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More than 13 million children are born preterm annually. Prematurity-related mortality
accounts for 0.9 million deaths worldwide. The majority of those affected are Extremely
Preterm Infants (gestational age less than 28 weeks). Immaturity causes organ failure and
specific morbidities like germinal matrix hemorrhage, bronchopulmonary dysplasia, and
necrotizing enterocolitis. Artificial womb and placenta technologies address these issues.
As a bridge-to-life technology, they provide a liquid environment to allow organ maturation
under more physiological conditions. The proposed artificial womb can adapt to fetal
growth. Volume adjustment is achieved by removing fluid from the interspace between an
inner and outer chamber. Results of the in vitro tests showed a temperature constancy of
36.8°C ± 0.3°C without pressure loss over 7 days. The volume of the inner sac was variable
between 3.6 and 7.0 L. We designed a filtration and disinfection system for this particular
purpose. This system has proven strong disinfection capabilities, effective filtering of
metabolic waste, and the ability to avoid phospholipid washout. The presented artificial
womb has sufficient volume variability to adapt to the physiologic growth of an extremely
preterm neonate over a 4-week period. We regard this as an important step in the
development of this bridge-to-life technology.

Keywords: artificial womb, artificial amniotic sac, adjustable silicone sac, perinatal life support, extremely
preterm infant

INTRODUCTION

In 2020, more than 13million children worldwide were estimated to be born preterm [gestational age
(GA) less than 37 weeks], with more than 5% of mortality due to complications of preterm birth [1].
Neonatal intensive care serves to improve prematurity outcomes. Modern neonatal intensive care
treatment uses a microenvironment to control respiratory gases, temperature, and humidity.
Antenatal steroid prophylaxis, postnatal surfactant replacement therapy, and mechanical
ventilation have enabled pulmonary gas exchange at the canalicular stage of lung development.
This has allowed survival in the first place [2].

However, extremely small-for-gestational-age neonates (ELGANs, GA less than 28 weeks) have
the highest therapy-related morbidity and mortality rates. Their vulnerability can be attributed to
organ immaturity [3, 4], especially of the lungs and brain. Lung surfactant is detectable as early as
24 weeks of gestation [5], and is essential for the ability to breathe air as well as a prerequisite for
functional lung development. Surfactant deficiency causes neonatal respiratory distress syndrome
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[5, 6]. The 23rd to 24th week of GA is currently the limit of viability,
with survival rates below 10% at 23 weeks of gestation and 35% at
24 weeks of gestation [3]. Acute respiratory distress is the leading
cause of mortality in this group [2]. Survival comes at the expense of
lifelong structural and functional pulmonary morbidity [2].

Searching for a way out of this paradox, several research
groups are developing artificial womb (AW) and artificial
placenta (AP) technologies [7–10]. These technologies aim to
overcome the current complications in therapy and establish a
bridge-to-life approach. Recent achievements in animal models
have demonstrated the potential of this technology [7, 11].
Patridge et al. and Usuda et al. were able to support lambs in
their AW for 19–25 days [7], with a maximum of 28 days [11].
Fetal growth at mid-term was observed to be exponential [12].
The fetus almost doubles its weight between the 24th and the 28th
weeks of GA [12, 13]. Furthermore, during the 24th week of GA,
the multisensory and pain perception of the fetus [14] and the
haptic system are at a decisive stage of development [15–17]. At
this age, the fetus learns to discriminate between the environment
and its own body through touch [15–17].

All animal studies published to date have required fixation of
the animal in its surrounding bag in order to prevent movement
and decannulation within the proposed artificial wombs [7].
Current AW Systems manage growth using an end-stage-size
biobag where the fetus is held in position using manually adjusted
magnets [7]. Such fixation of the fetus can have a serious impact
on neurosensory and motor development. Furthermore, the
artificial amniotic fluid is constantly drained of, flushing away
the autologous surfactant in the fluid produced by the fetus
[7–10]. This rather simple design of the currently used

“biobags” has shown good functionality in the animal
experimental setup [18] but has practical limitations for
clinical use and does not cover the core needs of a developing
fetus. The need for constant flushing with sterile fluids would be a
practical limitation and an enormous logistic burden, even more
so in environments that have a developing infrastructure.
Keeping a closed, fluid-filled polymeric system sterile means a
significant challenge in terms of filtration and disinfection
technology. In addition to hygienic issues, the system should
support neurodevelopment. Current biobags purposefully restrict
fetal movement as described above. Moreover, biobags do not
well simulate the elastic forces in the interaction between the
developing fetal musculature and the uterus.

The AW approach presented here, the Liquid Filled Chamber
(LFC), provides an adaptable volume that allows for fetal
movement and growth without fixation. Furthermore, a
closed-loop filtration system is added to prevent flushing of
the autologous surfactant from the artificial amniotic fluid, as
suggested by Bie et al. [18].

MATERIALS AND METHODS

Requirements for the LFC
As a first step, the requirements for the LFC were identified by
dividing the LFC into four functional units: the artificial amniotic
sac (AAS), housing, amniotic fluid, and filtration system. The
requirement specifications are shown in Table 1.

Requirements R1, R2 and R3 result from the anatomy and
growth dynamics of the neonate, and the maternal uterus.
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These are presented in Table 2 according to the literature
values, with the standard deviation given in brackets. In the
case of different values in the literature, the largest variation
was chosen to obtain a conservative result. For intrauterine
pressure, different values are reported in the literature [23–25].
For LFC, the minimum pressure at 24 weeks of GA was
estimated to be 9.5 mmHg, according to Wiener et al. [25].
A peak pressure of 27.7 mmHg caused by uterine contraction
was measured by Beard et al. [23], and this value was used as
the upper pressure limit for the LFC.

Design Targets for LFC
Design targets for the LFCSystemcanbederived from the requirements
defined in Table 1 and from the physiological parameters given in
Table 2. The resulting design targets are listed in Table 3.

All parts of the LFC and its components were designed using
CAD software (Autodesk Inventor, San Francisco, United States).
Silicone parts were manufactured by hand (Silicone 620 A/B,
Wacker Chemie AG, München, Germany). Special molding
techniques were developed for each silicone component. Other
parts were manufactured in the in-house mechanical workshop,
and commercially available parts were integrated into the system.

Verification Testing
The identified requirements (Table 1) were tested in individual
setups. R1, R2 and R3 were tested in a volume adaptability test.
R5, R7, R8, and R10 were tested in a 7-day sealing and stability
test. R12 and R13 were tested in a filter test. R4 and R6 are
determined by the selected lid construction and the respective
sealing technique. No verification is required for the structural
part. For R9 and R11, commercially available CE-marked medical
products were used.

In the volume adaptability test, the principle of the sizing fluid
system was tested. The AAS was filled using water as a surrogate
for the artificial amniotic fluid according to the volumes given by
the state at 24 weeks of GA. Manikins representing the 3D
reconstruction of the fetal body from MRI data were
manufactured by our consortium partners from TU/e
Eindhoven, van Haren et al. [26]. The fetal manikins were laid
in the AAS to visualize the volume adjustability. At the beginning
of the test, a manikin at 24 weeks of GAwas used. After increasing
the volume, the manikin was replaced by onemimicking 28 weeks
of GA. This would represent the body size of a fetus at the
expected end of the treatment period. The volume of adaptive
sizing fluid between the AAS walls was removed stepwise in

TABLE 1 | Requirement specifications for LFC.

Unit Requirement Requirement specification No.

AAS Mimicking the physiological womb A fluid environment for the AAS with materials that are elastic and can be shaped and sized to fit
a fetus of the appropriate GA

R1

Tight-fitting but not restrictive of physiological fetal
movement

The AAS must be continuously or repeatedly adjustable relative to the size and growth of the
neonate [12, 13, 19]

R2

Growing system R3
Transfer and accessibility Ability to open the AAS from outside the system for perinatal transfer as part of the EXIT

procedurea, and for emergency interventions
R4

Closed system The AAS needs to generate a sealed ecosystem similar to the physiological womb R5
Umbilical cord interface The AAS needs to incorporate a sealable interface for the throughput of the umbilical cord or an

appropriate cannula
R6

Housing Temperature control The temperature needs to be physiological (37°C) and stable according to the body
temperature

R7

Pressure level Pressure needs to be physiological and stable but adjustable according to the intrauterine
pressure [20]

R8

Amniotic fluid Mimicking the physiological fluid Artificial amniotic fluid should have a similar composition to natural amniotic fluid R9
Leakage detection Fluid leakage from or into the AAS should be detectable R10

Filtering
system

Excretion elimination Toxic excretions need to be constantly filtered from the artificial amniotic fluid stream R11
Microorganism elimination Infectious agents need to be eliminated to prevent sepsis [18] R12
Prevention of phospholipid washout Phospholipid washout by the filtration system needs to be prevented [5, 6] R13

aEXIT-procedure: ex utero intrapartum treatment procedure.

TABLE 2 | Parameters of the maternal womb and the neonate relative to GA.

GA in weeks Crown to rump length (CRL) in mm [21, 22] Chest circumference (CC) in mm [21] Weight of the neonate in g [12]

22 195 (15) 161 (19) 477 (61)
23 204 (15) 170 (20) 568 (72)
24 213 (16) 180 (21) 670 (85)
25 233 (17) 189 (22) 785 (100)
26 232 (18) 199 (23) 913 (115)
27 242 (19) 209 (24) 1,055 (134)
28 250 (21) 217a (25a) 1,210 (154)

aExtrapolated from literature data.
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500mL increments, and the same amount of fluid was added to the
AAS to mimic neonatal growth. After each fluid removal step, a
photograph of the systemwas taken for visual evaluation. The steps
were repeated until the complete removal of the sizing fluid. The
internal “intrauterine” pressure of the AAS LFC was measured
using two calibrated pressure sensors at the in- and outlet of the
AAS (Xtrans, CODAN Companies, Rodan, Denmark).

For the sealing and operability test, the completely assembled
LFC was tested for leakage, temperature stability, and AAS
intrauterine pressure constancy for 7 days. We believe that
7 days is a representative time frame for the maximum
therapy duration of 4 weeks in terms of leakage, temperature,
and pressure constancy. Water was again used as a surrogate for
the artificial amniotic fluid, and the volume flow was set at
800 mL/min, the maximum filter flow as depicted in Table 3.
The umbilical cord interface was sealed with a closed silicone tube
mimicking the umbilical cord.

Leakage detection was performed visually by a red coloring
((Reaktiv-Rot 120 (λ = 509 nm), Merck, Darmstadt, Germany) of
the surrounding water inside the LFC housing, such that leakage
into the AAS could be detected. At the beginning of the test, a
100 mL sample of the dyed surrounding water was kept as a
positive reference and 5 mL of the water inside the AAS was taken
as a negative reference. Every 24 h of the test, a 5 mL sample was
taken from each circuit. Samples and references were analyzed
with respect to absorption at λ = 509 nm (Ultrospec 2100 pro,
Amersham Bioscience, Amersham, United Kingdom).
Temperature was measured (Omgea, Deckenpfronn, Germany)
inside the AAS, inside the housing, and inside the heating circuit
as a reference. The sensors were calibrated in a heating bath at
37°C using an analog laboratory thermometer. The LFC was filled
with fluid 12 h prior to the beginning of the test to ensure a
homogeneous starting temperature of 22°C in all components.
Temperature values were taken automatically every 5 minutes.
Two-point calibrated pressure sensors (Xtrans, CODAN
Companies, Rodan, Denmark) were placed at the top of the

lid and at the in- and outlet of the inner AAS to measure the AAS
“intra uterine” pressure of the system. Automatic recording of the
pressure sensors every 60 min was performed using the institute’s
data acquisition system.

The filter was tested for elimination of microorganissms and
potential washout of phospholipids. In total, 500 mL of artificial
amniotic fluid in contact with ambient air was incubated for 14 days
at 37°C to allow microorganisms to grow within the fluid. From this
fluid, three 50 mL samples (Falcon, Thermo Fisher Scientific,
Waltham, Massachusetts, United States) were prepared. Two of
these were exposed to the filtration system’s UV-C lamp for 5 min,
and one was left untreated as a reference. All three samples were
tested for microorganisms with a standard smear test. The washout
of phospholipids through the dialyzer of the filtration system was
tested in two separate experiments. Phospholipid EMPIGEN® BB
Detergent (Merck, Darmstadt, Germany) (271.44 DA) was used to
mimic the autologous phospholipid Dipalmitoylphosphatidylcholine
(735 DA) of the neonate on the AAS side. To prevent washout,
a phospholipid 3-(N,N-Dimethylmyristylammonio)-propanesulfonate
(Merck, Darmstadt, Germany) of similar size (391.65 Da) was used
in the filtration system to eliminate a concentration gradient across
the dialyzer membrane. For the test, both fluids (AAS side and
filtration system side) were fully saturated using the respective
phospholipids. The filtration system was run at 800 mL/min for a
duration of 240 min. A reference test circuit was set up using fully
saturated fluid on the AAS side and no phospholipids on the
filtration side of the dialyzer. Repeated samples were collected
between 0 and 360 min and subsequently analyzed using the
bubble test proposed by Pattle et al. [27].

RESULTS

Liquid Filled Chamber (LFC) Design
The fully assembled LFC is shown in Figure 1. The housing
(Figure 1 1) represents the outer subsystem of the LFC. The outer

TABLE 3 | Design targets for LFC.

Unit No. Design target

AAS R1 The AAS is a fluid-filled systemmade of transparent silicone to ensure elasticity and to allow observation of the neonate. The
shape and size were chosen with the values given in Table 2 plus two standard deviations to allow 95.5% of neonates to fit
into the ASS

R2 The AAS consists of a double-walled encasement (silicone). A sizing fluid is placed between the two walls. Passive or active
removal of the sizing fluid enables volume adjustment. The sizing fluid system is isolated from the rest of the LFCR3

R4 The AAS features a lid that seals its inner system from the environment, but can be opened to have access to the neonate.
The lid is designed to be atraumatic

R5 The AAS is a closed system attached to the filtration system
R6 The umbilical cord or its cannulas are routed outside the AAS for connection with the Artificial Placenta (AP)

Housing R7
R8

The outer housing is a fluid-filled chamber that surrounds the AAS. The heat capacity of water is used to ensure a stable
temperature of 37°C ± 1°C. The internal pressure can be adjusted between 10 mmHg and 30 mmHg

Amniotic fluid R9 A commercially available medical-grade artificial amniotic fluid is chosen (Anmion Flush, Serumwerk Bernburg AG,
Brenburg, Germany)

R10 Leakage of different fluids is detectable in the system by photometric measurement

Filtration system R11 The filtration system is designed as a closed circuit with different functional components: gross filtration, fine filtration
(dialyzer), and disinfection (UV-light). The prevention of phospholipid washout in all systems is secured by an adjusted
concentration gradient. The maximum flow rate of the filtration system is estimated to be 800 mL/min, resulting in the
filtration of the entire fluid in 12.5 min

R12
R13
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subsystem is intended to ensure a constant temperature at 37°C
(R7) using a heating unit (Figure 1 5). The internal pressure (R8)
on the AAS (Figure 1 6) is set by the geodetic pressure of the
water level above the AAS and additionally by a pressure
chamber, which increases the overall pressure in the housing
unit if needed.

The AAS consists of an inner sac, an outer sac, and its lid
(Figure 1 3). The sizing fluid (R2 & R3) is enclosed between the
inner sac and outer sac of the AAS and can either be pushed out
passively (due to growth) or externally adjusted. Both sacs and the
sizing fluid mimic the elasticity of the maternal womb (R1). The
outer sac has a wall thickness of 3 mm–4 mm, and the inner sac
has a wall thickness of 1.5 mm–2 mm (R2 & R3). The volume of

the outer sac is 7.2 L and the volume of the initial inner sac is
3.6 L, leaving 3.6 L of volume for growth in the interspace between
the two sacs. The shape of the initial inner sacs was defined along
the CRL and CC (Table 2) as the axes of two perpendicular
ellipses. The pine-shaped bottom of the two sacs (Figure 1)
predefines the position of the neonate. The shape and
growth–adaptive system provides enough space for the
growing neonate, especially in the hip and head regions (R1).
The AAS lid closes and seals the inner sac opening (R5),
providing padding (Figure 1 4) on the inside to protect the
neonate. The housing and the AAS lid have a built-in pressure
chamber (Figure 1 2), consisting of an air-filled chamber and a
flexible membrane connected to the housing system and the

FIGURE 1 | LFC prototype top view (A); side view (B), general design of the liquid-filled chamber as a CAD rendering sectional view (D), and the UV chamber of the
filtration system as a CAD rendering sectional view (D).
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padding. Air can be compressed in this chamber to generate extra
pressure on the corresponding system. The AAS lid further
includes a port for the umbilical cord (Figure 1 9). The
umbilical port acts as an interface between the inner sac and
the outer system to allow the neonate’s umbilical cord or the
cannulation tubing to pass to the artificial placenta (R6). The port
seals the umbilical cord (Figure 1 7 illustrated with an umbilical
cord dummy) or the cannulation tubing using a pressurized
flexible silicone ring (Figure 1 8).

The filtration system is attached to the inner sac and prevents
contamination of the neonate’s environment within the LFC. It
comprises a roller pump (HL 20, Marquet, Raststatt, Germany), a
changeable gross filter (0.5 mm–0.7 mm), a UV–C disinfection
unit, and a hemodialyzer (High Flux FX 50, Fresenius medical
care, Bad Homburg, Germany). The roller pump pumps the
artificial amniotic fluid from the AAS system through the
filtration system. The gross filter removes skin and hair
particles. The UV–C unit uses a UV–C lamp (Osram UV-
Lamp HNS-L 95W, Osram, Garching, Germany) (Figure 1 11)
assembled in a PMMA box (135 mm × 580 mm × 176 mm)
(Figure 1 10 and 14) with UV sublimated coating (Clear UVC,
Solarscreen, Foetz, Luxembourg). It additionally serves as a
reservoir for the AAS circuit. The UV-C lamp is automatically
switched off for 15 min every 30 min to prevent overheating
(R12). If changes in the water level exceed ±1 L (e.g., due to
leakage), the pump and UV lamp are automatically switched off,
and an acoustic alarm is triggered. The hemodialyzer removes
harmful excretions from the artificial amniotic fluid (R11) using a
conventional dialysate with added phospholipids (EMPIGEN®
BB Detergent, Merck, Darmstadt, Germany) to prevent washout
of the neonate’s autologous phospholipids (R13).

In Vitro Verification of LFC
The results of the volume adaptability test of the system to
compensate for the growth of the neonate are shown in
Figure 2. A total of 3.4 L of sizing fluid was manually
removed from the initial state (Figure 2A) to the maximum
expanded state of the AAS (Figure 2B). It was not possible to
extract the full 3.6 L of sizing fluid, so 0.2 L remained in the
interspace between the sacs. Falling of the folds leads to an
inversion of the outer sac. As the volume increased, the AAS
pressure increased linearly from 8 to 21 mmHg.

The seal and operability test results are shown in Table 4. The
Absorption, Temperature, and Pressure parameters are listed
according to their measurement location for each day starting
after the heating period, which took 5 h.

In the filter test, the standard smear showed a negative result for
both samples without any detectable growth of microorganisms, in
contrast to the reference sample, which showed a positive result
and the formation of a bacterial lawn. Results for the phospholipid
washout are given in Figure 3. With an equal concentration of
phospholipids of the same size on both sides of the hemodialyzer
membrane, no change in the phospholipid concentration could be
observed (Figure 3A). In the negative reference without adjusted
phospholipid concentration in the dialysate, a washout of
phospholipids was detected with an apparent decrease in total
phospholipid concentration (Figure 3B).

DISCUSSION

The size and shape of the AAS were designed to appropriately
fit a human neonate (at the 24th week of GA) according to
growth data reported in the literature (R1). The elasticity of the
double-walled AAS provides a gentle resistance to the
movements of the neonate (R2). Published data on uterine
compliance or uterine muscle E-module were not sufficient for
our purpose. Theoretically, the compliance of the AAS can be
adjusted by the thickness of its wall or by choosing a different
medical grade silicone. The AAS allows the interaction
between fetal movements and an elastic but still restrictive
surrounding just like in utero. This interaction makes it
possible to develop the necessary steps in the haptic sense
and in neuro-muscular and musculoskeletal development [28].
The lid of the AAS is designed to enable the two different
transfer procedures (R4) that are currently the focus of our
team. Furthermore, the lid provides access (R4) to the neonate,
e.g., for emergency procedures.

The ability of the AAS to compensate for neonatal growth (R1,
R2, R3) was demonstrated by a 3.4 L (94%) increase in the inner
sac volume. According to the data given in Table 2, the resulting
volume adjustability should fit 90% of all neonates from GA 24 to
GA 28. The AAS intrauterine pressure can be manually adjusted
from 0 mmHg to 30 mmHg (R8). External adjustment is possible
via water level variations in the housing. Internal adjustment can
be achieved through the pressure chamber. Increasing pressure
due to the growth of the neonate can be compensated by the same
mechanisms, enabling the AAS to maintain a constant pressure
for the neonate.

The long-term operability of the LFC System was verified in a
7-day test. No leakage could be detected. The variation in the
absorption values of the colored liquid was within the
measurement accuracy of the UltroSpec 2100. Temperature
and pressure values were found to be constant over time and
within the predefined range (R5, R6, R7, R8).

For the filtration system, a commercially available CE-
marked hemodialyzer (R11) was used so that the
elimination of metabolic waste in the amniotic fluid could
be assumed. The elimination of microorganisms using the UV
disinfection unit proved successful in the static test. Exposure
of the fluid samples to UV light for 5 min was sufficient to
disinfect the sample. Given the current volume of the UV-
irradiated reservoir (6.2 L) and the intended flow rate of the
filtration system of 800 mL/min, this results in an average
passage time through the UV-irradiated reservoir of 7.75 min,
giving sufficient time for disinfection (R12).

A stable level of phospholipids by harmonizing the
concentration gradient on the dialysate side of the
hemodialyzer showed no washout of the phospholipids within
the AAS. However, it is still possible that an exchange of
phospholipids across the dialyzer membrane takes place.
Although it would be favorable to keep the autologous
phospholipids completely within the AAS circuit, a mixture of
autologous and artificial phospholipids is not expected to be
harmful to the neonate. However, this needs to be further
investigated.
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All LFC surfaces that form the inner fluid circuit are made of
sterilizable materials. Therefore, a sterile starting point can be
achieved with the system. A static test for sterility has been
presented in this work. Both conditions lead to the assumption

of complete operational sterility. Nevertheless, thismust be proven in
a further study during the operation of the prototype.

Current artificial womb systems tested in animal models by other
researchers are designed to place the neonate on its side or back and

FIGURE 2 | visualization of the growth of the system from 3.6 L filling volume of the inner sac [dashed line (A)] to 6.8 L filling volume of the inner sac [dashed line (B)].

TABLE 4 |Resulting absorption rates, temperature and pressure data from the long-term sealing and operational stability test, and standard deviations are given in brackets.

Days 1 2 3 4 5 6 7

Absorption εouter 0.303 0.289 0.304 0.299 0.308 0.308 0.293
εinner 0.003 0.024 0.015 0.010 0.011 0.010 0.012

Temperature Tinner 37.37 (0.27) 36.88 (0.33) 36.66 (0.05) 36.69 (0.05) 36.69 (0.07) 36.71 (0.07) 36.71 (0.06)
Touter 39.24 (0.54) 38.51 (0.12) 37.55 (0.14) 37.30 (0.09) 37.57 (0.09) 37.87 (0.48) 37.46 (0.40)
Treference 39.85 (0.50) 39.36 (0.08) 39.43 (0.05) 39.41 (0.04) 39.43 (0.05) 39.43 (0.05) 39.41 (0.04)

Pressure ppadding 27.80 (0.22) 27.61 (0.15) 27.03 (0.40 27.00 (0.10) 26.51 (0.25) 26.60 (0.15) 26.65 (0.23)
pinner_in 30.35 (0.48) 30.17 (0.32) 29.56 (0.08) 29.09 (0.10) 28.86 (0.05) 29.04 (0.19) 29.29 (0.05)
pinner_out 28.72 (0.38) 28.50 (0.51) 29.28 (0.16) 28.81 (0.06) 28.54 (0.09) 28.60 (0.21) 28.26 (0.22)

FIGURE 3 | Results of the filtration system washout with bubble count on the y-axis and time on the x-axis.
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compensate for growth by adjusting magnets on the biobag. Our
novel design lets neonates float in our system without contact with a
potentially harmful solid floor. The buoyancy generated by the
different fluid-filled sacs and the surroundings, in combination
with the potential for neonatal movement within the system, is an
evolution toward a more physiologic artificial womb. This is ensured
by the inner shape and the tight-fitting elasticity of the inner chamber
togetherwith the neonate being in a state of buoyancy.We expect that
this will positively influence the naturalness of movements and thus
motor development. However, the movements are also restricted by
the tight fit and shape of the inner sac analogous to the physiological
womb. A definitive statement on the possibilities of fetal movement
will have to be made with an LFC prototype adapted in shape and
elasticity to the chosen animal model in future tests.

It is an inherent characteristic of artificial womb technology that it
creates an artificial barrier to sensory contact between neonates and
parents. This is the most substantial contrast to the dyadic
relationship between mother and child. The importance of early
bonding through skin-to-skin contact between mother and child for
attachment in later life has been well examined [29]. Kangaroo-
Mother-Care has been proven to reduce preterm morbidity and
mortality [30].

Introducing delivery room skin-to-skin care into ELGANs has
proven to improve subsequentmother-infant interactions and reduce
the expression of stress-response genes [31, 32]. Current WHO
recommendations for the care of preterm or low birth weight
infants strongly advocate early and continuous Kangaroo mother
care (KMC) [33]. We acknowledge the potential of artificial womb
technology to negatively impact parent-child attachment. It is
essential to develop procedures and techniques to reduce this risk.
Technical solutions aimed at supporting visual and auditory contact
could be well imagined: a clearer picture of the child could be
transmitted through a camera. Acoustic signals like speech and
physiological noises from the mother, like a heartbeat, could be
transmitted by appropriate techniques. Furthermore, removing the
outer housing would allow for closer sensory contact between parents
and neonates. Therefore, additional concepts must be developed to
maintain the pressure adaptability, temperature stability and
buoyancy generated by the outer chamber.

CONCLUSION

This study demonstrates the in vitro functionality of the volume-
adjustable artificial womb. The system was verified to be
adjustable in volume and pressure. It was temperature stable
during a 7-day operation. The size of the system fits the size of the

target patient group. It was demonstrated that phospholipid
washout can be prevented within a closed-circuit disinfection
and filtration system. In addition, the successful elimination of
metabolic waste products and the effective antiseptic treatment of
amniotic fluid were proven in a static in vitro test and
mathematically transferred to the dynamic system. We have
presented an artificial uterus that allows neonatal growth and
movement. This is an important step in the transition to artificial
womb technology as a bridge-to-life technology for the smallest
of patients.
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