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1 | INTRODUCTION
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Mirko Meboldt’
Abstract

Silicone is already widely used in biomedical applications thanks to its
outstanding properties. Now additive manufacturing (AM) of silicone can
achieve submillimeter details and is offered by SpectroPlast AG as a service. AM
of silicone is particularly interesting for designs with complex internal structures
such as bioreactors or oxygenators where oxygen permeability is important.
Therefore, the oxygen permeability of additively manufactured silicone mem-
branes made from TrueSil (SpectroPlast AG) is studied. Measurements are per-
formed with two membrane thicknesses (0.5 and 0.8 mm) and four different
Shore hardnesses (20A, 35A, 50A, and 60A) at 15, 20, and 25°C. The oxygen
increase due to diffusion through the membrane is recorded In a cup sealed by
the membrane. The oxygen permeability decreases with increasing Shore hard-
ness. TrueSil 20A is comparable to ELASTOSIL® Film (Wacker Chemie AG) in
terms of oxygen permeability. However, there is a percentage difference of
approximately 27% between the measured permeability of ELASTOSIL® and the
data from the supplier. Membrane thickness does not affect permeability, but
the Shore hardness affects the thickness. Membranes with Shore hardness 20A
or 35A are manufactured over 0.1 mm thicker than designed, while for Shore
hardness 50A and 60A the deviation from the design is less than 0.04 mm.

KEYWORDS

3D-printing, additive manufacturing, O, permeability, polydimethylsiloxane (PDMS),
silicone

additive manufacturing (AM) of silicone is becoming
increasingly accessible (e.g., SpectroPlast AG, Schlieren,

Silicone is used in a wide range of biomedical applications
due to its unique properties such as high flexibility, chemi-
cal resistance, hydrophobicity, ease of sterilization, bio-
compatibility, and high gas permeability."* Thanks to the
progress in material formulation and manufacturing,

Switzerland; Elkem ASA, Oslo, Norway; Sterne, Cavaillon,
France; innovatiQ GmbH + Co KG, Feldkirchen,
Germany). AM of silicone has a big potential in biomedi-
cal applications which require complex internal structures
such as bioreactors or oxygenators.™® In these applications,
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gas exchange and particularly oxygenation are often criti-
cal. SpectroPlast AG offers AM of silicone as a service
achieving submillimeter spatial resolution and visibly
smooth surfaces but the oxygen permeability of the addi-
tively manufactured silicone has not yet been character-
ized. The objective of this study is therefore to determine
the oxygen permeability of additively manufactured sili-
cone for the range of Shore hardnesses offered by
SpectroPlast.

AM enables complex parts to be fabricated from
silicone.””'® One application where AM of silicone has a big
potential is fluid handling systems for body fluids such as
blood, for example, extracorporeal blood oxygenators or
hemodialysis machines.® Figure 1c shows a conceptual
additively manufactured silicone oxygenator manufactured
in-house using material from SpectroPlast. In addition, bio-
reactors for cell growth could be printed in silicone to inte-
grate several functions in one part, for example, perfusion,
gas exchange, and mechanical stimulation. Several such
bioreactors have previously been demonstrated, which have
been fabricated using photolithography and casting."' ™' Sil-
icone AM promises to simplify the manufacturing process
of these bioreactors, reduce the part count, and as a result,
reduce the number of interfaces and materials. Each inter-
face of a fluid system is a weak spot, where its failure can

FIGURE 1 (a)Photo of an
additively manufactured

) membrane (0.5 mm, 20A) and
Process lines (b) cross-section of a membrane
(0.8 mm, 60A). (c) Additively
manufactured silicone
oxygenator prototype made of
TrueSil 25A. [Color figure can be
viewed at
wileyonlinelibrary.com]

lead to catastrophic consequences such as leakage or con-
tamination. The use of AM allows to increase the system
integration, hence, reducing the number of interfaces.®
Another advantage of AM for body fluid handling systems
is the increased design freedom compared to alternative
manufacturing methods which makes it possible to manu-
facture more physiological channels. One way to exploit the
added design freedom is to improve hemocompatibility by
geometrically optimizing channels for blood transport, for
example, in extra-corporeal blood oxygenators (ECMO).
SpectroPlast has developed TrueSil, a UV-curable sili-
cone optimized for AM with digital light processing (DLP).
In DLP, liquid photopolymer resins are polymerized layer
by layer with a UV light projector to build a part.'” The
three main process parameters of DLP are layer thickness,
light intensity, and exposure time. With increasing mem-
brane thickness the number of layers increases. Two differ-
ent membrane thicknesses are studied to investigate if a
potential difference in diffusivity between inter- and intra-
layers causes permeability to change with thickness. Fur-
thermore, all four Shore hardness offered by Spectroplast
(20A, 35A, 50A, and 60A) will be compared as Shore hard-
ness positively correlates with density and crosslinking'®
and, hence, is also expected to affect the permeability as
previously described.'”” Understanding the influence of
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thickness and Shore hardness on the permeability will be
valuable to design biomedical devices with TrueSil silicones.

The method chosen for this study determines the per-
meability from transient state measurements. An addi-
tively manufactured sample membrane seals a cup that is
initially flushed with nitrogen. During the measurement,
the raise in oxygen partial pressure related to the perme-
ation through the membrane from the environment is
monitored inside the cup. To investigate the influence of
the manufacturing process and the material properties on
the permeability, membranes of two different thicknesses
and four different Shore hardnesses were used. Further,
the measurements were run at three different tempera-
tures to determine the temperature dependency. Gas
transport through solid nonporous silicone membranes
can be modeled as a solution-diffusion process.'® The gas
permeates from the high-pressure side where it is
absorbed into the membrane through molecular diffusion
towards the low-pressure side where the gas is released
out of the membrane."’

2 | METHODS

2.1 | Materials

TrueSil 20A, 35A, 50A, and 60A from Spectroplast AG
(Schlieren, Switzerland) are investigated. Table 1 sum-
marizes the most important material properties of
TrueSil. As reference material, this study uses mem-
branes out of ELASTOSIL® Film 2030 250/200 (Wacker
Chemie AG, Munich, Germany) with a thickness of
0.20 mm and a permeability of 484Barrer (20°C,

TABLE 1 Material properties of TrueSil from Spectroplast AG.
Shore hardness
Property 20A 35A 50A 60A

49MPa 55MPa 73 MPa 8.5MPa
1000% 650% 530% 360%

Tensile strength

Elongation at break

Tear strength 5.8 10-N- 11N 17 8%
Density 10525 1085 1112 11325
TABLE 2 Factors and levels for
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30 pm). Three membranes with a diameter of 54 mm
were punched out of the ELASTOSIL® sheet as
reference samples.

To evaluate the permeability of TrueSil depending on
Shore hardness and thickness, this study analyzed and
compared 40 different membrane samples in total. Mem-
branes with a diameter of 60 mm and a thickness of
0.5 mm and 0.8 mm with Shore hardness 20A, 35A, 50A,
and 60A were additively manufactured for a total of 8 dif-
ferent types of membrane. Five samples of each type of
membrane were manufactured by SpectroPlast AG. Each
membrane was printed separately. After printing, the
membranes were punched out to a diameter of 54 mm
removing thinning effects towards the edge of the mem-
branes. The membranes were separately stored in labeled
zip bags between experiments and handled with gloves to
prevent moisture and dirt from attaching to their surface.
Figure 1a shows an additively manufactured membrane.
Additionally, the cross-section of a membrane is depicted
in Figure 1b.

The thickness of each membrane was determined
with an industrial CT scanner (Diondo D2, Diondo
GmbH, Hattingen, Germany). Ten membranes were
stacked with an air gap of approximately 4 mm and mea-
sured at the same time. Volumegraphics Studio MAX
(Volume Graphics GmbH, Heidelberg, Germany) was
used to process and analyze the CT data. Within Volume-
graphics Studio MAX the ray method was used to deter-
mine the thickness of the membranes.

2.2 | Design of experiment

In total 120 measurements were taken in three blocks of
40 measurements with temperature as the blocking fac-
tor. The order of temperature blocks was 25, 15, and
20°C. There were 5 samples for each combination of
thickness and Shore hardness (n = 5). Within the blocks
the sequence of the measurements was randomized.
Twelve measurements were taken with the reference
membranes subdivided into four temperature blocks of
25, 15, 20, and 0°C. The factors and levels for both experi-
ments with TrueSil and ELASTOSIL® are summarized in
Table 2.

Factors

both experiments using TrueSil and

ELASTOSIL®. Shore hardness (A) Temperature (°C) Thickness (mm)
TrueSil
Levels 20, 35, 50, 60 15, 20, 25 0.5,0.8
ELASTOSIL®
Levels 20 0, 15, 20, 25 0.2
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(a) Cross-section of the permeability measurement setup, (b) picture of the permeability measurement setup, and

(c) exemplary oxygen partial pressure over time. [Color figure can be viewed at wileyonlinelibrary.com]

2.3 | O, permeance measurement

The oxygen permeance of the membranes was measured
with the setup shown in Figure 2a. The entire setup was
operated inside a climatic chamber in which the temper-
ature and humidity were controlled. Throughout all the
measurements the relative humidity was kept constant at
65%. This humidity was chosen to emulate the humidity
at which oxygenators are most likely to be operated.
The setup consisted of a cup that was sealed on top
by the membrane. Installing the membranes consisted of
the following steps: first, the membrane was placed on a
paper disk. Second, the paper with the membrane was
positioned on the membrane adapter. Once the mem-
brane was correctly positioned the paper was removed
from underneath the membrane. Finally, a friction ring

was placed on the membrane and the membrane was
clamped by tightening the sample clamp.

Once temperature and humidity stabilized around the
target, the measurement was started. An electrochemical
oxygen sensor (FYA60002, Ahlborn Mess-und Regelung-
stechnik GmbH, Germany) monitored the raise of oxygen
partial pressure due to permeation through the mem-
brane. The oxygen sensor was calibrated in air (20.95%
O,) before each measurement. A data logger (MSR145,
MSR Electronics GmbH, Switzerland) installed next to
the setup recorded absolute pressure, relative humidity,
and temperature. All data were recorded with a sampling
frequency of 0.2 Hz.

At the start of the measurement, the cup was purged
with nitrogen until the oxygen level was below 0.1%.
During the purging, a ventilator mixed the air within the
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cup. After closing the nitrogen supply valve, the purge
valve was left open for another 20s to allow the pressure
inside the cup to equalize with the environment. The
evaluation was started after the oxygen partial pressure
reached 0.2% and was terminated 150 min into the
measurement.

2.4 | Calculation of O, permeability

By the conservation of mass, the change in oxygen inside of
the measurement cup fip, p must be equal to the flux of
oxygen through the membrane 710, membrane

floz ,cup — hoz,membrane . (1)

The following assumptions are made: constant atmo-
spheric pressure, constant diffusivity, the oxygen is
homogeneously mixed inside of the cup as the diffusion
of oxygen in nitrogen is about four orders of magnitude
faster than in silicone, and the diffusion of oxygen is
decoupled from the diffusion of other gases mainly nitro-
gen or water vapor. By applying the ideal gas law, the
change in oxygen n, cyp can be related to the change in

0,.cup

. p
partial pressure — ;="

|4 .deZ,cup
R-T dt ~’

2)

Ro,,cup =

where V is the volume of the gas inside of the measure-
ment cup, R is the universal gas constant, and T is the
temperature. According to Fick's first law, the gas flux
per unit area J through a membrane is described as

P
J :g : (pOz,oo _pOZ,cup) ’ (3)

where P is the material specific permeability, § is the
membrane thickness and p,, , and po, o, are the pres-
sure on the high and low side respectively.'® Multiplying
the gas flux by the area of the membrane A gives the
molar flow

N0, membrane =

SRS

P (Pore ~Posep): (4)

Inserting Equation (2) and (4) into Equation (1) leads
to the following differential Equation

V dpy, A
R-T _dtz =3 -P. (Poz,oo _pOZ,Cup)s (5)

which solves to

poz,cup (t) :pOZ,oo

(6)
Solving (6) for the permeability P gives

o Vv 0 L
P=— -In pOz, pOz,cup( 0) s (7)
AR-T-At Po,,» *poz,cup(tl)

where t, and t; are start and end times of the evaluation
period. Finally, the temperature dependency of the per-
meability can be described using the Arrhenius equation

—FE
P=P,-exp (R;)’ (8)

where P, is a constant and E;, is the gas specific activa-
tion energy of permeation."’

3 | RESULTS

Figure 3a summarizes all results from the permeability
measurements. The oxygen permeability of TrueSil
decreases with increasing Shore hardness. The decrease
is most pronounced between Shore hardness 50A and
60A. TrueSil 20A and ELASTOSIL® have both a Shore
hardness of 20A and the two materials behave similarly
in terms of oxygen permeability. The similarity of the two
materials is even clearer when considering Figure 3c
where the oxygen permeance of ELASTOSIL® with a
thickness of 0.2 mm is compared to the oxygen per-
meance of TrueSil 20A with thicknesses between 0.6 and
1 mm. The comparison is done by fitting a function with
only the thickness as a variable through all measure-
ments taken at 20°C of ELASTOSIL® and TrueSil 20A.
The R®>>0.999 between the fit and the measurements
underlines the similarity. The high R? together with the
data shown in Figure 3a suggest that the thickness of the
membranes has no effect on permeability. Within the
examined temperature range of 15-25°C, the oxygen per-
meability of ELASTOSIL® and all TrueSil variants
increased with increasing temperature.

Measuring the thickness of the 3D-printed membranes
revealed a correlation between deviation from the target
thickness and the Shore hardness. As shown in Figure 3b,
for both thicknesses the positive deviation is the largest for
the lowest Shore hardness. With increasing Shore hard-
ness the deviation decreases until it becomes negative for
the highest Shore hardness of 60A. For the calculation of

85U80|7 SUOWWOD 3AeaID 3cedljdde au Aq peusenob ase ssppie YO ‘88N JO Sa|nJ 10} ArIqiT8UIUO 8|1 UO (SUOTIPUOD-PUR-SUBH W00 A8 1M AleIq Ul UO//:SANY) SUORIPUOD pue swie | 8y} 88s *[£202/20/70] U0 AriqiTauljuo AB|IM ‘ISd INHISU| B1BYDS Med Aq 62015 dde/z00T"0T/I0pAW00 A8 | 1M A eaq 1 Buluoy//:Scy Wiy papeojumod ‘0E ‘€202 ‘8291.60T



ooooooooo

0| wiLey-Applied Polymer GORT 7o
x 107" Thickness 6 [mm]
0.2 0.5 0.8 0.5 0.8 0.5 0.8 0.5 0.8
2.5 T T T T T T T l T
& — M " ' .
32 2 r|° N . & e
el N _ .
A, 15 e UERURL
>
2 1F [ 115°C
: —J 20°C
205 [ 25°C
o ¢ Manufacturer ref.
0 [T [T [T
ELASTOSIL® TrueSil TrueSil TrueSil TrueSil TrueSil TrueSil TrueSil TrueSil
20A 20A 20A 35A 35A 50A 50A 60A 60A
Material
(a)
Ir 10
10
0.95F T , 12 (¢
09l $ — Target thickness | i'? % TrueSil 20A
= L \ + ELASTOSIL®
g 0.95 — 10t .
5 08F === 2 \ —— ~Fity=a/s
—_ ) —— el \ ¢ Manufacturer ref.
© .75 : : ‘ o ¢
99} — - \
2 ot s 8 \
L \ 2 __
E 0.65 _ E g _ N R* =0.99967
= 0.6 = g 6 N
]
0652 - — g RN
D e e ————— ) ~N -
. & | N
045 ——— — e ! s
TrueSil ~ TrueSil  TrueSil  TrueSil ~—_
20A 35A 50A 60A 9L , Lok
Shore hardness Sh 0.2 0.5 0.8
Thickness ¢ [mm]
(b) (c)
FIGURE 3 Graphical summary of all results starting with (a) the permeability of all measured samples and temperatures, (b) the

correlation between thickness § and Shore hardness Sh of additively manufactured TrueSil membranes, and (c) a comparison of the
permeance Pc of TrueSil 20A and ELASTOSIL® (20A) at 20°C. The linear function fitted through the data points allows comparing the
different thicknesses and materials. [Color figure can be viewed at wileyonlinelibrary.com]

permeability, the measured thickness of each membrane
was used.

The permeability of ELASTOSIL® measured in this
study has a percentage difference of approximately 27%
compared to the value provided by Wacker (red diamond
in Figure 3c and 3a). Possible reasons for this difference
are highlighted in the discussion section.

4 | DISCUSSION

The observed decrease in permeability with increasing
Shore hardness is probably linked to the change in the

polymer composition. Interestingly, the oxygen perme-
ability of TrueSil 35A and TrueSil 50A is similar while
there is a clear difference between TrueSil 20A and True-
Sil 35A as well as TrueSil 50A and TrueSil 60A. This dis-
continuity of the decrease in permeability between Shore
hardness 35A and 50A indicates that there might be
other effects at play. From a design perspective, the dis-
continuity could be exploited when both a higher Shore
hardness and oxygen permeability are required.

Gas permeability is governed by several material prop-
erties and solvents used during processing.'®* In the case
of additively manufactured silicone, some variation in per-
meability can be expected to arise from post-processing by
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varying exposure times to solvents to remove excess mate-
rial. After washing, the part is finally cured with heat. Var-
iation in temperature or time of the heat treatment is an
additional source for variation in material properties.
Finally, there also is material batch-related variance. The
following subsections discuss the thickness deviation aris-
ing from the AM process, the deviation in permeability,
and finally outlier handling.

4.1 | Thickness deviation

To further investigate the observed thickness deviation
the cross-section of the membranes was studied. Cross-
sections were prepared by punching out discs with a
diameter of 6 mm from various sections of the mem-
branes. These discs were then embedded in optimal cut-
ting temperature compound and cut into slices of 10 pm
on a microtome-cryostat at —20°C. Using a laser scan-
ning microscope (VK-X200K, Keyence International SA,
Mechelen, Belgium) the process lines could be visualized
as shown in Figure 1b. By measuring the distance
between the process lines the thickness of each layer was
approximated revealing that the first layer is 140 pm to
160 pm thick instead of the intended layer thickness of
100 pm for Shore hardness 20A and 35A and the last
layer also appears to be thicker at around 130 pm for the
same Shore hardnesses. Layers in between top and bot-
tom layer are approximately 120, 110, 90-100 pm, and
95 pm for Shore hardness 20A, 35A, 50A, and 60A,
respectively. While the top layer of 50A and 60A mem-
branes is thickened too with 160 pm and 120 pm, respec-
tively, the bottom layer is close to the target thickness.

4.2 | Permeability deviation

A percentage difference of approximately 27% is found
when comparing the permeability of ELASTOSIL® pro-
vided by the supplier with the permeability determined
in this study. We assume there are three main sources
responsible for this difference: (1) different measurement
conditions in particular relative humidity, (2) the effect
of measuring at transient state, and (3) leakage of the
measurement setup.

Oxygen permeability might increase with increasing
relative humidity as shown for other polymers.”’ This
study kept the relative humidity at 65%. If the permeability
provided by the supplier was measured at lower relative
humidity, this would account for some of the difference.

This study used transient state measurements. On the
one hand, the test setup is simplified by doing transient
state measurements but on the other hand, there are

Applied Polymer_wiLEy-L 7o

more unknowns and it is more difficult to model mass
transport. For instance, the nitrogen used to purge the
cup at the start is dry as a result the relative humidity in
the measurement cup drops below 20% during purging
to then quickly raise back to above 50% within the 2.5 h
of measurement. The water vapor flux might influence
the oxygen flux'? even though the silicone membranes
in this study were rubbery. Besides, the change in rela-
tive humidity also affects the read-out of the oxygen
sensor.

While the first two error sources are difficult to quan-
tify, leakage can be estimated using the same approach as
to determine the permeability. The leakage was estimated
by measuring the flow of oxygen into the measurement
cup while the cup was sealed with a steel plate instead of
a membrane. Oxygen entering the cup was considered
leakage. Going back to Equation (1) and replacing the
gas flow through the membrane with the leak flow gives

hOz,cup = hOz,leakage« (9)

Furthermore, assuming molecular flow properties for
the leakage leads to

T
L N R

2

where L and My, are the leakage factor and molecular
weight of oxygen respectively, which solves to

\%4 M o L
L— . 0, .1n poz, poz,Cup( 0) . (11)
R-T-At T Do, _pOZ,cup(tl)

Using Equation (11) results in a leakage factor of
L=2.07x10""“mols 'Pa~!. Table 3 summarizes the
effect of leakage on the permeability measurement for
various measurement conditions. Thereafter, leakage
accounts for approximately 12% of the total difference
between the permeability provided by the supplier and
this study.

TABLE 3  Effect of leakage on permeability in 1074 [l ] for

the different membrane thicknesses and temperature blocks.

Thickness §
Temperature (T) 0.2 mm 0.5 mm 0.8 mm
15°C 0.63 1.59 2.54
20°C 0.64 1.60 2.56
25°C 0.65 1.61 2.58
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FIGURE 4 Both plots (a) showing the permeability (logarithmic scale) measured for all samples and conditions and (b) showing Cook's
distance when fitting a linear model of the form described in Equation (12) indicate that observation 79, 81, and 84 are outliers.
Observations 79, 81, and 84 correspond to the following conditions: thickness 0.8 mm, Shore hardness 35A at 15°C; thickness 0.5 mm, Shore
hardness 60A at 20°C; thickness 0.8 mm, Shore hardness 60A at 20°C. [Color figure can be viewed at wileyonlinelibrary.com]

4.3 | Outliers

Observations 79, 81, and 84 were removed from the final
evaluation because they are assumed to be outliers. This
assumption is supported by Figure 4a where observations
79, 81, and 84 are considerably above all other observa-
tions of the same samples at different temperatures or of
similar samples at the same temperature. Finally, the
above observations also are obvious outliers when calcu-
lating Cook's distance as shown in Figure 4b. The linear
model used to calculate Cook's distance is of the form

Permeability ~ ShoreHardness - Temperature - Thickness.
(12)

The thickness is only included in the model due to
the deviation from the target thickness. Furthermore,
observations 79, 81, and 84 were taken at 15, 20, and
20°C, respectively. Measurements of the same samples
at 25°C (observations 3, 33, and 28, respectively)
resulted in a lower permeability which violates the
assumption that permeability increases with tempera-
ture while the rest of the data confirms the same
assumption. Hence, we assume that these outliers are
caused by a faulty installation of the membrane which
increases the leakage.

In Figure 3a one can find more observations which
could be labeled as outliers (e.g. one observation of True-
Sil 60A with a thickness of 0.5 mm at 20°C). However,

these observations are only significantly different com-
pared to observations with the same Shore hardness. We
decided to keep these “local” outliers to avoid the risk of
distorting the results.

5 | CONCLUSION

Additively manufactured TrueSil membranes have a
comparable oxygen permeability to ELASTOSIL® and
other silicones.'*** As temperature increases, the oxygen
permeability of TrueSil increases. The higher the Shore
hardness of TrueSil, the lower the permeability. No signifi-
cant difference in permeability between 0.5 and 0.8 mm
thick membranes could be found. However, we found a
correlation between the Shore hardness and the thickness
of additively manufactured membranes where softer mem-
branes would deviate more from the design thickness.

Silicone additive manufacturing is enabling entirely
new designs in biomedical devices. Knowledge of the rela-
tionships between permeability and shore hardness, as
well as shore hardness and thickness, will aid the design
process. When gas permeability and Shore hardness are
both relevant parameters one should carefully consider
the nonlinear relationship between the two parameters.

In the present study, the membranes were exclusively
manufactured flat with the thickness in the printing direc-
tion. Membranes manufactured vertically are needed to
further investigate the influence of the membrane of the
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print direction on the oxygen permeability. Finally, the
presented measurement setup offers good precision, but its
accuracy must be examined.
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