agreed by IEC/TC 62. 

3.6. Information to be provided by the manufacturer.  The manufacturer 
shall provide the purchaser with adequate information on the following: 

(1) Basic operating instructions, including instructions for 
resetting. the high temperature cut-out switch if fitted. 

(2.) The internal compliance (ml/cmH 90)of the humidifier at 
the maximum and minimal water levels and the maximal 
volume of water (liters) shall be marked. 

3.7. 	Marl:in ,-. The humid 4 c 4 ni- 	be clearly and per nanently marked 
with the following: 

(1) The name or trade mark of the manufacturer. 

(2) All connactors and orifices shall he clearly and 
permanently marked. 

(3) Ilumidifiers which are safe for use in hazardous 
anesthetizing locations shall be so marked. 

(4) ilaximum and minimum water levels. 

(5) Rated voltage or voltage range. 

(6) Rated input expressed in terms of current or wattage. 

(7) The letters 'ac' t  ( ac/de r  or 'do', whichever are appropriate 
and, if other than dc, the frequency range. 

(8) Identification of type of construction,,e.R. double. 
.insulated, if appropriate. 
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APPSTINA A 

MET14012 OF C0I 1 STRUCTI0I AND TESTIVG 0 LUNG VODEL  

A.1 	Comoliance 

Ths compliances consist of a number of rigid chambers having the 
followins. volumes: 

C50

C20

C10 

C3. 

Cl 

• 
Co7:nlionce Volumc=.: 

50 ml/cm H2O 

20 ml/ cm R2 0 • 

10 61/cm 1120 
 

3 nl/cm H2O 

1 ml/cm H2O 

51.6- 

 20.6 

10.3: 

3.09 

 1.03 

1 

1 

1 

1 

1 

The chambers shall ideally be cylindrical and constructed in copper 
or other material having a high specific heat. 	The ends shall be 
dished 	or reinforced to ensure rigidity.. 	In order to ensure 
that the compression is isothermal, the chamber shall be filled with 
copper wool or other materi..7.1 with a large surface area and high 

• specific heat. 	Apro::imetel 10 	of copper wool will he required 
to ensure isothermal conditicas with the 50 mil= 	corplianceand 
this will occupy app=imately 2Z of the total volume. 	The diameter . 
of the strands shall be less than 0.05 mm, 

To assess whether isothermal conditions have been achieved each 
comnliante shall be tested by recording the pressure response to 
a forced ln(3ufflation of the highest tidal volume delivered in the 
test procedure given in Table .2. 	This tidal volume shall be 
delivered as rapidly as possible by hand compression of a large 
syringe. 	The pressure will rise to a peak and decline.. The 
difference in pressure between the peak and equilibrium Nalue, shall 
be less than 5% of the peak pressure. 

*These volumes will give the correct compliance if the container is rigid 
and contains approximately 2% wire wool by volume when the atmospheric 
presure is at its 'normal" value of 1013 mbar. 	Since the compliance of .  
a rigid container is inversely proportional to atmospheric pressure, Changes  
of the latter with the weather (from +A to --%) and with altitude, may 
require some method of adjusting the volume to keep within the specified 
tolerance of 	5%. 
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A.2 	Resistances 

Linear resistances can be made of sintered glass or other filter 
material. If the material susgested below is used it shall be 
supported by two screens of wire mesh, the edges of the sore- , its 
being dipped in paraffin wex to provide an airtight seal for the 
filter material. 	The cross cectiorall area of filter material is 
dotermind by two thin masks r.-ith a, propriate sized orifices 
placed between the ccrcena and filtcr material and the whole assembly 
is co:anrcF:sed by two elastomcric rings. 	For resistances used in 
adult to5ta the filLe- material may be mounted in a container.** 	For 
pediatric and neonatal tests where the internal volume is critical 
salailer mounts ray be required. 

Resictance 	 207) 	hanc:;c: of air flow Material* Diameter+ 

R5 5 cm H2O/1/sec 	0 -•2 1/sec  • Fram A 27 mm 

R20 20 cm H
20/1/scc 	

0 - 1 1/sec Fram B 23 mm 

. 	R50 50 cm H20/1/sec 	0-0.5 1/sec 
Millipore 47 mm++- 

R200 200 cm H,0/1/sec 	0-1.1 1/sec 	- Millipore 22.5 mm 

R500 500 cm.H20/1/sec 	0 - 0.075 1/sec 
Millipore. 14.2 mm 

81000 1000 cm H
2
0/1/sec 	0 - 0.05 1/sec Millipore 10 mm 

For example: Bird in-line water trap (Cat. No. 9993-990) 

Material. Pram A and Fran B. Filter paper supplied courtesy of 
Frani. Corporation, available in small quantities from Department 
of Anesthesia Research, Rhode Island Hospital, Providence, Rhode 
Island 02902, U.S.A. 

NilliDore Type NCITP filter material available in various diameters 
from the iallipore Corporation, Bedford, Massachusetts 01730, U.S-A 
Suggested materials NCWP 047 00, 47 mm diem 14 micron. pore size. 
Screen .--- 1;ronze mesh 0.0345 diameter,.100 
•Mask = 5 mil acetate cast film. 

Because of slight variations in filter paper characteristics or 
because of differences in construction it may be necessary to 
make slight changes in diameter to obtain the desired resistance 
value. 

* * 
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A.I 	Con ne c ' ii ns 

or aduit te s ts the. ventilator, peeumotachosrapb,, resistances and 
cor.pliances shall be connected toe , -r with iaina1 lengths of 
risid 	o 22 ma internal diameter. 	For pediatric and 
neonatal tests narrower rigid tobin3 shall be used to ensure that 
the requirements of 2.3.2. are conplied with. 

A.4 	Measurir? arparntus  

Flow. A suitable pneumotackogreph head for the larger tidal volumes 
is the Fleicch No. 2 (linear 4. 5. 0-250 1/min). 	For pediatric and 
neonatal tests a Fleisch No. 1 or 0 head shall be substituted. 

Pressure. 	Transducers of the appropriate sensitivity shall be 
connected with minimal lengths of rigid tubing of 1-3 mm internal 
diameter. 

Volume. 	Rascline•drift of an interated flow signal may be 
counteracted with a breath-by-breath zero reset or by a backing off 
voltage. 	An alternative netl'od of determinin volume is to 
calibrate the pressure P2 in terms o1 volume change. 

Power and Work. 	Power and won: may be derived from the relationship 
power P x V, work 	P x V.dxt 

A.5 	Suggested methods for r-2as!irerr!nt of internal .  compliance. 

A.5.I. 

	

	All methods -require that tlie difference bett;cen tha volume 
delivered a2ainsc zero impedance and the volumes enterin^. the lung and 
leaving the ventilator system c7,ainst known impedances be measured at 
varying end-inspiratory pressures. 

• All measurements shall be made under dynamic conditions with an 
IE phase ti:-.!c ratio ol as close to 12 as possible and a respiratory 
rate as near as possible to 20 	 Heasurements of pressure shall 
he narle vith a nystnn which is accurate to within ± 2 e 2  mT-T 0 and which - 
has an adequate dynTI:Tiic resoonEie. 	:feasurtments 	voluDe shell be 
made .with a c.:Ilibratc'J pneur.lotachoF,raph system, cas meter or spir=eter 
accurate to within -i- 5 of the reading. 	leters which are affected by 
the pattern of flow (.:unn and 	 reference 7) are not 
accurate enough for the measurement unless specially calibrated with 
the flow pattern being measured. 

A.5.2.Tubin7 Cornnart:nent 

It is necessary to determine the relationship between the end.- 
inspiratory pressures and the cifferences in volume between gas 
leaving the lung and gas leaving ti-i2 expiratory port on the ventilator. 
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/1. ) Tbr ventiJetor Is connected to the C20 compliance and cycled 
to produce a range of pressures from 0•60 cmH 20. 	The differences 
in volume and end-inspiratory pressures are noted. 	The volume 
leaving the ventilator is measured with a spirometer or gas meter 
(using collection periods of at least 2 minutes) or a pneumotachograph. 
The volume entering the lung can be calculated from its compliance 
and the end-inspiratory presSure or the pressure in the compliance 
chamber can be calibrated directly in terms of volume. The volume 

. entering the lung can also be measured directly by a pneumotachograph. 

(2) The lung can be separated from the tubing compartment by a collect 
valve (Sykes 1959, Brit. J. Anaesth., 41, 189, reference 12). The 
gas entering the lung is dumped to atmosphere while the gas from 
the tubing compartmentis passed out through the ventilator expiratory 
port where it can be measured. 

(3) A static pressure/volume plot may be determined by blocking the 
patient system close to the inApiratory and expiratory valves 

• and injecting known volumes of gas from a large syringe into 
the patient connection' port while the pressure is recorded with 
a side tapping. 

A.5.3.Bellows Compartment  

It is necessary to measure the difference between the volume delivered 
against minimal impedance and the volume of gas leaving the expiratory 
port at various end-inspiratory pressures. (Loh and Chakrabarti, 1971, ref. 5) 
The difference in volume is then plotted against the end inspiratory 
pressure to give the compliance curve of the bellows compartment. 

(1) The volume delivered against minimal impedance is deterMined. by 
attaching a pneumotachograph to the patient connection port and 
setting the ventilator to deliver a fixed volume to the atmosphere. 
Alternatively the gas volume nay be collected into a Douglas bag 
and measured later by gas meter or spirometer. 	The ventilator 
is then connected to a standard compliance and the expired volume -
from the ventilator is recorded as detailed above. 	The procedure 
is repeated at a number of tidal volume settings so that 
measurements at different end-inspiratory pressures are available. 

(2) If the end-inspiratory position of the bellows varies with tidal 
volume internal compliance will also vary with tidal volume. 	In 
this type of ventilator it is necessary to utilize a number of 
different compliances at each tidal volume in order to produce 
internal compliance curves for a series of representative tidal 
volumes. 

Note:  If fresh gas is added to the circuit during the inspiratory phase the 
volume of gas delivered to the lungs may vary with fresh gas flow and may 
exceed the tidal volume indicated on the ventilator. 	The presence of such 
a fresh gas flow racy make it impossible to measure the bellows and/or tubing -
compliance. 	If so, this feet shall be stated. 
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Aprc.1:7:Ax B: KAK 	PRESSIES 7!TVELOPFD BY - CONSTANT FLOW 
GENERATORS IN TESTS SPECT2M) 11: TABLE 1 

TG  = time constant 

= flow rate with T
I
:T

E 
= 1.2 

.PL  = pressure exerted against lung elasticity • 	• 

P
R = pressure exerted against airway resistance 

PPEAK 

C 	R 	TC 	Vy ':7 	P, 	Pa PPEAK y i, 

50 5 0.25 500 20 19 30 10 2.5 12.5 

50 20 1.0 500 20 10 30 10 10 20 

20 5 0.1 500 20 10 30 25 2.5 27.5 

20 20 0.4 500 20 10 30 25 10 35 

20 20 0.4 300 20 6 13 15 6 21 

20 50 1.0 300 20 6 13 15 15 30 

10 20 0.2 300 20 6 11 30 o 36 

10 50 0.5 300 20 G 13 30 15 45 

3 20 0.06 50 30 1.5 4.5 17 .1.5 18.5 

3 50 0.15 50 30 1.5 4.5 17 3.8 20.8 

3 200 0.6 50 30 1.5 4.5 17 15 32 

3 50 0.15 30 30 0.9 2.7 10 2.3 12.3 

3 200 -  0.6 30 30 0.9 2.7 1C 9 19 

1 50 0.05 30 30 0.9 2.7 30 2.5 32.3 

1 200 0.2 30 30 0.9 2.7 30 9 39 

1 500 0.5 30 30 0.9 2.7 30 22.5 52.5 

1 1000 1.0 30 30 0.9 2.7 30 45 75 

1 200 0.2 60 60 0.9 2.7 13 9 24 

total pressure developed at end of inspiration 
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C
T 

(infant - extreme) 

= 0.50 ml/cmR 2  0 - 

(infant - extreme) 

= 350 crH2  0/1/sac -  

APPENDIX 
	

RE-SP -IRA-TORY DATA 011 	 COMPILD FROM  

AVAILABL::: 	 (ProvIc.ded fr 75nEo=ation only). 

Ac 	f 	VT 	CT 	 r.A 	Pathological states 
— 	 — 

B.P.I. 	(al) ml/cm H 2 0 	cth H2
0/1/sec. 	InLInts  

1/52 " ..3-. 17 5 2 	. 

1 24 (SC) (1G) (13) 

3 22 (112) (32) 10 

5 20 (130) 44 8 

8 18 (180) 71 6 

12 16 260 91 5 

15 	' 14 360 130 3 

Adult  

Aspiration C, = 10 ml/cmH,0 

Asthma RA = 25 cm 2 0/1/sec 

C 	.Total static compliance 
	

R
A 

.-. Airway resistance 
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ELFCTRICAL RECUIREMENTS  

0.1 Housing. 	Any motor or other electrical components shall be 
enclosed in a housing of non-ignitable' construction. The enclosure 
shall he arreneed to allow easy access to the motor and other 
cemponcnts without deranging the internal electric wiring or airways. 
The enclosure shall he such that the external surfaces may be easily 
cleaned and shall prevent the entry of liquid spillage. 

P.2 Protection aeinst  electric  shock. Al]. live parts shall be protected 
to prevent accidental electric shock. This requirement shall be 
complied with after the removal of all parts which c-n be removed 
without the use of tools. The insulating properties of-lacquer, 
en-=:, paper, cotton, oxide film on metal parts, beads and sealing 
compound, shall notebe relied upon to give the required protection 
against accidental, contact with live parts. Parts providing 
protection against accidental contact with live parts, or parts which 
arc liable to become alive in the event of a defect, shall have adequate 
mechanical strength and shall not work loose during normal use. 
Operating spindles of knobs, etc., shall be adequately insulated from 
live. parts. Handles, operating. levers, knobs and the like, the 
shafts 2f which may become alive in the case of an insulation fault, 
Shall be of insulating material. Where a temperature .  sensor is used close 
to the patient, e.g. at the patient end of the inspiratory tube, any electrical 
power supply for the control circuit shall be "earth free." The voltage 
source shall not exceed 15 volts and, -  if derived from a mains voltage 
supply, the transformer-used shall either incorporate an earthed metal 
screen not inferior to 0.076m (C.0O3i1)thick cooper completely se-
parating the supply and low voltage windings, or the supply and low 
voltage windings shall be wound on separate bcbhins or if wound en the 
same. bobbin there shall be an imperforate insulating-partition between 
windings which is capable of withstanding the appropriate electric 
strength test. Other means of achieving isolation are acceptable if 
the isolation provided is equivalent to that given by the foregoing 
requirements. 

0.3 nitors. Motors shall have sufficient power to enable the ventilator .  
to operate effectively. The motor torque shall be such that the 
equipment will function correctly when connected to a supply, the 
voltage of which is 0.8 times the minimum rated voltage. 

0.4 	 The maximum temperature rise of the component parts when 
the machine is run conti.noualy at maximum rated current for a suffi-
cient time for steady temperature conditions to be achieved, shall' 
not exceed those given below. Any test-to establish the temperature 
rise shall be carried out in an ambient temperature within the range 
of 25 + 3 ° C. Thermal safety devices shall be provided where necessary, 
to prevent operating temperatures exceeding the specified limiting-
values under both normal and fault (ece  locked rotor) conditions. 

(1) External parts: 	 • 
(a) Parts including handles which may be gripped in 

normal. use 

(i) of metal 	 30° C 
(ii) of porcelain or vitreous material 40 ° C 
(iii) of other non-metallic material 	50° C 

-36- 



(b) Parts which may be held for short periods only 

(i) of metal 	 35°C 

(ii) of porcelain or vitreous caterial 	
45oc 

(iii) of other non-metallic material 	60°C 

(c) Parts which may be touched inadvertntly - 	60°C 

(d) Contact pins of appliance connectors, 
termi ,.- als, etc. 

(2) •Insulatien:  

60° C 

40°C 

60°C 

75°C 

130°C 
_ 

(e) Phenolic mouldings (mIneral fillers) 	100
o 

 t, 

(f) Phenolic mouldings (cellulose fillers) 	85°C 

(g) Wood 	 60°C 

(h) .11indjns and core lnminntions in contact 
. therewith if the winding insulation is 

(1) of Class A material (see Note 1) .  

(L1) of Cia:, E r.lute1a1 (see NoLe 1) 

N07-1, 1. 	This c1essificetion is in acoodance. with TEC -------- 
PublictioA No. 85. 

NOTE  2. 	If other materials are used they shall not be 
oxnosed to temncretuzes in e::-eoss of those which have been 
proved permissible for these L.-„aT:crials. 

• D.5 	E-2:co5s 	curn- cnf--  p!- otr-ti.on.  The cc!uipment shall be protected 
against e::c!:.siv.a cursef:t hy means of a correctly rated fuse or 
automatic type circnit ,: -. c&:.-2r inserted in each live supply - coaductor. 	_ 

0.6 Switches. 	The e‹:uipment shall be provided with a double-pole 
switch :-.1r1- ;cC to ili'e=.rrl:nt each ! .:npply conductor. • Switches 
controlling an!Aliary circuts way be of the single-pole type. 
Switches end r.u1ntlu; devices 	be mared• and place so as to 
clarly indicate tha;.7- 	 On manually operated switchas 
th:. on and of po73!_tiens shall be :learly . n,arl- -.d. 	Switches sail 
be so located that 	nortial use thc.:y are not expos2d to damage. 

Yrobs, push-buttons and the 1ie, uhich are intendad for manual - 
opc,ration sh::11 either be of in-zulatins' material or, if o!:.  =etal, 
shdi have n 5rou-Idim-  (a -Ilthin;;) connection co,Iplyiu:T, with D.a 
or should be pi:oteet(!d by double or rein::orced insulation from. 
live parts. • 

(a) Natural rubber 

(b) Varnished cambric 

(a) Butyl rubLar 

(d) SilicOnu rubber 

70 C 
„o, 
QJ 
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(1) 

(2)  

(3)  

F. 

• 

D.7 

Svit:elle cud sirdlar eivices shall br ,  suita'oly rat,A for the load 
controll 1 	ha12 . co7n1y %-i !'n a relevant-  standard or shall be 
copalao e 	 onciance test wahout 1 ,.:echanical 
failure or ndue pittiu7 or 1 , 1:, ,:ning of co ,:!tacts. 

Type t:, 	Switch:: shall b- capable of operating 20,000 timcs 
r 	not excu 10 Cr.c',  nor minuL ,.: making awl breaking the 

rated 	of tha appliancv. while connected to a supply at 

- 	The ::.s1:-r!_als, 	 ;roportions of all terminals' 
thcit conactien:; r_ade f- hctreto will not slacken or 

;'D'It2r 	condlLic:•:7 	f-,,:c. 	Tha tenrr;nn.]:1 shall: be 
of a noce:r.n at le:At th nuber and dizTr.ter. 
of virei; c!yropl:i.:.tc to tIl.e 	 ratip!:: Lnd shell 
cnsie 	 tho::c.to 	effeti7:21y clImped 
between 	 and tht contact irc' s all not be 
trz:115-= 	throull 4.71y w ,3terici th.: is flable to yi ,..7:16 or•deteriorate 
in ne:m:7,1 	 pres:,ure from any nut or screw used for eping 
a coaS - Lui :311:111 	be yr:ad to 	re• any other component. 

In riiiJc.r type turmlr:rjs the w.ru.,)s r3111 1  he of sulf:ftient length to 
externi to 	frJr sic of t12 	 nolL and shall be of a dic_7::atPr 
approxiy ncl 	that o7 1:he 1:ole. 	The ends of the :::ercys 
shall b2 or: al:,;(ierce: to pr cant u -x3no darlagc to the coojiuctors; 
the sid! -1 of the hole against v:lich the screw bears shall be smooth•and . 
continu. 

A. '1 	 r' shajl not be us-2d for any form of terminal. 

Lii cenec:Z.ns sha:tl ha made in z71.1c -.1 a way that thwiLes of tl:a 
,,-/7cJvc!TtLd fror.1 	 at the terminal. 

Supply 	i;ro;.ind (eTth) torinals, 	us&d, s].-1:til ha located in 
pre:.rty to each char and be Oea .:.i_ned o that 

Should a wire sl:!Fequen'Lly beak aT.cay from its terminal after 
banc z.o:7yectay fittc.d, t.e'r .- c is no rich of acc -idental 
1,ct ,•1 tha lIv parts 	 polarity or•beu such parts 
and nceesoible YatCJ. -parts or parts connected thereto. 

Exceive Llinn -.=. 1in;; is 1:ot r:eccsary to gain access. 

Thc, ponition an-,1 arranf;c7 ,..nt of termnrAls shall perNit easy 
of couctors L;1.:1 t; such that the 371(!itile supply 

core; 	he dsconncted zid replaced. without disturbing internal • 
wiring or conntl.ons. 	Tha illeceent of tha terminals shall 
onsw.:e that rha cc led mini clearance and cepa.4e disuences 
are mlantaiv,od :::1,2n proper connection is ir.ads with terminals at 
full cap a city. 

not wor loose then conductor cla7lpingserews 
Cr loosencl. 

Special pr -15arif.n of svpply conductOrs, for excriple solJerir.g 
or the use of clocd cyclats, is act reuired -Ili order to prevent 

or :;ps_Helug of the conducLors at the connzetion. 
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(6) Thnrc shell Is? at 1 .5 ct three full threads of enr.agement for 
terminal screws and nuts when the-lf‘rgest size of conductor is 
claL:.ped. 

For equip:tent supplied at other than extra low voltage, the line 
terminal shall be clearly and indelibly marked with the letter L 
and the neutral terminal with the  letter N. 	The grounding (earthing) 
teminal shall be ar:lacent to tha supply line terminal and shall be 
marked with the letLcr G and the symbol 1 ; it shall not be Possible 
to loosen the grou71d -H3 (earthing,) termin -a without the aid of a tool. 
Markings .hall be permanent and shall not be placed on screws, 
-washers ;  or other parts 'which 	be removed when conductors aro 
being conn ,_.ct2d. 	If it is desired to use colors for additional 
markinz3s of the ter:Lina1s, tha.internatienal color code (IEC) 
shall be used. 	WL3re more LI-;:t two supply terrdnals ara . provided, 
the voltage rating shell be clearly and indelibly indicated on or 
near the terminal. 	It shall not be possible to change. the. voltage 
setting without the use of s tool. 

If for equipment supplied at extra low-voltage the polarity of the 
supply is irportant, then the supply 'terminals shall be clearly and 
indelibly marked with the .corrected polarity of connection. 

13-$ 
	

Grounding  (e=thin7). Except.for_equipment supplied from a safety 
isolated supply - at voltages not e:-:ceeding 30 volts dc or 50 volts rms ac 
with a voltage to - ground (earth) not exceeding 30 volts rms ac, or where 
double insulation-is used, accessible metal parts shall be provided with 
a permanent and relial)le ground (earth) continuity path to the main ground 
(earth) terminal.. The requirements of this clause - shall not apply to 
metal parts and screws in or through insulating material and-separated 
from current carrying parts in such a manner that they cannot become alive 
or' come into contact with grounded (earthed) parts. 

The resistance shall not - exceed 0.1 ohm between any accessible 
metal parll and the grounding (earthing) conductor of the flexible 
supply ca%le 	measured with J, current of 25 amperes flowing and a 
circuit voltnge not c. -_-:ceeding 6 volts. TeThen the test is made from 
the free end of the flexible cord due allowance can be made for the 
resistance of the grounding (earthing) conductor in the fleNible cord. 

In al ineul.:ited"ecuitlent, live parts shall be protested by 
insulation ha'r'ing adequate mechnoical and electrical strength. 	In 
double insulated equilJnent the protceszicn shall consist of functional 
and protccive insultjon. 	P.einferccd insulation shall be used only 
where double insulation is not practicable. 	Air !I- pacing alone shall 
not be used for isolating live parts from accessible metal parts, 
unless t`hw! pos- itionin2 of the parts is such that bridging between 
the live parts and Et,:poseet metal is copletely precluded. 

The body of the crou:1,iing (e.::tthin:) terminal shall be_ made of 
brass or other metal no less resittent-to cs:rrosion and shall be 
such that there is no risk of corrosion resulting fromcontact with 
the copper of the greundinF; (eerthing) con ,,:uctor or of any other 
metal that is in contact with tie. 
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• 	erinipment or any enF-ruP 1  c ,,,np n i- is rnnnented by a plu7 
and socket device, the groua-'ing (r-athing) pin shall make contact 
before and break contact after the live pins. 

D.9 	Flexible suonly cord, cord :-,.pckac,  and storaPe. 	Where supplied 
at Other thnn extra low volteqc, the supply connection shall be 
either a non- detachable flexl1.77e—COrd or an appliance inlet and 
connc'etor supplied with a flexible cord and having a current - 
rating at least equal to that of the cc , ipment. 	hi-ten an appliance 
inlet and connector is used the.current . rating of the cord 'shall 
be at least equal to that of the connector. 

The flexible cord shall be at least 4.6 --cetors in length (3 
neters in the case of humidifiers unless provision is trade for . 
direct c.octrical. connection to the breathing machine when a shorter 
cord is permissible) the flexible cord shall be either rubber. 
insulated, tough rubbe5or polych3oruprcne sheathed Or polyvinyl 

- chloride .insuleted and sh ,, arh---d and the nominal cross sectional 
area of the condUctors  shall net be less than thatthown on 	•-. 
page 44 Table D 1. Hooks, or a sirdlar device having ooth well' 
rounded surfaces, shall be provided for the storage of the cable.. 

Equip=nt with a non-detachable flxihle cord- shall he provided • 
with a cord anshereTe such that the ends of the conductors connected • 
to the terTinals 	 iron stress including t:zisl- ing. 
There shall not he knots in the cord, tying of tha cad with string, 
or any detachable parts which arc easily lost. 	Evn,, re the .s. ,pp]y .  
cord enters the explipr.ent a properly secured taer•d gro=et or 
equivalent device - Shan be provided to prevent sh: , r1) tends at the - - 
entry point. 	Me surfaces of tile stress ralieving• and protective . 

 device All contact with the supply cord shall be-of insulating 
raterial. 

  

- 	 • 

Compliance with the foreng rez: .uirements shall be checked by 
inspection and the following test: 

The equipment shall be Used with its flexible cord, the cord 
anchorage being used in the_ normal way. 	The conductors shall be_ 
introduced into the 'terminals which shall be slightly tightened 
so that the conductors cannot easily chani;e their position. 	It : 
shall not then be possible to push the cor6 further into the 
equipment. 	 the equipi7,znt at operating temperature, the 
flexnle cord shall be subjected ten tiv...es, each for a•period of one 
second, to a pull correspondinc; to a load of GS E applied without 
jerk. 	Ltlmediately afterwards the cord shall be subjected• to a 
torque of 0.34 Em for a period of one tlinute. 	During the test 
there shall be no denase caused to the _flexible cord which shall not 
have been displaced by more than 2 rn and the ends of the conductors 
shall not have been noticeahlydisplaced in the terminals. 

Internal wirim-y. Incw.nal wiriig betucen component parts shall be-
adecr.iately protected cad•inf:uleted and shall have a fixed protecting 
layer of insulation appropriate to the maxir.nn working veltac 
it passes through metal par%s or whre it passes over a sham n e.'se 
or elsc -,,hcre waste relative r.ovment would he liable to danae the 
functional insulation. 
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D.10 

   



burrs, cooling fins, moving parts, etC16, which may cause damage to 
the conductors. 

Any plug and socket cou“tator u-e ,1  chall not ,grvrk loose in normal 
usc. 	IE necessary a lochinr' device shall be incorporated to 
prevent accidental disconnection. 

Internal wiring shall be so fixed that the creepag,e distances and 
clearances cannot chanve in nornal use so that they become less 

. than those required ia Table D.2. 

The color of internal wiring to the supply input terminals shall 
correspond to that of the supply cable. 

D.11 	Insulation. 	Insulting 	 shall be suitable as regards  
rcsistan.-.e LO Tratcr abnorption, ris -;diLy and flamr,/ability and shall 

D.12 

met the electric strangc: : , insulation resistance and leakage tests of 
Clause D.12. 

Electrical stren 	insultionresistanceand_lenk ,10. 	Immediately, 
after the v;,..ntilatol7 has been kept for 163 hours in a humidity cabinet-
coateinin:; air with a relative hu ,lidity maintaincd• between a and 
at a tet:perature T of approximatelY WC the insulation, shall be 
capable of withstanding the following tests 

The insulatien shall be subjected for one minute- to an cc voltac,e of 
substantially sine-wava form, with a frequency of 60 	from a 
transforr:,:r 	a eepacity of at least 50-V A. 

The test volcaqe shall he anplica in aceoraacr,  with Table 0.3. 	jlbs  
•ith bayonet caps shall be romovcd and pilot bulbs acrocs sunply lcads 
shrill be rer:ovcd or disconnecte ,q. 	For test potentials c:zcLcding 
500 V, the tast po -e,7!ntial shall be increased fro 500 V to the fin,; - 1 
value speci fied cr..sr a period of 10 seconds. 	17obreal:dmm or short 
circuit shall occur during the teat. 

Immediately after the voltage test the insulation resistance shall ba 
measur. ca at 5',==) V dc. 	The test shall be r--.2de between the poiats 
indicritFd in Table D.3 and batvaca live parrs and non-currr.nt carin:z 
metal p?..rts, zts necessary, to test insulation the breelf.down of whiel. 
could affect the 	fet-: c the. 	 The insulation resistance 
shall not be less than 10 ohms. 

.When operated at the 7;:e.:cimum rated voltage, the leakage current (measured 
in the earth conductor) between the live part of the supply circuit and 
accessible metal parts shall not exceed 0.- 5.T1 amps, and the current which 
can flou to earth from any part: of a circuit incorporating a temperature 
sensitive device used externally to the body of the humidificd.(eg at the 
patient end of the inspiratory tube) shall not exceed 0-1m amps. The 
test to determine this is made with ac except in the case of an appliance 
for dc only, when de is used. 

Crcepee 	 eioLlrancc_.,.; .;hall not be les ti -!an the -elevanf- 
values 	in 	D 2 
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qntio,,  of clertrjral  co 	'it from oywen and.tl!e 
syrtN. 	Care shni1 be taken that coriponents carryinF, ozygeu aLe 
saner.f:,ed auicicly fro:1 dertr1cP1 ooaponcntc to 2vei2, the riot:: 
of fire un ,2er no --.--mal or fault conditions. 	rloctrical cor:::-,onents 
liable to ov ,2rho.at under fault conitions shall not be so placed 
that they can be surrounded by an o::ygen enriched ;:trloop;ILre nor 
shall such components he placed in any air:my of the patientjs 
breathing systue. 

D.15 - flaTh int•rr;,..rece. The apparatus shall not cause undue radip 
intErfcreace. 

_ 	- 
D.16. L.:I:I:L:0 ,11 	 for eauln-ent 	mnv he uscd In a 7.0. of 

rir) - ee  oc 	ed 	the u -;-,2 of ri, 

he t..:haa tht f1rf1:7ble anesthetic gas rliatures do 
not ranch cleetria - 1 eo: ,lo:.2nts liable to cparl - , or liob3c to re a ch 
ignition tcc..,por.-.LL.7e of such v4i:Ktures, either under normal or fault 

Because of the rciativaly rapid dilution of fia=able anesthetic gas 
re escr, Ilin3 	anenthatic cpparatus into the at7...ophc1.7e it is 

often possible Co achieve rafe working conditions by spacing electricai. 
appatus, wheh 	 ia:ise 	an ignition haard, away from the 
anesthetic ap2arLus. and for this purpose it spacin of at least 0.25 
rot. ers froid any part cf the breathing circuit shall be adequate. 

With lung vc-alatora in which fl=n1llo gas mi::turi.2 .9 nav be enclos7d 
4 n the brealn!:::5V 	4 t r 	not he pco=sible to ;:, rhieve such sonaiag 
a,1?•u thi.G 	 fo7:117.7r. ad4itoual nrccautioTls shell be taken. 

D.16.2. 1Lnalee. Electcical copc=nc2.11ts lir.ib1c1 to spal-k•or reach a teziporntura 
encaed - g 1:0°C citber uneer normal Cr fault con ,Jitions shall be 
er, c3ose6 either: 

(1) in a flal -:eproof or explosion proof enclosure. 

or (2) in a case or cases of reasonably gas-tight construction. hwing 
gaskets of 	uate parro ,-- ace and 	 hotveen the 
joininF, s-z:c1:-.c ,:!s of any remove:I -plc cover. T7,.e gaskets shall be 
easily roplc.cble and each gasl:et shall be retained on one of the 
joining surfaces.  

Th7 enclosure shall be constructed so that it will remain effect-
ive under normal conditions of hanfiling. 	The construction shall 
be such that tho.-oission or fracture of any cue screw or bolt 
used in the c.71closure nn i acccssible from outs -Aa the enclosure 
will not destroy the rli-.-tiy.htress of tha enclosure, and it shall 
bit eapaVie of winbctaini ,,, ,Achoutleakage of more than 5N of 
the enc1o.cd volu:.1c, a differeatisi.. ;sir pressure of at least 100 
ri ng with -respect to atmospheric pressure for a period. of 30 
minutes. 
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Extensive dismantling shall not be necessary to secure access 
to t::sze parts 4 * mny InilrICCC -7-S"ry to rcTlace or adiust 
during normal servicing. 

The enclosure shall be capable of withstanding, without damage 
or hazard, any self generated internal air pressure and under 
no normal or fault conditions shall the materials or components 
enclosed give off flammable vapors. 

or (3) in a hermetically sealed enclosure of incombustible construction. 
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TABLE D 1 

Rated current of:.  appliance 

A 

Up to and ineluditT, 6 

 

Nce_aintA cross zeetional area 

    

    

 

0.75 

 

Ovcr 6, up to ar%d ineludin3 10 	 1 

Over 10, up to z-td incluirIL: 16 
	

1.5 



D ?: muLcE DISTAt:CES, CLEAUNCES AND 
DISTICS; TIIROUG:1 II:SUUTION 

Distance 
mm 

(1) Creepfc ditences: 

(a) 	Letwecn liv2 parts of differcnt pol;:trity 
	 2 

•(b) 

	

	atoon ic parts and othor e.M1 parts over 
rrotect. .z3sninst th 

depeicn of dtrt 01: misturc .!; if of ccralAc 
purc 	 the like 
	 2 

If of otlior 
	 3 

Over fnnr.t.ic)n;:!1 	 not pT:ozlected 	inst 
the depoEiticiI of dirt or mois',:.uro 
	

4 

Ovcr reinforectl 	 8 

(c) 
	

Ectvz.ou a2tcl p3rtr: Feparo.ted by supple -mcntary :  
(protec:- ive) insultion 	 4 

(d) 

(e) 

live 	parts 	LI:i(1 -.1o.tat 	foil 	iu 
contc:ct 	c..posztd  

tba 
bet.wczo 	 Lcek=ibic 	pert- s 

	

onteyrY'acc of .1.uetionii 	ina 	Loi 

1;r, t.v.,1111:.ruel:ed 	 mrst.n 1  
psrtf:, 	 fro.: 	p.2.;;LF: 	by 	function..7.1 

0 

insulation Or.lY 2 

(r) 
By reinfore. 

p2rtFl of the 	;'.ly circuit cud 
condv,eton for any 	low vo1La2e circuit 
eirc.ctly 	:;.ncorporin:-T, 	a 	t:ev.12era'..:ul- e 	sexczlitive 
device. 	12.0 	 to 	th,:f. 	lydy 	of 	the. 
111;1.-adifr, 	;2.t 	tiv?: 	cad 	of 	the 
in5pluatery tule. 25 

(2) Clearrcc., :' 

(a) Loty:.,., en livc parts of different polarity if 
protected aiainst tha deposition of dirt or 
Lloisture 2 

• If not protected against the de ,-.osftion of dirt 
or noi5tu:e 2 

(b) 1.e.twan live parLs cad other natal parts sernted 
by 	flinctil 
if 	protecti 	 r.lepcsition_of dii 	or 

3 

if 	net 	ca 	a;:;cin!..-..t 	the 	dc` -.ition 	or 	dirt 

2 

O 	 u12 3 

Sepz-iiz1;. 	by 	::cinfol- cc. ,7' 	J1ceL 8' 
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(Cant'd) 

Distance  

(2) Clea.roncos (cont'd.) 

(c) Between reta1 parts separated by supplementary 
(protective) insulation 	 4 

(d) Between live parts anal nlatal foil in intimatc. 
contact .'it ll 	 surfaces anJ 
between 	ti! ,;:rounded ocessible metal parts 
aid the outer surface of functional insulation. 	6 

(C) Ectueen leec;ucred or en:-In::11ed wir.Zings and 
motel parts fc -parated frein live parts 
by functional iasulz..tic-a only 	 2 
by reinforced insulat:ion 	 6 

(f ) Between live parts of the supply circuit and 
conductors fur any ext:ra low volta-ge circuit 
directly inco -.7poratin a temperatUre sensi-
tive device ucd exte -inally to the body of 
the humidifr, e.g. at the patient-  end of the 
inspiratory tube 
	

25 

'(3) Distenres th -rouF.,h 

(a) Betvecn netel parts separated by protective 
insulat .j..an 	 1 

(b) B,7A:wcn metal parts separated by reinforced 
insulation 	 2 

These values do not aply to co:-.:ponents such as switches, sockets, etc. 
vh 4 ch coply wif- h a 1-clevant 
Th ,?.se ites 	consisl: cf a layer of 1sulation which paF,ses the electric-,  
strength test plus ooe or :ore air gape. 	They nay be reduced if t.;-o or 

-nore separate layers of insulation arc used, provided that each. layer 
passes the appropriate electric strength test for the whole. 
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TALLE D 3: TASLE OF TEST VOLTAGES 

Point of ;application 	 Test voltage 

	

(1) let. :'an live parts of clifferent .0,:)larity and 
	V 

belA:aen live parts ard other metal parts 
•hich a:ce noiiaJ.iy rouvided 

(a) Uhcre 7r1 .;:ium potential difference 
cannot eccc:1 30 V 
	

500 

(b) /here 	 ria diffccilee 
is none than 	V but docr; 1:ou (, ),:c(-04 
250 V 
	

1500 

(2) Ec,:tween livJ2 parts and fletal foil arran;ed 
In fiit..ztc 	 ta ct with expr)sed insulating 
Su1oes 	 7etal part'.-; not 
noially grerlded 	 1=aLential 
differ2rce 1. ,Do.; not el:cced 3'iV, (1) (a) 
applied ) 
	

4000 

Cont;r:A2Ls cad cont- act ..arrying 
or , Ti_cro up i;u01 , (2.P. nay 

clY;d7J:Icc-: prcwided that 	Y!.1.1 
stand a test voltage of /50 V. 

(3) Leteell supply lins and extra 7_eu voltage 
vindus of ny tr;?.nsforer i ced for supply 
to apy circuit ir-cororrtin=7r, a tererature 
son5itive davica id exernally to die body 
of rho 	 e.g. at tl)e patient end 
of the -inspiyatory tuts 
	

4000 
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Summary of Standards  

Consideration of the risk current limits for an electromedical 

device must be predicted on the most hazardous usage situation. The 

current addressed here is leakage current as defined and explained on 

pages 1 and 2. In order to classify equipments by hazard levels risk 

classes and their associated allowable limits are defined on pages 3-5 

for Ref. 1 and 5-6 for Ref. 2. Pages 6-10 outline the standards tests 

for Ref. 2 and 11-13 for Ref. 1. The remaining pages address design 

qualities that should be the goal of well-designed safe medical instru-

mentation. 

Briefly, the limits on leakage current for devices not having direct 

electrode contact with the patient but are used in situations where a 

patient may have a pacemaker on the myocardium are 

100 microamperes 	 NFPA 76B-T, 30522, p. 11 

10 microamperes 	 AAMI Standard, 4.8.1, p. 6 

Briefly, the important cord/plug requirements are 

1. must meet leakage requirements 

2. must meet so type cable NFPA-70, 400-11, p.23 

3. plug must meet 410-SS NFPA-20, p.23 
(Hubbell plug #23034 or equivalent) p. 19 



2 

'V 

1013. The major hazard of concern  in thi: standard is electric 
she from hiture in normally -  suit: eiectrit:  systems  or 
ap lian • s. The defects may be in t e wiring, a faulty component, 
eteriorated insulation, mechanical abuse, or improper application 

to the patient. The shock hazard is enhanced by circumstances 
peculiar to a hospital. 

Leakage Current — Any current, including capacitively coupled 
uuer:der] to be applied to a patient but which may be 

conveyed from exposed metal parts of an appliance to ground or 
to other accessible parts of an appliance. 

Small electric currents can be demonstrated in conductors which 
are connected between ground and the exposed metal surfaces of 
conventional power line operated electric appliances. They result 
from the capacitive coupling and resistive leakage between the 
energized conductors and metal Cousing of appliances. Larger 
currents would flow in the event of a defect in the insulation which 
permits live conductors to contact the metal housing. A protective 
grounding system limits the rise above ground in electric potential 
of the metal housing of the device while providing a return circuit 
to activate overcurrent protective devices, such as fuses or circuit 
breakers, when faults do occur. 

10302. Grounding. Grounding is a basic protection against 
fault and leakage currents in the exposed metal case of an appliance. 
The grounding conductor (green insulation) in the power cord and 
the grounding prong of the attachment plug provide a path which 
returns these hazardous currents harmlessly to the source rather than 
having them return entirely through the patient. The grounding 
conductor also facilitates the operation of overcurrent protective 
devices under ground fault conditions. 

Modern practice adds a grounding wire to the appliance power 
cord, as shown in Fig. A-2031-2. The total leakage current (ii,ak) 
now divides between the grounding wire (4) and the patient (i2). 
If the patient impedance is 500 ohms (a currently accepted value) 
and if the grounding circuit resistance from the chassis through the 
grounding wire and back to the service entrance ground is 1 ohm, 
the patient will carry only 1/500 of the total leakage current 
provided the ground-to-ground potential difference is ignored. 

The total leakage current could then be as great as 5 milliamperes 
before it contributed 10 microamperes to the patient. How-
ever, the potential difference between  the Patient Grounca4 
Zoint  and service entrance ground cannot be ignored. This po-
tential difference is applied directly to-  the appliance chassis by the: 
gcoirndtng conductor which was 

 no leaka
_cd to typas s 

curr , 	a 1 	e app lance in crueson co gi 
, 	the potential of the chassis will be raised with respect t 'current, 

 

the Patient Grounding Point. Ground fault currents due to de 
ects remote from the patient vicinity typically contribute to thi 
round-to-ground potential difference just discussed.   1 
For a patient impedance of 500 ohms and a current limit of 10 

microamperes, the maximum permissible potential difference be-
tween the appliance chassis and Patient Grounding Point i ;e1;z4z5v 

 millivolts. 
Mvv,...w.a.m...... 



I It is impossible to prevent some coupling of the patient's body to 
ground by capacitance or accidental contact wit nearb.- grounded 
objects. Indeed, a direct connection via a ground-2d surfa c electrode 
which is part of an instrumentation system may be required. The 
external end of the conductor leading into the heart could acci-
dentally make contact with nearby conductive surfaces in the patient 
vicinity. Fhe object to which the patient's body is most likely to be 
grounded. will be called the Patient Reference Ground. 

Eut,;bing and other building metal, provide L.trtuitou: conductive 
paths which interconnect the Pr tient Reference Ground and the 
service entrance ground to which the electric distribution system is 
bonded. Furthermore, because of currents from a variety of un-
controlled sources that may flow in these fortuitous conductive 
paths, there can be substantial differences in potential between 
these two "grounds". 



r 

1.0 	Scope 

This AAMI Standard lescribes the minimum 
recommended specifications and design consid-
erations for the safety of patient, subject. and 
operator of electromedical apparatus. This stan-
dard is applicable only to diagnostic, therapeutic, 
research, and auxiliary apparatus that: 
a. is electrically operated, and 
b. is designed primarily for professional use in 

clinical or research medical facilities such as 
hospitals, clinics, laboratories, or doctors' 
offices, and/or 

c. may contact a patient thereof,  either  inten-
tionally  or casually. 

The object of part 1 of this standard is to define 
the minimum-safety considerations relative to the 
risk currents that may flow to or from such ap-
paratus. - 

102. Levels of Susceptibility to Electric Shock. 

1021. Physiologic Effects of Electricity — Shock Hazard. The 
susceptibility of humans and other animals to electric shock is not 
sharply defined. Rather, there is a broad spectrum of physiologic. 
effects for each individual over a range of exposures and currents, 
and for a given current level over a range of population. Details of 
these classes of effects are given in the references, Appendix B. 

The nonthermal effects of electricity invofve sensation, i.e., 
feeling the current as increasingly painful; neural stimulation; in-
voluntary muscular contraction; the inability to release muscular 
contraction (duration tetany or "letgo" current). Stimulation 
of certain nerves may be lethal; that of the vagus may result in 
cardiac arrest;. that of the respiratory center may cause respiratory 
paralysis. Direct stimulation of the heart may cause fibrillation. 

Individuals differ in their response to electricity. The range of 
response is increased when the population includes sick people. 
In this standard the values of current for various hazard levels are 
based on statistical consideration of the observed data. For example, 
one-half percentile values are given for lower limits in Table 
1022A. A large factor of safety must be included in design criteria to 
accommodate the broad spectrum of susceptibilities and undeter-
mined factors. 

•v 1 Tables 1022A and 1022B divide 
patient suscepu )1 ityto e ectricity into three classes primarily on 
the basis of contact with electric conductors in the environment. 

10221. Risk I comprises patients without debilitating disease 
who are reasonably alert and mobile, and who are minimally ex-
posed to electric monitoring- or therapeutic appliances. Their 
hazard level is similar to that of the general public but somewhat in-
creased, since they are likely to be in electric beds, have electric ap-
pliances such as lamps, radios, and call buttons close at hand and 
may be wet. Sick patients are less alert than usual and therefore 
prone to ill-advised actions. The contact of Risk I patients with 
electric conductors is likely to be external, accidental, temporary 



and easily interrupted. The occupational hazard of hospital per-
sonnel is comparable to Risk I. 

The minimum hazardous current levels for external contacts 
range from the order of 4.5 inilliamperes for "let go" level to 80 
milliamperes which could induce ventricular fibrillation. These 
values are for 60 Hz current. (See Table 1022A. and 10228.) With a 
typical patient resistance of 1,000 ohms, 4.5 to 80 volts are needed 
to produce these currents. In the range of 1 `o 4.5 irilliampere or 
less, there may be a disturbing sensation. 

The basic method of protection for Risk I is to reduce the pos-
sible contact with electric power by enclosing or insulating ener 7 

 gized conductors, and by grounding exposed metal of electric ap-
pliances. The insulation of exposed conductive surfaces in the patient 
vicinity provides additional protection. 

The design goal maximum leakage current in the grounding 
wire for each appliance .used on such patients is 500 microamperes. 
Under normal operating conditions this leakage current is diverted 
from the patient by grounding conductors. 

10222. Risk II includes patients who are critically ill, less 
alert, perhaps obtunded, more likely to be monitored or connected to 
several therapeutic appliances, and subject to more manipulation by 
attendants. They are likely to have intentional conductive contacts, 
external or subcutaneous, that are firmly attached for long periods of 
time, and they are more likely to be wet. Because of.their disease or 
medication, they may be subject to ventricular fibrillation at lower 
current levels. The inability of the patient to separate himself from 
his contacts and the low contact resistance make painful and para-
lyzing currents more likely to occur. Voltages from one to 10V may 
cause such currents. 

For Risk II patients, the basic protection is voltage reduction by 
means of an equipotential environment possibly augmented by 

• insulation of the ungrounded exposed metal in the environment. 
Grounding circuit continuity testing can ensure the maintenance of 
grounding integrity. Appliances must be designed to stricter 
criteria; more frequent and intensive inspection and testing is 
required than with Risk I patients. Ground fault circuit inter-
rupters or isolated power sisterns enhance protection against ground 
fault currents. 

The cieci ,  nr 	, :;: n f'' - 20Y, r , rrrn in t 	 c=  

...s ap-  piles paria:u;afirt,..; -,IT,7e'ftr...eiTs wilicn arc irauuaLcay assozi-
ated with the patient, with intentional conductive contacts, such as 
electrodes, endoscopes, etc. Leakage currents in such patient con-
tact (leads) shall be less than 50 ,uA. Under normal conditions even 
this current is diverted from the patient by the appliance grounding 

conductor. Additional protective mechanisms such as an 4quipo-
tential environment, insulation of exposed metal and use of current 
limiters further reduce the possible hazard. 

10223. Risk III patients have a direct low impedance electrical 
connection to the conduction system of the heart. This may be a 
transvenous or intrathoracic wire such as a pacing catheter, or a 
nonconductive catheter filled with conductive liquid or other device 
deliberately introduced for diagnostic, therapeutic, or investigative 
purpose. The increased electric hazard for Risk III patients re-
sults from the high current density at the tip of the externalized 
conductor when electricity is inadvertently applied to its exposed  
end. Current applied to the enciocardium tias been shown to cause 
fi'17-illation with as little as 20 microamperes at 60 Hz in the dog. 
(See A10223.) It is estimated that an equal current may cause 
fibrillation in the human. Data obtained during open heart surgery 
indicate that ininimuin currents of about 200 microamperes applied 
to the epicardium are required to cause—fibrillation. The design 
goal of 10 microamperes maximum current to the heart muscle 
probably provides a safety factor of at least two and perhaps ten. 



h is difficult to provide an equipotential environment to protect 
against a 10 microampere hazard level under fa ilt conCition._ The 
basic protection for cardiac catheturized patients is insulation of 
the exposed catheter terminal. Risk III  pa C. ,Ittis rectuire the  sang 
pzotertion  as RiskJI,..uatients, 1717:7 ■Vecuii , )0: ■_atial or insuritli .d. 
environment or taint 11tt ou f:)r „r ,,ma-:,,;..L' -Titt---protec- 
tler (77Tant insulation of the  catitt-tcr termin;11., . 

Esx.. skip contact, current levels similar to Risk 11 patients .arc 
critical. 

•••■•owlIMInipon. 

10304. Patient Current Paths 
103041. Accidental Current Paths. Electric current will flow 

through a patient when he is connected purposely or accidentally 
to two energized conductors at different electric potentials. instead  
of an obvious electrode or wire, one conductor may be the  metal 
sneer  an instrument  or a 77uiced  metal surface, such as the  
Jeu in  contact with the patient.  

Poorly designed, improperly constructed, or faultily maintained 
Appliances may fail, imposing a hazardous potential on patients' 
leads. The metal cabinet of an appliance may not be at ground 
potential if there is a fault between the power conductor and the 
cabinet or the grounding path has insufficiently low impedance. 
Incorrect polarity of the plug or receptacle may impose line voltage 
on the cabinet of art appliance. Incorrect wiring of the appliance 
power cord has been a common error. 

2014. Patient Vicinity. The significant location in which mea - 
sures shall be taken to reduce the hazard of electric shock in the 
patient vicinity. The patient vicinity is a space with surfaces likely 
to be contacted by the patient or an attendant who can touch him. 
This represents the surfaces ;,vithin -approximately 6 feet of the reach 
of the patient wherever he, may be. irszaa=co=2,zz,ttwacy  

2.3 	Apparatus Type Designation 

The following. apparatus type designations are 
established: 

2.3.1 Type 

Apparatus to be used on or within the reach of 
patients having devices with a terminal end in-
tcoduced into the thorax and conductively con-
nected to a point accessible outside of the body. 

2.3.2. Type "B” 

Apparatus used only on patients not having de-
vices with a terminal end introduced into the 
thorax and conductively connected to a point 
accessible outside the body. 



3.0 	Definitions of Terms 

3.1 	EleCtromedical Apparatus 

Any instrument, equipment, system, or device 
that directly or indirectly uses electF ∎ city for any 
medical purpose. Also included are all parts that 
are connected to such equipment, and all addi-
tional apparatus which is to be connected to the 
equipment and which is requisite for the normal 
use of the equipment, including the associated 
patient wiring or cables. • 

3.2 	Individual Apparatus Risk Current 

Individual apparatus risk current is any non-
therapeutic current that may flow through the 
patient, medical staff, or bystander as a result of 
the use of an individual electroniedical appara-
tus. Excluded are currents used for therapeutic 
purposes. _Examples of risk currents include: 
leakage currents, surge currents, fault currents, 
or measurement  currents. 

3.3 	Composite Ri,k Current 

The composite risk current is the total current 
that may flow through the patient, medical staff, 
or bystander; tha•is, the sum of the individual 
apparatus risk currents of all of the apparatus in 
use. 

h /Az Jearl alety, c1 	s 
4.8.1 Low Frequency (d-c to I KHz) Risk Current 

Limits 

In the pass_ bai.d of d-c to 1 KHz, the absolute 
maximum nontransient risk current shall  not 

exceed 10 pa. RMS, for type A apparatus and 
shall not exceed  500 ma RMS for ty pe  

ratus. 	• 

Type 13: 500 pa, RMS. 

2 

4.8.3 Transient Risk Current Limits 

For type A Equipment, any pulse or transient risk 
current, measured as described in section 4.10, 
shall not exceed a 100 pa peak,  or 200 pa peak 

to peak decaying to  14.0 pa peak  or 28.0 pa 

peak to peak within 5 cosec. 

2_ 
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4.10 Risk Current Measurements 

The risk currents of individual electromedical 
apparatus shall be measured by the methods de-
scribed in this section. The risk current shall be 
first investigated using an oscilloscope. Essenti-
ally sinusoidaLcomplex sinusoidal, or rectangu-
lar repetitive currents may be measured .using 
any commercial RMS indicating meter. Transi-
ents and repetitive spikes shall be measured using 
an oscilloscope. 

When multiple risk currents of various frequency 
and phase relationships are present, the total 
risk current shall be considered to be the instan-
taneous sum of the individual currents. 

4.10.1 Test Conditions 

The risk current of an apparatus shall be con- 
sidered to be the greatest of the following: 

a. For type A or B apparatus: the risk current 
flowing between any patient connection and 
power uound, or between chassis and power 
around, or between combinations of paticni 
connections (Fig. 6) 



1. when electricity supply polarity is normal 
or reversed and ground is intact; 

2. when electricity supply polarity is normal 
or - revel- scd, and eround is open; 

3. during the operation of all accessible con-
" trols, with all . controls operated in any pos-

sible pattern or combination; and 
4. when any internal power supply or sup-

plies fails in an open or shorted rrode. 

R1 

1 KILOHM -14% 

2 

0 	 

D 	 

	"VVVV` 	 
.15 MICROFARAD ±5%' 

Cl/ 	R2 

5.11 OHMS ±1% 

FIG. 3. AAMI standard test load, type A. 
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FIG. 6. Test circuit 1 (paragraph 410.1 (a)). 
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FIG. 8. Test circuit 3 (paragraph 4.10.1 (c)). 

4.10.2 Standard Test Loads 

All tests of sections 4.11 shall be performed using 
the following AANII Standard test loads (Figs. 3 
and 4), or equivalent test loads constructed with 
R, in the range 500 to 1500 ohms. 

500 ohms < R, < 1500 ohms 

When R, has a value other than 1000 ohms, C 1 , 
R,, and R, must be scaled as follows: 

C 1  = (0.15 pi) (100 ohms/R 1) 
R, = (5.11 ohms) (R1/1000 ohms) 
R 3  = ( 52.3 ohms) (R111000 ohms) 

These test loads shall be constructed using. 1% 
tolerance or better metal Film type resistors and a 
5% tolerance or better mica or plastic dielectric 
(extended foil) capacitor. 

The standard test loads have an impedance-fre-
quency characteristic, shown in Figure 5, that is 
the approximate inverse of the allowed risk cur-
rent versus frequency curves (Figs. 1 and 2). 

4.10.3 Standard Test Circul4s and Procedure 

The tests described in 4.10.1 (a), (b), and (c) shall 
be performed using the type- A load for type .A 
apparatus and using the type B load for type B 
apparatus. 

2— 
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The individual apparatus under test shall be con-
nected as in test circuits 1, 2, and 3 and subjected 
to the corresponding tests of 4.10.1(a), (b),and (c). 
The test shall be first made with an oscilloscope 
to test for the presence of d-c, transient, or a-c 
risk currents. The individual apparatus risk cur-

- rent is given in total frequency-weighted micro-
ampcces by: 

I (pa) = E (my, RMS)/R 1  (kilohms) 

The values of / so determined shall be equal to or 
less than: 

Type A: 10 pa, RMS 
Type B: 500 pa, RMS 

Except that, the stated limit for risk current from 
the type A apparatus chassis (4.10.1 (a)) may be 
exceeded when th'e electricity supply chassis 
grounding contact is open, provided that such 
risk current does not exceed 50 pa. Apparatus 
using this exclusion shall be marked to indicate 
the necessity for proper grounding, and shall 
meet all requirements of this standard when 
properly grounded. This exception shall apply to 
any product of a single manufacturer capable of 
operation from a single connection to the electri-
city supply of the premises, or to products that 
zre in such close physical proximity to constitute 
a single instrument effectively. 

• 4.11 Decontamination and Sterilization 

It is recommended that equipment not exceed the 
above risk current limits due to repeated expo-
stires to the method of sterilization or disinfection 
described by the manufacturer. 
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304. Grounding Circuit Continuity. 

3041. Measurement of Resistance. The resistance of the 
grounding circuit in the cord and the plug, 1nerauLtl -1-i 	 e 
grounding • of t to the ex )oseci metal surfaces of  e an-
p lance or to its  chassis,  shall not exceed 0.15 oruns at the  time 0 
ma nutac.cure,  and during the life of the 

305. Leakage Current. 

971; danition of Leakage Current. The term leakage 
current shall refer to the currents as measured in the tests of 3054. 
These currents usually derive from the line power by resistive paths, 
or capacitive or inductive coupling. However, they also include 
currents from other sources generated within appliance that are 

measured by these tests. The numerical values set fcrth in 3052 
shall apply for the life of the appliance. 

3052. Leakage Current Limits. Leakage current limits in 3052 
are based on acute events as described in Chapter 1, i.e., sensation, 
duration tetany, or ventricular fibrillation. Appliance design should 
aim to reduce such current as much as possible. In properly 
grounded appliances maximum chassis leakage current is in the 
grounding conductor and not through the patient. Where currents 
are deliberately introduced into the patient for long periods, low 
level effects must be considered (see 300, and the limits appropri-
ately reduced. 

30521. Appliances Not in Contact with Patient. Appliances 
which are not intended to contact a patient (e.g., housekeeping or 
maintenance appliances, such as vacuum cleaners or hand tools), 
shall not exceed 500 microamperes of chassis leakage current as 
measured in 30542. The. governing body of the hospital shall 
establish precautionary procedures when such appliances are to be 
used in a patient vicinity. (See A-30521.) 

30522. :\oaiances I.ikcly to Contact the Patien.L. Cord con- 
nected 'T

1 .-'' •' 	 fl • iticilt shall not 
eNCCrf 	 1S rlerIsured  

(1-w 	patient 
-sn,ni not ri'ave 	 );11.:Citt  li71C1S 	(_•7 7,,)  ereroanmeres. 
These leakages are measured in accordance with 30543 and 30544. 
(Exception: See 30523.) 

. 30523. Appliances with Isolated Patient Leads. An isolated 
patient lead is a patient lead which has high impedance between 
itself, ground, and each power line. Only isolated patient leads shall 
be connected to intracardiac catheters or electrodes. The leakage 
current from isolated patient leads of appliances or fixed equipment 
as measured in accordance with 30543, 30544 and-30545, shall not 
exceed 10 microamperes. °Only appliances meeting this require- 
ment shall be identified as having isolated patient leads. _   

30524. Permanently Wired Equipment. Permanently wired 
equipment installed in the patient vicinity shall not have leakage 
current from the frame to ground in excess of 0.5 milliamperes. The 
leakage current shall be measured prior to installation while the 
equipment is temporarily insulated from ground. After installation 
the appropriate voltage limits of Chapter 2 shall be met. 

30525. Fril'quency of Leakage Current. The leakage current 
• limits_ stated in 3052 shall be RN1S values for essentially D.C. and 

sinusoidal waveforms to 1. KHz. (See Figure A-30525.) For fre- 
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I 	eg 	Le al-- west;,,  Preliminary safety tests 
sha f be made before undertaking the teakage current test pro-
cedures of 3054. Care shall be exercised in performing these tests 
since the operator may be exposed to the full line voltage if the ap-
pliance is faulty. 

30531. Measurement of Integrity of Grounding Circuit. Re-
sistance measured between the grounding pin of the plug and ex-
posed metal parts of an appliance shall meet the requirements of 
3041. 

30532. Measurement of Resistance to Ground. Resistance 
measured between each current-carrying blade of the plug and the 
grounding pin of the plug with the power switch of the appliance in 
the "on" and "off" position shall be greater than 1 megohm. 

3054. Leakage Current Tests. 

30541. Techniques of Measurement. Each test shall be per- 

APPLIANCE POWER SWITCH 

• 	 (USE BOTH "OFF"AND "ON"POSITIONS) 

POLARITY REVERSING 
SWITCH (USE BOTH 

POSITIONS) 

H (BLACK) 

120V 

G (GREEN) 

BUILDING 
GROUIN.13 

CURRENT METER I 

TEST CIRCUIT 

H= HOT 
N= NEUTRAL (GROUNDED) 
G= GROUNDING CONDUCTOR 

Figure 30542. Test 1 

quencies above 1 KHz the leakage current li. zit shal: be the value 
given in 3052 mu,ltiplied by the frequency, in .  KHz, up to a maxi-
mum multiplier of 100. The limits for non-sinusoidal periodic, 
modulated, and transient waveforms remain to be determined. 

30526. Leakage Current in Relation to Polaricy. Leakage 
current limits shall not he exceed.e. d  when the zalaritLOf the power 
line is correct or ,versed with power to the appliance "on" and 
"off', and with--all-"operating controls in the most disadv7r7Igro'ifis 

ion. 

30527. Lealcac.re Current Dimino -  Faith. The Leakage current 
limits SI711 be exceeded f:rtor of 2 foraa 

i-obabl ionst41.224. O'ee ,)0.) ,:i.)• A 
occurs with failure of any single corozonerlc or cascaded 
of any other components resulting from the failure of that Single 
component, in which the fault would not cause an obvious mal-
function during the normal operation of the appliance. An obvious 
malfunction is one which would be . indicated by an audible or 
visible signal, abnormal meter reading,- or some malfunctioning of 
the equipment necessitating correction before proceeding with 
further operation of the appliance. A probable fault is a fault caused 
b he failure of a comp_onent having a !near' time between failure-

Mil Handbook 212.2,4)that is- substantially less than the specified 
"useful working tie of the appliance. Leakage current limit.1 under 
probable and nonobvious fault conditions are generally predeter-
mined by design and type testing, and are not usually determined 
in the field. 

1 INSULATING SURFACE 1 



L  

formed with the appropriate connection to a properly groUnded AC 
power system. The measuring instrument shall be a current measur-
ing device of  1000 oh:ns impedance or less that shall measure the 
1J7,Eage current asci7ci-Til in _50 az‘"5-77:77.n- - 30541.) 

T 	 nI•v- •• 	r4, 	 r: 
The rirst test hleaUl'eS 	 111e 	 LZIc7.Lat 

an appliance to ground. The source of this current is usually the AC 
power line. The current  is treasured from exposed metal to_ground 
with the4,.,,roundina rong of the 3-wire _p_o26:er cord disconnectec   
from the gr_ciun.‘ 1 ; tie  —outlet i_cept,-Icle, The current meter 
is inserted between the exposed metal surfaces and .ground. The 
tests shall consist of four measurements: the appliance power switch 
"Ian" and "I•gr" ant,  Lnc: y leversing switch in alternative 

3 47 	s • • r 	.• 	 •ctive Cases. When the 
appliance has no exposed conductive surface, one shall be simulated 
by placing a 10 x 20 cm., bare metal foil in intimate contact with the 
exposed surface. This shall be considered the "exposed metal sur-
face" of the appliance and all appropriate tests shall be performed 
to the foil. This test is intended to apply to appliances with ap-
pro'.red nonconductive surfaces. 4'silien the insulation is not an 
approved material, the underlying surface shall be tested as in 
30542. 

30543. Leakage Current Between Patient Leads and Ground. 
The second test measures the current to ground from individual and 
interconnected patient leads. The test shall be made with the 
patient leads active (e.g., in the case of a cardiograph, the lead 
selector switch shall be advanced to an operating position and not 
left in the standardizing position). This test shall consist of four 
measurements: the appliance power switch "on" and "off" and the 
polarity reversing switch in alternative positions. (See Figure 30543.) 

30544. Leakage Between Leads. The tl;ird test measures the 
current between any pair of patient leads or any single lead and 
all the others. (See Figure 30544.) 

30545. Leakage Between Isolated Patient Leads and Ground. 
The fourth test measures the effective impedance between each 
patient lead and ground for an appliance with isolated patient 
circuitry. The current in an isolated lead is measured by applying 
an external source of power line frequency and voltage between the 
lead and ground. Suitable safety precautions (such as including a 
resistance in series to limit the current, and insulation of the meter) 
must be taken to protect the operator. (See Figure 30545.) In ap- 

pliances without a power cord or with ungrounded exposed conduc-
tive surfaces, measurements shall be made with the exposed conduc-
tive surfaces temporarily grounded. If there is no exposed conduc-
tive surface, measurement shall be made with a simulated surface as 
described in 305421 which is also temporarily grounded. 

30546. Applicability of Measurements. The limits in Sections 
30521 throo h '0 - 25 fortonfault conditions shall apply ur 
manufacturers' ii'rtal test an curing trirT77 the appliance. 

30547. Lea ace .Current Uncet rmlitjjftm 
given  under fault 	 bv the maimfaetnrer 
from design data or sh 7,,,Ti–b—re ceterennftai no:n man, e tentryrs  	 
tests  with 	rate faults introduced in the apparatus.  

30348. Appliances or Appliance Appendage Likely to be Wet 
During Use in Bed by Risk II or Risk III Patients. Any electric 
appliance or appendage- that may be taken into the patient's bed 
by design or accident is to be capable of meeting the leakage cur-
rent. limits in 3032 while immersed in a 3 percent (by weight) 
sodium chloride solution with power "on" for at least one hour. 
A metal plate of - 25 sq. cm., immersed in the salt solution with the 

appliance•or appendage, is considered the equivalent of a patient 
lead. 

positions. (See Figure 30542.) 

I 



   

CHAPTER 3. ELECTRICAL APPLIANCES / 

301. General. 

This chapter provides standards for the design and construction 
of electric appliances intended for use in patient care areas. These 
standards apply to all electric appliances including medical au-

liances as well as household type appliances, such as lamps, radios, 
television receivers, hair driers, vacuum cleaners, floor polishers, 
hand tools, etc. These standards describe features of design and con-
struction related to safety and do not cover performance, operational 
protocol, or efficacy of the appliance except as these may affect 
safety. 

Hospital service presents unusual mechanical and environmental 
problems. Appliances are frequently moved on carts, lifted on or off 
shelves, and hand carried. Hospital service is equivalent to hard 
industrial use under wet conditions, additional requirements for 
flammable anesthetizing locations are published in NFPA No. 56A. 

. This chapter describes protection of the patient and operator 
against electric shock resulting from direct or indirect contact with 
power line or other hazardous voltages, and discusses protection 
against the more subtle shock hazards that may result from re-
sistive, inductive or capacitive leakage current. 

This chapter provides for the inspection of appliances used in 
hospitals and is a guide for designers and testing organizations in the 
establishment of specific requirements and testing procedures for 
safety. 

302. Governing Body Responsibility 

It shall he the responsibility of the governing body of the hospital 
to establish policies and procedures related to the safe use of electric 
appliances in that institution. This shall include types of power 
distribution and grounding systems, specifications of appliances and 
supervision of patient treatment procedures, as well as procedures 
for procurement, and maintenance of the appliances. 

The requirements of this chapter assume that the appliance will 
be used in the environments described in Chapter 2 and under the 
administrative and maintenance requirements of Chapter 4. 

303. Requirements for All Electric Appliances 

3)431. Mechanical Construction. 

'I  30311. Electric appliances shall be designed to withstand the 
handling and abuse  likely to be encountered in hospitals or clinics 

without introducing thermal, electric or mechanical hazards due to 
colla .--43Of the enclosure or displacement, of parts. 

30312., The enclosure shall be designed to prevent the dis- 
persion s2,,,4t'side its confines of molten metal, burning insulation, or 
flami iPparticles, etc., generated under fault conditions. 

303 J. The enclosure shall be designed to restrict the entrance 
of ins 	and vermin. 

30314. 	enclosure shall be designed to restrict the in- 
sertion of pens, pencils, paper clips, knives, and similar objects into 
those 	rtions of the equipment where" a hazard could result. 

30315. The appliance shall be designed to exclude spilled or 
splashed liquids from internal electric parts while in a normal 
operating, transport or storage position. • 

"30316. Any electric appliance or appendage of an applianc 
hat is likely to he taken into the patient's bed shall be designed t 

meet the test requirements in 30548 while immersed in a 3 percen 
(by weight) sodium chloride solution with power "on" for at leas 
one hour. 
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30317. The appliance shall be ritechar:rallv • stable in the \ 
p ;_;itipn of normal use. If the appliance is inleecied 2•)r use in an 
anesthetizing location, 4516 (c) of NFPA No. 56A-1973, Inhalation 

aesthetics, applies. 

3032. Electrical Requirements. 

303201. Attachment Plugs. Attachment plugs of an approved 
type shall be used on :111 ce,!-e- 1 	 I' ANSI 
1: 73 1 	C:74 /7 	'477;97-/ „.  Ncept  as  

pro ■.iTed -1,-/cettio-ns; shalt be -a -2-pole, 3-wire 
grounding type. (See 2038 find 303205.) The grounding prong 
shall be constructed so that it cannot be easily b•-oken. ate ground-
ing prong of the pluo-

° 
 shall be the first to be connected and the last 

to be disconnected. If screw. terminals are used, the stranded con-. 
ductor shall be twisted and tinned or shall be attached by an ap-
pro‘,e_terrninal lug. The power cord conductors shall be arranged 
so that the conductors are not under tension in the plug. The ground-
ing conductor shall be the last one to disconnect when a failure of 
the plug's ,strain relief allows the energized conductors to be dis-
rupted. (See A303201.) 

S^, ttrail^ rel of shall 	 nvi ri. The strain relief shall not cause 
thinning of tne insulation on any conductor. The strain relief of 
replaceable plugs shall be capable of being disassembled. -Plugs 
may be bonded to the cord jacket if the design is listed for any 
application. 

The wiring of each cord assembly shall be tested for continuity 
and polarity at the time of manufacture,  when assembled into an 
appliance, when repaired, and periodically as designated by the 
hospital administration. (See 3011.) 

Adapters may be used to permit appliances fitted with distinctive. 
plugs to be used with conventional power receptacles. The wiring 
of the adapter shall be tested for polarity and continuity of ground-
ing at the time of manufacture, when repaired, and periodically as 
designated by the hospital administration. (See 3011.) 

303202. Power Cords. "Hard Service" (SO or STO) or 
"Junior Hard SerVice" (S JO or SJTO) or equivalent listed flexible 
cord shall he used 4; ,-,08-iilrV.Proien)ia lsm; -- ;:iilr. "Hard 
Service" cord is prea2r,wie it iU;ty to mechanical 
abuse. The jacket of a cord shall be appropriate for exposure to oil, 
oxygen, ozone, etc., and filler strands shall be nonwicking. A cord 
length o 11 feet k ‘ ,-erele;i  lora tine:1 and 1J  
for opera:in-I rooms. 	:t1,tv 	 it 	 a sage the 
oca tion 

.demsommtp• 
The flexible cord, including the grounding conductor, shall be of 

a type suitable for• the particular - application, listed for use at a 
voltage equal to or greater than the rated power line voltage of 
the appliance, and have an ampacity, as given in Table 400-9 (b), 
NFPA No. 70-1971, equal to or greater than the current rating 
of the device. 

The groundin7 conductor shall he no smaller than No. 1.8 AWG .  

Art in-line switch shall not be used in a power cord unless it is 
listed for the purpose and where applicable meets the requirements 
of 30316. - 

303203. Appliance Strain Relief.  Appliance strain relief shall 
be provided at the attachment of the power cord to the appliance 
so that mechanical stress, either pull, twist, or flexion, is not trans-
mitted to internal connections. If the strain relief is molded on the 

• cord, it shall be bonded to the jacket, and shall be of compatible 
material. 

Is 

303204. Separable Cord Sets. A separable power cord set 
with an approved means of connection to the appliance may be used 
if it can be shown that an accidental disconnection is unlikely or not 
dangerous. Separable power cord sets shall be designed so that the 

11 



grounding conductor is the first to be connected and the last to be 
disconnected. Cord set plugs and recepacles arc to be polarized 
in accordance with. ANSI C73,13 and 073.17. 

303205. Wiring of Power Cords. Power cords, regardless of 
whether intended for use on grounded or isolated power systems, 
shall be connected in accordance with the conventions of a grounded 
system. (,2e2,(22:122102:1222-J92L) 

The circuit coricluctors in the cord shall oe connected to the plug 
and the wiring in the appliance so"that any of the.following devices 
used in the primary circuit is connected to the unidentified con-
ductor; the center contact of an Edison base lampholder; the center 
contact of a fuseholder; any other single pole, overcurrent protective 
device; and any other single pole, current interrupting device. The 
identified (white) conductor shall be used only as the neutral con-
ductor and the green (or green with yellow stripes) conductor shall 
be used only as the grounding conductor. No other conductor shall 
be white or green. (See Note to 210-5(b) of „ArFPA No: 70-1971.) 
The grounding conductor shall be connected to the exposed metal 
or frame of the appliance by a separate terminal or bolt So that a 
reliable electric connection is made. The connection shall permit 
ready replacement of the cord and be arranged so that it will not 
be broken during electric or mechanical repair of the appliance. 
(See A-303205.) The power cord conductors shall be arranged 
so that the grounding conductor is the last to disconnect when a 
failure of the strain relief at the appliance allows the cord to be 
pulled free. When a grounding conductor is not required, the 
appliance shall be visibly labeled to indicate that fact. If the power 

•cord of an appliance does not contain a grounding conductor it shall 
not be fitted with a grounding type plug. " 

303206. Protection of Wiring in Appliances. Within the ap-
pliance, the power conductors of the cord and the associated primary 
wiring (other than the grounding conductor) shall be mounted and 
dressed to minimize the likelihood of accidental contact with the 
frame or exposed, conductive parts of the appliance. 

•
_ 	-- • .__ 

303207. Grounding-  of Exposed Metal. All exposed conductive 
surfaces ..sr- 71-'neen177 177 	 become energized from 
internal sources, shall be bonded together to provide electric con-
tinuity with the connection to the grounding conductor. If the 
exposed conductive surfaces are likely to become energized from 
external sources, they shall be connected to a grounding conductor 
regardless of the isolation of those surfaces from internal electric corn-
pon e n ts 

• 303208. Power Control Switch The power control switch! 
of atr.irpitail anterruitaneously all power conductors, /  

including the neutral (identified) conductor. The grounding coil-
due tor- s h a l l-not-be in te rru p ted . 

303209. Overcurreat Prcqc.cLion. A listed overcurrent pro-
tective device shall be used in the power input circuit of all appli-
ances. The overcurrent device may be placed in the attachment 
plug, the power cord, or in the main body of the appliance, and shall 

recede any other components including the prit:22.c...-com:Aswitch. 
o other componTiriexcept listed insulated teriiiiLal . bii;aVll—r C3111- 

fleeting devices shall be used ahead of this overcurrent device. This 
shall not preclude the use of subsidiary overcurrent protective de-
vices within the appliance. The power control switch and over-
current device may be combined into one component provided it is 
identified to indicate the combined function to the operator. 

303210. Insulation of Patient Circuits. 	Pati,:nt-connected 
circuits within an appliance shall be sufficiently separated or in-
sulated from all other circuits within the appliance to prevent acci-
dentalcontact with hazardous voltages or currents. 



303211. Avoidance of Connections with Grounding Conductor. 
Any component such as a FilJvr or test within an appliance, 
that intentionally reduccs-F:=—'---"-'uiipccanc.e occv..2en the energized 
conductors and the grounding conductor, shall be approved for the 
purpose, and shall be in operation when the leakage current tests 
specified in 305 are performed. (Also see 20383) 

3033. Line Voltage Variations and Transients. 

30331. The expected performance of an appliance designed to 
provide life support functions shall not be disturbed by transients, 
line voltage variations, or other electric interference to a hazardous 
degree. 

Line voltage variations shall notexceed_the limits of ANSI. 
C8 ( 7171ge Ratakflor-ETecirThwer Systems and 7.Equipraen- 

3034. Thermal Standards. 

30341. Electric appliances not designed to supply heat to 
the patient, and operated within reach of a nonambulatory patient, 
sia 	no ha '0 	'zinc.. 	 ne 	 cn° 
Jurtaccs maintained in culitacz":7;Mrtne S'.■.l1 1 Oi patients an not in-
tended to supply heat shall not be hotter than 41 °C, or 2° C higher 
than ambient air temperature, whichever is higher. 
t 

3035. Toxic Materials. 

30351. Surfaces that contact patients shall be free of materials 
which commonly cause toxic reactions. Coatings used on these 
surfaces shall conform to ANSI 266.1, Paints and Coatings Accessible 
to Children to Minimize Dry Film Toxicity. 

3036. Chemical Agents, 

30361. Devices containing hazardous chemicals shall be 
designed to facilitate the replenishment of these chemicals without 
spillage, and shall protect the patient, the operating personnel, and 
the safety features of the appliance from such chemicals. 

NOTE: Preference should be given to the use of replaceable sealed 
canisters of chemicals over loose chemicals. 

• 3037. Fire and Explosion Hazards. 

30371. Materials used in the construction and supplies for ap-
pliances shall be nonflammable or flame retardant, and imperme-
able to liquids and gases to the extent practicable. Materials used in 
the operation of appliances may be combustible when essential to 
their intended function. 

30.372. Oxygen-Enriched Atmospheres. Apparatus employing 
oxygen, or which is intended to be used in oxygen-enriched atmos-
pheres, shall comply with NFPA No: .Respiratory Therapy; 
NFPA No. 3AL.26 0x)gen-Enriched Atmospheres; NFPA No. .11124 

 ifyperbaric Facilities; and .AcF.PA No. 56E. Hypobaric Facilities. 
• eate.7.4= 

30373. Anesthetizing Location. Electric appliances .used in. 
anesthetizing locations shall comply with the provisions of NFPA 
No. 56.4 Inhalation Anesthetics. 



309. Low Voltage Appliances. 

3091. Appliances and instruments operating from bz.tteries or 
their equivalent, or an external source of low voltage, shall conform 
to all applicable conditions of this chapter. This shall include corn-
munications, telephcne, signaling, entertainment, remote control, 
and low energy power systems. 

1;;44;iz.. le Appliances. Battery-operated appliances 
that are recnargcau:k.; ,,,inne in use s. all meet all the requirements of 
305 for line-operated appliances. 

3093. Low Voltage Connectors. Attachment plugs used on Iow 
. voltage circuits shall have distinctive configurations which do not 
permit interchangeable connection with circuits of other voltages, 

3094. Isolation of Low Voltage Circuits. Low voltage circuits 
shall be electrically isolated from the power distribution system by an 
approved means. 

310. Instruction Manuals and Labels. 

3101. Operator's or user's manuals shall be supplied with all 
units. These manuals shall include operating instructions, mainten-
ance details, and testing procedures. 

The manuals shall include the following: 

(1) Illustrations which show location of controls, 
(2) Explanation of the function of each control, 
(3) Illustrations of proper connection to the patient and other 

equipment,  
(4) Step-by-step procedurs for proper use of the appliance, 
(5) Safety considerations in application and in servicing, 
(6) Effects of probable malfunction on safety, 
(7) Difficulties that might be encountered, and care to be taken 

if the appliance is used on a patient simultaneously with other 
electric appliances, 

(8) Schematics, wiring diagrams, mechanical layouts and parts 
list for the specific appliance as shipped, 

(9) Functional description of the circuit, and 
(10) Power requirements, heat dissipation, weight, dimensions, 

output current, output voltage, and other pertinent data. 



L17  

A-303201 — Connection of Grounding Conductor to the At- 
tachment Plug. e)tiouLd tile Si1,1111FC-71171-6711.-  Yratztrr- 77r7r1=; tail 

such a manner that- tension on the power cord is transmitted. to 
. the connections between the cord conductors and the plug terminals 

and one or more connections fail it is essential that the last connec- 
tion .to fail is the one to the appliance grounding wire. This may be 
accomplished by making the 0-1-( ndi 	no-er han the otii r 
colacLac,:-&r.s (such t 	 it it is the last wire to receive the strain) or by 
clamping or otherwise arranging the ungrounded wires in such a 
manner that they are the first to break. 

A-303205 — Connection of Grounding Conductor to Exposed 
Metal or Frame of the Appliance. The appliance end of a power 
cord must have a strain relief to prevent tension on cord from being 
transmitted to the power cord connections inside the -appliance. 
Should this strain relief fail it is essential that the  last connection to 
fail is the one to  the  appliance grounding wire.  "f his ma- TUE7- 
cornplished by making the grounding wire longer than the other 
conductors (such that it is the last wire to receive the - strain) or by 
clamping or otherwise arranging the ungrounded wires in such a 
manner that they are the first to brtak. i 

To facilitate the ready replacement of a damaged line cord it is 
essential that the connection between the power cord grounding 
wire and the appliance's exposed metal or frame be easy to make 
without the use of special tools. 

At the same time it is important that this grounding wire be 
attached in such a manner that it is unlikely to be disturbed while 
making other repairs. 21SSOCC 
be......„4112a r'Ci  metal or  -11 -te laac;:ai:" .„, 
machine screw locisinr&,washer. nut and g; j.uilac.-.1 i.,u,g_z.:z.4.--Ial or liter  
(other equivalent removable fasteners may be used). A green 
hexagonal head screw is preferred as a means of identification. If 
used, the screw should be of siz -conductors, 
No. S for AWG 14 wire and . o. t- for AWG 12 to S wire. The 
• attachment area should be free of paint, rust, etc. The screw should .  
crtot be ta!M 1.L)1VE.a ..1r s. Where feasible, 
the screw should be located interior to the device in such a manner 

- 

that it cannot be removed without  first removing - access  rovers or 
hat- ware. ny internal circuit grounding wires that arc to be con-
niccted to the exposed metal or frame should be connected to a screw 
adjacent to the power cord grounding wire screw. An additional 
bonding wire may be connected between the internal circuit ground-
ing wires and the power cord grounding wire so as to insure ground-
ing under conditions where vibration may loosen the attachment 
screws. 

3,3.S Grounding. Veterans Adis/1;4;st ✓ d-Eich,- 
pce., lir , cAlior, X-1 1-1141  

3.3.3.1 Attachment Cord Plugs. All line operated instruments shall be suppliedfiF. -re-- 
 placeable plugs providini: separate power and chassis ground connections. For inttru-

merits operated on 1Z0 volt power, the plug shall. be a three terminal plug (hot line, power 
ground and chassis ground). Hubbell plug #2303:1 or eauat to mate with Hubbell wall re-
cipitical #2:3030 unless otherwise spectiied. 



Chapter 4. Equipcneilt for General Use 

ARTICLE 400 — FLEXI4ECORDS AND CABLES 

A. General and Types 
400- 1. General. Flexible cords and ables and their associated fitting 
shall be suitable for the conditions of use and location. 
400-2. Types. Cords of the several types shall conform to the descrip-
tions of Table 400-11. Types of flexible cords ether than those listed in Table 400-11 and other uses for types listed in the Table, shall be the subject of special investigations and shall not .be.used. before being ap-
proved. 

`

400-7. Minimum Size. The individual conductors of a flexible cord or 
cable shall be not smaller than the sizes shown in Table 400-11. 

Table 400.9(b). Ampacity of Flexible Cord 

400 -9 ( b) gives thee  allowable ampacity for not more than 3 
ci:rrent-carrying conductors in a cord. If the number of current-carry-
ing conductors in a cord is from 4 to 6, the allowable .ampacity of 

conductor shell be reduced to 80 percent of the values for not 
more than 3 current-carrying conductors in the Table. A conductor 
used for equipment grounding and a neutral conductor which carries 

. only the unbalanced current from other conductors, as in the case of 
normally balanced circuits of 3 or more conductors, are not con-
sidered to be current -carrying conductors. Where a single conductor is 
used for both equipment groUnding and to carry unbalanced current 
from other conductors, it shall not be considered to be a current-carry-
ing conductor. (See Section 250-60.) 
(Based on Ambient Temperature of 30'C (86'F). See Section 400.9 and Table 400 -11) 

Size 

AWG 

Rubber 
Types 
TP, TS 

Rubber Types 
PO, C, PD, 
E, E0, EN, 
5, 57, Sart, 

SV, ..,5„..1 

Types 
MS, 

AFSJ, 
HC, 

HPD, 

Types 
AVPO 
AVPD 

Cotton 
Types 
CFPD• 

Thermo- Asbestos 

plastic 
Types 
TPT, 
TST 

WO, SP HSJ, 
HSJO, 

HS, 
FiSO, 
HPN 

SVHT  

Types 
AFC• 

AFPD• Thermo- 	• 
plastic Types 

ET, ETT, ETLE, 
ETA, ST, STO 

SRDT, -tr.  
...5.1.1D 	SVT 
SVTO, SPT 

• At 	Bt 
27** 0.5 .. 	.. .. .. .. 
18 .. 7 	10 10 17 6 
17 .. 	.. 12 .. .. 
16 .. 10 	13 15 22 8 

17 .. 	. .. 
.. 15 	18 20 28 17 

C
g
  

In
..
  20 	25 30 36 23 

.. 25 	30 35 47 28 

I 
0
0
 N

O
 e

t
 ei  

.. 35 	40 .. .. .. • 

.. 45 	55 .. .. 
60 	70 .. .. .. 

.. 80 	95 	• .. .. 

* These types are used almost exclusively in fixtures where they are ex-
posed to high temperatures and ampere ratings are assigned accordingly. 

** Tinsel Cord. 
t The arapacities under sub-heading A are applicable to 3 -conductor cards 

and other multi-conductor cords connected to utilization equipment so that 
only 3 conductors are current carrying. The ampacities under sub-heading B 
are applicable to 2-conductor cords and other multi-conductor cords con-
nected to utilization equipment so that only 2 conductors are current carrying. 

NOTE 1. Ultimate Insulation remperature.. in no case shall conductors be 
associated together in such way with respect to the kind of circuit, the wiring 
method employed, or the number of conductors, that the limiting temperature 
of the conductors will be exceeded. 

Nom 2. SVHT made only in No. 18 and 17 AWG sizes. 
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individual conductors at least 45 mils in thickness, unless Type S, SO, 
ST or STO cord is used. 	 • 
400-9. Overcurrent Protection'and Ampacities of Flexible Cords. 

Flexible cords not smaller than No. IS, and tinsel cords, or cords 
having equivalent characteristics, of smaller size approved for use with 
specific appliances, shall be considered as protected against overcurrent 
by the•overcurrent devices described in Section 240-5. Cords shall be 
not smaller than required in Table 400 -9(b) for rated current of the 
connected equipment. 

400- 10. Pull at Joints and Terminals. Flexible cords shall be so con-
nected to devices and to fittings that tension will not be transmitted to 
joints or terminal screws. This shall be accomplished by a knot in the 
cord, winding with tape, by a special fitting designed for that purpose, 
or by other approved means which will prevent a pull on the cord from 
being directly transmitted to joints or terminal screws. 

Notts to Table 400-11 

1. Except for Types PO-1;P0-2, 
PO, SP-I, SP 2, SPT-l. SPT-2, "FP, 
TPT, and AVPO, individual conduc-
tors are twisted together. 

2. Type PO-1 is for use only with 
portable lamps, portable radio re-
ceiving appliances, portable clocks 
and similar appliances which are hot 
liable to be moved frequently and 
where appearance is a consideration. 

3. Types TP, TPT, TS,. and TST 
are suitable for use in lengths not 
exceeding 8- feet when attached 
directly, or by means of a special 
type of plug, to a portable appli-
ance rated at 50 watts or less and of 
such nature that extreme flexibility 
of the cord is essential. 

4. Rubber-filled or varnished cam-
bric tapes may be substituted for the 
inner braids. 

5. Types S, SO, ST, and STO are 
suitable for use on theater stages, in 
garages and elsewhere. where flexible 
cords are permitted by this Code. 

6. Traveling cables for operating. 
control and signal circuits may have 
one or more nonmetallic fillers or 
may have a supporting filler of 
stranded steel wires having its own 
protective braid or cover. Cables ex-
ceeding 100 feet between supports 
shall•have steel supporting fillers. ex-
cept in locations subject to excessive 
moisture or corrosive vapors or  

gases. Where steel supporting fillers 
are used, they shall run straight 
through the center of the cable as-
sembly and shall not be cabled with 
the copper strands of any conductor. 

Types E, FO, EN, ET, ETP, 
E.1113. and FIT cables may incor-
porate in the construction No. 20 
gauge conductors formed as a pair, 
and covered with suitable shielding 
for telephone and other audio or 
higher frequency communication cir-
cuits. The insulation of the conduc-
tors may he rubber or thermoplastic 
of thickness specified for the other 
conductors of the particular type of 
cable. The shield shall have its own 
protective covering. This component 
may he incorporated in any layer of 
the cable assembly, and shall not run 
straight through the center. 

7. A third conductor in these ca-
bles is for grounding purposes only. 

8. The individual conductors of 
all cords except those of heat-resist-
ant cords (Types AFC. AFPD, AFS. 
AFSJ, AVPO. AVPD and CFPD) 
shall have a rubber or thermoplastic 
insulation, except that the grounding 
conductor where used, shall be in ac-
cordance with Section 400-14(b). 
A rubber compound shall be vulcan-
ized except for heater cords (Types 
HC, HPD and HSJ).. 



Table 400-11. Flexibi,_. Cord 
(See Section 400-2) 

Trade Name Type 

Letter 

Size 

AWG 

No. of 

Conductors 

Insulation 

. 	• 
Braid 

on Each 

Conductor 

Outer Covering - 	Use 

Parallel 	. 
Tinsel 
Cord 

TP See 
Note 3 27 2 Rubber None Rubber 

. 	- 

Attached 
to an 

Appliance 
Da np 

Paces 

Not 
Hard 
Usage 

TPT See 
Note 3 27 2 

Thermo- 
plastic 

. 
None 

Thermo- 
plastic 

Attached 
to art 

Appliance 
Damp 

Places 

Not 
Hard 
Usage 

Jacketed 
Tinsel 
Cord 

TS See 
Note 3 27 2 or 3 Rubber 

. 
None Rubber 

Attached 
to an 

 Appliance 
Damp 

Places 

Not 
Hard 
Usage 

TST See 
Note 3 27 2 or 3 

Thermo- 
plastic None 

Thermo- 
plastic 

Attached 
to an 

Appliance 
Damp 

Places 

Not 
Hard 
Usage 	. 

Asbestos- 
Covered 

Resistant 
Cord 

AFC . 
18-10 

2 or 3 
Impreg- 

nated 
Asbestos 

Heat-  

Cotton 
or Rayon 

None Pendant Dry 
Paces 

Not 
Hard 
Usage 2 

None Cotton. Rayon or 
Saturated Asbestos AFPD 2 or 3 

Cotton-Coy- 
erect Heat- 
Resistant
Cord 

2 or 3 
Impreg- 

Cotton or 
Rayon 

Nor4 

4_ 

Pendant Dry 
Places 

Not 
Hard 
Usage 

_ 

48-10 
- ,acted 

Cotton one Cotton or Rayon 
CFPD 2 or 3 

See Notes 1 through 8 preceding table. 

Table 400 - 11 continued 

Trade Name Type 

Letter 

Size 

AWG 

No. of 

Conductors 

	 — 
 

Insulobion 

Braid 
on Each 

Conductor 

Outer Covering • 	Use 

P0-1 18 

2 Rubber Cotton 

, See Note 2 Dry 
Places 

Not 
Hard 
Usage 

Parallel Cord P0-2 13-16 Cotton or Rayon Pendant 
Or 

Portable PO 18-10 

All Rubber 
Parallel Cord 

SP-1 18 2- 
Rubber None Rubber 

Pendant 
or 

Portable 

Damp 
Places 

Not 
Hard 
Usage SP-2 

See 
Note 7 

18-16 2 or 
3 

SP-3 
. See 

Note 7 

18-12 Rubber None Rubber Refriger- 
tors or 

Room Air 
Condi-
tioners 

Damp 
Places 

Not 
Hard 
Usage 

All Plastic 	. 
Parallel Cord 

S PT-1 18 2 Thermo- 
plastic 

None Thermoplastic 

. 

Pendant 
or 

Portable 

Damp 
Places 

Not- 
Hard 
Usage 

SPT-2 
See 
Note 7 

18-16 2 or 
3 

All Plastic 
Parallel Cord 

_ 

SPT-3 
See 
Note 7 

18-10 Thermo- 
plastic 

None 

. 

Thermoplastic Refriger- 
ators or 

Room Air 
Condi-
tioners 

Damp 
Places 

Not 
I lard 
Usage 

- - - 
Sce Notes 1 through 8 preceding table. 



.Table 400-11 continued 

Lamp Cord C 18-10 2 or more. Rubber Cotton 
n---- 

 
None Pendant 

or Port. 
Dry 	! 

Plac •% I  -- 

No: n .- : 

1 	,,-... - 
N. , : 	I i 	• ._■ 

1:-..: .::: 
Twisted Port- 
able Cord 

PD 18-10 2 or more Rubber Cotton Cotton cr Rayon Pendant 
or Port. 

Dry 
Places 

Vacuum 
Cleaner 
Cord 

SV, SVO 18 

2 

Rubber Rubber Pendant 
or 

Portable 

Damn 
Plates 

Not ii.att 
U.,.-0: 

SVT, Thermopl Thermoplastic 

.SVTO 
See 
Note 7 

18 2 or 
3 

Heat Resis - 
tant V.C. 
Cord 

SVHT 18-17 2 Thermopl' None Thermoplastic 
Pendant 

or 
Portable 

Darrp 
Places 

Not Hard 
Usage 

es" 

Junior Hard 
Service 
Cord 

SJ 

18-16 
2,3, or 4 Rubber None 

or Rubber 
 

Rubber 
Pendant 

or 
Portable 

Damp 
Places 

Hard 
Usace SJO Oil Resistant 

Compound 

SJT 
SJTO 

Thermopl Thermoplastic 

Ward Service 
Cord 

S See 
Note 5 

18-2 2 or more 

Rubber 

None 

Rubber 

Pendant 
or 

Portable 

Dam p 
P'aces 

Extra 
Hard 
Usace 

Oil Resist. 
Compound SO 

ST 
Thermopl 
or Rubber 

Thermoplastic 

STO Oil Resistant 
Thermoplastic 

See Notes 1 through 8 preceding table. 

410-55. Groundi•g-Type Receptacles, Adapters, Cord Connectors and 
Attachment Plug 

(a) Receptacles, cord connectors and attachment plugs of the ground-
ing type shall be provided with one fixed grounding member in addition 
to the circuit members. 

Exception: The grounding contacting member of grounding-type at-
tachment plugs on the power supply cords of portable hand-hchi, hand-
guided or hand-supported tools or appliances may be of the movable 
self-restoring type on circuits operating at not to exceed 150 volts be-
tween any two conductors nor 150 volts between any conductor and 
ground. 

(b) Grounding-type receptacles, adapters, cord connectors and attach-
ment plugs shall have a means for connection of a grounding conductor 
to the grounding member. A terminal for connection to the grounding 
member shall be designated by: 

(1) A hexagonal headed or shaped terminal screw or nut, not 
readily removable, and green colored; or 

(2) A pressure wire connector which has a green-colored body (a 
wire barrel); or 

(3) A similar green-colored connection device in the case of adap-
ters. The grounding terminal of a' grounding adapter shall be a green-
colored rigid ear. lug. or similar device. The grounding connection shall 
be so designed that it cannot make contact with current-carrying parts 
of the receptacle, adapter, or attachment plug. The adapter shall be 
polarized. 

(4) If the terminal for the 'equipment grounding conductor is not 
visible, the conductor entrance hole shall be marked with the word 
"Green" or otherwise identified a distinctive green color. 

(c) In no case shall a grounding terminal or grounding-type device be 
used for purpOSes other than grounding. • 

(d) Grounding -type attachment plugs and mating cord connectors and 
receptacles shall be so designed that the grounding connection, is made 
before the current-carrying connections. Grounding-type devices shall 
be designed so grounding members of attachment plugs cannot be 
brought into contact with current-carrying parts of receptacles or cord 
connectors. 



D. Electrically Susceptible Patient Areas 

517 :-50. General. It is the purpose of Part D to specify the perform-
ance criteria and/or wirine methods which will minimize- the hazard by 
the maintenance of adequately low-potenCal dif•ecences between con-
ductors which could be. contacted by a patient even when pertinent 
inherent equipment leakage currents exceed 10 microamperes. 

In a health care facility, it is not  feasible  to plevei., the occurrence of a 
c_oAdlIctive or  ca;.ncJtive oAth trogLtia!,L.;.1.2tient s ,Otr.: fgtnii t oh-
lect, because that path may  he established  accidentally or through instru- 
mnation direCtly connected to the patient. All other electrically conductive 
surfaces which may make an additional contact with the patient, or other 
instruments which may be connected to the patient, then become possible 
sources of electrical currents which can traverse the patient's htidy. When the 
s_urrent_p_ath includes  a small area of direct contact with the heart  a current  
jas,...\cfLs2Lwzri.•ro;:rr-,,,•Q-  could he hazardous.  Unle ss speci:71Trecautions 
are taken. the po.....er•kne-i;equencv impedance of the patient circuit,  which 
includes the internal conduction path through a small contact area. could be 
as  l ow as  sati c1 1 :  ,-L......y2142,Ti=a;:ssi; ; t  low-current ri12.!nitodes.  Under theft- 

ditions a viabru . dit:eren-e 	 rf`i'os 	 I• • 	 • 

O.. 

517-51. Performance. 

(a) In electrically susceptible patient areas the maximum 60-hertz 
alternating-current potential difference between any two conducting sur-
faces within the reach of a patient. or those net-cons touchirtt the patient, 
shall not exceed 5 millivolts measured across 500  oh . s under normal 
operating conditions or in case of any probabte tin lire. 

E. Inhalation Anesthetizing-  Locations 

For further information regarding safeguards for anesthetizing locations, 
see Inhalation. Anesthetics Standard, NFPA No. 56A-1971. 

517-60. Hazardous Areas. 

(a) Any room or space in which flammable anesthetics or volatile 
flammable disinfecting agents are stored shall be considered to be a 
Class I, Division 1 location throughout. 

(b) In a flammable anesthetizing location the entire area shall be 
considered to be a Class I, Division 1 location, which shall extend up-

v*--ward to a level -5 feet abovethe floor. 

517.61. Wiring and Equipment Within Hazardous Areas. 

(a) In hazardous areas as defined in Section 517-60, all fixed wiring 
and equipment, and all portable equipment, including lamps and other 
utilization equipment, operating at more than 8 volts between conduc- 
tors, shall conform to the requirements of Sections 501-1 through 501-
15 and Sections 501-16(a) and (b) for Class I, Division 1 locations. 
All such equipment shall be specifically approved for the hazardous 
atmospheres involved. 

(b) Where a box, fitting or enclosure .is partially, but not entirely, 
within a hazardous area, the hazardous area shall be considered to be 
extended to include the entire box, fitting or enclosure. 

(c) Flexible cords, which are ar may be used in hazardous areas for 
connection to portable utilization equipment, including lamps operating 
at more than 8 volts between conductors, shall be of a type approved for 
extra-hard usage, shall be of ample length, and shall include an addi- 
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