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Abstract

An autoclavable microfluidic bioreactor (MBR) with an integrated gas-liquid contactor based on an ultra-thin permeable
and transparent membrane enables a systematic analysis of intra-plant communication. The bioreactor units can be cas-
caded in a downstream manner, driven by a perfusion stream, to provide one-directional paths for allelochemical commu-
nication. Our article details a manufacturing pathway that achieves wrinkle-free membranes in these autoclaveable chips,
by applying a drumhead-stretching design to the installed membrane. Traditional ultrasonic welding was used in the end
as the bonding process, but absorber-free laser transmission welding was tested as well, and the results are reported in this
article. In addition, we evaluated the membrane-stretching-behavior theoretically through simulations. The results of this
analysis were then applied to the membrane installation. Through the new design and the application of the membrane
stretching analysis, a reduction of the wrinkle amplitude in the installed membrane of on average over 80% was achieved,
which in turn evened out the flow conditions in the MBRs. Therefore, in the future, the autoclavable bioreactors will be
ready for cell culture experiments and the applied membrane integration provides an approach for other projects where
ultra-thin permeable membranes need to be installed wrinkle-free.

1 Introduction

Often, plants that are stressed by abiotic stressors like
extreme temperature, or drought, are more prone to attacks
by their pathogens, such as grapevines attacked by fungi.
The weakness typically manifests itself in poorer crop qual-
ity, a decrease in yield, and often in the underdevelopment
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be conducted using the modular microfluidic bioreac-
tor (MBR), presented in this paper, to dissect and monitor
this plant-aggressor communication.

The MBR (Kreppenhofer 2013; Finkbeiner 2019;
Schmidt-Speicher et al. 2021) is a modular microfluidic
chip that allows the confined cultivation of plant cells and
fungi separated from direct contact with each other, but with
the potential to be interconnected via unidirectional fluidic
pathways as shown in Fig. 1. The flow allows only down-
stream communication between the chambers, providing the
researcher with a way to dissect and analyze how plant cells
and their pathogens communicate with each other. Thus,
individual interactions are singled out and can be evaluated
in detail (Kreppenhofer 2013; Finkbeiner 2019; Schmidt-
Speicher et al. 2021).

Several plant-on-chip systems, such as tobacco proto-
plast culture in polydimethylsiloxane (PDMS) microfluidic
chips, have been developed over the years and were derived
from generic lab-on-a-chip systems (Ko et al. 2006; Meier
et al. 2010; Grossmann et al. 2011). However, PDMS-based
systems are always prone to leaking and can not be auto-
claved for sterilization. The MBR however is manufactured
from the robust polymer polycarbonate (PC). Choosing PC
renders the final plastic chips autoclavable (Metzger 2023;
Inc 2024; AdvanTech 2021), but manufacturing methods are
also more advanced compared to PDMS.

The concept is a systematically improved version of the
microfluidic bioreactor from Kreppenhofer (2013), Fink-
beiner (2019) and Finkbeiner et al. (2021). To achieve the
smooth flow conditions required for successful plant cell
cultivation and repeatability of experiments and also to
prevent trapped air bubbles from sticking to edges or cor-
ners, an oval chamber shape was chosen (Finkbeiner 2019;
Kreppenhofer 2013). The reactor has two sections: an upper
cultivation chamber for the plant material and a lower sup-
ply chamber, perfused with nutrients and additives. The

Flow direction for
supply flow

chambers are separated by a 19 m thick permeable mem-
brane, with a pore size of 54 m and made of polyester
(PETE, membrane no.: 130008) by Sterlitech (Auburn, WA,
USA). The membrane prevents the plant cells from being
flushed out of the cultivation chamber while at the same
time allowing nutrients from the supply flow to diffuse into
the chamber. In addition, metabolomic compounds from
plant cells are allowed to flow out of the cultivation cham-
ber through the membrane to the supply chamber and on,
into the communication channel. The membrane thus imple-
ments a definable permeability that can be easily adapted
through selection of the desired pore size. Figure 2 provides
a top and side view of the MBR.

The MBR chip halves are hot-embossed from PC raw
stock. Using this process, MBRs can be manufactured rap-
idly and economically. Together with a practicable size of
the MBR (2.5cm x 7.5cm), to match the size of a stan-
dard glass slide, the microfluidic system is well adapted for
microscopy, as shown from the cultivation results in Fig. 3.

Versions of the MBR have been successfully autoclaved
for and applied in several experiments over the years. The
initial designs were used, for example, by Finkbeiner (2019)
to cultivate BY?2 cells, two cell lines of Catharantus roseus,
and Taxus chinesis. In Finkbeiner et al. (2021) these appli-
cations experiments were further expanded by first cultiva-
tion experiments with Neofusicoccum parvum (N. parvum)
in the MBR. A BY2 culture in a downstream MBR was
added to the N. parvum setup, creating the first inter-king-
dom communication experiment.

Because flow conditions are so delicate and vital to suc-
cessful cell cultivation and experiments, they were assessed
in detail. First, Finkbeiner (2019) evaluated whether the
applied membrane allowed enough nutrients to diffuse
through to the cultivation chamber using a simulation and
validation approach. The results showed that sufficient

Flow for further
analysis

Fig. 1 Principle of microfluidic bioreactors connected through unidirectional flow channels. Chemical communication is limited to the down-

stream direction through uni-directional perfusion.
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Fig. 2 The microfluidic bioreactor
for plant cell cultivation consists
of an upper chamber for plant cell
cultivation and optical examina-
tion, and a lower supply chamber
connected to other fluidic network
elements. The two chambers are
separated by a membrane with
predefined permeability.

Top view

Cross section plane-

inlet of supply flow,
connected to
supply chamber

Cross section

porous membrane to
separate the chambers

Openings for filling the cultivation chamber.
Closable by threaded plugs.

outlet

supply-
flow

cultivation chamber

supply
chamber

Fig. 3 Microfluidic bioreactor in use. A) A microfluidic bioreactor
before filling. B) The plant cell cultivation is filled slowly from one
side into the MBR using an Eppendorf pipette that has been cut to
fit the opening of the cultivation chamber. C) The MBR is filled with
the nutrient solution standing upright to eliminate from the cell-filling
remaining air bubbles. D) shows a microfluidic bioreactor filled with
a suspension of BY2 plant cells. The cloudiness is caused by the plant

After 10 minutes After 60 minutes

Sucrose concentration
0 20 40 60 80

mol/m?

Fig. 4 3D-simulation of nutrient distribution throughout the cultiva-
tion chamber. Since, the chamber is symmetrical, only half of it was
simulated.

maltose and sucrose can diffuse through the membrane to

cater to the nutrition of cultivated plant cells.
Schmidt-Speicher et al. (2021) examined in 2D- and

3D-simulations if the flow conditions allowed nutrients to

cell suspension filled into the MBR. E) Setup for the cultivation of
plant cells in the MBR. The individual reactors are hooked up via tubes
to syringe pumps that diffuse the MBRs with a nutrient solution during
the cultivation period F)The round picture shows the BY?2 plant cells
using a microscope. The plant cells are visible as the outlined but see-
through structures in the front. The porous membrane is visible in the
background.

be evenly distributed and how long it takes to supply nutri-
ents all the way to the boundaries of the cultivation cham-
ber. The cultivation chamber has a volume of 800 L, and if
the targeted flow rate of 20 L /min was applied to simply
fill this volume without considering any kind of geometric
or perfusion effects, it would take 40 min. The simulations
conducted considered such effects, and the 3D simulations
showed that it takes about 60 min to distribute nutrients
throughout 67% of the chamber (as shown in Fig. 4) and
approximately 160 min to reach the maximal expected con-
centration of nutrients throughout the entire volume.

Since typical plant cell experiments run for several hours
to several days (Metzger 2023; Khattab 2021; Kreppenhofer
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2013; Finkbeiner 2019), this filling process is reasonably
fast.

However, when the flow conditions were compared to
reality, the flow differed significantly from the simulated
tests. This is most likely, because previous design processes
focused on getting a prototype running, while at this point
of the development of the MBR a more precise analysis of
and approach to the manufacturing of the setup was taken.

If no membrane was installed prior to closing the MBR,
the flow tests matched the simulated behavior well (see
Fig. 5C). Thus, the general layout of the MBR worked as
intended. Once the membrane was further analyzed, it was
identified that during the installation process, the mem-
brane wrinkled. In Fig. 5A) an MBR is depicted that was
manufactured and closed using the current design and the
ultrasonic welding process. The wrinkles can be seen here
very well. Figure 5B) shows the resulting flow pattern if a

Fig. 5 Testing flow profiles developing in an MBR (Application of
colored water as a stand-in for the nutrient solution applied in plant
cell cultivations. Recording with a monochrome camera (uEye SE
(UI-2220SE-M-BG) by IDS Imaging Development Systems GmbH,
Obersulm, Germany)). A) An MBR welded shut with a continuous ED
using USW. The membrane develops strong wrinkles due to the ultra-
sonic movement during the welding process. B) The resulting flow
profile. In the present state, the wrinkles deter the profile from opti-
mal conditions. C) Flow profile of an MBR which is closed without a
membrane separating the two chambers. This time, the occurring flow
profile matches the simulations well.

@ Springer

membrane is installed and Fig. 5C) the resulting flow if the
MBR is assembled without any barrier between the cultiva-
tion and the supply chamber, so the ideal flow conditions
throughout the MBR.

Experiments were conducted to determine whether warp-
ing of the membrane created a significant issue. For this, sus-
pensions of BY2 plant cells were transferred to 17 MBRs.
Although in some cases the cells could be inserted into the
cultivation chamber and distributed there evenly, in more
than half the cases wrinkles prevented the cells from spread-
ing evenly throughout the cultivation chamber, which could
be clearly observed visually, or cells could not be inserted
at all. Furthermore, when investigating how a pH-changing
trigger compound affected the metabolism of cells, sub-
sequent pH measurements at the outlet of the cultivation
chamber showed no repeatability but rather local peaks
depending on the amount of cells available to process the
trigger compound. This confirmed that the wrinkled instal-
lation of the membrane caused a significant disturbance of
the flow and thus the cultivation conditions and needed to be
fixed (Metzger 2023).

Following these results, the installation of membranes
and thin foils was investigated in detail based on the exist-
ing literature. After a brief clarification regarding the ter-
minology of thin and ultra-thin foils, the findings from the
literature are summarized.

In literature, thin foils typically have thicknesses of
several hundred micrometers (Espinoza Orias and Ren-
aud 2004; Tsiangou et al. 2020; Dobrota and Lazar
2021; Korycki et al. 2023; Brosda et al. 2020). Foils are
termed‘“‘ultra-thin”when their thickness ranges from sev-
eral hundred nanometers to 100 gm (Shah 2012; Tang et al.
2020; Li et al. 2021), although these limits depend on the
material. In this work, “membrane”is used as a subcategory
of “foil”following Focke et al. (2010); Jong et al. (2006),
referring to an ultra-thin, functionalized foil with selected
permeability.

Several studies describe the installation of thin foils made
from various materials, such as palladium for the generation
of HaBoeltken et al. (2014), cellulose for filtration (Tang
et al. 2020), and carbon paper for proton exchange mem-
branes in fuel cells Dang et al. (2019). However, the instal-
lation of polymer foils and membranes is less well covered
despite their widespread use in food and medical packaging,
microfluidic fabrication, and thermoset composite produc-
tion for lightweight structures.

The most straightforward method for bonding two ther-
moplastic polymers without additives is to heat them above
their glass transition temperature, press them together to
tangle the individual polymer chains, and cool the joint
below the transition temperature to stabilize the bond. This
heat or hot plate welding process has been a standard in the
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polymer industry for more than six decades (Focke et al.
2010; Qiu et al. 2020; Iwasiro et al. 2014; Scheffler and Leao
2008; Wood and Blasko 204). It remains widely used due to
its reliability and the high bond strength it achieves com-
pared to ultrasonic welding (Wood and Blasko 204; Plas-
tic Welding and Solutions 2024). However, several studies
report difficulties in applying this method to thin foils. For
example, strong geometric distortions and uncontrolled
wrinkling occurred in polypropylene air-mattress elements
due to significant thermal expansion and contraction (Schef-
fler and Leao 2008). Similarly, polycarbonate, polyethylene
terephthalate (PET), and polyimide membranes spanning a
chamber sagged and bonded unintentionally to the chamber
floor when heated during installation (Kreppenhofer 2013).

Ultrasonic welding focuses the introduced energy more
precisely and confines heat generation to a small area. It is
a well-established process for thermoplastics based on fric-
tional heating through high-frequency vibrations between
the joining partners (Potente 2004; Rotheiser 2009). Com-
mon applications include food and medical packaging
(Focke et al. 2010). Reported issues include damage to sen-
sitive electronics from vibrations (Dahlstrand 2017), mem-
brane tearing (Schmidt-Speicher et al. 2021), and visible
wrinkle formation in bonded foils (Dobrota and Lazar 2021;
Speicher et al. 2023). Few studies explicitly discuss the chal-
lenges of wrinkling, referred to as ’diaphragming’ or ’oil
canning effect’, caused by vibrations in foils welded over
large openings, as observed in the MBR. Only one source, a
manufacturer, suggested mitigating these problems through
reducing the vibration amplitude by either dampening the
weld zone or using higher operating frequencies, although
the latter requires costly new equipment (Dukane Intelligent
Assembly 2024).

The third process, laser transmission welding, is the most
versatile. Like ultrasonic welding, it allows localized energy
input, but its optical beam guidance allows for any 2D con-
tour conforming to the part geometry, making it more agile
than the other two methods (Brosda et al. 2020; Potente
2004; Beck et al. 2002; Brosda et al. 2020). Typically, an
absorbing layer is required, either as part of the lower sub-
strate (Pagano et al. 2017) or as an added dye (Klotzbuecher
et al. 2006; Beck et al. 2002; Jiang et al. 2015; Liu et al.
2017). Reported challenges include ensuring proper clamp-
ing to maintain alignment and avoid air entrapment — which
can lead to incineration (Beck et al. 2002; Brown et al.
2000) — and preventing material degradation from intense
localized heating common in thermoplastics with narrow
processing windows (Pagano et al. 2017). Even without
degradation, polymers may sag or distort due to rapid tem-
perature changes (Beck et al. 2002; Brown et al. 2000; Jiang
etal. 2015). High weld quality requires precise process con-
trol to prevent bubble formation (Brown et al. 2000; Liu

et al. 2017), off-center heat-affected zones (Brosda et al.
2020), or degradation at the weld centerline (Pagano et al.
2017). However, there is little literature on welding poly-
carbonate without absorbing dyes or layers, and none was
found on absorber-free welding of thin PET foils to bulk
substrates in quasi-simultaneous or contour-welding modes.

2 Results
2.1 Simulated membranes

To evaluate the membrane stretch, two geometries were
studied as introduced in Sec. 3.1. Further analysis was nec-
essary due to the creation of wrinkles during the ultrasonic
bonding process (cf. Sec. 1) which created wrinkles with an
amplitude of several hundred micrometers up to 0.75 mm
Speicher et al. (2023).

The oval shape elucidates the behavior of the membrane
in the MBR. The round shape causes an even distribution
of the stress load throughout the entire membrane. It can be
seen in Figs. 6A and B the simulation shows that an even
line load around the perimeter leads to a homogeneous von
Mises stress distribution throughout the entire membrane
where every area is equally strained. The corresponding
displacement simulation in Fig. 6C shows that this leads to
a circular displacement profile with no displacement in the
center of the circular membrane and a higher displacement
the further out of the center it gets. Figure 6F shows the von
Mises stress simulated throughout the oval-shaped mem-
brane. An even line load following the oval shape is applied
as visualized in Fig. 6E and the simulation displays lower
stress loads in the center area of the oval-shaped membrane
and higher loads in the flat ends of the oval which fade
toward the narrow ends of the oval. The according displace-
ment simulation is displayed in Fig. 6H and shows a dis-
placement that results in no stretching in the center area of
the oval and the highest stretch of the material at the narrow
ends of the oval.

2.2 Pillar-and-groove-design for ultrasonic welding
of MBR

In Sec. 3.2 the pillar-and-groove-joint is introduced in gen-
eral. Since a satisfactory manufacturing result could not be
achieved using a continuous energy director (ED), a pillar-
and-groove joint for the MBR was designed. This reduces
the risk of imperfect weld seams, which occur repeatedly
when long continuous weld seams — like in the previous
design — are implemented because the process for these
lengths has more variable parameters that each have to be
controlled exactly. Shorter welded areas that furthermore
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Fig. 6 Setup and results of the stress and stretch simulation. A), E), I)
display the applied line loads, B), F), J) show the resulting von Mises
Stress, C), G), K) depict the membrane stretching behavior caused by
the stress profile, and D), H), L) visualize possible hot spots of wrinkle
appearance in the membrane. As can be spotted well from part B) a
round line load on a circular-shaped membrane results in an even stress
distribution which in turn leads to an even displacement of the mem-
brane. The current geometry and line load distribution are displayed in

Fig.7 Revised design for welding the microfluidic bioreactor ultrason-
ically. The ultra-thin membrane is not welded and thus melted directly.
Instead, it is secured with ten pins evenly distributed around the perim-
eter and stretched across a 0.5 mm sealing ring during the weld. This
way, a leak-proof seal can be achieved while fixing the membrane as a
barrier between the chambers without breaking its structural integrity.

@ Springer

row 2, where Fig. F) clearly shows the uneven stress conditions that
result in an uneven displacement profile. Row 3 shows a possible opti-
mization where the original oval chamber geometry is kept, because
it has been shown to be the ideal shape for the chamber, but apply-
ing a circular line load to it. This could be realized by, e.g., placing
the pins spanning the membrane on a circular perimeter. The resulting
displacement profile (K) is more evened out and comparable to the
circular-shaped chamber — ideal for even displacement — shown in C).

sit in specified grooves, as is the case for the pillar-and-
groove joints, have fewer variables and, through the groove,
additional guidance during the weld. As can be seen from
Fig. 7 — which displays this revised design — the membrane
is therefore not welded along the perimeter of the cham-
ber, but instead stretched across a sealing ring (diameter of
0.5 mm) which spans and tightens it. At the same time, this
sealing ring enables leak-free sealing of the chambers when
pressed during the welding process.

The corresponding weld parameters can be seen in
Table 1. The weld was performed using an energy-con-
trolled process with a limiting energy introduction of 82 J.
The collapse distance during the weld was 0.33 mm, leading
to a 0.207 mm compression of the sealing-ring. The applied
sealing-ring has a cross-section of 0.5mm and spans a
diameter of 38 mm. It is made from fluorocarbon-based
fluoroelastomer (FKM) by the Industrie Dichtungs Service
(IDS, Willich, Germany), has a hardness of 75°Shore and
is FDA-conform. The compression deformation was tested
prior to installing the seal rings and the results can be found
in the App. B.
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Table 1 Ultrasonic welding parameters used for the adapted design
of the MBR. The new design uses ten pillar-and-groove joints spaced
evenly around the perimeter of the chambers.

Welding parameters Value

Membrane thickness [pm] 19

Welding mode Energy controlled
Introduced welding energy [J] 113

Total Welding collapse [mm] 0.34

Welding force [N] 400

Holding period [s] 1

Amplitude [pm] 24.38

Fig.8 A) A round membrane stretched across a sealing ring with a cord
size of 1 mm and a diameter of 20 mm. This way, the created setup
still fits within the area of a standard glass slide (25 mm x 75 mm) and
complies with the size of the microfluidic bioreactor. As can be easily
seen in the photograph, the membrane shows almost no wrinkles. B)
A welded MBR of the new ultrasonic design, applying the drumhead-
stretching approach when installing the membrane. The ten pins pull-
ing the membrane out as well as the black sealing ring across which
the membrane is spanned can be spotted well in the picture. The MBR
propped up to increase the visibility of any wrinkles in the membrane.
There are a few wrinkles that are aligned along the long axis of the
oval that can be seen well. These are in accordance with the simulated
stress load and displacement. They are caused by the uneven stress and
originate in imperfections, most likely created by the milling while
manufacturing the chip halves.

2.3 Comparison of simulated membrane behavior
and manufactured chips

Figure 8A shows a round membrane stretched over a seal-
ing ring like a drumhead. This setup is similar to the round
membrane evaluated with a circular line load through the
simulation. It should be noted that, instead of a constant cir-
cular line load, the membrane is spanned by ten ten-pins
evenly spaced around the perimeter. Furthermore, imperfec-
tions are always present in manufactured parts, which cause
modifications of the stretching behavior deviating form the
simulation results created with ideal boundary conditions.

Fig. 9 Visualising of the flow conditions in the MBR. The MBR was
initially filled with deionized water and then blue dyed water was
applied through the inlet pushed by a syringe pump at 20 yLmin ™.
The pictures show the filling status after 70 min. The flow profile is
not as perfect as is shown in Fig. 5C) when no membrane is installed
between the two chambers. Instead, the flow profile develops a spike in
the centre of the MBR, but the flow follows this spike evenly on both
sides throughout the entire filling process, thus, creating a significantly
more even growth condition than in Fig. 5B).

Thus, minor wrinkles are expected from this initially uneven
stress condition. However, these wrinkles are comparatively
small and the displacement profile is quite even. Thus, this
setup is comparable to the simulation results of a round-
shaped membrane presented in Fig. 6A to D.

The welded MBR of this version is depicted in Fig. 8B.
To capture the light reflections so that any wrinkles in the
membrane can be spotted well, the MBR is propped up.
As can be seen, the membrane installation was not com-
pletely wrinkle-free. Wrinkles with an on average ampli-
tude of 125 pm remained present. This is due to the uneven
stress load distribution, which was evaluated theoretically
in Sec. 3.1 and the results presented in Sec. 2.1. In addi-
tion, the milling process is a good and precise manufactur-
ing process, but minor imperfections in the milled parts are
to be expected. Furthermore, the ideal boundary conditions
assumed for the theoretical analysis should be kept in mind.
Thus, minor wrinkle formation is to be expected in manu-
factured parts, as these imperfections can serve as a point
of origin for wrinkle formation due to uneven stress load
distribution throughout the oval-shaped membrane. These
imperfections can also lead to the curving of wrinkles. For
the future, a fast replication process for the chip halves such
as hot embossing or injection molding would be favorable.
These processes use molds for the part-replication that are
usually created with higher precision, as any imperfection
of the mold will be replicated in every cast part. However, at
this point an amplitude reduction of over 80% was already
achieved.

2.4 Validation of theoretical flow conditions
Figure 9 shows the flow conditions in the adapted design for

ultrasonic welding introduced in Sec. 3.2. The filling status
is depicted after a run-time of 70 min. The red line helps to
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see the flow profile developed, which is even on the sides of
the filled chamber but shows a spike in the center as well.
This spike prevailed throughout the filling process, but the
sides also followed it evenly throughout the entire process
runtime. Thus, it can be concluded that while the ideal flow
conditions presented in Sec. 1 are not met, the flow profile
has evened out significantly compared to the faulty flow
profile before optimization (see Fig. 5). Furthermore, the
flow is now symmetrical, and so are the wrinkles along the
long axis of the oval-shaped chambers, which most likely
result from the pins spanning the membrane being placed on
an oval path. A preliminary visual assessment of the revised
flow profile, together with an initial filling experiment of a
single MBR conducted by a collaborating biologist, led to
provisional design approval from their side. Further system-
atic testing and detailed evaluation will be conducted in the
next years to thoroughly assess the new design’s suitability
for biological experiments.

As reviewed in Sec. 2.1 an oval line load leads to an inho-
mogeneous displacement profile throughout the membrane,
despite the stress distribution following the oval geometry
smoothly. If a circular line load was applied to the other-
wise oval shape, the displacement profile would even out
as shown in Fig. 61 to L. Thus, a circular placement of the
pins that stretch the membrane would be expected to create
fewer wrinkles throughout the membrane.

2.5 Further simulations for optimizing cultivation
conditions in the MBR

There are several approaches to further even out the cultiva-
tion conditions in the MBR and thus improve them. Regard-
ing the topic of this article, two main areas were further
examined: 1) improving the installation of the membrane
and, 2) refining the way nutrient flow is provided through
the supply chamber to the cultivation chamber in order to
distribute nutrients faster or more equally. For a faster anal-
ysis, these evaluations were only done in 2D.

Concerning the improvement of membrane installation,
a simulation was done to check if a circular line load on
the oval-shaped chamber geometry would even the dis-
placement and stress distribution. Figure 61 to L show this
approach. In depiction (I), the circular line load is displayed.
The image shows that the closer the load gets to the nar-
row edges at the ends of the oval, the less relative load is
imposed on the membrane. The graphic (J) shows the simu-
lation results of the resulting von Mises stress when a cir-
cular line load is applied. There is an area of higher stress
load in the center area which gradually decreases as it gets
closer to the narrow edges of the oval, thus coinciding obvi-
ously with the line load. Finally, picture (K) displays the
simulation results of the material displacement arising from
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this load condition, and graphic (L) the simulation wrinkle
development. As in the simulation of the round line load
imposed on the circular-shaped membrane shown in Fig. 6A
to D, an even displacement throughout the oval-shaped
geometry is found.

The behavior of the simulated membrane shows a very
even distribution of stress and displacement. Of course, this
has to be analyzed with caution, as the simulation depicts a
perfect situation. In the manufactured parts, minor imper-
fections would always be present and would serve as the
point of origin for inhomogeneous displacement or stress
distributions. The circular displacement and stress distribu-
tion correspond well to the expected results for the applica-
tion of a circular load. In addition, because of the similar
circular line load, the displacement of the oval-shaped area
results in a centroid-related displacement profile compara-
ble to its round counterpart and ideal for avoiding wrinkle
generation when welding such a membrane. Subsequently,
the incoherence between line load and area shape leads to an
uneven stress distribution with lower strain in areas of lower
imposed loads, as is the case in the narrow ends of the oval.

Since a round membrane with a circular line load showed
a promising stretching behavior (cf. Figure 6 and Fig. 8A)
we checked if a change of the chamber geometry from
oval to round would be feasible with respect to the even
and timely distribution of nutrients. To do so, a simulation
comparable to the one in Fig. 4 was set up. The volume and
height of the chamber geometry were kept the same and
thus the radius of the circular geometry was set to 15.96 mm
. Due to this strong increase in the radius, the flow velocity
in the chamber decreases twelve times compared to the flow
velocity at the inlet. The overall flow profile is inhomoge-
neous, as can be seen well from the simulation visualiza-
tion in Fig. 10. The analysis shows that it takes 40 min to
achieve at least half the desired nutrient concentration in the
whole round chamber, making it 61% slower than for the
original oval shape.

To improve flow conditions so that nutrients are distrib-
uted faster and more evenly throughout the chamber, sev-
eral approaches were evaluated. Some selected ones are
presented here. An approach was to change the inlet chan-
nel to contact the supply chamber from underneath in the
center (see Fig. 11A). In this way, the highest concentration
of nutrients was placed in the center of the MBR and could
flow evenly outward toward the narrow ends of the oval-
shaped chambers. The simulation results showed that after
only 47 min, the desired concentration of nutrients could be
expected throughout the entire chamber.

Furthermore, a change in the geometry of the supply
chamber was analyzed to determine whether the distribu-
tion of nutrients to the cultivation chamber could be even
out. Two approaches for this scenario are also presented
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Fig. 10 Simulation of the nutrient distribution throughout a round-
shaped chamber. The size of the red arrows corresponds to the relative
flow velocity at the according point, while the direction of the arrow
indicates the flow direction. The legend below assigns field plot colors
to the velocity magnitude.

in Fig. 11: (B) shows a supply chamber with several pil-
lars inserted throughout the area. These pillars help divide
the nutrients supplied and distribute them more quickly to
the outer areas. It takes about 23 min in order to reach at
least half the desired concentration throughout the entire
chamber.

A second approach was to divide the supply chamber into
three channels (Fig. 11C). The simulation results show that
a quick and initially even more homogeneous distribution
of nutrients can be achieved. For this design, it takes only
32min to achieve the desired concentration of nutrients in
all areas.

In general, these three changes to the flow profile in the
supply chamber all accelerated the expected nutrient supply
throughout the cultivation chamber. However, for designs
B) and C) the white areas represent walls and pillars that
would have to be added to the supply chamber. Although this
speeds up the even distribution of nutrients in the flooded
area, the spots in the cultivation chamber above these wall
areas (colored white) might receive fewer nutrients or these
spots might reach the target nutrient concentration signifi-
cantly later than the directly connected spots. In addition,

A)
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2 - e e
0 =
22
T 1 1 1 ] —
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B) Q)
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Fig. 11 2D-Optimisation approaches, improving the nutrient distri-
bution throughout the supply chamber of the MBR. A) presents the
simulation results if the supply chamber was contacted from under-
neath instead of from one side. This could decrease the time which is
needed to achieve a high nutrient concentration in a large center area,
which is also the area most likely analyzed at first under a microscope.
B) depicts an MBR where several pillars are inserted into the supply

chamber and how this would affect the nutrient distribution throughout
it. It is derived from a split-and-recombine mixer common in microflu-
idics. Finally, C) shows the nutrient distribution if the chamber would
be split up into three separate channels. This setup was analyzed due
to its potential to help with membrane sagging. In all three plots, the
position-dependent nutrient concentration is plotted as a scalar field
value according to the legend below.
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all three of them would come with major geometry changes,
making the remanufacturing of the replication molds nec-
essary. In the case of contacting the supply chamber from
underneath in the center, the replication process would have
to be changed, since such complex 3D-structures cannot be
replicated using hot embossing with reasonable effort.

The chip halves for the second and third approach — where
obstacles are placed in the supply chamber — can be repli-
cated using the current process (hot embossing). But the pil-
lars necessary for the approach in Fig. 11B require special
attention when being hot embossed, because structures with
a high aspect ratio (correlating the height of a structure to
its cross section) are generally difficult to remove from their
mold. Furthermore, a difficult assembly process is expected
because the membrane would have to be attached to each of
the individual pillars to ensure proper installation.

The third approach evaluated with the three channels
instead of a completely open supply chamber is easier to
replicate with the hot embossing process compared to the
previous two options. However, the installation of the
membrane between the supply and the cultivation chamber
would be more difficult, similar to the pillar approach. For
these reasons, so far none of these optimizations have been
manufactured and tested, but the simulations were suitable
ways to explore further options.

3 Methods
3.1 Simulating membrane stretch

A theoretical analysis of the membrane behavior during
the manufacturing process gives more insight into suitable
manufacturing approaches. For this, we assumed that the
behavior of the membrane is symmetric with respect to two
planes crossing the semi-major and semi-minor axes. For
this reason, the computational model of the membrane can
be simplified by adding essential constraints. The simula-
tion is executed in a quarter model by adding two symmetric
Dirichlet boundary conditions on the corresponding sym-
metry planes u - n = 0, where n denotes the normal vector
of the symmetry plane. Assume that the coordinate system
is placed at the centroid of the membrane, its geometry can
generally be described as an ellipse 22/a? + y?/b?> = 1. In
addition to the ellipsoid geometry, a circular geometry was
also evaluated, where @ = b = 1 was applied. In each case,
a distributed line load is applied on the external boundary

with two load cases F1 =Fo[ 1/a 1/b 0 }T~np and
Fo=Fo[ 1 1 0]" nprasgivenin Sec. 2.1 (Fig. 6).

In modified membrane theory, the properties of wrinkles
are introduced on the mean surface of the membrane. Two

@ Springer

techniques can be employed to extend conventional mem-
brane theory by incorporating tension field theory. One
involves presenting the relaxed strain energy density, while
the other involves adjusting the deformation gradient. The
former is limited to isotropic membranes, whereas the lat-
ter offers a wider applicability across different membrane
types (Roddeman et al. 1987). The initial configuration of
the membrane is described using material coordinates X, Y,
and Z. The direction of uniaxial stress lies along the X-axis,
Y denotes the direction of wrinkling, and Z represents the
normal plane to the membrane as given in Fig. 12. The
deformed configuration is denoted in lower-case symbols
by coordinates x, y, and z. The membrane can be in one of
the following three states after deformation:

e A taut state is observed when both in-plane principal
stresses are positive and no improved deformation ten-
sor is required.

e A wrinkled state occurs if one of the principal stresses
is negative, requiring a modification of the deformation
gradient tensor.

e Aslack state arises when both principal stresses are neg-
ative, causing the neglection of the stress tensor.

As shown in Fig. 12, the mapping scheme is executed from
the reference configuration to a fictitious lengthened one,
ensuring that the current area matches the actual wrinkled
zone. Assuming that uniaxial extension occurs in the n;
direction and ns is the wrinkling direction, the modified
deformation tensor F is defined as

F=(I+ fns®ny)-F, (1)

where I is the unity tensor and S is the wrinkling param-
eter (8 = 0 in the taut state). According to the orthogonality
condition in tension field theory:

n; -o-ng =0,

om0, 2)
where o is the Cauchy stress tensor derived from the second
Piola-Kirchhoff stress tensor S,

o=J'F-S(F)-F, 3)
with
J = det(F"). (4)

The wrinkling condition is determined as follows

ng - J7UF - S(F) . FL =0, )
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Because the mean configuration F is described by basis
functions in the finite element formulation, 8 and no are
two unknowns. As material properties and membrane the-
ory are constructed in the reference configuration, Eq. 1 and
Eq. 2 should be transformed to the reference configuration.
The fictive Green-Lagrange strain tensor follows

B :%(FT-F—I)
2
=E+(ﬁ+ﬁ2‘2FT-nz®n2~F ©)
=E+"N; ® Ny

where 8* and Ny are the wrinkling measurement and the
wrinkling direction in the reference configuration, respec-
tively. They are the new unknowns used to replace 3 and no
. Since the membrane surface is represented in a coordinate
system having two unit vectors e; and ez, N7 and N3 can
be expressed in terms of the angle of wrinkling .

Wrinkled configuration

N; = cos (a)eq + sin (a)eq
N2 = —sin (a)eq + cos (a)ea ™
The nonlinear equations of Eq. 2 are solved to find o and
B*. Thus, the deformation gradient and the second Piola-
Kirchhoff stress tensor are corrected to obtain the stress
map and the wrinkled regions. Assuming the behaviour of
the membrane is symmetric with respect to two semi-axes,
only a quarter of the membrane geometry is considered in
the computational domain. For this reason, the symmetric
boundary conditions u - e, = 0 are applied on those semi-
axes. Mechanical properties for the membrane material
(PET) were taken from Lu and Menary (2024) and Wilson
et al. (1976). The numerical simulations were performed
using COMSOL Multiphysics® 6.2. The finite element
domain is approximated using first-order quadrilateral ele-
ments with the largest size of about 0.2mm. The nonlin-
ear Newton method is selected with a relative tolerance of
0.001. The results are shown in Sec. 2.1.

@ Springer
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The predicted maps are used to avoid clamping configu-
rations during manufacture that further provoke wrinkling
by inducing excessive stress, and to understand where any
occurring wrinkles might originate and why. In addition,
further designs for installing ultra-thin membranes when
using ultrasonic welding as the bonding process can be
derived from our results.

3.2 Design for ultrasonic welding of MBRs

As was mentioned in the introduction, the previously applied
design for ultrasonic welding did not allow for satisfactory
welding results, as the ultra-thin membrane showed large wrin-
kles after installation and in some cases even tears. However,
since ultrasonic welding is a well-established way of bonding
PC, arevised design for the microfluidic bioreactor was created
and evaluated, which was introduced in Sec. 2.2.

In general, energy directors (EDs) are an important design
part when creating weld partners for ultrasonic welding. Long
continuous EDs are known to require very precise manufactur-
ing and exact process guidance. The longer a continuous ED
is, the more difficult it is to meet the necessary precision in all
parameters involved. An ED that consistently achieves good
welds is the pillar-and-groove joint. Instead of one long ED
— and thus joint — several pillar EDs are placed along the joint

Fig. 13 Concept sketch energy
directors used for ultrasonic
welding. A) Sketch of a continu-
ous ED. Additional guidance pins
are necessary to achieve a precise
positioning of the workpieces. B)
Drawing of a pillar-and-groove
joint-setup. For clarity, the pins are
positioned very close to each other.
This concept is explored in detail
in 1) and 2). 1) Before the weld:
Due to the material surrounding
the pillar, a clear guidance during
the weld is established. 2) After
welding. The previous two parts
have become one due to melting
the pillar and part of the groove
and filling this groove with the
melted material (flash) from and
all around the pillar. In this sketch,
the two parts are still displayed
with different colouration for better
visibility of the process principle.
In reality, a durable bond with
interlocking chains, common for
polymer welding, is created which
ensures a strong bond. Sketches
after Rotheiser (2009).

A) Continuous ED

\_/\1

Fit

B1) Before weld
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Clearance

contour. In the counterpart of the weld pieces, the correspond-
ing grooves are manufactured. The pillars engage into these
grooves. The concept is shown in Fig. 13. The combination of
pillar and groove has two main advantages: First, the grooves
act as guidance for the pillars, creating an optimal fit of the chip
halves. Second, the pillar-groove pair experiences a labyrinth
effect for the occurring weld flash all around, which results in a
very strong and tight bond. In addition, the almost point-based
ED is easier to weld controlled than a long continuous ED,
which is easier subject to part warping, local overwelding, or
flash-showing (Rotheiser 2009; Strohfuf3 2004).

The welding of the MBRs was performed on a PS DIALOG
digital control ultrasonic welding machine by Herrmann Ultra-
schalltechnik GmbH & Co. KG, Karlsbad, Germany, which
has a working frequency of 35 kHz. The revised design that
uses the pillar and groove joints instead of a long continuous
ED is presented in Sec. 2.2. In this section, it is also explained
how the microfluidic chambers of the MBR are sealed leak-
proof in the new design.

3.3 Testing completed MBRs for leakages
After the welding process, the completed MBRs were

tested for leakages. For this, a glass beaker was filled with
water and the top openings of the MBR were sealed with

B) Pillar-and-Groove ED

Interdiffusion
zone

Polymer
chain
segments

Flash,
generated from
melting the pillar

B2) After weld,
still showing original parts
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3 M™Circuit Plating Tape 851 and one of the supply chan-
nels was plugged. The second supply channel was then
mounted on an outlet with compressed No, whose pressure
was controlled. The MBR was then placed beneath the sur-
face of the water and filled with compressed Ny at different
pressures. Figure 14 shows this setup. If leaks occurred, this
approach made it easy to determine where they originated.

3.4 Validation of theoretical flow conditions

To validate the theoretical flow conditions presented in Fig. 4
finished MBRs and the resulting flow conditions were char-
acterized as follows: Each MBR tested was filled with dis-
tilled water using a syringe pump (PHD ULTRA TM Syringe
Pump Infuse/Withdraw by Harvard Apparatus, Holliston, MA,
USA). When the chambers were filled and all air bubbles were
removed, the openings in the cultivation chamber were sealed
with transparent tape. The water supply was then swapped for a
syringe with blue-dyed distilled water, which mimics the nutri-
ent solution later applied during experiments. The blue-dyed
water was then introduced into the MBR through the inlet con-
nector at a flow rate of 20 uL min . The spread of this solu-
tion throughout the cultivation chamber was monitored and
recorded using a monochrome camera (uEye SE (UI-2220SE-
M-BG) by IDS Imaging Development Systems GmbH, Ober-
sulm, Germany) and a Canon EOS 7D Mark II with a macro
lens. This analysis was repeated with three MBRs.

4 Conclusion

The improvement achieved in the procedure for repeatable
insertion of an ultra-thin membrane, as a cell migration bar-
rier between a nutrition supply and the cell culture chamber,
results in a symmetrical regularized flow profile in the cham-
ber, ensuring that the entire chamber can be properly filled
with medium. Uniform and repeatable experimental condi-
tions could be created, which is a substantial improvement
compared to the formation of major wrinkles in the previous
process and the resulting uneven flow profile and nutrient dis-
tribution. The new manufacturing process consistently led to a
slight but characteristic wrinkle developing along the long axis
of the oval chambers. This in turn created a flow profile that
had a symmetric concentration profile with an elevated cen-
tral region that propagated the overall diffusion front along the
axis of the chamber. However, on the edges of this spike, the
flow profile was symmetric and followed the spike throughout
the chamber, rapidly allowing an even distribution of nutrients
throughout the chamber.

The process for installing the ultra-thin membrane in the
MBR, harnessing a drumhead-stretching approach, is suitable
for other application areas as well. Our design used ten pins to

Fig. 14 Testing the MBRs for leakages at different pressures. For this,
the MBR’s openings in the cultivation chamber as well as one fluidic
connector are sealed shut. The other fluidic connector is mounted to a
controllable outlet for N2. Next, the MBRs are placed in a glass beaker
underneath the water and flooded with the No. If the MBR is leak-
tight, the Greentape sealing the cultivation chamber will give way (like
in the presented picture). If the MBR is not leak-proof, bubbles exit the
MBR and, the origin of the leak becomes evident.

stretch the membrane across the oval-shaped chambers. During
the ultrasonic welding process, these pins, which have corre-
sponding holes on the other chip half, were melted, then com-
pressed, and thus simultaneously formed an interlocking bond
with the other chip half. The membrane was stretched fairly
isotropically over a sealing ring which was placed between
the upper and lower chip half. This sealing ring created a leak-
proof seal and harmonized the uneven stress profile created
when spanning the membrane across the ten pins. Overall, this
design could be useful in other applications as well, for cases
when a wrinkle-free installation of an ultra-thin membrane is
necessary, e.g., in the field of battery cell development, medical
packaging, sensor technology, catalyst development, gas con-
tact devices, etc.

Laser transmission welding was considered as bonding
method for the system as well. However, it proved to be unsuit-
able due to repetitive burning along the weld contour and thus,
inconsistent bonding. Further information on this approach and
the conducted tests can be found in the appendix.

In conclusion, the conditions for even nutrient distribution
have improved to the point that repeatable plant cell cultiva-
tion experiments can now be conducted, while manufacturable,
autoclavable MBRs, yielding a homogeneous flow profile, are
now possible.

5 Supplementary information

The data for this article, including the data from the simu-
lations and compression force analysis conducted for this
publication, are available at KITopen at https://doi.org/10.3
5097/stzqf3sefnjdbt3h.
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Appendix A Laser transmission welding of
MBR

Laser transmission welding is a polymer bonding process
frequently applied in research and development due to its flex-
ibility in contour design and setup and comparatively easy joint
design. For this research it was considered and tested as an
alternative bonding method do ultrasonic welding. However,
ultimately it was not suited for this use-case where an ultra-thin
membrane needed to be installed between to bulk chip parts.
Tests and limitations that led to this conclusion are presented in
the following.

Figure 15 depicts several of the attempts to weld the MBR
using laser transmission welding. The area left and right of the
oval chambers where the inlet- and outlet channels connected
to the chambers burnt numerous times. A reason might be that
in this area, the introduced laser energy led to accumulated heat
due to the dense contour in this area. However, this is not the
only area where burning appeared, nor did this region burn
every time. Since PC is a material that quickly yellows, and, in
the next stage, easily chars, a short concentrated burn can lead
to further charring down the contour path.

Furthermore, many burns seemed to originate in areas where
membrane material was placed in between the two chip halves.
Air pockets between welding partners are a source of burning
in laser transmission welding. Thus, it is most likely that the
membrane in between the chip halves may prevent a tight fit
between the welding partners. This can create a larger air pocket,
which then might incinerate. In addition, milling grooves from

Fig. 15 Exemplary outcomes of MBR assembly using laser transmis-
sion welding. Identical laser parameters were applied. Various burns
occurred during the welds at different locations. The region around the
channel corners was burnt in several laser beam passes, however, it
was not the only position where burns occurred, nor did these regions
get burnt every time a burn developed.
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manufacturing the prototypes are a possible source for creating
such air pockets. For these reasons, laser welding was not pur-
sued further as the way of welding the chip halves of the MBR
together.

In general, laser transmission welding is a welding process
frequently used in research and development for bonding poly-
mers together due to its flexible contour path design as well as
the locally focused energy and thus low heat deposition in the
overall part. In recent years, laser welding has become a more
applicable option for bonding two transparent polymer parts
without the use of additives or absorbers because the newer
fiber-lasers are able to emit light in the necessary wavelengths
(Klein 2012; Nguyen et al. 2020). Thus, the process was applied
to bond the hot embossed chip halves together. We used the laser
welding system EVO 1800 produced by Evosys Laser GmbH,
Erlangen, Germany. This system applies a thulium fibre laser
with a wavelength of A = 1940 nm and can reach a maximum
output power of 120 W. The laser beam is focused using an
f-theta lens which has a focal length of 437 mm.

The chip halves and the membrane were placed in an alu-
minum fixture. The metal allows for a quick heat dissipation
away from the part and, thus, the weld seam due to its high heat
conductivity. The focal plane was adjusted to 59 mm under-
neath the contact plane of the chip halves and the membrane,
to avoid burning, similar to as was done in Mamuschkin et al.
(2016). To achieve a line energy E of 3.Jmm ™" according to
the formula by Nguyen et al. (2020) E = Pn /v, a weld power
of P =24 W at a feed rate v = 40 mm s~ was chosen, with
which the contour was run n = 5 times.

The joint has to be properly designed for a successful weld.
In a best-case scenario, the laser is positioned directly above
the to-be-welded area, as this creates an even heat introduction
Klein (2012); Nguyen et al. (2020). Furthermore, geometrical
tolerances should be kept to a minimum and the surface rough-
ness should be as fine as possible so that the chip halves can be
pressed together flush (Mamuschkin et al. 2016; Klein 2012;
Nguyen et al. 2020). This is especially true when welding PC,
as the material yellows easily under heat influences. If oxygen
is present in a sufficient amount, this material is then likely to
char and incinerate (Mamuschkin et al. 2016; Bates et al. 2015).

Appendix B Sealing-ring compression force
analysis

In order to prepare the ultrasonic welding process thor-
oughly, the compression force of the FKM sealing rings
was analyzed. This allowed for a better understanding of
how much welding force is needed for a tight fit. For this,
four sealing rings were analyzed, and the average was deter-
mined (Figure 16).
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Fig. 16 Compression diagram of the FKM sealing rings. Four sealing
rings were analyzed, then the average was found.
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