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Abstract: In this work, a soft-elastic pulsation pump (SEPP) has been made and investigated. Here,
3D printing was used to make casting molds and a melt-removal method using wax was employed.
The SEPP was made of silicone rubber and driven by an external squeezing mechanism. A silicone
one-way valve was also made which prevented backflow after the fluid was squeezed out of the
pump chamber. The material characteristics of the SEPP including durability were examined. The
pump operating parameters were confirmed to differential pressure of 100 mm Hg in a close flow
loop. The average flow rate was 2 L/min, while yielding a peak flow of 8 L/min, and a stroke volume
of 70 mL. A preliminary trial using fresh animal blood had shown that the SEPP has good protection
on the blood. Therefore, within the resources available, an interesting idea for an effective SEPP has
been proposed and realized in the laboratory. The technical details of the SEPP described, and the
experimental results reported here form a good basis for making higher capacity SEPPs. This effort
may help make its way to an effective ventricular assist device.

Keywords: soft-elastic pulsation pump; silicone-based device; mock circulation; 3D printing

1. Introduction

The current work, though far away from a realistic application, was inspired by the
ventricular assist device (VAD). A design approach was taken to make a soft-elastic pump
which has distinct pulsing characteristics.

It is general knowledge that heart transplantation is a gold standard for the treatment
of end-stage heart failure. Due to an insufficient number of heart donors, patients who need
heart transplantation can only take conservative treatment and indeed may lose their lives
at any time [1]. An artificial heart pump is a device that powers human blood circulation
temporarily. It is expected that it can help patients to stay alive while waiting for a heart
transplant. For some patients, it can also be used as an ultimate treatment, i.e., when a
heart transplant is not available or when an artificial system is good enough to replace the
actual heart. Since the twentieth century, artificial heart pumps have undergone several
technological innovations. They gradually become smaller, lighter, have good hemolytic
properties, and stable performance. There are, however, problems such as hemolysis and
thrombosis [2–4]. The occurrence of these problems is related to the high shear force and
long exposure time of the blood in the pump. Essentially it is undesirable that the red blood
cells are exposed to high shear for long periods. Due to the fragility of the cell membrane,
the risk of hemolysis caused by red blood cell fragmentation is always present [5–9]. The
transport phenomena created in the structure of an artificial heart pump are important,
influencing the hydraulic performance and thus the hemolytic performance [10].

Copeland et al. believed that the surplus hemodynamic energy of a pulsatile pump is
much higher than that of a continuous pump [11]. The extra energy of each pulse seems to
be an advantage. As physiological conditions change, the microcirculation may require this
additional energy to maintain adequate capillary flow [11]. Sunagawa et al. suggested that
the use of pulsatile flow improves end-organ function compared to non-pulsatile flow [12].
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A pulsatile pump is considered to be more in line with human biology. In addition,
more applications of 3D printing technology in artificial heart development have been
reported in the literature, which facilitate the fabrication of cavities of complex geome-
tries [13–16]. In 2017, Cohrs et al. first proposed a pneumatically actuated flexible artificial
heart with a flow rate of 2.2 L/min when operated at 80 bpm [17]. In 2021, Guex et al.
fabricated a pneumatically actuated flexible artificial heart by injection molding [18]. Both
of the above devices transport liquid through expansion and contraction of the internal
expansion chambers of the artificial heart which could cause a sharp increase in local shear
stress which is not desirable for blood protection.

In recent years, some interesting fluid rolling robots have been developed which use
voltage-driven oscillating liquids and eccentric soft actuators driven by stacked electrohy-
drodynamic pumps to mimic muscles [19,20] These new technologies may be expected to
be used for artificial heart applications. For the time being, however, no such report can
be found.

In this study, a robust soft elastic pulsation pump (SEPP) relevant to the development
of a future prototype VAD has been devised. A soft-elastic chamber (the Bread) has
been made and optimized to an extent. A non-return valve was designed and made
which enables the flow forward after each squeezing pulse. The mock fluid loop was
established using non-blood fluids and, in one case, using fresh pig blood. The results have
demonstrated that the N.I.H. after 6 h was only 0.006356, below the standard value of 0.01.

The material which constitutes the device has been tested for durability which has
shown great potential for practical application. Though the current device is small in
capacity compared with a usual VAD, the principle is not limited to the current size as it
can be enlarged in the future.

2. Materials and Methods
2.1. Design of the Soft-Elastic Pulsation Pump (SEPP)

Figure 1a shows the 3D SEPP (The Bread). The pump chamber was nicknamed ‘Bread’
which makes it easier for referring to in the following discussion. The design idea came
from the laboratory’s previous works on an angled extrusion device for mimicking the
rat stomach for in vitro digestion studies [21,22]. It arrived at the idea of a trapezoidal
body with a clamping extrusion angle. Each stroke of the squeezing plate acting on the
upper side of the Bread yields a fluid extrusion process. The upper and lower sides of the
extrusion contact are flat, while the left and right sides protrude (bulged) outwards (i.e.,
roundish). The outlet was made to allow flow to converge to an appropriate cylindrical
outlet. The inlet is also of a gradual change. They look like a horn that smoothly transits to
the cylindrical tubing for external connectivity (Figure 1a,b). These gradual transits were
intended for lesser shear.

Flow is qualitatively indicated in Figure 1b, relative to the geometry, driven by squeez-
ing. In terms of the inner Bread size, the height of the cavity at the inlet side is 23 mm, the
width is 57 mm, the height of the cavity at the outlet side is 54 mm, the width is 60 mm,
and the length of the cavity is 78 mm, respectively. The diameter of the inlet and outlet is
14 mm. The internal volume of the Bread is about 212 cm3. It is about the size of an adult
male heart [23]. Of course, here it is only a single-stroke device which is much less complex
than that of the heart. Figure 1c–f show the images of the real molds and the final product
of the ‘Bread’.

Figure 2 shows the extrusion and the non-return valve setup, which made it feasible,
that after each squeezing (each extrusion), the emptied Bread sucks in new fluid. This
facilitates a continuous pulsation pumping as desired.
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Figure 1. The SEPP. (a) Various views of the CAD design; (b) Axial cross-sectional view of the inte-
rior of the model showing the liquid flow direction; (c) 3D printed inner and outer molds; (d) The 
inner mold master; (e) The external mold master; (f) The flexible elastic Bread in a squeezed state. 
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that after each squeezing (each extrusion), the emptied Bread sucks in new fluid. This 
facilitates a continuous pulsation pumping as desired. 

Figure 1. The SEPP. (a) Various views of the CAD design; (b) Axial cross-sectional view of the interior
of the model showing the liquid flow direction; (c) 3D printed inner and outer molds; (d) The inner
mold master; (e) The external mold master; (f) The flexible elastic Bread in a squeezed state.
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Figure 2. (a,b) Front view and side view of one-way valve mold (filled with medical silicone rubber 
with Shore hardness of 10°). (c,d) Sectional diagram of the finished product of the one-way valve. 

2.2. Producing the SEPP 
Referring to Figure 1, the Bread cavity was made using 3D printing technology com-

bined with the lost wax casting method [24]. First, take the CAD file shown in Figure 1a 
and convert it to a suitable format for 3D printing. UnionTech Lite 600 3D printer (Wenext, 
Shenzhen, China) was used for printing (i.e., Stereoscopic Light Curing Technology). 
R4600 photosensitive resin was the material. The inner mold was made first by ‘compu-
tationally thickening’ of 3 mm to allow an outer-cavity mold to be printed (Figure 1c). The 
wall thickness of the Bread VAD was 3 mm as a result. It is noted that the 3D printing 
technology can only print the hard molds at this stage. 

After the above hard molds were made, the soft-elastic molds, i.e., the silicone molds, 
which have the same geometry and dimensions, were made too. The flexible nature of the 
silicone material after curing makes it easier to de-mold and detach the completed Bread. 
The PS6600 type silicone rubber (Shenzhen Yipin Yipin Trading Co., Ltd., Shenzhen, 
China) was used (Figure 1d). The mold master was made into two halves. Similarly, the 
outer mold master was made (Figure 1e). 

The wax core was necessary for making the Bread inner chamber. Here, an acrylic 
rod with a diameter of 14 mm was fixed in the inner master mold in advance, and the 
solid polyethylene glycol (PEG) was placed in an oven and heated at 80 °C. Slowly pour-
ing the melted PEG into the inner mold master, while gently shaking to prevent the air 
bubbles in the PEG from being adsorbed on the wall of the master mold. Replenishing 
PEG after 4 h of cooling at room temperature. The PEG wax core was then made. 

The PEG solid wax core was then placed into the outer mold master. The gap between 
the wax core and the silicone outer mold was filled with a medical high-transparency sil-
icone rubber type 3042 (Shenzhen Yipin Yipin Trading Co., Ltd., Shenzhen, China). This 
formed the Bread’s wall. The silicone material has a Shore hardness of 40 degrees, a tear 
strength of 11.49 KN/m, a tensile strength of 4.7 MPa and the elongation at break is 220%. 
The wall was occasionally cut into flat square sections to carry out tensile tests of >10,000 
times, the wall material properties did not change. 

After filling, a vacuum at 1Pa was applied for 12 h, the molding assembly was placed 
in an oven set at 50 °C for 48 h. The inner PEG was then removed after heating to above 
70 °C. The Bread was detached from the silicone outer mold as well. Then, the Bread alone 
still needs to be heated in an oven at 100 °C for 12 h until the cavity structure was com-
pletely formed. 

Figure 2. (a,b) Front view and side view of one-way valve mold (filled with medical silicone rubber
with Shore hardness of 10◦). (c,d) Sectional diagram of the finished product of the one-way valve.
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2.2. Producing the SEPP

Referring to Figure 1, the Bread cavity was made using 3D printing technology com-
bined with the lost wax casting method [24]. First, take the CAD file shown in Figure 1a
and convert it to a suitable format for 3D printing. UnionTech Lite 600 3D printer (Wenext,
Shenzhen, China) was used for printing (i.e., Stereoscopic Light Curing Technology). R4600
photosensitive resin was the material. The inner mold was made first by ‘computationally
thickening’ of 3 mm to allow an outer-cavity mold to be printed (Figure 1c). The wall
thickness of the Bread VAD was 3 mm as a result. It is noted that the 3D printing technology
can only print the hard molds at this stage.

After the above hard molds were made, the soft-elastic molds, i.e., the silicone molds,
which have the same geometry and dimensions, were made too. The flexible nature of the
silicone material after curing makes it easier to de-mold and detach the completed Bread.
The PS6600 type silicone rubber (Shenzhen Yipin Yipin Trading Co., Ltd., Shenzhen, China)
was used (Figure 1d). The mold master was made into two halves. Similarly, the outer
mold master was made (Figure 1e).

The wax core was necessary for making the Bread inner chamber. Here, an acrylic rod
with a diameter of 14 mm was fixed in the inner master mold in advance, and the solid
polyethylene glycol (PEG) was placed in an oven and heated at 80 ◦C. Slowly pouring the
melted PEG into the inner mold master, while gently shaking to prevent the air bubbles in
the PEG from being adsorbed on the wall of the master mold. Replenishing PEG after 4 h
of cooling at room temperature. The PEG wax core was then made.

The PEG solid wax core was then placed into the outer mold master. The gap between
the wax core and the silicone outer mold was filled with a medical high-transparency
silicone rubber type 3042 (Shenzhen Yipin Yipin Trading Co., Ltd., Shenzhen, China). This
formed the Bread’s wall. The silicone material has a Shore hardness of 40 degrees, a
tear strength of 11.49 KN/m, a tensile strength of 4.7 MPa and the elongation at break is
220%. The wall was occasionally cut into flat square sections to carry out tensile tests of
>10,000 times, the wall material properties did not change.

After filling, a vacuum at 1Pa was applied for 12 h, the molding assembly was placed
in an oven set at 50 ◦C for 48 h. The inner PEG was then removed after heating to above
70 ◦C. The Bread was detached from the silicone outer mold as well. Then, the Bread
alone still needs to be heated in an oven at 100 ◦C for 12 h until the cavity structure was
completely formed.

For the one-way valve installed at the Bread cavity outlet, originated from an idea
exercised previously in the same group for making a bionic rat stomach and a bionic
stomach model [25], and a modified design was realised. In addition, a custom-made metal
mold (contract made by Haocheng Metal Materials Co., Ltd., Shanghai, China) was used.
Figure 2 shows the images of the mold and the finished one-way valve.

The one-way valve is a cylindrical passage, and there are two thin layers of 2 mm
silicone rubber inside which are integrally formed within the main body (Figure 2c). These
two thin layers of silicone rubber are sliced with a thin sharp knife, and the angle between
the thin layers of silicone rubber is 30◦. This converging angle is conducive to the flow to
go through the conduit. The silicone rubber has a Shore hardness of 10 degrees. When the
sample blood flow passes through the valve, the gap between the two silicone rubber ‘lips’
can be easily opened. The reverse, however, due to the pressing of liquid on both sides of
the protruding lips, the flow cannot go through, realizing the one-way operation.

In view of the deformation of the Bread cavity during the fluid extrusion process, it
was necessary to select a material with high strength. The mechanical properties of the
silicone rubber type 3042 were found to be suitable. Moreover, Type 3042 retains reasonable
transparency when the shore hardness reaches 40 degrees, which was feasible for observing
the flow in the experiments.
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2.3. Actuation of the SEPP

The device was powered with mechanical extrusion driven externally by an electro-
mechanical device (Figure 3). A step motor was installed on the electro-mechanical device
and was connected to a rotating wheel and with the transmission rod to control the pressing
and lifting actions of the metal plate. The upper and lower plates were fixed by hinges, and
there was a gap in the middle, allowing for the placement of the inlet tubing of the Bread.
Through the operation of a programmable logic controller (PLC), the internal storage and
execution of logic operations, sequence control, timing, counting, and other operations
were set up to achieve precise control with different synchronizing lengths and speeds.
At the entrance of the Bread, a solid silicone rubber rod and a silicone rubber gasket (a
stopper) were, respectively fixed. Upon closing the extruder upper plate and lower plate
which are metallic, the silicone rod took the role of the check valve of the Bread inlet.
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Figure 3. Schematic diagram of electro-mechanical device which drives the SEPP.

When the upper plate is at the highest point, the silicone rod only just touches the
inlet tubing of the Bread. When the upper plate is pressed down until it just touches the
Bread top surface, the silicone rod would completely shut the inlet. As such when the
upper metal plate press extruded the fluid within the Bread, no fresh fluid can come into
the Bread.

When the upper metal plate continued to squeeze down to the lowest level, the silicone
rod and the inlet tubing were deformed to the maximum. The Bread was squeezed to
extrude the liquid. This process was defined as the Contact Drop Phase (CDP). Before
that, the upper plate comes in touch with the upper side of the Bread and it was called the
Non-Contact Drop Phase (NCDP). The ‘drop’ referred to the upper metal plate moving
from the top position downwards. After each extrusion was completed, the upper metal
plate started to rise until it returned to the end of the NCDP. At this time, due to the closure
of the inlet and outlet, the Bread cavity remained flat in a deformed state. This period was
defined as the Contact Ascending Phase (CAP). The upper metal plate continued to rise to
its original position. During the process, the silicone rod gradually released the Bread inlet,
and the Bread cavity started to refill to full. This process was defined as the Non-Contact
Ascending Phase (NCAP). The one-whole process is demonstrated in Figure 4.
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2.4. SEPP Operated in Circulations

Figure 5 shows a laboratory circulation loop consisting of a 3 L reservoir, medical
polyvinyl chloride (PVC) tubing, outlet check valve, Bread cavity, and silicone rubber
tubings. The reservoir is a customized pressure vessel made of acrylic with a maximum
working pressure of 0.2 MPa (gauge pressure). The connections of PVC pipe–PVC pipe
and PVC pipe–reservoir were of medical polypropylene (PP) tubings. The joint of the PVC
pipe and the one-way valve was installed with a sampling port.

A pressure sensor (SUAY12.6.A1.M2.N1, Nanjing Xuanye Measurement and Control
Technology Co., Ltd., Nanjing, China) was installed at the outlet check valve position, and
a clamp-type ultrasonic flow sensor was installed at the reservoir inlet. The reservoir was
composed of a cylindrical tank and a cap.

An elastic rubber ring is used to seal between the tank and the cap. A vent hole
and a pressure gauge are installed on the cap. The air compressor boosted the pressure
of the circuit through another opening on the cap to cope with the post-load due to the
pulsation. The varying pressure was monitored through the pressure gauge. When the
critical pressure of 0.2 MPa was reached, the vent automatically deflated to ensure the
system’s safety.

2.5. The Material Properties of the SEPP

It was clear that the durability of the system was of great importance that one has to
address when considering a real application in future. A custom-made stretching machine
(see Figure 6) in our laboratory was used to perform continuously 10,000 stretches on the
3042 silicone rubber strips made the same way as the Bread. The thickness of the silicone
rubber strip was 2 mm, when the initial length was 100 mm, and the length was stretched
to was 120 mm (i.e., the elongation was 20%).

The relative changes in the surface morphology of the samples were analyzed by
Scanning Electron Microscopy (SEM). The field emission scanning electron microscope
used was HITACHI SU-8010 (HITACHI, Tokyo, Japan), equipped with an electron gun,
operating in the voltage range of 3–30 kV in high vacuum mode. A 10-nm-thick gold film
was coated on the surface of the silicone rubber samples by sputtering to avoid artifacts
caused by surface charging.
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2.6. Initial Test on Real Blood

The circulation system was taken to the well-established animal research center of
Tianjin TEDA hospital which has the permit to collect pig blood to carry out in vitro
tests. To test the damage to the blood under the continuous operation of the device, we
performed a low-pressure in vitro hemolysis test with an afterload of 40 mmHg (Figure 7).
The experimental blood of 0.8 L was collected from healthy and quarantine-qualified
experimental pigs. The experimental animals were kept in isolation and fasted for 12 h
before the blood collection. During blood collection, the blood in the bag was slowly shaken
to keep mixed. A disposable medical blood collection bag containing citrate-phosphate-
glucose-adenine anticoagulant was used. Each bag of 200 mL and a total of four bags
were obtained. Since the circuit was open to the atmosphere, a disposable blood reservoir
hemofilter was used as the blood reservoir (different from the laboratory setup mentioned
in the methods section due to practicality issues at the time). Before the test the SEPP and
the circuit were rinsed with phosphate-buffered solution (PBS), the experimental blood
collected was slowly filled into the reservoir, and 1 mL (3000 IU) of heparin sodium was
injected at the same time.
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stretching. (d) The 3042 silicone rubber strips after stretching (from top to bottom, the first is the
control). (e) The SEM image of the surface of the 3042 silicone rubber strips before stretching. (f) The
SEM image of the surface of the 3042 silicone rubber strip after continuously stretching for 10,000 times.
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3. Results and Discussion
3.1. On the SEPP Material

There was no obvious irreversible deformation of the silicone rubber strip seen after
the tests (Figure 6c,d). From the SEM images (Figure 6e,f), there was no obvious change
after stretching 10,000 times under the observation range of 500 nm, indicating that the
durability of 3042 silicone rubber was sufficient for the research purpose. Figure 8 shows
the stress–strain curve of the 3042 silicone rubber sample tested with a universal mechanical
testing machine, and dumbbell-shaped specimens made according to ASTM-D412 [26].
The thickness was 2 ± 0.2 mm, the tensile strength was 4.7 MPa, and the elongation at the
breaking point was 220%. This met the deformation requirements for the current extrusion
process.
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In fact, the Bread withstood 30,000 times of continuous operation of pulsation pumping
without dysfunction. A microscopic inspection found no visible changes after long-term
extrusion.

3.2. Pumping Performance

Figure 9 shows the effect of changing the CDP time by changing the CDP speed on the
volumetric flow, instantaneous peak flow, instantaneous valley flow, and stroke volume of
the SEPP under a physiological pressure of 100 mm Hg. NCDP, NCAP, and CAP operation
times were fixed at 1 s, 1 s, and 0.5 s, respectively. With the increase in the CDP time, the
stroke volume showed a stable growing trend. It was because the energy of the upper
metal plate pressing the Bread could not be converted instantly into the power for driving
the liquid. One part of the energy must be absorbed by the Bread due to the nature of the
soft-elastic material of the Bread wall in the way seen previously for a soft-elastic reactor
(SER) in the same laboratory [27–30].

As such, there was a delay in initiating the liquid flow after the initial contact of the
upper metal plate to the top of the Bread. If the CDP time was short, the Bread was only
deformed but not actually moving the liquid. Increasing the CDP time deepened this
process so that the Bread (the SEPP) worked.

The reduction of NCDP and NCAP time was realized by increasing the extrusion
speed, this resulted in a higher speed at the end of the NCD and led to the increase of
kinetic energy acting on the Bread, so there was a small increase in the stroke volume.
For volumetric flow, when the stroke volume increased, the single extrusion cycle was
extended, and the number of extrusions achieved per minute decreased. There was a
tendency for the volumetric flow to fluctuate. The reduction of NCDP and NCAP time
greatly shortened the extrusion cycle. For example, when the NCDP and NCAP times were
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set at 0.1 s and 1 s, respectively, the CAP time was 0.5 s and the CDP time was set to 0.5 s, a
complete cycle, i.e., extrusion and recovery, were 1.2 s and 3 s, correspondingly.
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Figure 9. The effect of the CDP time on the flow. (a) The stroke volume was positively correlated
with the CDP time. (b) The volumetric flow fluctuated somewhat with increasing CDP time. (c) The
prolonging of the CDP time is shown to be beneficial for reducing the instantaneous peak flow, thus
reducing the maximum shear stress. (d) The instantaneous valley flow can be negative, indicating
that there is a small amount of flow reversal, which is not greatly affected by the CDP time.

This directly affected the volumetric flow rate, resulting in 1711 mL/min to 805 mL/min,
correspondingly. The instantaneous peak flow was directly related to the speed of the
upper metal plate during the CDP. The greater the speed of the moving of the upper metal
plate, the higher the kinetic energy obtained by the Bread or the SEPP, the greater the
instantaneous peak flow, and the shorter CDP time. With enlarging CDP time, the influence
of NCDP and NCAP time that changed the instantaneous peak flow was weakened. When
the CDP time was 1.5 s, the three instantaneous peak flow values were almost equal. For
the instantaneous valley flow, some small negative values were recorded, indicating that
there was a small amount of flow reversal, which might be caused by the sharp increase
in the pressure in the loop in the later stage of the CAP. This might be much greater than
the pressure in the Bread or the SEPP. In general, the instantaneous valley flow was not
affected much by the CDP time. The reduction of the NCDP and NCAP time corresponded
to a small increase in the instantaneous valley flow.

Figure 10 shows the instantaneous flow rate and outlet pressure measured of the SEPP
at 100 mmHg when the NCDP and the NCAP time were both 1 s; the CDP and the CAP
time were both 0.5 s. It is noted that the afterload refers to the study of Cohrs et al. [17].
When the afterload was 100 mmHg, the instantaneous flow and the pressure had a similar
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wavy pattern. During NCDP, the upper metal plate did not touch the Bread top, and the
instantaneous flow and outlet pressure were at their initial values.
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Figure 10. Typical instantaneous flow and the outlet pressure measured on the SEPP afterload at
100 mmHg. (a) Example over 90s of running; (b) The same example but zooming in to look at more
details of the peaks.

There was a constant plateau. After entering NCAP, small fluctuations of the instanta-
neous flowrate and the outlet pressure were observed. This was caused by the movement
of the Bread upon pressing and releasing by the upper metal plate. When the metal upper
metal plate left the Bread and entered NCAP, the Bread rebounded. Because of the elasticity
of silicone rubber, pressure fluctuation would occur again. However, the chamber and
check valve were flexible and had a certain degree of compliance, pressure feedback was
faster than the flow feedback. Chong et al. showed that a pump generating the waveforms
that conform to human physiology is considered to be more suitable for use in experimental
studies of vascular blood flow [31].

Figure 11 shows the relationship between the measured instantaneous flow rate and
the pressure difference between the inlet and the outlet of the Bread under the same
conditions, showing the cycling signals of three cycles. It was obvious that the pressure
signal was ahead of the flow signal. Before starting the SEPP, both pressure difference and
flow were 0. After the equipment started to operate, it entered CDP through NCDP, at that
moment, the pressure difference increased sharply first, then the instantaneous flow signal
would appear. When the instantaneous flow reached the maximum, the flow difference
signal decreased first, and the instantaneous flow decreased accordingly.

3.3. Real Blood Test

Employing the protocols described in Section 2.6, after 5 min of initial circulation with
the blood, ensure that the blood is properly looped. The initial blood samples of 2 mL
and 1 mL were drawn, respectively. The 2 mL samples were centrifuged to detect free
hemoglobin (FHB) and the 1 mL samples were used for the blood routine test. Continuous
circulation for 6 h in the SEPP system, sampling at 0.5 h, 1 h, 2 h, 3 h, 4 h, 5 h, and 6 h
from the start, respectively. It was evident that the color of the supernatant drawn after
centrifugation at 3500 rpm for 5 min had no visible difference (Figure 12). The test data are
shown in Figure 12, where FHB refers to the concentrplasma-freeasma free hemoglobin.
The standard hemolysis index was calculated using the standard method ASTM F 1841 [32]:

N.I.H = ∆Free Hb × V × 100 − Hct
100

× 100
Q × T

, (1)
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where N.I.H is the standard hemolysis index, ∆Free Hb (∆FHB) is the increase in the
concentration of the plasma free hemoglobin (g/L) from the beginning of circulation, V is
the circulating blood volume (L), Hct is the hematocrit (%), Q is the flow rate (L/min), and
T is the time from the start of the circulation.
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Figure 12. In vitro hemolysis assaying. The supernatants obtained by centrifugation after sampling
was completed at 0, 0.5, 1, 2, 3, 4, 5, and 6 h of operating SEPP system on real blood.

Figure 13 shows the analytical results of a 6 h in vitro test on blood circulation. For the
first 60 min, a fast increase in ∆FHB was observed. This was probably due to incomplete
cleaning of the inside of the circulation loop or certain aspects of biocompatibility of the
rial were not the most ideal. Considering the hemolysis caused by exposure of the blood to
air, the increase in ∆FHB here was not high. Roberts et al. tested Impella CP for in vitro
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hemolysis within 3 h [33]. In their tests, at 180 min, ∆FHB was already 40 mg/L, which was
higher than the 37 mg/L at the 180 min mark in the current study. Svitek et al. performed a
6 h in vitro hemolysis test on the Tandem Heart Pediatric Pump and the BP-50 Pediatric
Pump. At 6 h, their ∆FHB was 84 mg/L for Tandem Heart and 101 mg/L for BP-50,
respectively [34]. In the current, N.I.H.s were lower values and a benign decreasing trend.
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The initial detected value of N.I.H was 0.0189 g/100 L. Considering that the Q value
was 1 L/min, which was lower than the test standard [30], the initial N.I.H value was high.
There was, however, no significant change in the hematocrits throughout the experiment.
During the process, it was observed that there was thrombosis in the local pipe in the
circulation circuit, which was located in a hidden dead corner and was not easy to clean,
which might explain the sudden increase in ∆FHB at the beginning of the experiment.

3.4. A Remark

It has been shown that a soft-elastic pulsation pump (SEPP) can be made, such as a
soft-elastic reactor (SER) previously developed in the same team over the past decade. The
mechanism for powering the fluid flow is simple, i.e., squeezing/extruding. The pulse
generated in each extrusion, if used for the purpose of a VAD, may make better sense
than that used with a rotational device which generates no pulse. Once scaled up, it may
make its way into the field of VAD. It is interesting to note that the current device may be
duplicated working in parallel making a larger throughput. Since it is soft and elastic, the
absorption of the energy from the external squeezing and the internal deformation without
sharp edges/corners seem to moderate the flowing condition to minimize high shear.
Silicone material is indeed excellent and versatile, which has a good range to choose from
for making different parts of the SEPP system. The durability of the SEPP is also promising
at least in the current way of making it which had survived over 30,000 extrusions without
noticeable issues. To prove the validity of the device for pumping real blood with little
damage, much longer period of operation needs to be investigated, which is beyond the
current scope of the work.

4. Conclusions

In this paper, a soft elastic pulsation pump (SEPP) was designed and made many times
over for testing towards potential medical applications. Much of the technical details have
been recorded. The space inside the pump (the Bread) has no sharp edges or corners to
avoid high shear. High shear is known to cause damage to blood. The SEPP is powered by
squeezing its wall. Interesting flow characteristics were observed. A preliminary hemolysis
test showed a very mild hemolysis which may serve as a proof of concept. If optimized,
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the current SEPP may be tested towards a VAD or a heart failure model. Furthermore, the
current approach is scalable in that the flow rate of the device can be increased to meet
the normal physiological demands of 5 L/min. This may be achieved through a series
of the same device in parallel. Improvements in biocompatibility may be made further.
Alternatively, a single but larger SEPP may be constructed to be investigated in the near
future.
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