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A B S T R A C T   

State of the art artificial membrane lungs incorporate hollow fiber membranes. The creeping blood flow in 
hollow fiber bundles forms a boundary layer that represents a diffusive resistance to gas transfer. Advances in 
additive manufacturing allow for the fabrication of novel membrane designs that overcome this limitation. 

The goal of this study is fabrication and subsequent experimental evaluation of blood gas transfer of novel 
membrane designs based on triply periodic minimal surface (TPMS) geometries in comparison to the predomi-
nantly present hollow fiber geometry. 

A fabrication process was established based on a casting process with a dissolvable 3D-printed mold. Modules 
were manufactured containing different membrane designs: three TPMS designs, namely Schwarz-P (SWP), 
Schwarz-D (SWD), Schoen-G (SGY), and a hollow fiber shaped design (HFM) as reference. Each membrane 
consists of silicone and has a wall thickness of 800 μm. To assure comparable results, the design of the module 
considers matching inlet conditions, smallest membrane distance and the same gas exchange area. Gas transfer 
was tested in vitro under standardized conditions in accordance with ISO 7199 for blood gas exchangers. The 
oxygen transfer rate for TPMS geometries is at least by 26% and up to 69.8% higher than the state of the art 
hollow fiber design within a flow range of 20–100 mL/min.   

1. Introduction 

Current blood oxygenators consist of thousands of hollow fiber 
membranes that separate the blood and gas phases and provide a large 
surface area to take over the gas exchange capacity of the human lung in 
the event of acute or chronic lung failure. Blood typically flows around 
the hollow fiber membranes while gas flow is directed through the fi-
bers. The gas transfer of oxygen into the blood and carbon dioxide from 
the blood occurs passively by diffusion across the membrane. Although 
membrane oxygenators are routinely used for cardiopulmonary bypass, 
due to a lack of alternatives, they are increasingly used for short-term 

treatment of acute exacerbations from chronic lung diseases. Two 
closely related factors limit the use of contemporary artificial membrane 
lungs: 1) the limited gas transfer caused by diffusion resistance on the 
blood side and 2) blood reaction to the large foreign surface [1,2]. 

A reduction of blood exposed surface in artificial membrane lungs 
can only be achieved by using the exchange area as efficiently as 
possible by optimizing the overall mass transfer coefficient. The overall 
mass transfer coefficient is composed of the mass transfer coefficients for 
the gas phase, the blood phase, and the membrane [3–5]. Since sweep 
gas is typically pure oxygen, the resistance from the gas side is assumed 
negligible compared to the others [3]. The resistance of the membrane, 
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but predominantly the blood phase itself, limits gas transfer [4,6]. A 
theoretical consideration of the resistances showed that the resistance 
on the blood side is 100,000 times higher than the other resistances [5]. 
The blood flow in artificial membrane lungs possess Reynolds numbers 
within the laminar or creeping flow regimes [7,8]. As blood flows along 
a membrane surface, the laminar boundary layer accumulates oxygen 
until fully saturated, but the saturated blood is not carried away. As 
result, this saturated boundary layer reduces the gradient for gas ex-
change in accordance to Fick’s law of diffusion [6,9,10]. The key to 
increasing the mass transfer coefficient lies in either limiting the growth 
of these saturated boundary layers or disrupting them. Therefore, two 
strategies are in focus of current research: 1) minimizing the channel 
dimensions [11–13] or 2) mixing to disrupt the boundary layer, induced 
actively or passively [14–18]. Artificial lungs based on a microfluidic 
concept still have to face challenges like elevated pressure drop or the 
distribution of the blood into the network of channels [11]. The typical 
rectangular shape of the channels is also disadvantageous due to stag-

nation resulting from the microlithography [19]. As an approach to 
disrupt the boundary layer, the introduction of either oscillation, pul-
sation or rotation to the fiber bundle have been investigated [14–17]. In 
addition, passive mechanisms without external induced energy have 
been investigated in the past. Therefore, a special housing was designed 
that increases vorticity and secondary flows and thus leads to an 
improved gas transfer [18]. 

The topic of this study is novel membrane designs with the potential 
to overcome these inherent limitations of current hollow fiber mem-
branes. The advancements in rapid prototyping technology over the last 
decades enables the fabrication of novel “three-dimensional mem-
branes” with almost no limitations in shape and design [20]. As an initial 
approach to three-dimensional membranes, Femmer et al. demonstrated 
improved heat transfer in relation to simulated pressure loss on 
3D-printed modules in the shape of different triply periodic minimal 
surfaces (TPMS) [21]. As the name already suggests, TPMS are surfaces 
that extend periodically in all three spatial dimensions. Moreover, TPMS 
minimize their local area. In mathematical terms, minimal surfaces 
possess a mean curvature of zero at every point, leading to an overall 
smoothness of the geometry. In the study by Femmer et al., the exchange 
area of the different designs differs up to 25% from the average 
(1526.5 +267.5

− 381.5 mm2) though and thus makes the results hard to compare 
[21]. In a further study, Femmer et al. fabricated small-scale membranes 
based on different TPMS. For fabrication, a mold was printed in a 
dissolvable material and immersed in PDMS. After curing, the mold was 
dissolved in sodium hydroxide solution from the PDMS membrane. 
Subsequent proof-of-concept experiments showed improved 
mass-transport properties of CO2 in water from TPMS membranes over 
the results from simulated hollow-fiber membranes (intra-luminal flow). 
A successful reduction of the boundary layer thickness resulting in a 
faster mass transport away from the membrane surface explains the 
increase in CO2 transfer [22]. 

The TPMS structures promise to prevent the formation of laminar 
flow through their inherent surface curvature and thus improve gas 
transfer performance due to their discontinuous flow path. Therefore, 
three-dimensional membranes based on TPMS may allow for a signifi-
cant reduction of the blood exposed surface. In addition, smaller devices 
would allow ambulating or active rehabilitation of the patients while on 
extracorporeal membrane oxygenation (ECMO). Most importantly, a 
translation of this technology requires proof of improved gas transfer 
performance with regard to the special rheological and special gas 
transfer kinematics in blood. Here, we report on manufacturing and 

experimental testing of a membrane device based on TPMS for blood 
oxygenation. Therefore, we adapted the fabrication process based on a 
sacrificial mold for up-scaled laboratory samples with an adequate ex-
change surface for in-vitro testing under standardized conditions. 

2. Materials and methods 

2.1. Membrane design 

Three different gas exchange modules based on the TPMS structures 
were designed: Schwarz-P (SWP), Schwarz-D (SWD), and Schoen-Gyroid 
(SGY). Additionally, a hollow fiber membrane (HFM) reference struc-
ture was designed. The periodic surface elements can be trigonometri-
cally described by implicit equations, given by: 

SWP : FSWP(x, y, z)= cos(x)+ cos(y)+ cos(z)= 0 (1)     

SGY : FG(x, y, z)= cos(x)sin(y)+ cos(y)sin(z)+ cos(z)sin(x)= 0 (3) 

In order to create a tri-continuous TPMS structure consisting of a 
blood phase, a gas phase and a solid membrane with a defined thickness, 
equation G(x, y, z) was established, which describes a surface corre-
sponding to that of the surface functions but shifted by the value of the 
parameter T [21]: 

G(x, y, z)= F
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The function G(x, y, z) is composed of the particular variables (x, y, 
z), the respective derivatives in x, y and z directions, the parameter T, as 
well as the average slope R given by equation (5). The direction of the 
displacement can be determined by varying the sign of parameter T. A 
positive value moves the surface inwards, a negative value moves it 
outwards. T can be further specified as: 

T =
t ⋅ π

a
(6)  

Where a is the length of the TPMS unit cell and t is the desired wall 
thickness of the membrane. In order to obtain the overall function of the 
interfaces of the membrane, the functions Go(x, y, z) with T < 0 and 
Gi(x, y, z) with T > 0 were generated. These were multiplied and result in 
the overall function: 

H(x, y, z)=Go(x, y, z)⋅Gi(x, y, z) (7) 

The smallest gap in membrane structure is known to have a high 
impact on gas transfer [6,11] and, for manufacturability, its dimensions 
are limited by the resolution of the 3D-printer used. Thus, to maintain 
comparability between the different TPMS modules and to guarantee 
manufacturability via 3D-printing, the smallest normal distance be-
tween two opposing membrane surfaces bmin is kept the same for all 
modules. Therefore, the values for T and a were iteratively adapted until 
bmin measured to be 1.27 mm (±0.01 mm) and the membrane thickness 
was 800 μm. 

The spatial extent of a TPMS unit cell in x-, y- and z-directions for 

SWD : FSWD(x, y, z)= sin(x)sin(y)sin(z)+ sin(x)cos(y)cos(z)+ cos(x)sin(y)cos(z)+ cos(x)cos(y)sin(z)= 0 (2)   
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SWD and SGY was defined within the intervals of [-π, π] and [-0.5 π, 1.5 
π], respectively. The shift of the definition interval of 0.5 π for SWD 
results in a strip-shaped instead of sine-shaped interface which seemed 
advantageous for the following modeling steps. In the same manner, the 
spatial extent of SGY was shifted by 0.5 π in the y-direction. The 
resulting surfaces of the transformed TPMS equations in a 2 × 2 x 2 
arrangement of unit cells are illustrated in Fig. 1. Streamlines indicate 
the blood flow path through each structure. The open source (GPL) 
mathematic software MathMod 9.0 was used for the creation of each 
TPMS according to equation (7) and subsequently exported as an OBJ- 
file. The grid size for the export of each unit cell was approximately 
32,000 polygons. 

For the following design steps the CAD software 3-matic (Materialise, 
Leuven, Belgium) was utilized. The imported TPMS unit cell was scaled 
to the required size and the inner and outer surface of the unit cell were 
defined. In order to obtain the desired exchange area of the membrane, 
the individual cells were assembled into a network of unit cells. Since 
the TPMS structures are periodic in every spatial direction, they 
smoothly connect to each other. Therefore, the TPMS cells were 
patterned in x- and y-directions with the unit cell length a. To connect 
the individual cells, the inner and outer surfaces were merged to create a 
solid membrane wall. The resulting single layer of unit cells was than 
duplicated in the z-direction, until the desired membrane surface was 
reached. Thus each module of different TPMS have an individual length, 
but most importantly the same membrane area. The raw membrane 
network is shown exemplarily for SWD in Fig. 2 a): Blood can enter and 
leave the two sides in the x-y plane and flow along the z-axis while the 
other sides are connected to the gas phase. However all sides were still 

accessible for both phases, therefore caps were created that seal the 
other phase (see Fig. 2 b)). In the following design step, a frame was 
modelled that defined the inlet and outlets and supports the membrane 
network. Fig. 2 c) shows the membrane module which is to be manu-
factured. In order to create the mold, the membrane module was sub-
tracted from a box with corresponding dimensions using a Boolean 
operation (see Fig. 2 d)). Since both phases are completely separate, this 
operation leads to two parts that can move relative to each other. To 
keep them at a defined distance and guarantee an equal membrane 
thickness, structures were added (Fig. 2 e)). Finally, the structure was re- 
meshed using the adaptive re-mesh operation to increase mesh quality 
and exported in STL-format. 

The HFM reference module was designed in Creo parametric 4.0 
(PTC Inc, Boston, Massachusetts, United States). The design of a 

Fig. 1. Tri-continuous structures and simulated blood streamlines of a) SWP, b) SWD, and c) SGY for 2 × 2 x 2 elements and a wall thickness of 800 μm each. 
Streamlines indicate flow in the positive x-direction. Note, that for a better visualization of the streamlines in the inner of the membrane structures, the membrane 
wall of the unit cells in the positions (-1 -1 2) and (1 -1 2) is not depicted. 

Fig. 2. Design steps of the 3D-Mold using 3-Matic in sequence: a) membrane body, b) membrane body with caps, c) membrane with frame, d) membrane mold, e) 
membrane mold with support structures. 

Table 1 
Geometrical parameters of SWD, SWP, SGY, and HFM.  

Geometric parameter SWP SWD SGY HFM 

Membrane thickness t (μm) 800 800 800 800 
Cross-section inlet and outlet Ai,o 

(mm2) 
(29.05)2 (29.25)2 (28.80)2 (29.93)2 

Gas exchange surface A (mm2) 37,767 37,537 37,637 37,597 
Smallest membrane distance bmin 1.27 1.26 1.28 1.27 
Membrane module length (mm) 89.15 79.04 82.21 71.40 
Periodic unit cell length a (mm) 4.15 5.85 4.80 – 
Number of unit cells per layer 7 × 7 5 × 5 6 × 6 – 
Number of layers 21 13 16.5 19  
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commonly used hollow fiber mat such as OXYPLUS (3 M Membrana, 
Wuppertal, Germany) with an outer diameter of 380 μm and a fiber 
count of 18.5 cm− 1 in a stacked configuration was upscaled by a factor of 
7.89. This results in a fiber diameter of 3 mm, with spacing between the 
fibers being 1.27 mm and a wall thickness of 800 μm. The upscaling was 
necessary in order to undergo the same manufacturing process using the 
same membrane material, thus assuring comparability to the SWP, SWD 
and SGY membranes. For manufacturing reasons, there is a spacing of 
0.8 mm between the various fiber layers in z-direction. Table 1 sum-
marizes the geometric parameters of all designed membranes. 

2.2. Membrane fabrication 

The molds were printed on a FDM-printer Fortus 450 MC (Stratasys 
Ltd., Eden Prairie, USA), which extrudes polymer layers with a thickness 
of 0.127 mm. For this printer ABS-M30 (Stratasys Ltd., Eden Prairie, 
USA) was used as print material and SR30 as support material. The 
support material was removed in a wash-out system using soluble 
concentrate P400SC (Stratasys Ltd., Eden Prairie, USA) for 7 days. 

For the manufacturing of the silicone membranes, a centrifugal 
casting process was applied. This way, the casting material could be 
distributed properly within the mold without any air inclusions. The 
mold was placed in a potting case specially designed for the purpose of 
holding the mold. The potting case consisted of two matching halves for 
easy demolding after curing, which were 3D-printed (Objet 350 Con-
nex3, Stratasys Ltd., Eden Prairie, USA) using the material Veroclear 
(Stratasys Ltd., Eden Prairie, USA). The potting case including the mold 
was filled with the liquid membrane material and inserted into the 
centrifuge container. Silicone ELASTOSIL RT 620 A/B (Wacker Chemie 
AG, Munich, Germany) was used as membrane material. The centrifuge 
(Cryofuge M7000, Heraeus GmbH, Hanau, Germany) with a maximum 
diameter of 60 cm was operated at a speed of 700 rpm for 60 min. After 
the centrifugation process, the potting case including the mold and 
membrane was left to cure thoroughly at room temperature. 

After 24 h, the potting case was disassembled and the remaining 
casting mold and membrane were cleaned of excess silicone residues. 
Flashes that formed on the side walls of the mold formed between mold 
and potting case were cut off with a scalpel, and the top silicone frame 
structure was trimmed to the same length as the bottom frame structure. 
To release the membrane from the mold, the ABS mold was dissolved in 
acetone. The process of dissolving the mold required 11–12 days, with 
the acetone being changed every 3–4 days. The mold was taken out of 
the acetone bath daily, and partially dissolved ABS print material was 
removed mechanically with a spatula. Additionally, in order to remove 
the remaining ABS in the cavities of the silicone membrane, the mem-
brane was intermediately rinsed with acetone in a continuous pump 
circuit at a flow rate of 80–120 mL/min. Finally, the membrane was left 
to de-gas under a fume hood for 24 h. Remaining acetone evaporated 
and the silicone membrane shrunk back to its initial size. 

A housing was designed consisting of a bottom and a top housing 
part, as well as two identical inlet and outlet parts (see Fig. 3). The top 
housing part has a ¼’’ connector for the oxygen line while the bottom 
housing part has ventilation slots for the exhaust gas. The inlet and 
outlet parts have ¼’’ connectors for the venous and arterial blood lines 
and were designed to distribute the blood flow over the square inflow 
cross section. All parts were 3D-printed in Veroclear (Stratasys Ltd., 
Eden Prairie, USA). The silicone membranes were glued into the housing 
parts using silicone glue Elastosil E43 (Wacker Chemie AG, Munich, 
Germany). 

2.3. Gas transfer measurements in blood 

In order to validate the performance of blood gas transfer in the 
manufactured silicone membranes, an in vitro test using porcine blood 
was performed in accordance to ISO 7199 for oxygenators. The experi-
mental setup can be divided into a conditioning loop and a testing loop, 

which is schematically shown in Fig. 4. The conditioning loop was used 
to adjust the blood to venous values, whereas the testing loop examined 
the blood gas transfer performance of the test device. Both loops were 
connected to a double chamber reservoir, which constantly provided 
venous inlet conditions for continuous gas exchange measurements 
[23]. 

The testing loop consisted of a centrifugal pump (Deltastream DP3, 
Xenios AG, Germany), a heat exchanger (ECMOtherm II, Medronic plc, 
Dublin, Ireland), a side stream containing a separate roller pump of the 
type Medorex TC/200 (Medorex e.K., Germany), and a test device, as 
well as PVC tubes and connectors to connect the various components. 
The centrifugal pump was used to promote blood flow from the venous 
chamber of the reservoir to the heat exchanger, which maintained the 
blood at a constant temperature. At a sample port (‘cond’ in Fig. 4) 
downstream of the heat exchanger, blood values were frequently 
checked during conditioning phase prior to the experiment. The test 
device was connected to a side stream of the testing loop with shorter 
tubing intended to prevent the blood from cooling down at low flow 
rates. This way, the heat exchanger in the main stream could operate at a 
higher flow rate (1 L/min) and provide the side stream warm blood. In 
addition, the side stream was passed into a climate chamber to prevent 
cooling of the blood (see Fig. 4). Thus, heat loss was kept to a minimum 
and allowed testing under standard conditions at 37 ◦C (±1 ◦C) despite 
the low flow rates. A temperature probe monitored the temperature 
before the test device. By means of the roller pump, the flow rate in the 
side stream was set to the required values and monitored by a flow 
sensor (F1). Side stream and main stream joined before the arterial 
reservoir. The condition loop consisted of a roller pump and an 
oxygenator (Hilite 7000, Xenios AG, Germany) with an integrated heat 
exchanger and temperature probe. The conditioning loop was operated 
at 4.65 L/min. The sweep gas flow on the different test days was 4.59 ±
0.03 L/min (mean ± SD) with concentrations in gas mixture for oxygen 
cO2 = 6.18% ± 0.37%, carbon dioxide cCO2 = 6.67% ± 0.27% and ni-
trogen cN2 = 87.15% ± 0.64%. 

The circuit was primed with saline solution to ease filling with fresh, 
fully-heparinized porcine blood free from bubbles. Only enough saline 

Fig. 3. Assembly of a membrane module exemplary for SWD. Module consists 
of inlet and outlet part, top housing part and bottom housing part. Red arrows 
indicate blood path from venous to arterial blood. Blue arrow indicate gas path 
from gas inlet (oxygen) to ventilation slots (exhaust gas). (For interpretation of 
the references to colour in this figure legend, the reader is referred to the Web 
version of this article.) 
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solution remained in the circuit to adjust the hemoglobin to 12 ± 1 g/dL 
and thus, meet the requirements of ISO 7199. 

Measurements were made at five blood flow rates (20, 40, 60, 80 and 
100 mL/min) on each device. The sweep gas flow rate was adjusted at 
every operating point to keep a constant ratio between sweep gas and 
blood flow rate of 10:1 with pure oxygen being used as sweep gas. At 
each flow rate, 1 mL discard and immediately after a venous (pre) and 
arterial (post) blood sample of 1 mL blood was drawn. A waiting period 
was maintained long enough to exchange the whole priming volume of 
the oxygenator at least once before samples were taken. The arterial 
blood sample was drawn first in order to not influence the blood resi-
dence time in the membrane module and potentially falsify the results. 
For the same reason, all blood samples were drawn very slowly. Sub-
sequently, the blood samples were analyzed using an ABL800 Basic 
(Radiometer Medical A/S, Copenhagen, Denmark). The measurements 
were repeated nHFM = 10 times for HFM (3 different modules tested), 
nSWP = 6 times for SWP (2 modules), nSWD = 14 times (4 modules), and 
nSGY = 6 times for SGY (2 modules). 

2.4. Statistical analysis 

Statistical analysis was performed in SPSS Statistics 24 (IBM, 
Armonk, USA). Normal distribution was verified using a Shapiro-Wilk 
test. Homogeneity of variances was asserted using Levene’s test. A 
one-way analysis of variance was used to determine the significance of 
the proposed structures on gas transfer performance. Tukey post-hoc 
analysis was used to identify significant differences in gas transfer 

performance between the different structures. A p-value was considered 
significant with p < 0.05. Gas transfer rates are presented as mean 
values with standard deviations (mean ± SD). 

3. Results & discussion 

The first part of the results and discussion focuses on the membrane 
fabrication method. In the second part, the structure dependent gas 
transfer results are presented and underlying effects discussed. To 
conclude, limitations and transferability of the results are discussed in 
the context of the study design. 

3.1. Membrane fabrication 

The fabrication process for three-dimensional membranes in this 
study has proven feasible. The silicone was cased into the ABS mold, 
followed by the dissolution of the mold using acetone. However, after 
the dissolution process, minor white deposits were visible at a few spots 
on the surface of the membrane that could not be resolved in acetone or 
soluble concentrate. Besides these residues, the membrane structures 
were clearly resolved and no visible defects were observed. Fig. 5 shows 
the membrane modules fabricated without the top housing. 

The manufacturing of the membranes is based on additive 
manufacturing and thus, is dependent on the resolution of the printer. In 
this study, Fused Deposition Modeling (FDM) was used. Thereby, ther-
moplastic material is extruded as a continuous, round filament in layers. 
The filament is applied layer by layer through a heated print head and 

Fig. 4. Schematic (left) and photography (right) of the in-vitro setup.  

Fig. 5. Fabricated membrane modules: a) HFM, b) SWD, c) SWP, and d) SGY.  
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partially retains its round shape. Once molded, semicircular imprints 
from the layer lines remain on the membrane surface. To evaluate the 
resulting blood-sided surface roughness, scanning electron microscopy 
(SEM) images were taken of casted membranes without the gas cavity. 

The grooves visible in Fig. 6 e), g), and h) have all a similar depth in the 
range from 33.3 to 39.41 μm and a width between 101.8 and 156.0 μm. 
Values for depth and width may vary locally depending on the tangency 
of the contour to the printer’s building plane. 

Fig. 6. The topography in cross-sectional view: a) HFM, b) SWD, c) SWP, and d) SGY. Arrow and rectangle in a) – d) show the position of the corresponding 
magnified sections in e) HFM, f) SWP, g) SWD, and h) SGY. Magnification is 30× for a) – d) and 500 × for e) – h). 

Fig. 7. Gas transfer results for HFM, SWP, SWD and SGY: a) oxygen transfer and b) carbon dioxide transfer (note inverted y-axis) per liter blood volume each. 
Statistically significant differences (p < 0.05) between groups are denoted by an asterisk. 
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The surface roughness may influence the gas transfer by interacting 
with the blood flow. A rough surface may disrupt the laminar boundary 
layer and thus enhance mixing. However, during manufacturing all 
membrane shapes in this study underwent the same processes and were 
printed in the same orientation on the same printer. Therefore, this 
study is based on the assumption that a detectable augmentation of gas 
transfer by the surface roughness affects all structures in the same 
measure. 

A high reject rate of 50% occurred due to minor and major mem-
brane defects. Of all manufactured modules, 39% were not useable due 
to heavy leakage. Solely for SWP the reject rate was even up to 67%. The 
high reject rate indicates that the manufacturing process still needs 
further optimization in order to produce consistently functional mem-
brane modules before any attempts to upscale the gas exchange area in 
future. One potential reason for the defects may be an incomplete 
dissolution of the support material. If support material residues remain 
in the mold for the casting process, they may dissolve with the mold 
during the later steps and create a hole in the membrane. The 
manufacturing process would benefit from a test to verify the full 
dissolution of the support material, since printing without support ma-
terial does not lead to an adequate quality of the molds. Another po-
tential reason may be the temporary swelling of the membrane material 
when in contact with acetone. Uneven swelling and consequently 
introduced mechanical stress to the membrane may lead to small tears in 
the membrane. 

The two steps involving dissolving the support or mold, respectively, 
are the most time consuming steps of the overall manufacturing process. 
The first could be shortened by inducing circulation of the solvent in the 
cavities of the mold. Similarly, to shorten the dissolving of the ABS mold, 
changes in the design of the mold may help the solvent to access the 
cavities in a more efficient manner. 

3.2. Gas transfer rates 

The oxygen transfer normalized by 1 L blood volume of the devices is 
compared at blood flows between 20 mL/min and 100 mL/min in Fig. 7 
a). Oxygen transfer rate was normally distributed for all devices at all 
flow rates except SWD at 40 mL/min (p = 0.028) and SGY at 60 mL/min 
(p = 0.033) as assessed by the Shapiro-Wilk test (α = 0.05). 

Oxygen transfer follows a typical and steady trend over the flow rate 
for each device. With increasing flow rate the normalized oxygen 
transfer declines since the residence time also decreases. Of note, the 
total amount of oxygen per minute can be calculated by multiplication 
with the flow rate and increases over flow. In comparison the TPMS 
based membrane devices (SWP, SWD and SGY) achieve significantly 
higher oxygen transfer rates than the reference HFM device; solely the 
oxygen transfer rate for the SWP device at 80 mL/min (p = 0.051) does 
not fulfill the criteria for significance compared to HFM. There is no 
significant difference between the single TPMS structures. 

The largest difference in mean oxygen transfer to the reference 
structure can be observed for SGY at 20 mL/min with 69.8%. The lowest 
difference to HFM occurs for SWD at 60 mL/min with still 26%. Aver-
aged over all measured flow rates, the results for SWP, SWD, and SGY 
exceed the oxygen transfer capabilities compared to HFM by 38.3%, 
34.0%, and 54.0%, respectively. 

Femmer et al. also observed that the gas transfer performance of 
TPMS based membranes is superior to the tubular flow. They measured 
the highest gas transfer rates at water flow rates of 1–4 L/min using the 
SWP membrane, which does not agree with the results of this study. 
However, the results of the two studies are hardly comparable, since 
membrane material, exchange surface, flow rates, and, most important, 
liquid medium are different [21]. 

Convective mass transport is highly dependent on the flow condi-
tions and flow path. In general, laminar flow happens in layers without 
any normal velocity component and, thus, no exchange between those 
layers. In addition, due to the no-slip conditions at these surfaces, very 

low velocities close to the surface lead to a saturated boundary layer 
adjacent to the membrane surface [6]. In combination, concentration 
polarization and strict laminar flow, are responsible for the dispropor-
tional high blood-sided resistance to the gas transfer, while the gas-sided 
resistance and - due to many advances - even the membrane resistance 
became negligible. Various studies have proven an enhanced oxygen 
uptake in blood flow by laminar mixing (often also referred to as “pas-
sive mixing” or “secondary mixing”) by imposing additional structures 
on the membrane surface [10,24–26]. It therefore stands to reason that 
the origin of the increased gas transfer lies in the architecture of the 
blood path channels of the TPMS based membranes. Due to the TPMS’ 
inherent surface curvature a higher tortuosity is forced on the flow [29] 
decreasing the blood-sided diffusion resistance. In addition, the 
enhanced oxygen transfer performance of the TPMS based membranes 
might be related to better fluid mixing as a result of the discontinuous 
flow path design of the TPMS membranes [19,21,22,27] and thus, 
supports the convective gas transport. These two effects are presumably 
responsible for the gas transfer enhancement in SWD and SGY. Inside an 
SWP structure, however, the blood flow shows no mixing points along 
their flow path and tortuosity is comparably low as the streamlines in 
Fig. 1 indicate. In this case, the improved gas transfer may be either a 
result of the periodic acceleration and deceleration or induced vortices 
back-mixing with the bulk flow. The second hypothesis is based on the 
finding, that the flow pattern resembles the flow inside 
sinusoidal-shaped, tubular membranes that have proven enhanced mass 
transfer [28,29]. In general, the contributing flow features of each 
particular TPMS structure to the gas transfer may vary in their nature 
and level of expression. Numerical flow simulation in combination with 
a validated gas transfer model could deliver insights on these flow fea-
tures and their contribution to the blood gas exchange [9,23]. The 
enhanced gas transfer due to “laminar mixing” implies a surplus in hy-
draulic energy dissipating in the mixing of the fluid. Therefore, one 
should investigate whether this benefit is at the expense of elevated 
shear rates, which might have an undesirable impact on blood trauma in 
the future. 

The carbon dioxide transfer of the devices is compared at blood flows 
between 20 mL/min and 100 mL/min in Fig. 7 b). The statistical analysis 
revealed no significant differences between the membrane groups. 
However, the measured values follow a trend comparable to the trend of 
commercial oxygenators [30]. Normalized carbon dioxide transfer de-
creases over the flow rate. The results may indicate that at lower flow 
rates (20–40 mL), TPMS based membranes are more suitable for carbon 
dioxide removal. Despite the unsteady trend and high statistical un-
certainties, this finding may be of high relevance for the ECMO treat-
ment of patient with chronic lung disease. For this rapidly growing 
patient cohort, extracorporeal carbon dioxide removal (ECCO2R) as 
treatment is gaining increasing attention. For this treatment, the ECMO 
is typically operated at comparably low flow rates [31,32]. 

3.3. Comparability of the results 

To guarantee comparable results between the different membrane 
modules, the design of the molds remained constant for the fluid inlet 
dimension and the gas exchange area, as well as for the minimum dis-
tance between two membrane surfaces. The membranes provided a 
surface area of 37,635 ± 84 mm2 with a low deviation between the 
modules. All membranes have a homogenous thickness of 800 μm. The 
minimal normal distance between the membranes was kept at a value of 
1.27 (− 0.01) mm. The ratio between priming volume and total volume 
of the membrane module – often referred to as ‘porosity’ [7,8,33] – is 
considered to be a characteristic property of each membrane design. 
This study thus fulfills all the requirements for a valid statement on the 
structural dependent gas transfer of this membrane shapes with the 
result that the oxygen transfer rate of TPMS based membranes exceed 
that of state of the art HFM design by far. 

For the comparability between the different membrane designs, the 
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identical membrane properties between the different modules were 
achieved. However these membrane properties are obviously different 
in their dimensions to those incorporated in clinical devices. Therefore, 
it raises the question if the TPMS based membranes would also show a 
superior gas transfer on the length scale of contemporary hollow fiber 
membranes. In the context of this study, where our concluding hy-
pothesizes is that the higher oxygen uptake is a result of the flow path 
and mixing effects, similar flow conditions are the prerequisite to make 
such a statement. To verify similarity in fiber bundles the Reynolds 
number is used [8,34,35]: 

Re=
vF dF ρ

μ (8) 

Therefore, a viscosity of blood of μ = 3.6 mPas and density of ρ =
1059 kg/m3 is assumed. The flow rate of a Quadrox (Getinge AB, Swe-
den) is in the range of 1–7 L/min [36]. Thus, the calculated velocities at 
the narrowest cross-section between two fibers are vF,oxygenator =

4.561–31.924 mm/s based on the assumption of completely equally 
distributed inlet flow and a fiber count of 16.7 cm− 1. In comparison the 
flow calculated velocities in the HFM module are vF,HFM = 1.018–5.092 
mm/s. The Reynolds numbers for the oxygenator and the HFM module 
depending on their flow ranges are ReOxygenator(1–7 L/min) = 0.5099 to 
3.569 and ReHFM(0.02–0.1 L/min) = 0.899 to 4.4935, respectively. 
Thus, based on the Reynolds numbers, the flow pattern can be consid-
ered similar. To cover the lower range of the ReOxygenator a flow rate of 
11 mL/min would have been required, but flow rates lower than 20 
mL/min seemed impractical because of red blood cell sedimentation 
over the length of the venous line resulting in an unstable or decreased 
measured hemoglobin concentration. To conclude on transferability, 
lower flow velocities in the scaled-up HFM module were used than in 
clinical oxygenators to achieve meaningful oxygen transfer measure-
ments despite different membrane properties. However, the underlying 
Reynolds numbers occurring in the HFM module are comparable to a 
commercially available oxygenator. Thus, the conclusion seems justi-
fied, that the TPMS shaped membranes will exceed the gas transfer ca-
pabilities of the common hollow fiber membrane arrangements once 
they can be fabricated on the same length scale. 

Taking into account that a thicker, non-porous membrane made of 
silicone instead of polymethylpenten (PMP) or polypropylene (PP) was 
used in this study., a direct transferability or extrapolation of these re-
sults to commercial oxygenators are still not possible. In order to 
compete with contemporary hollow fiber technology, three-dimensional 
membranes with wall thicknesses that resemble the dimensions of cur-
rent hollow fiber membranes and a higher surface-volume ratio are 
desirable. For example, current hollow fiber membranes used for blood 
oxygenation provide membrane thicknesses between 50 and 90 μm 
[37]. Here, the achieved membrane thickness of 800 μm was determined 
in the design process based on the smallest feasible membrane thickness 
with respect to the available printer resolution. The three-dimensional 
membrane technology based on an expandable mold casting process 
highly depends on the advances of printers with higher resolutions and 
the development of resolvable printing materials. However, as 
rapid-prototyping technologies advance, the large-scale production of 
such geometries on smaller length scales is very likely to become feasible 
[20]. 

4. Conclusion 

A manufacturing process for three-dimensional membranes based on 
TPMS geometries was developed. This process was successfully applied 
to manufacture three silicone membrane modules, based on the mem-
brane designs SWP, SWD, SGY, and a hollow fiber shaped design as a 
reference. The silicone membrane modules have been tested in vitro to 
validate their structure-dependent gas transfer performance. In com-
parison, oxygen transfer properties of the TPMS membrane design 
exceeded those of the commonly used HFM design. 
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