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Abstract—The purpose of this study was to assess and quantify the beneficial effects of gas exchange according to
the various frequencies of the sinusoidal wave that are excited by a PZT actuator, on patients suffering from acute re-
spiratory distress syndrome (ARDS). In this study, an experimental method for the flow hydrodynamics was developed
through a bundle of sinusoidally vibrated hollow fibers to observe how well vibrations might enhance the performance
of the VIVLAD. We measured the effect of the various excitation frequencies of the PZT actuator on the gas transfer
rates and hemolysis from the maximum gas transfer rate. As a result, the maximum oxygen transfer rate was reached
at the maximum amplitude and through the transfer of vibrations to the hollow fiber membranes. The device was max-
imum excited by a frequency band of 7 Hz at various water flow rates, as this frequency was the 2nd mode resonance
frequency of the flexible beam. 675 hollow fiber membranes were also bundled, within the blood flow, into the device.
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INTRODUCTION

Acute respiratory distress syndrome (ARDS) is a form of acute
respiratory failure caused by an extensive lung injury after a variety
of catastrophic events such as shock, severe infection, and burns.
ARDS can occur in individuals with or without previous lung dis-
ease, through exposure to noxious gases, steam, or heat during a fire,
which can result in respiratory failure. Respiratory failure usually
occurs following a catastrophic event in individuals with no previ-
ous lung disease. Regardless of the event causing the lung injury,
the patients exhibit common signs and symptoms, x-ray findings,
and tissue changes. Because many of its features resemble the type
of respiratory distress syndrome of newborns, ARDS, the adult dis-
ease is also called ARDS.

The disease affects approximately 150,000 people per year in
the United States [Fazzalari et al., 1994] and treatment requires re-
spiratory support using the conventional therapy of mechanical ven-
tilation, or extracorporeal membrane oxygenation (ECMO) for pa-
tients with severe ARDS. The positive airway pressures and vol-
ume excursions associated with mechanical ventilation can cause
further damage to the lung tissue, including barotrauma, volutrauma
and parenchyma damage from the toxic levels of oxygen needed
for effective mechanical ventilation [Weinberger et al., 1992]. The
alternative use of ECMO is complicated and expensive, requiring
extensive blood/biomaterial contact in extracorporeal circuits, sys-
temic anticoagulation, and labor-intensive patient monitoring. Due
to these complications, the mortality rate of ARDS patients is very
high, exceeding 50% in adults [Gattinoni et al., 1980; Pesenti et al.,
1988; Snider at al., 1988; Campell et al., 1994; Ichiba et al., 1996;
Fedespiel et al., 1997; Hewitt et al., 1998].

Intravascular oxygenation represents an attractive, alternative sup-
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port modality for patients with ARDS. The concept of intravascu-
lar oxygenation as an alternative ARDS therapy was first reported
by Mortensen [Mortensen et al., 1992], who developed an intrave-
nous oxygenator (IVOX) consisting of a bundle of crimped hollow
fibers positioned in the vena cava. In clinical trials, the IVOX pro-
vided an average of 28% of the basal gas exchange requirements
for patients with severe ARDS [Conrad et al., 1994]. However, clin-
ical studies concluded that more gas exchange is needed for intra-
vascular oxygenation to be effective in ARDS treatment.

We are in the process of developing an intravenous membrane
oxygenator with a design goal of 50% of the base oxygen and car-
bon dioxide exchange requirements for end-stage ARDS patients
[Lee and Kim 2002; Kim et al., 2003]. Like the IVOX, the intra-
venous membrane oxygenator consists of a bundle of manifolded
hollow fibers, and is intended for the intravenous placement within
the superior and inferior vena cava. Consequently, the intravenous
membrane oxygenator incorporates a vibrating actuator concentric
with the fiber bundle, which enhances gas exchange. Currently, efforts
are focused on the device improvements intended to provide the
target levels of gas exchange, given the constraints imposed by the
intravenous placement on fiber bundle size and hence the fiber area
for gas exchange. Although critical care techniques have improved,
the high mortality of severe acute respiratory failure (ARDS) has
not changed significantly [Woodhead et al., 1992; Nguyen et al.,
1993]. In an intravenous membrane oxygenator, the greater part of
the oxygen transfer resistance is located in the blood-side of the lam-
inar film [Vaslef et al., 1994]. Various methods to improve the lami-
nar film in order to improve the oxygen transfer rate have been at-
tempted [ Weissman et al., 1968; Tanishita et al., 1975].

This study developed an analytical solution for the hydrodynam-
ics of flow through a bundle of sinusoidally vibrated hollow fibers,
which is used to provide some insight into how wall vibrations might
enhance the performance of an intravascular lung assist device. Scal-
ing analysis was then used to determine the dimensionless groups
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that correlate the performance of a vibrated hollow tube membrane
oxygenator. The experimental design and procedure for a device
given were then used to assess the effectiveness of membrane vi-
brations. The aim of this study was to assess and determine if the
beneficial effects in the long-term gas exchange at a fixed exited
frequency could be obtained at the different frequencies, and then
to develop an intravascular lung assist device (IVLAD) for patients
having chronic respiratory problems.

THEORY

1. Description of Mass Transfer
For the Reynolds numbers, the dimensionless rate of mass trans-
fer, K, is given by

1/3

K=NgNs. = aNp, )

The Reynolds number, N, (=dv/v), characterizes the flow regime
and is the ratio of the inertial force to the viscous force. The Schmidt
number, Ng(=u/D), which is analogous to the Prandtl number in
heat transfer, characterizes the fluid properties and is the ratio of
the momentum transport to diffusive transport. The Peclet number,
N;(=dv/D), which is the product of N, and Ng,, characterizes the
relative importance of the convective and diffusive processes, and
is the ratio of bulk mass transport to diffusive mass transport. The
Sherwood number, Ng,(=Kd/D), which is also known as the mass
transfer Nusselt number, likewise characterizes the relative impor-
tance of convective and diffusive transport, and it is the ratio of the
total transport to diffusive transport. In which d is the characteristic
length, vis the velocity, D is the diffusivity, v is the kinematic vis-
cosity and K is the mass transfer rate [Streeter et al., 1998; Bird et
al., 2002; Mulder, 1996; Beek et al., 1996].

The characteristic length is given by

d= ]ngd,, ()

where ¢is the device porosity, and d, is the outside diameter of the
hollow fiber membrane.

The O, content and O, transfer rate were calculated by the fol-
lowing standard formulae:

0, content (vol%)— Hbx 1 .34x‘?oo((;)2 saturation

xP,,x0.003 (3)

O, transfer rate (ml/min)=(C,,,— C,,,,)*blood flow rate 4)

where Hb is the hemoglobin level (g/ml), P, is the partial pressure
of oxygen (mmHg), 1.34 being the amount (in ml) of oxygen that
could be carried by 1 g of hemoglobin; and 0.003 is the amount (in
ml) of oxygen that can be dissolved for each 1 mmHg, C,, is the
arterial oxygen content (vol%), C,,, is the venous oxygen content
(vol%), and the blood flow rate represents the pump flow rate (/min).
2. Calculation of Normalized Index of Hemolysis

Blood hemolysis is expressed as the Normalized Index of Hemol-
ysis (NIH) according to this equation [Snider et al., 1972; Morin et
al., 1977; Naito et al., 1994; Nose et al., 1998]:

AbexVx(l— ﬂ)x 100

100

NIH(g/100L)= A0 ®)
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Table 1. Inlet parameters recommended by AAMI/ASTM Stan-
dard: Admitted range, minimum and maximum values
measured during the test

AAMI Measured
Recommended range  Average Min., Max.
T (°C) 37+1 37.0 36.8 372
B.E. (mmol/]) 0+£5 1.1 -1.8 27
SvO2 (%) 65+5 65.5 64.0 68.0
Hb (g/ml) 12+1 12.0 11.6 125

where, AfHb is the increase in the free plasma hemoglobin con-
centration during the testing time, Ht is the percentage of hemat-
ocrit, V is the blood volume for each circuit, and Q is the flow rate
expressed in I/min.

MATERIALS AND METHODS

1. Blood Condition

The blood was obtained from cattle with a normal body temper-
ature, no physical signs of disease, including diarrhea or rhinorrhea,
and an acceptable range of hematological profiles. The blood was
collected by a vascular puncture using a needle (14G) and placed
into 500 ml blood bags, which contained a citrate phosphate dex-
trose adenine (CPDA-1) anticoagulant solution. Table 1 shows that
the initial mean free hemoglobin concentration was 5.3342.75 mg/
ml, and the mean hematocrit was 28.1+3.0%. All of the units of
blood were used within 6 hours of acquisition.
2. Membrane Oxygenator

In this study, the experimental data was measured to evaluate
the performance of the Vibrating Intravascular Lung Assist Device
(VIVLAD). The test section was a cylinder duct with an axial length
of 60 mm, and an inner diameter of 30 mm. Fig, 1 shows a photo-
graph of the VIVLAD. The VIVLAD used for this experiment was
prepared by using the number of hollow fibers in the acryl cylinder,
as shown in Fig. 2. The VIVLAD was made from micro porous
polypropylene with an inner diameter of 380 um and a membrane
thickness of 50 um (Oxyphane, Enka, Germany), respectively. The
experimental set-up of a flexible beam in the artificial lung device
is shown in Fig. 2. The material used for the tests is a random glass
fiber reinforced polypropylene composite. The thickness of the sheet
was 1 mm for 40% glass sheet. The PVDF was LDT1-028K (AMP,
28 um thickness). The piezoceramic used is a multi-layer bender
PZT actuator which is PL-128.255 Lead Zirconate Titanate (PZT)
of Digtal ECHO company. The dimension is 40x10x0.45 mm. The

Gas
Input Main Body
- Actuator /
—
Liguid | = |* ! Liauid
Input Output
Gas ' Input " Hollow fiber Output
Output Cap Membrane Plate  Cap

Fig. 1. Vibrating intravenous lung assist device (VIVLAD).
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Fig. 2. Configuration of a cantilevered composite beam with the
piezo-film sensor and piezo-ceramic actuator.

PZT and PVDF were bonded to the beam with araldite adhesive,
and the electrical leads were soldered to the electrode of piezo-ele-
ments, and then covered by elastic rubber for waterproofing. The
PZT actuator and PVDF sensor were bonded to a flexible beam
with Araldite®, and the electrical leads were soldered to the elec-
trode of the piezo-elements. Elastic rubber was then used to water-
proof the electrical leads. A description of the VIVLAD is given in
Table 2.
3. Test Circuit

Fig. 3 shows the experimental closed loop for the gas performance
tests. The experimental closed loop blood circuit consisted of a bio-
compatibility tube with an inner diameter of 3/8 inch, the deoxy-
genator (Baxter Healthcare Corporation, Irvine, CA, USA), the elec-
tromagnetic blood flow meter, a roller pump (Cobe Cardiovascular,
Inc., Arvada, Co. USA), and a membrane oxygenator. A gas blender
(Sechrist Industries, Inc., Anaheim, CA) was connected to the deox-
ygenator with tubing, The blood temperature was maintained at 37 °C
with a heat exchanger.
4. Measurements

The measurement was performed according to the AAMI/ISO
international standard recommendations [AAMI, 1998; ISO/DIS,
1996]. The experimental closed loop was primed to less than 6 liters
of filtered cattle blood after the addition of 75 ml ADC and 1 ml
heparin for anticoagulation. The hemoglobin content was calibrated
at the required value (12.0£1.0 g/ml) by means of a blood dilution
with normal saline. Adequate recirculation was performed prior to
the test, in order to adjust the blood’s inlet conditions according to
the AAMI/ISO standards (Table 1). The total duration of the test
was 6 hours. The mean blood flow rate (Q,=6.0 //min or smaller
and the systolic period of the vibration waveform (50% of the entire
cycle) were constant. Gas flow rates of up to 6 /min through the

Table 2. Dimensions of hollow fiber modules
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Fig. 3. In vitro bench test system used for the oxygen transfer and
of the test modules.

120-cm-long hollow fibers were achieved by exciting a piezo vibra-
tor with a sinusoidal wave magnitude of DC 50 V.

Fig. 3 shows the experimental setup of the testing equipment for
measuring the level of blood oxygen transfer. The experiment was
carried out using a DSP 1104 board (TMS320C40, dSPACE GmbH,
Germany) and an amplifier (SQV 3/150, Pizomechanik Dr. L.
Piekehman GmbH, Germany). The signal from an A/D converter
with a sampling ratio of 1 ms was sent to the DSP system and the
calculated input voltage was sent to a PZT actuator to excite the
test module through the D/A converter and amplifier.

The signals from the sensor according to the applied input volt-
age were digitalized and filtered in order to obtain the dynamic char-
acteristics of the flexible beam in the artificial lung device. In the
filtering procedure, the DC offset was rejected and the noise was
eliminated with a cutoff frequency of 0.5 Hz and 50 Hz using a band-
pass filter (BPF), respectively. Finally, the signals were integrated in
order to measure the applied input voltage. The processed signals
of the sensor output were obtained from a personal computer while
the experiment was underway.

The experiments were performed at various frequencies that are
applied to the PZT actuator of the test module. The dynamic response
of the sensor system was obtained by applying the dynamic input
voltage with the frequencies of the sinusoidal wave ranging from
0 Hz to 50 Hz, the magnitude of the excited input ranged from 0 to
100 V. The measuring system was discretized at every sampling
interval of 0.001 s. Every hour, the excitation frequency of the test
module ranged from 0 to 10 Hz (step 1 Hz) in four runs lasting for
60 minutes each. Under each run, three veno/arterial blood samples

Parameter Type 1 Type 2 Type 3 Type 4 Type 5
Membrane type Hollow fiber Hollow fiber Hollow fiber Hollow fiber Hollow fiber
Material Polypropylene ~ Polypropylene  Polypropylene  Polypropylene  Polypropylene
Cylinder duct inner diameter (mm) 30 30 30 30 30
Number of hollow fiber 100 200 300 450 675

Korean J. Chem. Eng.(Vol. 22, No. 4)
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were withdrawn and analyzed immediately. The flow rate of oxy-
gen was matched with the flow rate of blood. The samples were
taken from the inlet and outlet sampling ports, and the blood gases
were analyzed by using an i-Stat Portable Blood Gas/Electrolyte
Analyzer (i-Stat Co., East Windser, NJ, USA). Data collection con-
sisted of recording the venous and arterial oxygen saturation values
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Fig. 4. Relation between the flow rate of bovine blood and oxygen
transfer rate on the various number of hollow fibers in bo-
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(Svo, Say,), the oxygen partial pressure (pv,,,, pa,,), the venous and
arterial pH, and the total concentration of hemoglobin (Hb) in the
exhausted gas.

RESULT AND DISCUSSIONS

Fig. 4 shows the relationships between the oxygen transfer rate
and various flow rates without an excited vibration. When the blood
flow rate was increased, the oxygen transfers rate increased, and
the module type 5 shows a higher oxygen transfer rate than any of
the other types. Module type 5 consisted of 675 hollow fiber mem-
branes. The membrane module consisting of up to 675 hollow fibers
of type 5 was observed having a pressure drop of 14.6 mmHg at
the flow rate speed of 6 /min, which can satisfy the condition where
the blood pressure drop must be maintained below 15 mmHg in
order to apply the VIVLAD the vein. Good agreement between the
hypothesis and experiment results at 6 /min was also shown.

Fig. 5 shows the relationships between the excited frequency and
the oxygen transfer rate on blood flow rate at various module types.
The maximum oxygen transfer rate appeared to be caused by the
occurrence of a maximum amplitude and transfer of the vibration
to the hollow fiber when it was excited by 7 Hz at each blood flow
rate. This is because this frequency became the 2nd mode reso-
nance frequency of the flexible beam inserted into the VIVLAD.
The excited frequency region for the maximum oxygen transfer
rate at DC50V was approximately 7 Hz. When it was excited at
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Fig. 5. Oxygen transfer rate for VIVLAD, of various module types, and liquid flow rate, using bovine blood at various excited frequencies
(Blood flow rate (a) 1 /min, (b) 3 //min, (c) S //min, (d) 6 /min).
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more than 8 Hz, the oxygen transfer rate was relatively lower than
it was at 7 Hz. The oxygen transfer rate also increased in each excited
frequency bandwidth compared to the rate without the vibration.
There was little difference among the oxygen transfer rates regard-
less of the vibration when the blood flow rate was relatively low,
for example at 1 //min. However, the increase in the blood flow rate
affected the oxygen transfer rate significantly. There was a large
resonance affecting the oxygen transfer rate at a high blood flow
rate, 6 //min, because there was a large resonance between the ex-
citation frequency of the flexible beam and the blood flow rate at
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Fig. 6. Amplitude of PVDF sensor output the system for various
excited frequencies with bovine blood.

the excitation frequency of 7 Hz. The resonance effect indicates
the doubled effects as a result of the coupling of the excitation fre-
quency of the test module and the blood flow. However, initially,
the array of the effective hollow fiber membrane was quite impor-
tant because the effect of the oxygen transfer changed according to
the contact states between the hollow fiber membrane and blood.

Fig. 6 shows the output voltage of the PVDF sensor at the max-
imum oxygen transfer rate in module type 4. As shown in this figure,
the maximum amplitude of the PVDF sensor output was at the fre-
quency band of 7 Hz in various blood flow rates. The maximum
oxygen transfer effect occurred at the frequency band of 7 Hz. This
resonance effect represented the maximum oxygen transfer rate by
reducing the boundary layer, which occurred on the surface of the
hollow fiber membrane.

Fig. 7 shows the dependence of the mass transfer rate, K, of the
blood flow in the VIVLAD at the various excited vibrations. The
mass transfer rate increased with the linear velocity of the blood
flow. A lower number of tied hollow fibers produce a higher mass
transfer rate at a constant velocity of the blood-side flow. These re-
sults indicate that the packing of the hollow fiber strongly affects the
mass transfer rate. This figure is a log-log plot of K vs. N, for the
VIVLAD experiment at various numbers of tied hollow fibers. The
following equations were obtained by the least-square fits method.

K=aN,,

o=y, +Ae"
Yi=0.52+58.47¢%
A=-0.07-547¢""%

t=2.48+0.0001¢ "% (©)
F/=A+BX

A'=098-031e7"®

B'=0.004-0.012p* @

These values for the slope and vertical position were used in the
equation, K= aNf;,, to predict O, transfer rates in distilled water for
the VIVLAD at the various numbers of tied hollow fibers.

Fig. 8 shows the relationship between the changes in the plasma
free hemoglobin and time at different flow rates in module type 5, in-
dicating the maximum oxygen transfer rate. Fig. 8 shows the changes
in the plasma free hemoglobin with each PZT actuator activated
with sinusoidal wave amplitude of DC10V. The change in the plasma
free hemoglobin was 0.112 g/ml after 6 hours with sinusoidal wave
amplitude of DC10V and an excitation frequency band of 7 Hz at
the blood flow rate of 5 /min in module type 5. From the results of
blood hemolysis, it was determined that damage to the blood does
not occur because the hemolysis is low, which was measured during
the 6 hours of excitation in frequency region of 7 Hz in the experi-
ment. Enhancing the performance of the contactors using the mem-
brane vibrations also offers an additional advantage of minimizing
fouling. Employing membrane vibrations may be more amenable
to enhancing the performance of an implantable blood oxygenator
because it is easier to implement and is less traumatic than when
employing direct pulsations of the fluid flow.

CONCLUSION

The hemolysis was low in the frequency band of 7 Hz, which

Korean J. Chem. Eng.(Vol. 22, No. 4)
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Fig. 7. Oxygenation performance of VIVLAD of various module types using bovine blood at various excited frequencies (Excited frequency
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Fig. 8. Graph reveals a variety in plasma free hemoglobin as vari-
ous blood flow rate with the passage of time excited at 7 Hz.

had a maximum value for the oxygen transfer rate. It is known that
the resonance frequency band of 7 Hz in the blood experiments has
a maximum oxygen transfer rate. In addition, the hemolysis in the
module was judged to be able to improve the oxygen velocity effi-
ciency by not adversely affecting blood by the 7 Hz area because
the hemolysis was low at the time when the new device was excited
at the frequency band of 7 Hz for 6 hours. As a result, the effect of
the various exciting frequencies in gas transfer rates and hemolysis
could be measured by using the maximum gas transfer rate. The
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maximum oxygen transfer rate was reached through the occurrence
of the maximum amplitude, and the transfer of a vibration to the
hollow fiber membranes. This is because this frequency was the
2nd mode resonance frequency of the flexible beam, which was
also bundled with 675 hollow fiber membranes in the blood flow.
In addition, the blood hemolysis was low when module type 5 was
excited at a frequency band of 7 Hz. Therefore, it was determined
that the limit of the hemolysis frequency was the frequency band
of 7 Hz, because the maximum amplitude was obtained from the
PVDF sensor at this frequency.
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