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Abstract—Pulmonary waveform generators consisting of volume—time waveform 24. This approach was supported by
motor-driven piston pumps are frequently used to test respira- a simple description of the pump, which was modeled as a
tory-function equipment such as spirometers and peak expiratory ime _invariant low-pass filter. No attempt was made to correct

flow (PEF) meters. Gas compression within these generators can .
produce significant distortion of the output flow-time profile. the waveform generator to deliver the ATS standard waveform

A nonlinear model of the generator was developed along with Profiles accurately.

a method to compensate for gas compression when testing pul- Hankinsonet al. [8] solved the distortion problem with the
monary function equipment. The model and correction procedure yse of an adaptive algorithm for generating a pump input that
were tested on an Assess Full Range PEF meter and a MiCro 5.0 rately delivers the desired waveform. A significant con-

DiaryCard PEF meter. The tests were performed using the 26 tributi f thi thod t lculat le fl
American Thoracic Society standard flow—time waveforms as the FIBULION OV tiS paper was a Method 1o calctiale NozZ1e oW

target flow profiles. Without correction, the pump loaded with the ~ based on piston displacement and pump chamber pressure. This
higher resistance Assess meter resulted in ten waveforms havingmethod alleviates the need for a pneumotach, which can add sig-
a mean square error (MSE) higher than 0.001 E/s?. Correction  njficantly to gas compression. The adaptive algorithm in [8] is

of the pump for these ten waveforms resulted in a mean decreaseon”ne, where the pump must deliver a waveform at each itera-

in MSE of 87.0%. When loaded with the Micro DiaryCard meter, tion in the adanti A del of th t . t
the uncorrected pump outputs included six waveforms with MSE ion In the adaptive process. A model of'the pump system IS no

higher than 0.001 L2/s?. Pump corrections for these six waveforms Presented.

resulted in a mean decrease in MSE of 58.4%. Miller et al.[9] suggest that errors in pump systems are due
Index Terms—American Thoracic Society (ATS), gas compres- {0 wave action rather than gas compression. They use a calcu-
sion, nonlinear, pump, waveform generator. lation of Mach number in the pump nozzle as a basis for an in-

compressible flow model. However, the model does not account
for the increase in static pressure in the pump chamber, where
the gas is compressed due to force exerted by the pump piston.
T HE use of computer-controlled mechanical syringegere the air is unable to escape the chamber in a timely manner
(waveform generators) for testing spirometers and pedkie to the restriction presented by the pump nozzle and load.
flow meters is common [1]-[4]. The American ThoracicAdditionally, if the air inside the pump acted as an incompress-
Society (ATS) recommends a set of 24 volume-time wavble fluid, the flow at the pump output could simply be taken as
forms [5] and a set of 26 flow-time waveforms [6] for testinghe flow calculated via movement of the piston. There would be
pulmonary function equipment. When testing equipment witlio need to model the system or measure the pressure inside the
very low flow resistance, waveform generators have littleump chamber.
difficulty producing these waveforms accurately. However, gas\We developed an alternate technique of correcting the pump
compression within the pump (or syringe) system can creatgut to produce the ATS standard waveforms. Using a non-
significant errors when testing higher resistance devices, |tear model of the pump system, a method of offline input cor-
when using waveforms with fast rise times. rection was developed that allows accurate waveform delivery
Navajaset al. [7] investigated compression effects in waveat the output of the generator.
form generators when testing peak expiratory flow (PEF)
meters. Significant errors were reported when generating II. METHODS
waveforms with large initial pump chamber volumes. The
proposed an empirical approach to correcting for gas co
pression, relying only on truncated scaled versions of standard'he system used to generate pulmonary waveforms was iden-
Manuscript received September 5, 2001; revised July 9, 288t2risk indi- tical to the _One des_crlbed by Hankinsaet, al. [8] (Fig. _1)'
cates corresponding author. A commercially available computer controlled mechanical sy-
*J. S. Reynolds is with the Engineering and Controls Technology Brangfinget was used to deliver the ATS waveforms. The pump nozzle
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Fig. 1. System diagram. The pneumotachometer was used for model
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measurements. Pump pressure was measured using a capaciti 0 1 2 4

pressure transducei-or validation of nozzle flow calculation, time (sec)

flow through the pump nozzle was measured with a pneumo-
tachometer connected to a pressure transdydcBoth the pres- Fig. 2. Set of 35 flow waveforms recorded with a pneumotachometer for
sure and the flow signals were passed through analog two pgq@)ration. The steady portions of these waveforms correspond to flows from
antialiasing filters with cutoffs of 150 Hz. These signals wer&®> LS 1© 144 L/s in 04 L/s increments.
then routed to a simultaneous sample and hold Baandnected
to a data acquisition cafdn the PC. Piston displacement wasATS waveforms that might otherwise require correction when
measured by sampling a digital rotary encoder signal (which resting PEF meters. Additionally, small deviations in placement
flects motor shaft rotation) routed from the manufacturers motof the pneumotach produced marked changes in the calibration
directly to the piston, thus reflecting linear motion. All signals Briefly, the volume of gas compressed as a function of time,
were sampled at a frequency of 2000 Hz. Input waveforms wergt) can be expressed as

ps(t) Y
flow waveforms (Fig. 2), each having a volume of 12 liters (L). ve(t) = vs(t) ( Pp ) -1 @)
The flows ranged from 0.8 L/s to 14.4 L/s in 0.4 L/s increments.
was applied to these data yielding an expression for flow as,3s the ratio of molar heat capacity at a constant pressure to
function of raw “counts” { = 0.016z). the molar heat capacity at a constant volume (forais 1.4).
within 0.1% full Scale, a Simple span calibration was all ttheen flow produced by disp|acement of the p|stﬁr(’t), and
was required. An ambient pressure signal was first recordefe compressive flow
two recordings divided by the applied pressure (adjusted for the
specific gravity of the red oil) produced the static pressure gainThe pneumotach was used to verify the accuracy of (1) and

control card to a quadrature encoder input bdaftie accuracy curve. Therefore, the method of [8] was used to calculate pump
of this signal was verified by comparison to an encoder attachedtput flow.
delivered to the mechanical pump at a rate of 500 Hz.
The pneumotach was calibrated by delivering 35 constant
For each waveform, a calibration factor multiplied by the intgyhere,(#) is the instantaneous syringe volume(#) is the
gral of the pneumotach signal was set equal to 12 L. A curve §i{stantaneous syringe pressuRg, is barometric pressure, and
The pump pressure transducer was calibrated with a u-tuggmerical differentiation of (1) yields compressive flgf(t).
manometer. Since the linearity of the pressure transducer Waga| output flowf,(t) is then described as the difference be-
A pressure of 20 cm of red oil (specific gravity 0.826) was
then applied, and a reading recorded. The difference of these fo(t) = fa(t) — fo(t). )

applied to the raw pressure readings. (2). The pneumotach and PEF meter were attached to the pump
) nozzle. ATS flow waveforms 22, 25, and 26 were delivered three
B. Output Flow Calculation times each, and the output flow calculated for each waveform.

Although a pneumotach can be used to measure pump fldlese output flows were then compared to the calibrated pneu-
directly, this increases the system flow resistance. Since gaetach signals to validate this technique. Fig. 3 shows the re-
compression in the pump is related to system flow resistance, thts of this quality control procedure using waveform 25. Sim-
pneumotach increases the likelihood that compression will afar results were obtained with all three waveforms. The MSE
fect any particular waveform. By choosing an approach to elirhetween the pneumotach flow and the calculated flow was then
inate this added resistance, we likely decrease the numbeewéluated

2Setra Systems model 239, Acton, MA. 1 N

3Hans Rudolph model 3813, Kansas City, MO. MSE = i Z (fp(d) — fo(4))? 3)
4Micro Switch model 176PC14HD2, Freeport, IL. i=1

SKeithley-Metrabyte model SSH-8, Taunton, MA.

6Keithley-Metrabyte model DAS-1800, Taunton, MA. where f, () represents pneumotach floy, (¢) the calculated

"Keithley-Metrabyte model M5312, Taunton, MA. flow, and N the total number of samples. The average MSE for
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Fig. 3. Comparison of waveform generator output flow measured ky
pneumotach and output flow calculated from piston displacement and pum
pressure. The calculated flow was taken as the true output flow in this study.

Additionally, the pump volume changes with the stroke of the
I + piston. Since gas compliance is a function of volume, the com-
l 0 pliant element acts as a time-varying capacitor. The compressive

Iy (TD — % = flow is then )

C R L(t) = o [C(o()) - P(1)] (6)

whereuv(t) is pump volume. Combining (4)—(6) gives
Fig. 4. Circuitmodel used to describe the pulmonary waveform generator with

8. 5. Flow resistance of Load A as a function of the flow through Load A.

I

resistve foad. L(t) = L(t) + % [R(LL(1) - C(v(0) - L()]. (7)
waveforms 22, 25, and 26 were 0.000925, 0.00200, and 0.0018The nonparametric system descriptidis’) andC/(v) were
L2/s?, respectively. determined experimentally. Resistance as a general function of
flow, R(f) was determined in a manner similar to the pneu-
C. Generator Model motach calibration. A number of static flows were produced

The pump system with load (PEF meter attached to the purfgough the load, resulting in corresponding constant pressure
nozzle) was modeled as a parallel combination of a compligeiofiles within the pump. For each static flow profile, resistance
element and a resistive element. The compliant element r&yas taken as mean pressure divided by mean flow. Each value
resents gas compressibility within the pump chamber. The @f-resistance was plotted versus mean flow, and a polynomial
sistive element represents the flow impedance of the load. T##Ve fit applied (Fig. 5). This resulted in a general expression
electric circuit analog is shown in Fig. 4, where voltage, curred@r £2(f) which could be evaluated at any desired flow-time
electrical resistance, and capacitance are analogous to presstigdile f = I,(t).
volumetric flow, flow resistance, and gas compliance, respec-Integrating both sides of (6) and solving f0(#) gives
tively. The current; represents the flow produced by displace-

- - JIe(t) _ ve(t)
ment of the pump piston. The curreitrepresents the portion of C(t) = = (8)

) o . B P(t) P(t)
this flow “lost” to gas compression or “gained” from gas rarefac-
tion. The currentl, is the resulting flow out through the load,wherew.(t) is the volume compressed. Pump compliance was
and the voltage” represents the pressure generated within tfieund by delivering one of the ATS waveforms and measuring
pump chamber. pump pressure and piston displacement. Evaluation of (1) and

The flow produced by movement of the piston is equal to tH{8) yieldedC'(¢). A plot of C(t) versus time is shown in Fig. 6.
sum of the output flow and the compressive flow (a positiv€'(t) was then plotted versus pump volume, and a curve fit ap-
compressive flow indicates gas compressed, while a negatp/ed. This produces the desired expressioros), which can

value indicates gas expanded) be evaluated at any desired volume—time prafite v(t), pro-
vided the system remains isentropic. Note that the choice of
Iq(t) = Io(t) + 1e(t).- (4)  waveforms for calculation of'(v) is not critical. However, it

The resistance of the load is, in general, a nonlinear function:rSH‘Lerﬁosr??zrsoeg;git :gﬁo"v;vgg”?]gave;gﬁtgsj tr']rglt)a g‘g);
the flow through the load. Therefore, the output flow is written 9 . pump p 9

large volume (the curve fit is applied across a larger span of the
independent variable). We chose the ATS flow—time waveform

~ R(L,(1)" ®) 25 (rise time= 57.9 ms, volume= 6.38 L). Also, since the
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flow—time waveforms. These waveforms have faster rise times

Fig. 6. Pump chamber gas compliance, as a function of time, during delivetyan the ATS standard volume—-time waveforms and would be
of ATS standard flow-time waveform 25. likely to produce more compression in the pump chamber than
. ) ) the volume—time profiles. The original ATS waveforms, repre-
volur_ne of gas compressed in the pump is & fur_mtlon of baré_’énting the target flow profiles, were delivered three times each
metric pressure [see (1)], the pump compliance in our modeldgy the output flows, or uncorrected flow profiles, were cal-
affected by changes in atmospheric conditions. However, theSgated. The corrected pump inputs were then delivered three
errors are quite small, and were, therefore, neglected. times each and the output flows, or corrected flow profiles, were
calculated.
In order to evaluate the total distortion between the target
In order to solve (7) for a piston motion profile,(¢) that waveforms and delivered waveforms, the MSE was calculated.
produces a desired output flay(t), R(f), andC(v) must be Note that delivered waveforms refers to the output flow calcu-
evaluated for the specific profile. Let the constant., be the |ated via (2). Misalignment between the input and output sig-
initial volume of the pump prior to delivery of a waveform. Innals is a result of delay in the software and motor control card
our systemy.ta1 Was minimized for each waveform by with-and phase shift due to the filtering effect of gas compression.
drawing the piston just enough to deliver the necessary volun®nce we were not concerned with the time at which the wave-
As the piston moves forward during the stroke, the pump volunierm was sent, but only the shape of the waveform, the input
is decreased. The pump volume as a function of time during dgd output signals had to be aligned. The signals were aligned

D. Pump Input Correction

livery of a given waveform is by computing the cross correlation function between target and
delivered flow signals. The time index at which the maximum
v(t) = Viotal — / Iy(t) - dt. (9)  ofthe cross correlation occurred was taken as the shift between

signals. The signals were then pre- or postzero padded as needed

Eval_l:?tingR(f) atf = Io(t) andC(v) atv = v(t), (7) can be (5 3jign and equalize lengths. The MSE was then calculated
rewritten as

N
Ii(t) = I(t) + % MSE = % > (i) — ya(i)? (11)
1=1
'|:R(Io(t)) C ('Utotal - /Id(t) : dt) 'Io(t):| . (10) wherey,(i) represents target flow,(7) the delivered flow, and
N the total number of samples.
A nonlinear least squares routine that utilized a
Gauss—Newton gradient search algorithm [11] was used I1l. RESULTS
to solve (10) forl,(¢). Note thatR(I,(t)) can be calculated

priori, while C(v(t)) must be recalculated at each iteration as Results for Load A are shown in Fig. 7. Ten un(_:orrected
1,(t) is adapted. waveforms had MSEs greater than 0.0(Fist. Correction of

inputs for these ten waveforms resulted in an average MSE re-
duction & standard error) of 87.842.70)%. Correction of in-

. . . uts for the remaining 16 waveforms resulted in an average MSE
The offline pump correction scheme was tested using t Qerease of 3 91 11.4)%

Iogds: L.oad A, an Assess Full Range m.étemd Load B, a Fig. 8 illustrates the results for ATS standard waveform 10

Micro DiaryCard mete?.We chose to test with the ATS standarqJsing Load A. The MSE for the uncorrected output is 0.000 40
8Health Scan Products Inc., Cedar Grove, NJ. L2/s?. The MSE for the corrected output is 0.000754. Al-
9Micro Direct Inc. model MDO1, Lewiston, ME. though the corrected waveform has a greater MSE (85% higher)

E. Experimental Protocol
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ime (sec) waveforms delivered by the pulmonary waveform generator with Load B at the
generator output.

Fig. 8. Pump output flow for ATS flow—time waveform 10 (Load A). This is

an example of a waveform with uncorrected MSE less than 0.8¢¢ Lin this L .

case, the corrected waveform MSE is actually 85% higher than the uncorrecf@, the remaining 20 waveforms resulted in an average MSE

while neither waveform exhibits large deviations from target flow. reduction of 6.58(4.65)%.
Since gas compression in the pump chamber is the primary
15 ‘ , ‘ cause of waveform distortion, one might expect large MSE for
waveforms that have larger/faster changes. A parameter that re-
flects this type of change in pulmonary function testing is the
forced expiratory volume in the first second (FEV1). The ten
uncorrected waveforms of Load A with MSE greater than 0.001
10t 1 L2%/$? correspond to the ATS waveforms with the ten highest
] FEV1s[6]. The six uncorrected waveforms of Load B with MSE
greater than 0.0013/s? correspond to ATS waveforms with six
of the seven highest FEV1s.

— target
““““““““ uncorrected
----- corrected

flow (L/sec)

S5 ] IV. DISCUSSION

A method for producing accurate representations of the
ATS flow-time waveforms using a mechanical pump has been
previously reported [8]. That method employed an adaptive
1 algorithm that computed the desired waveform by converging

on a suitable solution using a method of steepest descent. The

techniques used in this study, however, have several advantages
Fig. 9. Pump output flow for ATS flow—time waveform 25 (Load A). Thisto achieve similar accuracies. First, the new method does not
is an example of a waveform with uncorrected MSE greater than 0.8G.L require repetitive pump activity to determine the necessary
Correction for this waveform results in an output flow with a 97% reduction in . . . . .
MSE. Clearly, the uncorrected output flow deviates significantly from the targGPrr.e(FnonS- As a result, pump wear durllng a .teStmg pe”Od_'S
flow. significantly reduced. Second, the time in which the pump is
in use to determine the corrections for improved performance

than the original, both the uncorrected and the corrected outi@reatly reduced. This allows more efficient use of the pump
flows accurately follow the target. In fact, near the peak of thal'C€ corrections can be determined independently with a
waveform, the corrected waveform is more accurate than the §2nd-alone computer. Third, the mathematical description of
corrected. the pump, in this study, is based on a lumped parameter physical

Fig. 9 illustrates results for ATS standard waveform 25 witfiodel composed of discrete components. This allows a more
Load A. MSE for the uncorrected and corrected outputs afguitive interpretation of the pump correction process and also
0.053 and 0.0016/s?, respectively. Here, correction results ias the advantage that the “load” or instrument under test can
a 97% reduction of the MSE. Clearly, correction of this wavdle characterized in terms of a characteristic impedance. In the
form results in a significant improvement with respect to theast, Navajast al.[7] described a time-invariant model of the
target flow. pump composed of a simple resistance capacitance network

When testing with Load B at the pump output, six unto approximate the filtering effects of gas compression during
corrected waveforms had an MSE greater than 0.08%?L PEF meter testing. The model described in this study is similar
(Fig. 10). After correction of these six waveforms, the averadmit employs time varying components to more accurately
MSE was reduced by 584({.63)%. Correction of inputs depict the nonlinear nature of the pump system.

82 04 06 0.8
time (sec)
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It can be shown that the airflow in a pipe of constant croshiring testing (see Section II-B). We did validate the accuracy
section is associated with a dynamic pressure term which oé-this method, however, by not only relying on [8], but by
mains small for Mach numbers less than 0.3. Since these performing our own experimentation demonstrating the agree-
normally the conditions when using a mechanical pumpingent of this method with the flow measured using a pneumo-
system, it would be expected that air flowing in the pumtach (see Fig. 3).
nozzle could be treated as an incompressible fluid. Méteal. Finally, it should be noted that the model described in this
[9] recently asserted, for this reason, that all the air in thgaper was tested with a pump loaded with two different devices.
pump nozzle and chamber can be considered incompressiBlach device was accurately described by a purely resistive ele-
and that pressure variations within the system are due to acowent. Since PEF meters are generally small and contain only a
tical vibration. We believe, however, that even though the amall amount of dead space, this is normally the case. If one con-
velocity is lower in the pump chamber, and the dynamic ternsgders the bandwidth represented by the 26 ATS standard wave-
are negligible, large compressional forces can be exerted onfiens, however, devices having excessive dead space, length, or
gas within the pump chamber. The static pressure developrdving parts may require a model having additional capacitive
in the pump chamber caused by the restriction of the purapd/or inductive elements to adequately describe the dynamic
nozzle and “load” can reach total pressures appreciably higlwdaracteristics of the load. Under these more complicated con-
than atmospheric pressure and, therefore, must be considenrditions, the load impedance becomes a function of frequency as

It should also be noted that, although we did not find it neevell as flow.
essary to include an electrical representation of the dynamicdn summary, this study shows that a pump system and load
of the pump servo control system, it could have been addedn be accurately described by a model comprised of time
When the pump was in operation, the servo system provideakying components. Application of the model in performing
displacement feedback to a motor control card to ensure that df#ine corrections to account for gas compression errors
pump piston followed the correct position with respect to timeesults in an improved delivery of the ATS standard waveforms
and generated the desired trajectory. for testing and calibrating devices that are used to evaluate

When testing PEF meters using the ATS waveforms, pulmonary flow—volume parameters. Examples shown in this
might seem reasonable to be concerned only with the acetudy indicate that flow—-time profiles having mean square
rate reproduction of the correct peak flow. It has been showarrors with respect to the desired waveform that are greater than
however, that a variety of curve shapes and/or rise times wat001 L%/s*> can be significantly improved by the described
similar peak flows are necessary to insure the accuracy oterrection procedure.
given PEF meter [6]. The use of waveforms having differing
flow—time characteristics is an indirect method of evaluating
the frequency response of a device. The overall frequency REFERENCES
characteristics of the meter under test affects how well peak

. . . . . [1] S. B. Nelson, R. M. Gardner, R. O. Crapo, and R. L. Jensen, “Perfor-
flow is estimated under a variety of flow—time conditions. mance evaluation of contemporary spiromete@est vol. 97, no. 2,
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