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during evolution. Current knowledge demonstrates grav-
ity’s role in maintaining physiological homeostasis includ-
ing orientational movement, growth, physiological changes, 
and adaptation to environmental conditions (Häder et al. 
2017). When organisms are exposed to microgravity, physi-
ological and molecular changes occur that challenge our 
understanding of life’s adaptability beyond Earth (Hem-
mersbach, Anken, and Lebert 2023). In the unique envi-
ronment of space, the absence of Earth’s gravitational pull 
removes a constant force that shapes cellular architecture, 
signaling pathways, and molecular organization (Morey-
Holton 2003). Research in microgravity provides insights 
into gravity’s role, impacting development and functions, 
including gene expression, protein synthesis, and cellu-
lar polarity (Hughes-Fulford 2001; Morey-Holton 2003). 
Understanding how gravity influences cell polarity and 
tissue architecture could reveal critical aspects of tumori-
genesis and other pathological processes (Fortunato et al. 
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Abstract
MiniFix, a syringe-based biological fixation system (SBBFS) is a versatile, fully 3D-printed syringe-driven, stepper motor-
operated platform designed for the chemical fixation of biological samples in space-based research. Unlike conventional 
systems, it leverages additive manufacturing to provide modularity and customizability, enabling manipulation and a 
chemical fixation of biological samples under altered gravity conditions. MiniFix has performed five successful missions 
on the MAPHEUS sounding rocket and has demonstrated its reliability and adaptability. The integrated thermal manage-
ment system uses waste heat from the stepper motors to maintain accurate sample temperature and in turn reduces power 
consumption and weight. MiniFix is particularly notable for its flexibility, allowing adaptation to diverse biological model 
systems, from simple organisms to more complex tissue cultures. Its modular design and 3D-printing process enable quick, 
cost-effective adjustments for different experimental setups. It was successfully printed with three different materials– PLA 
(Polylactic acid), PETG (Polyethylene terephthalate glycol-modified), and the biodegradable GreenTEC Pro. Its ability 
to integrate modifications such as illumination further enhances its adaptability for future space missions, for instance 
with photosynthetic organisms. By offering reliability, modular flexibility, and adaptation to a broad range of biological 
research goals, the SBBFS represents a new approach to construct flexible hardware for space and gravitational biology.

Keywords  Syringe-based fixation system · Microgravity experimental setup · Sounding rocket · Gravitational biology · 
3D-printing for space

Received: 8 January 2025 / Accepted: 19 April 2025
© The Author(s) 2025

Pioneering the Future of Experimental Space Hardware: MiniFix - a 
Fully 3D-Printed and Highly Adaptable System for Biological Fixation 
in Space

Sebastian Feles1  · Raphael Keßler2  · Jens Hauslage1

1 3

http://orcid.org/0000-0002-5008-6290
http://orcid.org/0009-0003-8609-7981
http://orcid.org/0000-0003-2184-7000
http://crossmark.crossref.org/dialog/?doi=10.1007/s12217-025-10178-4&domain=pdf&date_stamp=2025-4-27


Microgravity Science and Technology           (2025) 37:22 

2021; Heyland et al. 2014). Examples show that results 
from microgravity research can be translated to Earth appli-
cations even with respect to health issues of humans and 
development of therapeutic strategies (Grimm and Hem-
mersbach 2022).

Ground-based platforms, such as clinostats aim to simu-
late aspects of microgravity by functional weightlessness, 
but cannot fully replicate the environment of space (Herranz 
et al. 2013; Brungs et al. 2016). From parabolic flights, and 
drop tower experiments, to sounding rockets, the Interna-
tional Space Station (ISS) and ultimately beyond Low Earth 
Orbit (LEO) each step offers increasingly advanced plat-
forms for microgravity research. These can be used to yield 
accurate data on biological adaptations, offering valuable 
insights for applications in developmental biology, tissue 
engineering, and regenerative medicine (Kiss et al. 2019; 
Grimm et al. 2014).

The German Aerospace Center’s (DLR) Materialphysi-
kalische Experimente unter Schwerelosigkeit (MAPHEUS) 
sounding rocket program provides a platform for studying 
biological processes in real microgravity. Sounding rock-
ets launched from European Space and Sounding Rocket 
Range (ESRANGE) in northern Sweden enable research-
ers to conduct experiments under high-quality microgravity 
conditions (< 10− 3g) for up to over seven minutes. Sounding 
rocket missions are particularly advantageous over alterna-
tives such as drop towers, which limit experiment durations 
to seconds, and parabolic flights, which create repetitive 
transitions between hypergravity and microgravity phases, 
limiting the stability and duration of microgravity expo-
sure (Von Kampen, Kaczmarczik, and Rath 2006; Pletser 
et al. 2016). In MAPHEUS missions, payloads experience 
extended periods of uninterrupted microgravity, making 
them ideal for biological research that requires consistent 
conditions for cellular and molecular analysis (Stamminger 
et al. 2009; Liemersdorf et al. 2020).

To investigate the effects of microgravity on biological 
samples during and after space flights, reliable systems for 
chemical fixation are essential. Fixation preserves cellular 
states at key points e.g. after acceleration during launch 
(hypergravity) and at dedicated times during microgravity, 
accurately capturing adaptation responses under space con-
ditions on a cellular and molecular level (Ferl et al. 2011).

Our syringe-based biological fixation system (SBBFS) 
MiniFix meets these needs with a compact, 3D-printed 
design optimized for sounding rockets. The innovative dual 
syringe setup enables fixation of diverse biological samples, 
allowing researchers to examine a broad spectrum of bio-
logical systems and how they respond to altered gravita-
tional forces.

MiniFix combines cutting-edge innovations in ther-
mal management and motion control to maintain optimal 

conditions within the experimental chamber. Its passive 
thermal management system harnesses waste heat from the 
stepper motors, which are integral to syringe actuation, to 
stabilize internal temperatures across a range from ambient 
temperature up to 40  °C, ensuring optimal conditions for 
biological sample preservation in different settings. This 
design minimizes power consumption, eliminating the need 
for separate heating elements - a critical advantage where 
power resources, weight and space are limited. The use of 
open-source microcontrollers offers flexibility in system 
control, enabling researchers to adapt fixation parameters 
for diverse experimental protocols.

Engineering and System Design of MiniFix

MiniFix was engineered as a robust and reliable fixation 
system. It ensured a consistent performance in the harsh 
environment of space, while still offering a high degree of 
flexibility. Optimized for deployment in small spacecraft 
form factors, such as the 2U CubeSat, it provides possibili-
ties for a wide range of experimental applications.

With successful applications in MAPHEUS-09 (2022), 
MAPHEUS-12 (2022), MAPHEUS-14 (2024), and 
MAPHEUS-15 (2024), MiniFix has demonstrated high 
reliability, precision, and thermal stability, establishing 
it as a versatile platform and frequent-flyer for biological 
research under conditions of microgravity. The system has 
been launched in MAPHEUS-09 and MAPHEUS-12 as a 
double setup within its own RADAX 17” rocket module, 
specifically designed for such applications (Weydert 1968). 
For MAPHEUS-14, a single setup system was integrated 
into the Shared Module, a RADAX 17” module developed 
by Swedish Space Corporation (SSC) for the installation of 
several small modules in the 1U and 2U CubeSat form fac-
tors. In MAPHEUS-15, the system was successfully inte-
grated in the MOSAIC-Module (Micro-Experiments On 
Sounding Rockets As Insert Cubes module), also a RADAX 
17” module, designed to consolidate up to eight 1U units 
for scientific payloads, providing standardized interfaces 
for secure attachment, power supply, and communication, 
which ensures seamless integration and operation in space 
flight.

The 3D-printed design is one of the key features that 
sets the system apart. Using Fused Deposition Modeling 
(FDM) technology, all structural components of the first 
two versions of the system, flown during MAPHEUS-09 
and MAPHEUS-12, were fabricated from polylactic acid 
(PLA), a biodegradable thermoplastic known for its ease 
of printing and environmental sustainability (Fig. 1: A - B). 
For the MAPHEUS-14 mission, the material was upgraded 
to polyethylene terephthalate glycol (PETG). PETG is a 
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durable thermoplastic with high mechanical strength and 
dimensional stability. For the MAPHEUS-15 mission, a 
completely new and innovative material was introduced: 
GreenTEC Pro. This filament offers exceptional properties, 
including a heat deflection temperature of 160  °C (VST 
A) and is optimized for high rigidity and flexural strength. 
Composed of 100 % renewable raw materials, GreenTEC 
Pro is biodegradable according to DIN EN ISO 14,855, 
and also holds food approval (FDA). This makes MiniFix 
the first biologic compostable experiment structure to have 
been launched into space on a sounding rocket.

Another standout feature is the ability to quickly adapt 
the system to meet new scientific requirements. Since it is 
fully 3D-printed, structural modifications and iterations can 
be implemented rapidly and easily without extensive lead 

times. Researchers can design and integrate new features 
or make adjustments to suit specific experimental needs 
on a short term. During experiments with plants, a light 
source was required, which could be easily integrated into 
the system due to the flexible design and rapid prototyp-
ing by 3D-printing. This fast adaptation, combined with the 
system’s established reliability and consistent performance, 
makes MiniFix a practical tool in space-based biological 
research. It offers a seamless combination of cost-effective-
ness, customizability, and robustness, all within the same 
platform.

The components were produced using a PRUSA 
MK3 + 3D-printer, equipped with a 0.4  mm nozzle and a 
layer height of 0.3 mm. The print job used a 30 % infill with 
a Cubic filling pattern, which ensures a balance between 

Fig. 1  Variants of the SBBFS 
Configuration. A: first variant, 
launched during MAPHEUS-09 
and MAPHEUS-12, is depicted 
as a stand-alone insert within 
its dedicated pressure ves-
sel for a RADAX module, 
featuring four syringe sets. B: 
configuration consists of an 
adapted 2U plug-in unit, specifi-
cally engineered for the Shared 
Module from SSC, which was 
pressurized, thus negating the 
need for additional pressure-tight 
design considerations. C: latest 
development stage correspond-
ing to the version flown during 
MAPHEUS-15, in which the 2U 
unit was reconfigured for integra-
tion into the MOSAIC module. 
Unlike the previous versions (A 
and B), this configuration is non-
pressurized and therefore requires 
a dedicated small pressurized 
chamber to ensure operational 
functionality during flight
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This approach ensures that the system is versatile and can 
handle a variety of biological materials, with the primary 
limitation being the syringe diameter and the physical state 
of the sample (e.g., suspension).

While the system uses two 5  ml syringes, the ratio 
between the fixative and sample volumes can be freely 
adjusted within the capacity of these syringes. This means 
that the ratio can be tailored to the specific requirements 
of each experiment and fixative, depending on the type and 
volume of biological material being used.

Both syringes are securely housed in syringe carriers 
that allow tool-free installation. These carriers ensure that 
the syringes remain firmly in place throughout the entire 
integration and operation process and are positioned cor-
rectly for accurate fluid dispensation. Furthermore, the 
entire syringe unit can be assembled under a sterile bench 
and installed as a closed unit in the MiniFix system, fully 
protected from external contamination. For added security 
during operation, the syringes are held in place by a safety 
rod, ensuring they do not shift or become dislodged during 
the experiment.

During the fixation process, the syringe carriage moves 
along the linear guide rails. As the carriage moves, it pushes 
the piston of the fixation syringe forward, forcing the fixa-
tive trough the tube into the biological sample syringe. This 
movement is controlled by the stepper motors and linear 
actuators, which drive the syringe pistons in predefined 
intervals, ensuring that the fixative is dispensed at the cor-
rect moment. The pressure generated during this actuation 
is automatically equalized by the movement of the upper 
piston, which is pushed backward as the fixative flows into 
the biological sample syringe. This prevents overpressure in 
the syringes which could lead to inconsistencies or leaking 
of the system.

The technical layout of the system can be separated 
into two primary components: the base plate, which car-
ries the essential motion control hardware, and the above-
mentioned syringe carrier unit, which houses the biological 
samples and fixatives.

The base plate of MiniFix is the foundation that supports 
the motion control system, ensuring precise syringe actua-
tion during critical experimental phases (Fig. 2). It houses 
the stepper motors, which are responsible for moving the 
syringe carriage along two 6  mm hardened linear guide 
rails. These guide rails allow for smooth, consistent motion 
while minimizing friction and ensuring long-term durabil-
ity. Movement is triggered by two NEMA11 linear actua-
tors from Nanotec®, selected for their compact size and high 
torque capabilities. Each actuator delivers 0.5 Nm of torque, 
sufficient to overcome the resistive forces during syringe 
actuation. The actuators, combined with the transmission 
ratio and microcontroller control, enable a final linear travel 

strength and material efficiency while keeping weight and 
production time minimized (Szykiedans, Credo, and Osiński 
2017; Akhoundi and Behravesh 2019). This innovative pro-
duction method allows for rapid prototyping and cost-effec-
tive manufacturing, significantly reducing production costs 
compared to traditional machining manufacturing.

The syringe unit of MiniFix is designed for precise and 
reliable fixation of biological samples during spaceflight. 
The system uses two commercially available 5 ml syringes 
with tapered threaded connectors (Luer Lock®) to ensure 
a secure and leak-proof seal between the syringes and the 
connecting tubing. These syringes are arranged vertically in 
the system, with the fixative placed in the lower syringe and 
the biological sample in the upper syringe.

To prevent accidental mixing of the fixative and biological 
sample, the tube connecting the two syringes in the MiniFix 
system is filled with air, which serves as a physical barrier 
between the two liquids. This air gap acts as a compressible 
buffer, and the dynamics of fluid flow under the acceleration 
conditions prevent the fixative from entering the sample 
syringe prematurely. The compressibility of the air, coupled 
with the hydrodynamic resistance within the tube, ensures 
that the fixative remains contained in the lower syringe until 
the initiation of the fixation process. If it is necessary for the 
hose to be free of air bubbles and fully filled with liquid, the 
sample syringe is subsequently sealed using biocompatible 
silicone grease after the biological sample has been intro-
duced. The silicone plug serves as an additional safeguard, 
ensuring the sterility of the biological sample is preserved 
until the fixation process is initiated. During fixation, the 
fixative displaces the silicone plug, effectively preventing 
any contamination prior to the intended fixation, thereby 
maintaining the integrity of the sample.

To fill the syringes with biological samples and fixative, 
there are several options. The fixative and sample can either 
be drawn up via a sterile cannula connected to the Luer 
Lock connection® or directly through the Luer Lock con-
nection®. Alternatively, for larger samples, such as organ-
oids, the plunger can be removed from the syringe under a 
sterile work bench, and the sample can be introduced from 
behind. This flexibility allows for efficient sample integra-
tion based on the specific experimental needs.

The actual size of the biological sample is primarily lim-
ited by the diameter of the 5 ml syringe. As the fixative is 
pressed into the sample syringe, there are no additional limi-
tations imposed by the connecting tubing or the Luer Lock® 
tip. Therefore, the system can accommodate a wide range of 
sample sizes, as long as the sample fits within the syringe 
diameter. For practical reasons, the system is optimized for 
samples in suspension, but the sample material itself can be 
freely selected according to the technical specifications and 
the specific needs of the experiment.
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To ensure smooth motion, the system uses two drylin® R 
all-plastic plain linear ball bearings from IGUS® mounted 
on linear guide rods. Plain bearings reduce friction and 
eliminate sticking issues that could otherwise occur during 
sustained operation. This design also prevents any angular 
or transverse loads from acting on the bearings, reducing 
wear and promoting even wear over time. This minimizes 
the risk of bearing degradation, extending the lifespan of 
the system.

MiniFix operates with a microcontroller at its core, which 
manages all system functions including syringe actuation, 
thermal regulation, data logging, and synchronization with 
the rocket’s payload systems. The microcontroller used in 
the MAPHEUS-09, -12, and − 14 missions was an Arduino 
Nano Every® (Fig. 3), while a more powerful Teensy 4.1® 
was employed for the MAPHEUS-15 mission (Fig.  4) to 
enhance processing capabilities and support larger data 
sets. The flexibility of these open-source platforms allows 
for easy modification of system parameters, such as syringe 
movement speed and fixative volume, through the Arduino 
IDE or Teensy development environment. This makes the 
system highly adaptable to different experimental protocols, 
ensuring that it can meet the requirements of various space 

speed of 3.2 mm/s. During movement, 5 ml of fixative is 
pumped into the biological sample syringe, achieving a flow 
rate of 0.4 ml/s over the course of 14 s. This ensures quick 
dispension of the fixative at pre-programmed time points, 
meeting the time-sensitive demands of biological fixation.

The actuators drive a spindle with an ACME fine thread 
and a spindle diameter of 4.76 mm, which rotates threaded 
nuts attached to ejection levers. These ejection levers, in 
turn, drive the syringe pistons, controlling the introduc-
tion of fixative into the biological sample. The spindle nut 
is centered between two linear guides, preventing any tilt-
ing moments or misalignment, which could disrupt syringe 
movement. The overall force flow is optimized by the cen-
tered spindle nut, which ensures that axial loads are evenly 
distributed along the linear guides. By maintaining a con-
sistent alignment, the system eliminates parasitic forces and 
minimizes the frictional stress on the bearings. The absence 
of side forces or tilting moments also improves precision 
and repeatability of linear movements, allowing for con-
sistent syringe actuation. Furthermore, this setup reduces 
energy requirements by lowering friction, making the sys-
tem more efficient during sustained operation.

Fig. 2  Sectional, translucent view through the MiniFix fixation sys-
tem. The figure shows the key components of the fuser unit, which 
ensures precise fixation of biological samples during space missions. 
The system includes two standard 5 ml syringes (1a-b), arranged ver-
tically with the lower syringe containing the fixative and the upper 
syringe holding the biological sample. Both syringes are connected 
to each other via a tube (1c).The fixative syringe (1b) is pushed for-
ward by slides (2) during syringe actuation, with smooth movement 
provided by slide bearings (3) that allow the syringe carriage (2) to 
travel along linear bearings. The central spindle nut (4) is positioned 
between two linear guides (7), ensuring accurate load distribution and 

minimizing friction during actuation. The motor spindles (5) of the 
NEMA11 stepper motor (6) are held by the spindle nut, transferring 
rotational motion into linear movement. The hardened bearing rods 
(7) support the syringe unit, reducing friction and ensuring reliable lin-
ear motion. The upper syringe unit (8) securely holds both syringes in 
place, with the lower syringe (1b) dispensing the fixative into the upper 
syringe (1a), where the biological sample is stored. The entire system 
is mounted on a base plate (9), which provides structural support and 
stability. The electronics carrier (10) houses the microcontroller and 
other components, with a holder and recess for the display to allow 
real-time monitoring of system status
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as the module provides isolated signals and its own power 
supply, simplifying power management.

Another key innovation of MiniFix is its thermal man-
agement system. Instead of relying on separate heating 
elements, the system uses the waste heat generated by the 
stepper motors during holding and syringe actuation to 
maintain the experimental chamber at the required tempera-
ture for each specific experiment. This approach is energy-
efficient and simplifies the system design by eliminating the 
need for additional heating elements. A two-point control-
ler modulates the current supplied to the stepper motors to 
ensure that the system maintains stable internal tempera-
tures, even when external temperatures fluctuate.

Temperature and pressure monitoring are mandatory 
to ensure a valid incubation of biological samples. There-
fore, the system is equipped with multiple sensors to pro-
vide real-time data recording of environmental conditions. 
DS18B20 one-wire temperature sensors are used to mea-
sure the internal temperature of the system. The BMP390 
barometric pressure sensor monitors both air pressure and 
temperature, providing data on the environmental condi-
tions during all phases of the flight. These real-time data 

missions or different kinds of biological samples. MiniFix 
includes an integrated organic light-emitting diode display 
(OLED) that shows critical flight parameters in real time, 
such as flight status, incoming signals, temperature, air 
pressure, and the supply voltage of the microcontroller. The 
display is particularly useful for pre-flight bench and envi-
ronmental testing and reference measurements, as it allows 
the operator to monitor system performance directly before 
late access procedures.

For reliable operation during spaceflight, MiniFix incor-
porates robust power management and electrical isolation. 
The system is powered by two separate voltage supplies: 
12 V DC for the stepper motors and 5 V DC for the micro-
controller and other electronics. To protect the system 
from electrical noise or voltage spikes originating from the 
rocket’s power system, the electronics carrier integrates 
optocouplers for electrical isolation. This ensures that the 
sensitive components of the system, including the micro-
controller and data logging systems, are shielded from 
potential disruptions. In configurations using the MOSAIC 
module, no optocouplers or DC/DC converters are required, 

Fig. 3  SBBFS electronic system in use within the MAPHEUS Service 
Module (SM). The SM provides an unregulated supply voltage in the 
range of 28–32  V, which is converted and filtered by two TRACO 
POWER® DC-DC voltage converters to generate 12 V and 5 V out-
puts. Compared to the MOSAIC module, the control signals in the 
MAPHEUS SM are LOW-level signals that are switched to GND of 
the rocket, requiring each incoming signal to be protected by an opto-
coupler. The 12 V supply is used to power the stepper motors, which 
also indirectly supply power to the heating system. The 5 V supply 

is used for the microcontroller, which reads temperature through a 
DS18B20 sensor. Data logging is carried out by a separate SD recorder 
controlled by the microcontroller. The stepper motor drivers control 
the movement of the motors. The configuration shown here corre-
sponds to that used in the shared module during MAPHEUS-14, with 
two sets of syringes and two stepper motors. In contrast, during the 
MAPHEUS-09 and MAPHEUS-12 missions, the system used four 
stepper motors to drive four sets of syringes, with the same basic setup 
but an expanded configuration for handling additional syringes
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from hypergravity to microgravity, is a chosen moment for 
fixing biological samples to preserve their state for further 
analysis.

The microcontroller ensures that syringe actuation is 
synchronized with these key time points, providing precise 
control over the biological sample fixation. The systems’ 
adaptability allows choosing other timepoints according to 
scientific questions.

The total mass of the MiniFix experiment module in its 
standard configuration is 2.3  kg, which includes all com-
ponents such as the syringes, carriers, actuators, integrated 
thermal management system and the pressure vessel. The 
module’s weight is optimized to fit within the payload 
capacity limits of the MAPHEUS sounding rocket, ensur-
ing it does not exceed the weight constraints for this type 
of mission, which is a critical consideration in spaceflight 
experiments. The total weight of the fixation unit varies 
depending on the configuration and materials used. For a 
variant made of PETG without an additional pressure pot, 
the total weight is 650 g. The latest biocompostable variant, 
made with GreenTEC Pro material, weighs 880  g. When 
equipped with the pressure vessel, the total weight increases 
by 1450 g, bringing the total mass of this configuration to 
2.3 kg.

are logged and stored on an SD card, allowing for detailed 
post-flight analysis.

The system integration and experiment timing are coor-
dinated to ensure control of the sample fixation process. 
MiniFix integrates seamlessly with other experiments 
through either the shared module or the MOSAIC module of 
the rocket, synchronizing the operation of the system with 
the overall mission framework. Biological samples are fixed 
at two time points during the flight: at the end of the hyper-
gravity phase and at the end of the microgravity phase. In a 
sounding rocket, the hypergravity phase occurs during the 
ascent, when the rocket experiences increased gravitational 
forces due to acceleration. The hypergravity fixation serves 
as a biological control, allowing researchers to account and 
compensate for the effects of hypergravity during launch. 
This is essential when analyzing the data from the subsequent 
microgravity phase, ensuring that any observed changes in 
the biological samples are due to the microgravity condi-
tions and not residual effects from the previous high-gravity 
exposure. The exposure time in microgravity is calculated 
in respect to the flight profile and set before flight, as fixa-
tion must be controlled before re-entry, to avoid picking up 
additional gravitational effects that could interfere with the 
effects of microgravity. The transition between these phases, 

Fig. 4  MiniFix electronic system within the MOSAIC module. The 
system is powered by the MOSAIC module, which provides a 12 V 
supply voltage limited to 2 A and a 5 V supply voltage limited to 1 A, 
each with multiple fuses for protection. Compared to the service mod-
ule (SM) of the MAPHEUS rocket, the control signals are 3.3–5 V 
high-level signals that are separately fused, eliminating the need for 
optocouplers. The 12 V supply powers the stepper motors, which also 

indirectly power the heating system. The 5 V supply is used to power 
the microcontroller, which is responsible for reading air pressure via 
a BMP390 sensor and temperature via a DS18B20 sensor. All data is 
logged on the microcontroller’s internal SD card. The stepper motors 
are controlled by stepper motor drivers, which receive the control sig-
nals from the microcontroller
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the Level 1 vehicle specifications from the NASA Sound-
ing Rockets User Handbook (Burth et al. 2023). This com-
prehensive testing included sine sweep tests to identify 
resonant frequencies, random vibration exposure to simu-
late launch conditions, and axis-specific endurance testing, 
ensuring that the system’s components would withstand 
the sustained high-frequency oscillations and acceleration 
forces typical of launch profiles. The system was tested for 
20 s per axis in each of the X, Y, and Z directions with 0.25 
g from 20 to 20,000 Hz, confirming its structural stability 
under immense operational stresses. No abnormalities were 
found during these tests, nor in post-flight inspections.

The mechanical components of MiniFix, including the 
NEMA11 stepper motors and linear actuators, performed 
consistently throughout all missions. The syringe actuation 
mechanism successfully fixated different biological samples 
from plants to animals at the specified moments of flight: 
end of hypergravity phase and end of microgravity phase. 
The linear motion along hardened guide rods was smooth, 
with no significant deviations in travel speed, syringe posi-
tioning and high motor currents.

The thermal management system of MiniFix was a 
key innovation, crucial for maintaining stable physi-
ological conditions. Temperature data recorded during the 
MAPHEUS-15 mission demonstrated that, with a setpoint 
temperature of 22  °C, the system maintained an aver-
age actual temperature of 21.98  °C, with fluctuations of 
± 0.12  °C (Fig.  5). This precise temperature control was 
achieved while only consuming 4.6 Wh of power, demon-
strating the system’s energy efficiency. The two-point con-
troller efficiently modulated heat generation, ensuring that 
the biological samples remained within the required tem-
perature range while minimizing power consumption. The 
3D-printed housing with internal insulating air chambers 
provided effective passive thermal insulation, which helped 
maintain internal temperature stable, even when external 
conditions fluctuated, particularly during atmospheric re-
entry (Fig. 6).

Temperature and pressure data were continuously moni-
tored by a DS18B20 temperature sensor and a BMP390 
barometric pressure sensor. The DS18B20 sensor confirmed 
that the system maintained the internal temperature of the 
biological samples within the optimal physiological range 
until fixation, while the BMP390 sensor measured air pres-
sure fluctuations during ascent, microgravity, and re-entry. 
All data were logged in real-time successfully and stored on 
a SD card, allowing for detailed post-flight analysis.

In terms of system integration, MiniFix was efficiently 
synchronized with the MOSAIC module and SSC-shared 
module, ensuring operation alongside multiple other 
onboard experiments. The system demonstrated reliable 
and accurate syringe actuation at the predetermined fixation 

Results

MiniFix as a novel syringe-based biological fixation system 
has proven itself as a reliable and robust frequent-flyer mod-
ule for sounding rockets, successfully operating across four 
launches. Throughout these flights, the system repeatedly 
demonstrated durability, precision, and thermal stability, 
confirming its adaptability to the demanding environment 
of space.

Notably, the 3D-printed structure of MiniFix, including 
all major components such as the syringe carriers, cover, 
and base plate, held up reliably under the high accelerations, 
vibrations, and environmental conditions during launch, 
ascent, and re-entry. During the experiment period, the 
system was exposed to accelerations exceeding 20 g, yet it 
showed no signs of damage. The all-plastic plain bearings 
and 3D-print material, produced using Fused Deposition 
Modeling (FDM) technology, retained their functionality 
with no layer delamination or material degradation. Post-
flight inspections revealed no material fatigue or wear in the 
syringe actuation system, further validating its reliability for 
repeated use.

It is important to note that specific flight data, includ-
ing detailed acceleration values, falls under military law and 
cannot be disclosed due to the classification of the rocket 
motors used in these missions.

Preparation for the rocket campaigns required stringent 
environmental testing of MiniFix, aligned with military 
rocket motor system standards. Testing was conducted 
according to the acceptance vibration spectra defined in the 
MORABA Vibration Specs v1.1 (2016), which is based on 

Fig. 5  Temperature stability and power consumption test of the SBBFS 
module over a 60-minute period at an ambient temperature of 4 °C. The 
module was initially cooled to an internal temperature of 4 °C, after 
which the heating system was activated to reach set point temperature 
(SP) of 22 °C, which was achieved within 25 min. The heating system 
then maintained this target for one hour, after which it was deactivated, 
leaving only passive thermal insulation. The x-axis represents time in 
minutes, with the internal temperature plotted on the left y-axis and the 
electrical power consumption on the right y-axis
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Discussion and Outlook

The successful deployment of MiniFix across four rocket 
missions demonstrated its reliability and versatility as an 
experimental platform for space-based life science research. 
Over the course of these missions, the system consistently 
proved its ability to autonomously perform biological 
sample fixation with precision, thermal stability, and data 
logging in the challenging conditions of sounding rocket 
flights.

The results from these missions highlight several criti-
cal engineering achievements: Firstly, the use of NEMA11 
stepper motors coupled with threaded spindles and linear 
actuators enabled the system to deliver the necessary pre-
cision and force for accurate biological sample fixation. 
In addition, mixing procedures are also programmable by 
moving the piston back and forward. The syringe-based fix-
ation mechanism proved efficient, with the system meeting 
the time-sensitive demands of microgravity experiments. 
The travel speeds and torque requirements were well within 
operational tolerance.

Additionally, the thermal management system based on 
waste heat from the stepper motors proved to be an effective 
and energy-efficient solution for maintaining optimal tem-
peratures within the experimental chamber. This approach 
represents a cost-effective method of thermal control for 
space instrumentation. It significantly reduces technical 
complexity and the need for additional power-consuming 
heating elements while remaining space efficient.

The system’s integration demonstrated its adaptability to 
different experimental environments. The flexibility of the 
microcontroller-based control architecture enhanced this 
adaptability, allowing the system to be easily reprogrammed 
to meet diverse experimental needs or mission profiles. This 
flexibility is a key feature of MiniFix, as it enables rapid 
adaptation for various applications.

A clear demonstration of this engineering versatility was 
seen during the MAPHEUS-15 mission. The system flew in 
its standard configuration and simultaneously also incorpo-
rated a modified variant, which included integrated lighting 
for a separate biological experiment with plants. The ability 
to implement these modifications in a short time, enabled by 
the innovative use of 3D-printing, underscores the system’s 
high adaptability. Additionally, the system was successfully 
launched with three different 3D-printing filaments, proving 
itself as a technical test bed for new and innovative materi-
als in additive manufacturing. This process allowed for the 
rapid fabrication of new components, drastically reducing 
the design-to-deployment cycle. This flexibility, combined 
with the mechanical and electronical robustness of the core 
system architecture, demonstrates the clear advantage of 
leveraging 3D-printing in aerospace instrumentation. Such 

points of the flight. The microcontroller allowed real-time 
synchronization, ensuring alignment with other experiments 
and mission requirements.

In conclusion, MiniFix exhibited exceptional perfor-
mance across four sounding rocket flights, proving its capa-
bilities as a multi-flyer module in space-based biological 
research. The 3D-printed structure performed flawlessly, 
with no signs of damage or wear. The whole system showed 
excellent durability, precision, and reliability.

Both microcontroller setups - Arduino Nano Every® and 
Teensy 4.1® - successfully controlled the stepper motors, 
executed the predefined syringe actuation protocols, and 
recorded temperature data at multiple points within the 
system during flights. All operational data, including tem-
perature profiles and the timing of syringe activations, were 
logged to the onboard SD cards without any data loss or 
corruption.

In all four missions, the system responded to control 
signals from the SSC-shared module or MOSAIC module 
of the MAPHEUS rocket, confirming seamless integration 
with the rocket’s experimental framework. Data transfer and 
synchronization with the control modules were executed 
without fault.

Fig. 6  Temperature profile of MiniFix during two passive cooling tests 
after heating to a target temperature of 22 °C. In both tests, the heating 
was turned off, allowing the module to cool down under two different 
ambient conditions (4  °C and 16  °C). 16  °C reflects the guaranteed 
minimum temperature within the SkyLark Sounding Rocket launch 
tower at ESRANGE. These tests demonstrate the module’s passive 
thermal insulation, as it retains heat for extended periods even with-
out active heating. This feature is critical during the launch procedure, 
where heating must be disabled for approximately one hour due to 
radio silence restrictions. The graph plots time in minutes on the x-axis 
against temperature (in °C) on the y-axis, highlighting the module’s 
thermal retention under both test conditions
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robustness and impact safety. The physical properties of the 
air gap and flow dynamics in the connecting tube have thus 
far been sufficient to prevent unintended mixing. However, 
the potential use of such valves could be explored to offer 
additional safeguards in more complex mission scenarios.
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adaptability is critical for optimizing mission timelines and 
executing diverse experimental protocols within the same 
mission framework, further establishing MiniFix as a scal-
able, multi-functional platform for future space research.

From a biological perspective, MiniFix offers a flexible 
and reliable platform for studying the effects of altered grav-
ity conditions on physiological processes in a wide variety 
of biological systems. The system has been successfully 
used with both plant and animal samples, demonstrating its 
versatility. Its compatibility with a broad range of biological 
experiments enables more complex molecular biology stud-
ies to be conducted in space, further expanding its potential 
applications in space-based life science research. However, 
this manuscript focuses on the engineering aspects of the 
MiniFix system, and detailed biological results will be pre-
sented in a separate publication.

While MiniFix performed exceptional in its current con-
figuration, some areas still offer room for improvements and 
further adaptations. The inclusion of additional sensors to 
monitor environmental variables such as humidity, accelera-
tions and vibration could provide an even more comprehen-
sive dataset for post-flight analysis. Furthermore, upgrading 
wireless communication capabilities could enable real-time 
monitoring and control of the system during flight, allow-
ing for enhanced experimental flexibility and the ability to 
respond to changing conditions.

By modifying the syringe actuation system, the platform 
could be adapted for other liquid-handling tasks in space, 
such as the automated delivery of reagents or the mixing of 
additional chemical compounds. This versatility positions 
MiniFix as a valuable asset not only for life science studies 
but also for materials science and pharmaceutical research 
in microgravity. This inherent adaptability makes MiniFix 
perfectly suited for a broad range of space-based research 
beyond biological fixation.

Regarding liquid containment, the standard configuration 
of MiniFix utilizes a single layer of containment. For con-
figurations with the dedicated pressure vessel, the system 
already provides double containment, offering enhanced 
protection on unmanned sounding rocket platforms. To 
meet the more stringent requirements for human spaceflight, 
it would be beneficial to incorporate an additional safety 
envelope. This future adaptation could help achieve the 
triple-layer liquid containment typically required in manned 
space missions, ensuring that MiniFix remains adaptable to 
a broader range of spaceflight scenarios.

In future iterations of the MiniFix system, the integration 
of non-return valves or solenoid valves should be considered 
to provide enhanced control over the flow of liquids and 
prevent premature fixation. While these components could 
improve the system’s functionality, their implementation 
was deferred in the current design due to concerns regarding 
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