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Abstract 

The recent developments of several X-ray synchrotrons and (ultrabright) XFEL light sources with 

increasingly narrow and brilliant beams have allowed facilities to reduce both sample volume and 

data acquisition time. Moreover, this has created new opportunities for investigating versatile 

sample conditions while simultaneously increasing demands in terms of sample preparation. The 

microfluidic flat liquid jet based sample preparation techniques are emerging as promising 

alternatives for manipulating small sample volumes and which can be integrated more easily into 

the experimental X-ray setups. The main goal of the thesis is to study and develop an innovative 

microfluidic flat liquid jet device technology that is suitable for microfocus X-ray scattering 

techniques. Furthermore, simultaneously providing a platform to control the experimental 

conditions for investigating particle alignments, spinning fibers and spectroscopic studies in the 

future.   

 

The first part of the thesis deals with the development, fabrication and testing of high aspect ratio 

microfluidic flat liquid jet devices. The development of a method to fabricate three-dimensional 

and three-layered microstructures from photoresists SU-8 2050 was established with an increased 

nozzle height of 100 µm. Achieving exact control of the nozzle geometry at such high aspect 

ratios requires solving several issues such as edge beading, wafer bowing and UV-exposure 

artefacts. These issues have been overcome by successfully optimizing protocols and process 

parameters to produce high aspect ratio structures with suitable feature sizes.  The optimized 

devices are based use the gas dynamic virtual nozzle (GDVN) principle, where the co-axially 

flowing gas focusses the liquids. The highly stable thin liquid sheets reported here enabled us to 

reduce the sample consumption up to tenfold in comparison to the traditional flat liquid jet 

injectors without gas -focusing. Our devices are produced by well-established soft-lithography 

techniques, which allow for exact control over the design and reproducibility of the nozzle 

geometry. The microfluidic flat liquid jet device generates a series of alternating, orthogonal 

stable liquid sheets with thicknesses approximately a few microns. Sheet width and length are 

dependent on the high aspect ratio nozzle geometry and flow parameters such as gas pressure and 

liquid flow rates. This work enriches multiple arenas such as soft X-ray spectroscopy because of 

optical the flatness and spatial stability of these jets. And hence offers exciting well-grounded 

versatile opportunities for ultrafast molecular science, ultrafast chemical dynamics, X-ray beam 
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diagnostics and industrial applications. Furthermore, the optimized fabrication methodology and 

nozzle geometry parameters provide useful design directions for whipping and fiber jets.      

 

The second part of the thesis is a wide-angle X-ray scattering (WAXS) study of the influence of 

shear flow on the alignment of anisotropic nanoparticles in a liquid sheet. Spindle-shaped 

hematite nanoparticles showed alignment across and along the sheet jet with a preferred 

orientation along the flow axis in the center of the sheet and along the jet.  

 

Furthermore, the optimized GDVN geometry is also suitable for micro- and nano-fiber spinning 

from polymer solutions by offering very high jetting stability, relinquishing the need for external 

fiber pulling mechanisms. These nozzle geometries allow fiber production of nanocomposite 

fibers and nanofibers with various tunable morphologies such as round, flat and grooved. 

Compared to other fiber spinning methods, this technique is inexpensive, user-friendly and 

permits precise fiber diameter control (~250 nm to ~15 μm), high production rate (m/s-range) and 

direct fiber deposition without clogging. The fabricated hematite/CNT nanocomposite endless 

fibers have exciting applications in the future. These fibers have thermal and electrical 

conductivity, magnetic properties, enhanced mechanical stability and stimuli-responsive features.  
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Zusammenfassung  

Dank der jüngsten Entwicklung an mehreren Synchrotron- und XFEL- Röntgenlichtquellen 

stehen der Wissenschaft zunehmend kleinere und brillantere Strahlen zur Verfügung, was den 

Einsatz geringer Probenvolumina ermöglicht und die Datenerfassungszeit reduziert. Dieses 

eröffnet neue Möglichkeiten zur Untersuchung der Art und Anzahl der zu untersuchenden 

Probenzustände, erhöht aber auch gleichzeitig die Anforderungen an die Probenvorbereitung und 

-umgebung. Die mikrofluidische Probenumgebung basierend auf Liquid Jets hat sich als 

vielversprechende Methode zur Handhabung von Proben geringer Volumina und spezieller 

Funktionalitäten herausgebildet, die sich leicht in die experimentellen Setups an den Strahlrohren 

integrieren lässt. Das Hauptziel der vorliegenden Arbeit ist daher die Entwicklung einer 

neuartigen und innovativen, mikrofluidischen Flat-Liquid-Jet-Apparatur, welche für Mikrofokus-

Röntgenstreuung geeignet ist und die Erforschung von Teilchenorientierung, Faserspinnen sowie 

zukünftig auch Spektroskopie mit einstellbaren Betriebsparametern ermöglicht. 

 

Der erste Teil dieser Dissertation widmet sich der Entwicklung, der Herstellung sowie der 

experimentellen Charakterisierung von Flat-Liquid-Jet-Apparaten mit hohem 

Querschnittsverhältnis. Es wird ein Verfahren zur Herstellung dreidimensionaler und 

dreischichtiger Mikrostrukturen aus dem Photolack SU-8 2050 mit einer erhöhten Düsenhöhe 

von 100 µm entwickelt. Die exakte Kontrolle über die Düsengeometrie unter Beibehaltung einer 

minimalen Merkmalsgröße führt zu verschiedenen Problemen, wie etwa dem sog. Edge Beading 

(der Ansammlung von Photolack an den Waferrändern), der Wafer-Wölbung oder einer 

verminderten Auflösung. Durch Optimierung der Versuchsprotokolle und  durch Wahl geeigneter 

Prozessparameter konnten diese Probleme erfolgreich überwunden und Strukturen mit einem 

hohem Seitenverhältnis hergestellt werden. Die so optimierten Designs basieren auf dem Prinzip 

der gas-dynamischen virtuellen Düse (Engl.: gas-dynamic virtual nozzle, GDVN), bei dem die 

Flüssigkeit durch ein koaxial strömendes Gas fokussiert wird. Eine damit erzeugte stabile, dünne 

Flüssigkeitsschicht ermöglicht es, den Probenverbrauch im Vergleich zu herkömmlichen Liquid-

Jet-Injektoren ohne Gasstrom auf ein Zehntel zu reduzieren. Die Apparate werden im etablierten 

softlithographischen Verfahren hergestellt, was eine exakte Kontrolle des Designs und eine hohe 

Reproduzierbarkeit der Düsengeometrie ermöglicht. Die vorgestellten Apparate erzeugen 

reproduzierbar eine Abfolge von orthogonal zu einander stehenden Flüssigkeitsscheiben von 
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wenigen Mikrometern Dicke. Es werden Schichtdicken und –längen in Abhängigkeit von 

Geometrieparametern, wie Seitenverhältnis der Düsengeometrie, und von Prozessparametern, wie 

Gasdruck und Massenstrom, vorgestellt. Durch die Bereitstellung von optisch planen und 

räumlich stabilen Jets bereichert die vorliegende Arbeit mehrere Forschungsgebiete, wie 

beispielsweise die weiche Röntgenspektroskopie. Zudem eröffnen die Ergebnisse dieser Arbeit 

vielerlei Möglichkeiten im Bereich der ultraschnellen Molekularforschung, zur Untersuchung 

ultraschneller chemischer Reaktionen, für die Röntgenstrahl-Diagnostik und für industrielle 

Anwendungen. Dank der vorgestellten optimierten Fertigungsmethode dient diese Arbeit darüber 

hinaus als Anleitung zur Herstellung von Düsengeometrien für sogenannte oszillierende, oder 

„whipping“ Jets sowie für das Faserspinnen. 

 

Der zweite Teil der Arbeit ist eine WAXS-Studie zum Einfluss der Scherung auf die Ausrichtung 

anisotroper Nanopartikel in einem dünnen Flüssigkeitsstrahl. Spindelförmige Hämatit-

Nanopartikel zeigen eine Ausrichtung orthogonal und entlang der flachen Flüssigkeitsstrahlen 

mit einer bevorzugten Ausrichtung in der Mitte der Dünnschicht entlang der Flussrichtung.  

 

Nach Optimierung der Düsengeometrie war es möglich einheitliche, funktionelle Mikro- und 

Nanofasern aus Polymerlösungen zu spinnen. Hierbei wurde eine sehr hohe Jet-Stabilität 

beobachtet, was externe Faserziehmechanismen obsolet macht. Diese neue Düsengeometrie 

ermöglicht die Herstellung von Fasern mit einstellbarer Morphologie (rund, flach, gerillt), von 

Nanokompositfasern sowie von Nanofasern. Im Vergleich zu anderen Faserspinnverfahren ist 

diese Technik kostengünstiger und benutzerfreundlicher und ermöglicht eine genauere Steuerung 

des Faserdurchmessers (~ 250 nm bis ~15 μm), eine höhere Produktionsrate (m/s-Bereich) und 

eine direkte Faserablagerung ohne Verstopfung. Die hergestellten Hämatit/CNT-Nanokomposit-

Endlosfasern sind ein zukunftweisendes Beispiel für die spannenden Anwendungen, die dieses 

Verfahren ermöglichen wird, wie die Herstellung von Fasern mit thermischer und elektrischer 

Leitfähigkeit, mit magnetischen Eigenschaften, mit verbesserter mechanischer Stabilität oder mit 

stimuli-responsiven Eigenschaften. 
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“Understanding of fundamental science is not so difficult if you do real experiments.” 

                                                                                                                        -Unknown 
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1. Introduction  
 

1.1 Motivation   

 

Visualizing the structural dynamics of matter with atomic resolution and at short time scales 

(femto- to attoseconds) is of great interest in many areas of physics, materials science, biology 

and chemistry [1-4]. For understanding these fast dynamical processes (ultrafast phenomena), one 

requires the combination of advanced analysis techniques such as the X-ray scattering or 

spectroscopy. The realization of such experiments often relies on suitable sample environments, 

which can benefit these experiments in the following ways. (i) For X-ray scattering use, the fast 

and thin liquid jets are typically used for time-resolved studies of chemical reactions, dynamics of 

proteins and nanorheology of liquid samples [5] (ii) while the stable liquid sheets are ideally 

suited for X-ray spectroscopic use as they satisfy several requirements, the first of which is 

optical flatness. The second requirement is that the sheet thickness should be thin for 

spectroscopic studies (< 500 nm) [6]. (iii) Furthermore, these flow types, such as liquid sheets, 

droplets and spray, are ideal for minimizing sample consumption at lower flow rates. 

Lithographic based fabrication allows the production of liquid jet devices for the generation of   

micrometer and submicron diameter droplets [7] and liquid sheets [8] using a gas dynamic virtual 

nozzle (GDVN) geometry [9]. However, many essential aspects of GDVN functionality have yet 

to be thoroughly understood and refined, while the fabrication of GDVN devices still lacks 

approaches for mass production.  

 

Soft lithography is a promising microfabrication technique for the production of GDVN devices. 

The key element of soft lithography is an elastomeric block, mostly poly-dimethylsiloxane 

(PDMS) containing the desired pattern and hence utilized as a stamp, mold, mask, or device 

itself. As a result, this technique offers exact control over the design and high-reproducibility of 

the nozzle geometry. Another critical advantage of this technique is its cost-efficiency for nozzle 

fabrication, enabling rapid prototyping and easy device availability for other users at beamlines 

[7, 10]. Concerning the sample environments, the highly diverse and interdisciplinary scientific 

field of gas-focused microfluidic flat liquid jets is used to perform fundamental investigations 

such as studying motions of molecules, particle alignment and fiber spinning. From an analysis 

point of view, X-ray scattering techniques, high speed video microscopy, high-resolution field-
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emission scanning electron microscopic methods and numerical analysis such as computational 

fluid dynamics (CFD) offer a variety of tools to yield fundamental fluid dynamical insights of 

liquids and stimulating ideas for optimizing nozzle designs for soft matter samples [11-14]. The 

upcoming of current developments of X-rays free-electron laser facilities (XFEL) and third-

generation synchrotron technologies paves the way for exciting possibilities such as time-

resolved experiments. XFELs can produce extremely short X-ray pulses with 10
12 

photons per 

pulse. Moreover, XFEL pulses can be focused down to 0.1 µm without any significant reduction 

of X-ray photons carried to the sample. The combination of fast X-ray sources, high-speed video 

microscopy, computational fluid dynamics and GDVN based microfluidic flat liquid jets is an 

upcoming robust experimental methodology suitable for ultrafast molecular science, single-

particle imaging, anisotropic nanoparticle alignment and the in-situ study of structural dynamics 

[15-18].  

  

1.2 X-Ray scattering/spectroscopy  

 

The application of X-ray scattering for the study of matter has a long tradition, ranging back to 

Wilhelm Roentgen, who discovered X-rays in 1895 [19]. X-rays is an electromagnetic radiation 

with short wavelengths of about 0.01 to 10 nm. The interaction of X-rays with matter allows the 

study of matter down to the atomic scale [20, 21]. Due to the advanced X-ray focusing designs, 

novel X-ray optics and beam control of third-generation light sources, the brilliance of X-ray 

beams has been greatly improved [22]. A relevant synchrotron radiation property becomes its 

spectral brightness or flux per unit source area and unit solid angle. Nowadays, the beam can be 

focused down to tiny spots down to the few nm-range, which is highly relevant for scanning and 

imaging X-ray experiments [23-26].  

 

The development towards smaller beam sizes for scattering experiments primarily motivates the 

probability of probing the structure at smaller spatial areas. Smaller beam (allows for smaller 

sample volumes) probes with better signal-to-noise statistics [27-31]. Such point-focus 

equipment has replaced older slit-focus equipment together with advances in high-precision 

mirrors for brightness preservation and these advances now enable better-focused X-rays [32-34].  
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For the characterization of nanometer-scaled objects, X-ray scattering is a commonly used 

technique. Moreover, this is further distinguished into small- and wide-angle X-ray scattering 

(SAXS and WAXS) depending on the observed scattering angles. As an example, the 

microfluidic WAXS experiment, at microfocus beamline ID13 (ESRF, Grenoble), the X-ray 

beam size was adjusted to spot sizes around 3 μm by 3 μm to maintain the best combination of 

spatial resolution and high photon flux [35] as shown in Fig.1.  

 

 

Fig.1: Photo of the experimental setups at the ID13 beamline at the ESRF synchrotron (Grenoble, 

France). The micro-focused X-rays pass through the stable flat liquid sheet jet that is monitored 

by a camera. The sheet flow is observed by a high-speed camera and controlled via a 

recirculation system to limit the sample consumption.  

 

An example that demonstrates the benefits of micro-focused X-ray beams is the analysis of 

colloidal liquids under high shear forces and significant deformation rates, which form 

microstructures under those conditions such as layered particles or flocculated systems [36]. It is 

of high interest to investigate such behavior in solution experiments because the nanoscopic 

structure influences macroscopic sample properties, such as viscosity and density [37-39]. 

Furthermore, one can understand the structure and dynamics of complex fluids under the impact 

of flow-induced shear concerning various sample ratios [40-42]. Another example is the 

tomographic SAXS experiment at P03 (PETRA III, DESY) [43] that benefited from the spatial 

resolution of micro-focused X-ray beam. These measurement techniques can reveal the in-flow 

particle alignment, i.e. the orientation of anisotropic micelles, in tapered microchannel by rotating 

and scanning the sample with the X-ray beam to map out the spatial distribution of nanoparticle 
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orientations inflow. Fig.1 shows the in-house experimental setups for in-flow experiments which 

involve micro-focused X-rays combined with a suitable microfluidic device system.  

 

The recent development of XFELs has overcome the limitations of X-ray damage and their 

implementation in the emerging field of serial femtosecond crystallography (SFX) [44, 45]. The 

characteristics of XFEL radiation and associated sample environments have triggered the 

development of new data collection methods such as SFX. SFX is also an essential step towards 

the ultimate goal of performing atomic resolution single-particle imaging and record molecular 

movies [46-48]. However, this can lead to new problems concerning radiation damage. The 

continuous sample stream replenishment in the X-ray focus regime [49] is a possible way to 

avoid the issues related to X-ray radiation damage. This methodology needs sample 

environments that allow continuing flow of sample and reproducibility. In the experiments with 

these new types of X-ray sources, the high speed and micrometer-sized liquid jets have become 

one of the most frequently used sample delivery systems for several reasons. Most importantly, a 

jet is a fast and steady stream injection system that refreshes the sample continuously so that X-

ray always hits fresh sample [50-52].  

 

Further applications for microfluidic sample environments at synchrotrons and XFELs could be 

their use to produce stable thin liquid sheets for experiments X-ray spectroscopy such as 

transmission spectroscopy or angle-resolved XPS from well-defined (liquid) surfaces. Such 

stable and flat liquid sheets also offer further potential for special applications such as X-ray 

beam diagnostics. For such experiments, however, it is necessary to probe samples with 

limited thicknesses, i.e., from submicrometer to a few nanometer range, dictated by the cross-

sections of the investigated molecular compounds in the (soft) X-ray spectral range [53-57]. 

From a fluid dynamic point of view, being able to predict the behavior of flat liquid jets and to 

tailor the injector design to the experimental needs will be highly beneficial for XFEL and 

synchrotron users. Therefore, the microfluidic flat liquid jet system with different flow types 

(sheets, droplets and whipping), offers excellent potential as a sample environment for XFELs 

and other synchrotron experiments due to the accessible design control and rapid fabrication 

routines. Additionally, these systems allow for the implementation of unique features, such as 

high aspect ratio microchannels, rapid micromixers, multiple-focusing zones and complete nozzle 

arrays for fast sample change during an experiment [58].   
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1.3 Fundamentals of microfluidics  

 

Microfluidics is both the technology of manufacturing miniaturized devices containing 

microchannels through which fluids flow and the science which studies the behavior and control 

of fluids in microchannels [59-61]. This technology deals with phenomena at scales from ten to a 

few hundred micrometers. At such small scales, the forces that govern the behavior of many 

systems can be different from what we are used to at the macroscopic scale. During the past 

decades, microfluidics has quickly become an essential tool in several fields such as medicine, 

analytics, chemistry, physics, biology and engineering. Microfluidics deals with small volumes of 

fluids from 10
-9

 to 10
-18 

L using channel dimensions towards micrometers [62]. These 

microfluidic systems have several advantages, such as laminar flow or diffusion-based mixing 

with manipulation of fluids in channels with smaller sizes. These physical properties at the 

micron scale enabled the evolution of a variety of microfluidic tools for multiple research areas 

and more specifically, for biological analysis [63-66]. The micron-scale device makes 

microfluidic technology the ideal platform for portable, point-of-care diagnostic devices [67].  

 

Miniaturization and microelectromechanical systems (MEMS) gave birth to microfluidics in the 

1990s and today still constitute a large portion of this young discipline. Nowadays, a wide range 

of manufacturing- and industry sectors [68-69] use MEMS, micro opto electromechanical 

systems (MOEMS) and microfluidic systems. Microfluidics was realized initially as a sub-branch 

of MEMS technology for handling small amounts of fluids. Silicon was the primary material for 

the fabrication of these microfluidic devices. The typical microelectronic fabrication processes 

include photolithography, thin-film deposition and etching. These processes are surface-

micromachining processes that can treat silicon surface of 1-6 inch in diameter. Today, many 

different deposition, bonding-, casting-, etching- and also new maskless patterning techniques are 

available to micromachine materials like polymers, glass, silicon and metals [70]. The critical 

fabrication process is still the photolithography. In this approach, the microstructures transferred 

to the wafer by selectively exposing a light-sensitive material (photoresist) and developing it to 

field a structured substrate [71, 72].  The recent developments of MEMS applications, namely 

micro total analysis systems (μTAS) or laboratory on-a-chip (LOC) operations, have been widely 

established and used in biochemistry, physics and engineering [73]. Fig.2 [74] shows the 

advantages of these systems.  
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Fig.2: Technologies comprising for device development and future applications.  

 

The field of microfluidics also offers many advantages when it comes to sample analysis in both 

academic and clinical research areas [75]. Recent rapid developments in the field of microfluidics 

have led to a vast array of novel technologies available for chemical analysis [76-79]. The 

benefits associated with promising chemistry in microfluidics is significant and a result of the 

scale-dependent processes of heat and mass transfer. Moreover, this gives rise to several 

advantages, including the ability to process improved reaction product selectivity, reduced 

reagent volumes, small reactor footprints, the acceleration of mass-transfer limited reactions, 

enhanced safety and facile routes to scale-out that have made the micro-reactor technology 

attractive as a synthetic tool [80-82]. Therefore, microfluidic reactors have found significant 

academic and industrial applications for the synthesis of nanomaterials, natural products and a 

range of small molecule drugs and pharmaceuticals [83]. Another emerging use of microfluidic 

systems is the handling and analysis of biological cells with X-ray studies [84]. However, 

chemical lysis is the most popular approach here due to its easy implementation into microfluidic 

devices, as it requires no dedicated equipment [85, 86].  
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Microfluidic channels are now being used to synthesize composite materials spanning the micro 

to nanometer scales. For example, multistep chemistry, rapid mixing and integrated separation 

steps make microfluidics a powerful platform for manufacturing fibers and a wide variety of 

nanomaterials, where shape, size and size distributions which are of incomparable precision [87-

89]. Significantly, microfluidic devices readily allow for in-situ experiments and in most cases, 

continuous processes, both of which lead to higher process control and, thus, are preferred from 

an industrial point of view [90].   

 

Furthermore, the combination of microfluidic technology and micro-focused X-ray facilities is a 

relatively new field of research [91]. However, the transfer of microfluidic technology to X-ray 

experiments is technically very challenging due to the interface between microfluidic 

construction and experimental X-ray data collection. In the case of connecting a microfluidic 

device with an X-ray beamline, it is essential to consider all aspects, such as choosing compatible 

X-ray materials, designing the detection window, the path lengths (X-ray though sample) and the 

interplay of flow rate (flow velocity) and exposure time to the beam. Moreover, increasingly 

strong X-ray beam intensities, available at both synchrotrons and XFELs facilities, require 

sample environments for being able to investigate the fast dynamics. One route to achieve this is 

through the use of microfluidic liquid jet sample injectors.  

 

1.4 Microfluidic liquid jet devices for X-ray studies  

 

The developments of increasingly bright and micro-focused synchrotron X-ray beams, as well as 

the advent of XFELs, reduce the requirements for both sample volume and data acquisition time. 

Furthermore, this creates new possibilities for various types and several sample conditions that 

can be examined but simultaneously increases the demands in terms of sample preparation and 

delivery [92].  

 

During the past few years, the significant growth of microfluidics shifted to the introduction of 

new materials for the fabrication of microfluidic chips, primarily driven by the interest in time-

resolved experiments at synchrotron beamlines [93]. The recent development of microfluidics 

enables to study the minimal amounts of samples such as membrane proteins or deoxyribonucleic 

acid (DNA). There is another field where 3D microfluidic device technology offers excellent 
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potential to analyses anisotropic particles under defined shear and elongation conditions [94]. The 

flow profile in the microfluidic channels may also be actively used, e.g., to shear the sample, 

leading to structural reordering or alignment, which can then be used to investigate them using 

the X-ray probing technologies.    

 

The designs of the microfluidic chip, choice of material and fabrication method are essential 

factors to be considered in the fabrication of microfluidic devices for X-ray experiments. It has to 

be ensured that the rapid and low-cost manufacturing of material has to be well processable for 

the fabrication of modern microfluidic devices that allow microchannel geometries based on 

computer-aided design (CAD). Moreover, different materials such as PDMS, cyclic olefin 

copolymer (COC) and Kapton, each are having different optical and mechanical properties to 

withstand the applied pressures for handling the fluids. The above requirements generally require 

bonding, surface treatments/modifications and sealing steps for microchannel [95].   

 

The fabrication approaches and their limitations, together with the proposed provisional 

application, mainly determine the size, shape and material of microchannels as well as the layout 

configuration of their arrays. The correct selection of materials used in the microfabrication 

process is necessary for the successful realization of advanced and low-cost microfluidic liquid 

jet devices.  
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Fig.3: Illustration of different materials (glass [96], OrmoComp, Norland Optical Adhesive 81 

(NOA81, Reproduced with permission from Trebbin, M.), 3D printed [97], PDMS [94] and 

Kapton jets [98], used in microfluidic liquid jet fabrication.       

 

Over the past few years, a variety of techniques have been established for the fabrication of liquid 

jet devices including, soft lithography, hot micro embossing, laser machining and 3D printing 

[99-101]. However, most of these techniques present issues, such as complicated fabrication 

steps, geometry control, channel alignment and device placement at X-ray beam. Hence, design 

evolution, reproducibility and mass production are limited. To overcome these limitations, the 
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fabrication of microfluidic liquid jet devices based on soft-lithography has been established 

during the last years [102-104].  

 

Many polymer materials were introduced to fabricate microfluidic devices/systems of which the 

soft lithography based poly-(dimethylsiloxane) (PDMS) is the most prominent one as it allows 

rapid prototyping and takes advantage of the high flexibility of design variations. Other material 

such as hard/rigid materials, in terms of material properties and compatible processing strategies 

(i.e., Kapton, silica and glass) usually depends on microfabrication techniques, which can be 

complicated and challenging to produce with same design flexibility as that of soft lithography. 

Fig. 3 shows an overview of the different available microfluidic device types suitable for liquid 

jet applications. And Table 1 describes that in more detail. 

 

Table 1: Overview of the material properties based on literature and Trebbin lab sources for X-

ray applications. Here the marks shows the (+ = good / o = neutral / - = bad) performance of the 

devices.  
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Fig. 4: Illustration of the experimental setup for combining the liquid jet principle with 

microfluidics. The advantages are that these novel microfluidic liquid jet devices enable fast 

nozzle changes, sample consumption and minimize wasted beamtime at the X-ray free-electron 

lasers (Reproduced with permission from Trebbin, M. [248]).   

 

The recent development of 3D printing technology is now bridging the gap between micro and 

macro 3D printing terms of precision [105]. In comparison to other fabrication technologies, 3D 

printing nozzles/ liquid jets can print channels in sizes that range from a few hundred nanometers 

to several millimeters [106-108]. In particularly intriguing feature of the two-photon 

polymerization (2PP) 3D printing process is the ability to fabricate nested structures, which are 
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difficult or even impossible to achieve in conventional glass capillary, injection mold based 

GDVN nozzles [101]. This ability overcomes geometry constraints imposed by traditional 

fabrication processes, thereby facilitating the development of new types of injectors such as for 

the solution scattering, single-particle imaging, mixing nozzles, flow focusing and pulsed jets. 

However, the drawback of this 3D printed technique is an increased need optimization steps for 

complex internal geometries and it is hard to place the device at an X-ray beam due to lack of 

flexibility [109]. However, a critical advantage of photo- and soft lithography approaches is the 

fast and easy device fabrication, cost-effectiveness and that they are ideally suited for systematic 

screenings of nozzle micro-geometries. Additionally, these fabrication techniques allow for the 

implementation of unique features, such as high aspect ratio microchannels, rapid micromixers, 

multiple-focusing zones and complete nozzle arrays for fast sample change during an X-ray 

experiment as shown in Fig.4.       

 

The key element of soft lithography is an elastomeric polymer, PDMS, that is used to replicate 

the desired patterns. PDMS consists of an inorganic siloxane backbone and attached organic 

methyl groups. The PDMS can easily be converted into a solid by cross-linking. [71] In the 

1990’s, Whitesides and co-workers published several papers using PDMS as elastomeric mold 

for micrometer patterned devices. PDMS offers a decent replication resolution, is optically 

transparent, non-toxic and has much lower costs per volumes compared to silicon [110]. Due to 

the latter fact, the fabrication is still cost-efficient at small quantities, which are essential for rapid 

prototyping and often-changing microstructures. PDMS functions in a wide range of 

temperatures (-50 up to 250 °C) and common solvents such as water, acetone, methanol and 

ethanol [111].  

 

In this thesis, microfluidic flat liquid jet based devices that produce stable liquid sheets with few 

micrometer thicknesses are presented. These GDVN based microfluidic flat liquid jet devices 

offer unique characteristics such as precise delivery of small sample volumes in the mL/h-range 

and potentially high throughput analysis [112, 113]. This approach would allow minimizing 

sample consumption up to tenfolds in comparison to the traditional colliding jets (i.e., non-gas 

focused/impinging) for thin flat sheets [114-116]. Also, another advantage of this technique is 

that the liquid does not contact the nozzle exit surface, which allows for smooth and reproducible 

operation of the nozzle for long periods. These gas-focused microfluidic flat liquid jet devices 
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offer a sample environment that allows for interdisciplinary studies and have first been shown in 

the past few years, such as fast analytical systems, spectroscopy, nanorheology and fiber spinning 

applications [117, 118].  

 

1.4.1 Spectroscopy 

 

Previously, cylindrical liquid jets have been used for spectroscopic applications, but the problems 

with these jets are (i) photon scattering and (ii) refraction due to the cylindrical liquid boundary. 

Recently, an upsurge in flat liquid sheet-based sample delivery for X-ray experiments can be 

observed to understand local molecular integrations in neat liquids and solutions. It has increased 

due to the need for continuous sample replacement at strong photon sources. One reason is that 

for experiments in absorption, i.e. X-ray spectroscopy. When it comes to experiments in 

reflection configuration, i.e. XFEL beam position monitoring, optical flatness and spatial 

stability, are also critically important [119-121]. As well as, stable liquid sheets of thicknesses 

submicron range helps to minimize any unwanted background signal from the liquid when used 

as a sample carrier. Finally, incorporating mixing strategies and fast hydrodynamic focusing with 

stable sheet generation can be ideal for quick reaction studies.     

 

1.4.2 Nanorheology  

 

The orientation of particles is relevant for the behavior of various human-made and biological 

materials. It determines the material properties of molded or spun fibers, influencing the flow of 

particles and cells through capillaries and the aggregation of proteins. In silk fibers and 

nanocomposite materials such as CNT-enhanced polymers, the alignment of the particles is 

crucial for the mechanical properties [39, 122-125]. Microfluidic liquid jet systems represent a 

versatile tool to precisely control fluids, study the alignment of liquids and analyze dispersed 

particles. Hence, this technology is very attractive for studying nano-rheology in colloidal liquids 

[126-128]. However, a detailed characterization of the shear- and orientation effects on the 

sample within the liquid sheet is missing [129]. This knowledge will not only be highly beneficial 

for controlled experiments of colloids under extreme shear conditions, but also for fine-tuning the 

nozzle designs to minimize stressful effects on soft samples, such as micron-sized membrane 
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protein crystals, for optimizing the sample injection at high-intensity X-ray sources (i.e. XFELs, 

3rd generation synchrotrons) [120-132].   

 

1.4.3 Fiber spinning 
 

Whether in nature or modern industry, micro-/nanofibers are ubiquitous because of their unique 

properties and utility. On account of their high specific area, surface roughness and strong 

interfacial interactions, micro-/nanofibers are already applied in textile fabrics, as reinforced 

materials in tissue engineering, high performance filters and as optical sensors [133]. A variety of 

techniques can be used for the fabrication of continuous (or end-less) microfibers such as melt 

spinning, wet spinning, coaxial spinning, electrospinning and blow spinning [134-138]. However, 

most fibers generated by these techniques suffer from shape- and size-nonuniformity. 

Furthermore, manufacturing problems such as clogging of the hardware, complex setups and 

low-throughput pose industrial obstacles. Therefore, the fabrication of continuous 

submicron/nanofibers with tunable morphologies and uni-formity remains a great challenge [139-

144].  

Electrospinning is the only well-developed technique for fabricating nanofibers, making it the 

current state of the art manufacturing process [139, 145-147], even though it has a number of 

major drawbacks. Electrospinning requires hazardous operating conditions such as high voltages 

and in most cases the use of toxic and volatile organic solvents. The manufacturing conditions are 

also highly susceptible to local environmental changes, such as temperature or humidity, which 

can make reproducibility an enormous challenge. Thus, all of these factors need to be carefully 

controlled and have called for the development of new techniques for nanofiber spinning. One 

such technique is solution blow spinning, which also allows the fabrication of fibers in the nm-

range without the need of a high voltage gradient, which can be advantageous when working with 

cells or other bio-systems [148, 149]. Additionally, this fabrication process is performed under 

atmospheric pressure, does not involve harsh chemical conditions and can be carried out at room 

temperature [150]. Nevertheless, blow spinning is still in the state of initial development [151] 

and fabrication of customized nozzles is challenging. One possible way around this difficulty is 

to employ well-established soft lithographic techniques used in the fabrication of microfluidic 

devices to facilitate nozzle production. Microfluidic approaches allow for fast prototyping and 
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easy mass production of the nozzles. Furthermore, the miniaturized nature of the device reduces 

the needed space for a spinning setup and allows easy nozzle parallelization for high throughput 

operation with excellent reproducibility [139]. 

 

Fig. 5: Illustration of drawbacks of several techniques used for the fabrication of microfibers. 

Several fibers have been successfully spun using microfluidic techniques, but to our knowledge, 

single fibers with controlled diameters in the nm-range have not yet been achieved via the here-

presented microfluidic approach [139, 152-154]. Developing a new method for spinning fibers 

using Gas Dynamic Virtual Nozzles (GDVN) microfluidic devices allows the combination of 

advantages from coaxial spinning, electrospinning and blow spinning, while minimizing the 

current drawbacks of the individual techniques. GDVNs have been developed to allow the 

formation of free-standing liquid jets by gas-flow-focusing liquid samples [155]. The main 

advantage of this GDVN-technique is that the liquid does not contact the nozzle exit surface 

which allows for smooth, reproducible and continuous operation of the nozzle for long periods of 

time by avoiding the deposition of material at the nozzle exit. 
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2. Theoretical background: flow characteristics 

 

The dynamics of fluids at microscopic scales are found to be significantly different than those 

observed at the macroscopic scales. For example, in microscopic scales, the surface to volume 

ratio increases to a larger extent, resulting in a considerable change in the surface and interfacial 

properties of the material [156]. It is beneficial to develop a physical understanding of the 

phenomena that are becoming dominant at the microscale; this understanding will allow us to 

categorize and target micro designs and to fabricate them from computer-designed photomasks 

using lithography reproducibly. These designs can be optimized before the actual device 

fabrication by numerically predicting the fluid flow via computational fluid dynamics (CFD) and, 

therefore, enable simulation-based rapid prototyping.  

   

The liquid jets produced from the microfluidic nozzles have paved themselves for considerable 

importance in the past few decades through their continuous utilization in advanced technological 

fields like biomedicine, bioanalytics and nanorheology [157-159]. Recently, they have started 

being utilized to deliver samples in SFX (Serial Femtosecond X-ray crystallography) experiments 

[160]. Many of the samples studied using SFX applications are hard to crystallize protein 

samples that are only available in limited amounts. Hence, low consumption and an efficient 

sample delivery system are required for these hard to prepare, precious samples [161]. The 

present chapter deals with a two-phase (gas/ liquid) flow problem, where a gas co-flows with a 

liquid stream and shaping it in the form of a jet by transferring momentum to it. This chapter 

studies the effects of the gas on the liquid and instability problems based on the capillary-to-

orifice distance, nozzle outlet orifice diameter and nozzle height. 

 

2.1 Flow focusing microfluidic liquid jets 

 

Understanding the flow behavior of the microfluidic liquid jets and the physical parameters 

behind them is necessary to study the different areas related to the flows. From this short review, 

the jet, breakup, droplet, sheet and whipping regimes depend on the liquid/gas flow rates, nozzle 

designs, viscosity, density and surface tension on the jet. Therefore, the information of the jet 

properties is essential to study its performance in different microfluidic liquid jet devices [162-

165]. Thus to develop or upgrade the design of the new sample microfluidic flat liquid jet 
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systems, these flow properties should be taken into account. The use of different microfluidic 

liquid jet devices became famous with the advent of micro-focused X-ray Free-Electron Lasers 

(XFELs) and synchrotron sources [166, 167]. These sample environments are critical in the 

control of the jets, samples and flow studies.  

 

2.1.1. Rayleigh nozzles and droplet generation 

 

 

Fig.6: (A) typical snapshot of Rayleigh nozzle, (B) Classification of droplet formation regimes 

for a liquid discharging an orifice of radius r with liquid velocity ν. Droplet formation through the 

Rayleigh breakup mechanism in jetting is bounded by a lower and upper critical jet velocity 

(Image from [170], copyright Lohse D.).  

 

Liquid jets based on the Rayleigh concept, as shown in Fig. 6 (A), are produced by discharging 

liquid from a channel through an orifice. In 1878 Rayleigh showed the first mathematical study 

of the mechanism responsible for instabilities of jets generated by liquid nozzles [168]. A steady 

liquid jet is emanated from the nozzle only when equilibrium is maintained between the 
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interfacial and momentum forces in the fluid. At very low flow rates when the liquid momentum 

forces are not strong enough to overcome capillary forces, a stream of droplets is produced 

(dripping), which slowly grows in size, as shown in Fig.6 [169].  

 

Later, Weber had started in 1931 by including the effect of viscosity on the stability of a liquid jet 

under the influence of surface tension from Rayleigh’s analysis [170]. Fig. 6 (B) shows a 

classification of the dripping and jetting regimes of Rayleigh nozzles. Hilbing and Heister in 

1996 used a boundary element method to study the nonlinear nature of the instability [171]. They 

explained the mechanism of satellite droplets formation and that it depends on the magnitude of 

disturbance, the Weber number (We) and the wavelength. At the break-up point, the jet radius 

goes to zero. Moreover, this is due to the velocity of the jet, which goes to infinity. These 

singular phenomenons were further studied by Eggers using Navier-Stokes equations to derive a 

one-dimensional model describing the break-up region [172].  

 

As Rayleigh jets require higher liquid flow rates, it is not economical while being operated for 

precious samples. These issues with Rayleigh jets motivated research in the development of a 

robust apparatus for producing liquid jets. 

 

2.1.2. Macroscopic GDVNs (Plate orifice nozzles) 

 

A new class of microscopic fluid jet flows satisfies two requirements i) minimum flow rates and 

ii) steady jets. In this case, a force initiated by a co-flowing stream stretches an inner fluid 

meniscus until a thin fluid ligament is ejected [173]. Later, the work started by Ganan-Calvo with 

modeling studies is considered as a step forward in the fabrication of controlled micron-sized 

flow geometries [174]. The critical geometrical parameters determining the behavior of liquid at 

nozzle outlet are orifice diameter D and capillary-to-orifice distance H, as shown in Fig.7.   

 

However, the plate-orifice nozzle geometry presents significant drawbacks: (i) orifice surface (ii) 

the sharp edges of the orifice due to the strong recirculation close to the orifice surfaces and (iii) 

the minimum sizes of round orifices fabricated with conventional techniques are limited to tens 

of microns [175]. Since the drop/jet diameter from the plate orifice nozzle depends upon the 

orifice diameter, this apparatus has limitations in the fabrication of smaller diameter jets. It can 
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produce the jet diameters of the size ranging between 10-200 μm, which is not realistic for X-ray 

experiments as it increases the background signal [176].  

 

 
 

Fig.7: Illustration of a general macroscopic GDVNs design for the generation of liquid jets and 

the involved geometric parameter (Reproduced with permission from Sasa, B.) [177]. The main 

geometrical parameters of the fluid configuration are diameter D, flow rate Q and the capillary-

to-orifice distance H.  

 

The concept of a GDVNs technology is a modification of the Rayleigh nozzle and dates back to 

Ganan-Calvo et al. [178]. They developed the gas-focusing technique, which works with a gas 

stream surrounding the liquid jet. In the nozzles with flow-focusing arrangement, a 

hydrodynamic effect of a co-flowing gas is used to shape the liquid jet in a plate-orifice 

apparatus. Such a plate-orifice device was miniaturized to a flame polished converging nozzle, 

called GDVNs [157, 179-181].  

 

2.1.3. Microscopic GDVNs  

 

In this GDVNs principle, the flow and the shape of a liquid, e. g. diluted anisotropic particles is 

controlled by a gas flow towards the nozzle’s exit. Therefore, a continuous liquid jet/sheet is 

formed smaller than the liquid inlet geometry. A different breakup process of liquid jet and 
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droplets has explained in terms of co-flow and flow-focusing microfluidic liquid jets [182-184]. 

Commonly used GDVN for synchrotron applications and studies are made using glass capillaries 

[185]. However, the fabrication of those nozzles requires many complicated steps such as flame 

polishing, grinding of the tip and, most importantly the alignment of the inner to the outer 

capillary. The procedure does not reproduce geometries well and due to the different manual 

fabrication steps, the nozzle dimensions and flow-focusing behavior may differ between 

individual nozzles making controlled geometry studies hard to realize. The high demand for 

liquid jets and aerosol generators for X-ray experiments requires an alternative technique in 

fabricating GDVN faster and more reliable [186].  

 

 

 

Fig.8: Microfluidic liquid jet systems with different fabrication techniques such as (A) soft 

lithography [Reproduced with permission from Trebbin, M., 7], (B) laser machining [98] and (C) 

3D printing [Reproduced with permission from Nette, J., 97].  

 

Later Trebbin et al. started to develop innovative microfluidic liquid jet devices with different 

lithographic fabrication techniques such as soft lithography, laser micro-machining and 3D nano-

printing for GDVN production as shown in Fig. 8 [98, 94, 97]. With alternative fabrication 

routes, other microfluidic features become available such as mixing, integrated piezoelectric 

actuators, smart sorting and multiple-gas focusing inlets on generating monodisperse nano- and 

micro-droplets. In order to achieve a more efficient and more reproducible fabrication route, 

lithography based approaches are the most promising candidates. Since the miniaturized 

lithography based devices have mass flow rate for sample focusing it is a promising approach to 

achieve higher signal to noise ratios for diffraction studies, due to less diffraction of the X-ray 

with the gas molecules [187, 188].  
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Fig.9: Optimization of nozzle parameters [7, 10, 189] to form different flow of liquid jets, which 

are droplets, stable sheets, whipping droplets and fiber jets.  

   

One goal of this work is the development of a flat liquid jet environment with a GDVN and the 

needed diagnostics for experiments on liquids to enable the research of complex fluids such as 

colloidal dispersions and molecular liquids with X-ray scattering/spectroscopy. For this purpose, 

first experiments with high aspect ratio nozzle fabrication to produce stable liquid sheets were 

performed. Hence, in the framework of this thesis, the GDVN and the optimization nozzle 

parameters are used to form different flow of liquid jets such as stable liquid sheets, droplets, 

whipping droplets, bubble jets and fiber jets, as shown in Fig. 9.  
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2.2 Difference between GDVNs and other flat liquid jet systems 

 

A variety of techniques is established in few years for liquid thin sheet formation such as 

impinging liquid jets [190], wire-guided flow jet (WGJ) system [191] and non-gas focused slit 

nozzles [192].  However, most of the thin sheets generated using these techniques have issues, for 

example, stable liquid sheet formation, long-term stability, volume consumption, in-situ 

experiments, etc. [193, 194]. These issues are addressed by microfluidic flat liquid jet devices 

which apply the GDVN-principle to a flexible and precisely manufacturable nozzle design [195].  

 

 
 

Fig.10: Photo of the flat liquid jet taken from (A) impinging liquid jets (Image from [6] copyright 

Nibbering T.J.) and (B) microfluidic flat liquid jet at flow rate at 60 mL/h using GDVN principle. 

 

A later adaptation of this principle introduced the generation of micrometer-sized liquid sheets 

using three carefully assembled microfluidic channels in a borosilicate chip [196]. However, the 

production of such devices requires complicated fabrication steps, for example, careful glass 

etching process, channel alignment and device placement at beamtime experiments. However, the 

complicated assembly process and geometry control and production rate currently limit the 
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reproducibility of such liquid jet devices. However, a critical advantage of the fabricated flat 

liquid jet devices using soft-lithography is the much more relaxed approach to fabricate such high 

aspect ratio nozzles, as shown in Fig.10. 

 

2.3 Governing equations of incompressible flow for Newtonian fluids 

 

The descriptions of the dynamics of Newtonian fluids are based on the conservation of mass, 

momentum and energy principles. By considering the flow properties (density, viscosity, surface 

tension) of pressure and temperature, the energy equation is also included. Moreover, this leads to 

a set of two partial differential equations (PDE), called Navier-Stokes equations. The Naiver-

Stokes equation is a set of two-second order PDEs and can be written as [197] 

𝜌 [
𝜕𝐯

𝜕𝑡
+ (𝐯. ∇)𝐯] = η∇2𝐯 − ∇p + 𝐅                                                      (1) 

 

Here, the dynamic viscosity as 𝜂, fluid density is ρ and ν expresses the velocity of the fluid flow.  

𝛁 is the Nabla operator and F denotes additional long-range forces per unit volume directed to 

the fluid. The left part of the equation is the acceleration term, whereas the right part describes 

the forces acting on the fluid. These PDEs can be solved numerically by computational fluid 

dynamics (CFD) simulations. For this task, the finite volume method (FVM) is used [198].  

 

2.3.1 Conservation laws 

 

The major governing equations describing the physics of Newtonian fluid flow are the Navier-

Stokes equations based on the mass, momentum and energy conservation principles. The study of 

microfluidic flat liquid jets is based on the conservation of three extensive quantities, namely, the 

mass, total energy and the total momentum. By the law of conservation of mass, the total mass 

entering the microfluidic device must be in balance with the one leaving the nozzle. Moreover, 

the mass of the system indeed remains constant overtime throughout the jetting regime. The 

system conserves its momentum by balancing the total momentum with the net forces acting on 

the fluid regime. Considering the entire liquid emanating in the fluid domain to be 

incompressible, isothermal Newtonian fluid, one can solve the famous Navier-Stokes equations, 

which describe the micro-scale fluid flow of these liquid sheets. Also, it is noted that the viscous 
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friction has different microscopic origins and hence, this is an essential factor to be considered 

while understanding the dynamics of fluids at micro and nanoscales [199, 200]. 

 

2.3.2 Condition for incompressibility 

 

If the fluid is incompressible, that means ρ =constant, so that the condition eliminates from the 

fluid-dynamic system the mass continuity equation and considerably simplifies the Navier-Stokes 

equation. Contrary to gases, liquids can be compressed only using very high forces. Therefore, a 

fluid behaves almost like an incompressible material, i.e.,  

           ∇. 𝐯= 0                                                                (2) 

 

Which is Cartesian coordinates id  

 

∂𝐮

∂x
+

∂𝐯

∂y
+

∂𝐰

∂z
= 0                                                        (3) 

In momentum equation  

 

ρ
D𝐯

Dt
=  −∇p +  μ∇𝐯                                                        (4) 

Incompressibility is not a property that can be enforced in a physically justified way by means of 

an external condition. Incompressible behavior, if existing, will have to follow self-consistently 

from the full system of transport equations [201].  

 

2.3.3 Boundary Conditions 

 

After determining all relevant aspects, the boundary conditions are translated into mathematical 

relations, where one arrives at a system of partial differential equations for various field 

quantities, which have to be solved in a suitable domain. Moreover, appropriate boundary 

conditions are needed, taking into account physical conditions. In order to consider any flow 

domain, the flow equations must be solved, which is subjected to a set of circumstances that act 

at the domain boundary [202, 203]. For a rigid boundary condition, wall moving at velocity u and 

having unit normal 𝒏̂, we assume for the local fluid velocity v that, the wall is impermeable: v· 𝒏̂ 

= u· 𝒏̂.  
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2.4 Nonlinear flow problems   

 

The fluid flow phenomenon of macro and micro scale environment is entirely different due to the 

length scale effects. As a consequence, in microscale, viscous dissipation, as well as pressure 

effects, dominate over inertia and result in a laminar flow without any turbulence [204]. 

Nowadays, most of the microsystems which are of attention to science and their applications are 

non-linear due to the complexity of nature [205]. So, now, it is essential to understand the 

fundamental physical phenomena and fluid flow properties. Further, when it comes to micron to 

submicron, these systems can lead to interesting non-linear scientific problems, of which a few 

examples will be discussed below.  

 

2.4.1 Fluids and interfaces 

 

The surface to volume ratio in microfluidic channels is very high and this is why surface 

properties have a more significant influence on the fluid dynamics [206]. In general, in the 

microfluidic channels, the hydrodynamic interactions between solids and liquids can be described 

using the no-slip condition [207]. The velocity vector of a flowing fluid is assumed to be zero at 

the wall. This condition remains valid in the sub-micron range, which has been shown by 

molecular dynamics calculations that assumed a hydrodynamic wall that corresponds to a 

monomolecular layer of fluid molecules resting on a solid wall.  

 

The Navier boundary condition can be applied while describing the interaction of a flowing fluid 

and a solid surface. It is based on the assumption that the flow velocity νx parallel to the surface is 

proportional to the shear stress at the surface.  

𝐯x = 𝛌
d𝐯x

dy
                                                                       (5) 

Where λ denotes the slip length or Navier length [208]. The slip length can be illustrated as the 

distance between the surface and an imaginary point inside the solid wall, where the velocity 

profile extrapolates to zero, as drawn in Fig.11. 
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Fig.11: (A) Schematic illustration of the Navier length λ for no-slip (left), partial slip (middle) 

and perfect slip (right) condition. (B) Flow velocity profiles for parabolic (left) and plug (right) 

flow.  

 

2.4.2 Liquid jet stability  

 

For analytical reasons, it is essential to generate a stable liquid sheet and droplet breakup regions 

[209-211]. Therefore, Ganan-Calvo et al. started to investigate the hydrodynamic stability of the 

liquid jet concerning its initial moment of droplet generation [212]. Microfluidic flat liquid jet 

stability is one of the most important considerations when designing nozzles for synchrotron and 

XFEL experiments [213]. Microfluidic flat liquid jets starting from the capillaries under the 

influence of momentum being transferred to them from another co-flowing (gas) has received an 

increasing amount of interest over the last few decades [214-216]. Stability of the jet summarizes 

(in Fig.12), the work that has been carried on the jet/sheet formation and breakup physics when 

co-flowing with the gas streams. For experimental validation, some numerical studies performed 
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were overtime to understanding the jet/sheet formation and breakup mechanism. The 

experimental phase diagram for particular nozzle studied the stability of jets formed by a GDVN 

and identified three different regimes: (I) the steady jetting regime, where the liquid meniscus and 

the jet are stable; (II) whipping regime, where the meniscus is and jet is unstable; and (III) the 

dripping regime, where the liquid meniscus is unstable and the jet is not formed, as shown in 

Fig.12.  

 

 

Fig.12: The experimentally obtained jet stability phase diagram shows three distinct regimes for 

a high aspect ratio nozzle flowing water with a liquid capillary inner diameter of 100 x 15 μm 

(hxw) and distance of the gap between main channel inlets is 355 µm.  

 

The change in design aspects and gas/liquid flow rates alter the influence of liquid inertia and 

surface forces on the jet, allowing its breakup to fall into different categories: dripping, jetting 

and whipping are shown in Fig.13. As the liquid jet emanates from the nozzle outlet, it is 

subjected to different instabilities that determine its behavior. These instabilities are extreme due 

to the dominant aerodynamic interaction at the interface. The breakup due to these instabilities is 

sometimes also known as an air-assisted breakup due to gas focusing. The primary factors that 

define the jetting regime (jetting/dripping/whipping) are the geometry of the apparatus, material 

properties such as viscosity, the flow rates of liquid and gas, pressure gradient over the nozzle, 
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which depends on the mass flow rates and the geometry [Fig.29]. Thus, understanding the effect 

of the parameters mentioned above on the jet stability and its shape is required for proper nozzle 

design [217]. 

 

 

Fig. 13: Stability of a liquid jet in gas-focused microfluidic liquid jet system showing different 

breakup classes.   

 

The non-dimensional numbers involved are Reynolds number (Re), Peclet number (Pe) and the 

Weber number (We). These non-dimensional numbers are defined as,  

Re =
ρvD

μ
                                                                   (6) 

    Pe =
Lv

D
                                                                     (7) 
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We =
ρv2D

σ
                                                                (8) 

Where D is the diameter of liquid nozzle outlet, ν represent the velocity at nozzle outlet, µ is 

viscosity, ρ is density, characteristic length L (i.e., droplet diameter) and σ is surface tension 

[218].  

 

2.5 Fluids under external forces     

 

In microscale flows, even a small change in the local flow conditions can result in a structural or 

orientation change of self-assembled or colloidal particles [219]. Fluids are classified depending 

on the relationship between the shear properties such as shear stress and shear rate. These 

changes explain the influence of the microscopic properties and the local shear effects on the 

liquids or fluids. Due to the small length scales, the microfluidic channel, enhance the nonlinear 

response of complex fluid-flows. Based on these characteristics, there are several applications, 

from micro-rheometry techniques to the investigation of purely elastic instabilities [220, 221]. 

Additionally, these shear flows can be useful for viscoelastic fluids. Microfluidic flat liquid jet 

technology is an excellent platform to study this intrinsic ability to enhance the shear flow of the 

viscoelastic fluids at low Reynolds numbers.  Due to the hydrodynamics of gas focusing, the 

small channels of microfluidic devices are an ideal platform to perform rheological 

characterization beyond the limits of the commercial rheometers [222]. Microfluidic flat liquid 

jets allow investigating complex liquids which are, spatially confined under shear flow conditions 

in small dimensions. In particular, fluid samples, that are sensitive to shear, can be affected by the 

jet. Therefore, the understanding of the flow properties of a microfluidic liquid jet and their 

influence on the liquid sample is of importance [223].  

 
 

Fig.14: Illustration of a fluid deformation and flow of complex fluids to connect rheology of two 

ideal behaviors.  
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Non-Newtonian fluids do not follow Newton’s law of viscosity. For Newtonian fluids, the shear 

stress τ is linearly proportional to the shear-strain-rate 𝛄̇. The constant proportionality known as 

shear or coefficient of viscosity 𝜂 describing Newton’s law of viscosity’s defined by:  

τ = −ηγ̇                                                             (9) 

 

The shear flow is the movement of fluid layers such that they slide over each other when a force 

F acts on a specific cross-sectional area of the fluid (Fig.14). The shear force F always works in 

the parallel direction to the surface plane [224]. The shear stress is defined as the shear force 

acting per unit area and known by τ: 

τ =
F

A
                                                                (10) 

 

The influence of the particle orientation to the viscosity in a shear flow was first 

studied by Brenner in 1974 [225]. If an anisotropic particle is aligned with its major axis 

parallel to the flow direction the flow resistance of the particle is minimized thus leading to  

particle orientation (shear thinning) [226]. If the major axis of the particle is aligned 

perpendicularly to the flow direction, the maximized flow resistance of the particle is 

known as shear thickening [227]. At small concentrations, the particle-fluid interaction is 

pronounced and a microfluidic device plays a significant role in the rheological response, while at 

high concentration, the interparticle interactions dominate the colloidal dispersion in the fluid 

[228]. 

 

Small particles tend to move with the same local fluid velocity as that of the fluid when the 

particles are very small in the colloidal solution (drag force). For large aspect ratio particles, this 

depends on the density of the fluid and preferred aligned directions. This behavior clearly shows 

for small rods, presenting different aspect ratios was studied in shear flow, they concluded that 

the aspect ratio of this elongated particles plays the leading role in shear flow [229, 230]. Several 

groups have studied orientation dynamics in flows where the effects of aspect ratio and inertia 

have been investigated. The orientation distributions and the rotational diffusion have been 

measured in complex flows, which lead to study rheological properties [231-234].  

 

Microfluidic liquid jet systems are a promising sample environment for rheology studies on 

complex fluids under extreme shear flow [159, 235]. Microfluidic liquid jets also offer the 
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possibility to study molecular and atomic liquids such as water or liquid metals via X-ray 

scattering [236]. In all these applications, the microfluidic liquid jets carry dispersed particles 

whose spatial and orientational distributions within the jet critically influence the properties of 

the fabricated structures. Due to its importance, a few research groups are working on the 

orientational distribution of particles within the flow (cylindrical) and droplets. However, there is 

hardly any knowledge about the orientational distribution of particles within the free liquid sheet 

because this requires to develop a challenging methodology that so far has not been available. In 

the framework of this thesis, the orientational behavior of spindle hematite particles under shear 

flows has been studied as a function of particle volume fraction and aspect ratio of nanoparticles 

in microfluidic flat liquid sheet.   
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3. Microfocus SAXS/WAXS theory 

 
The interaction of X-rays with matter offers possibilities to study its structure down to the atomic 

scale. Since the early 20
th

 century, scientists have been using X-ray scattering techniques to probe 

the structure of matter. Recently, advanced X-ray methods have been developed to study different 

properties of matter. Among these techniques, small-angle X-ray scattering (SAXS) and wide-

angle X-ray scattering (WAXS) are suitable methods to investigate soft matter systems, in 

particular, colloidal dispersions. This chapter will give an overview of the theoretical background 

of SAXS and WAXS, the instrumentation and the analysis relevant for this thesis. The necessary 

concepts and relevant equations to understand the structure of the samples in this study are 

adapted from [237-240].   

 

3.1 Elastic scattering  

 

The scattering of electromagnetic waves is a useful tool for the characterization of colloids and 

polymers (241). A schematic illustration of the basic setup of X-ray scattering is shown in Fig. 

15.  

 
 

Fig.15: Schematic setup of an X-ray scattering experiment. The collimation system adjusts the 

beam size on the sample. The detector records the characteristic scattering patterns of the sample, 

where ɵ is scattering angle (Image adapted from [243]). 

 

Emitted X-rays (e.g., synchrotron source, rotating anode) pass through monochromators X-ray 

optics and collimation systems before they hit the sample. The scattering process of interest for 
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SAXS/WAXS is an elastic one because the scattered photons have the same energy as the 

incoming photons. If the scattered X-rays are coherent, a phase difference between the secondary 

waves appears originating from different spatial positions of the scattering electrons. 2D digital 

detectors record resulting scattering patterns from the constructive or destructive interference. 

These patterns are characteristic of the given sample structure in case of samples in a regular 

lattice and are fundamentally described by Bragg’s law (see equation 11) for principles of wave 

interference.  

 

2𝑑sinθ = 𝑛𝜆                                                             (11) 

 

where d is the lattice distance between the scattering electrons, θ is the half scattering 

angle, n is a positive integer and λ is the wavelength of the used X-rays. The Bragg 

equation is schematically illustrated in Fig.16 (A), showing the path difference between 

incoming and reflected X-rays on two scattering planes [242, 243].  

 

 

 

Fig.16: (A) Schematic illustration of the Bragg equation with incident and reflected 

X-rays on two scattering planes, showing the lattice distance d, the half scattering 

angle θ, the wavelength λ and the path difference defined by Bragg’s law. (B) Schematic 

representation of scattering geometry. The sample scatters the incident X-ray radiation with the 

wave vector ki into different directions with scattered wave vectors ks. Scattered radiation 

observed at the angle θ from the incident wave can be described by the wave vector transfer q 

(Image adapted from [243]). 
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For a better understanding of the scattering processes, a typical geometry for a scattering 

technique is shown in Fig.16 (B). A sample scatters an X-ray wave with an initial wave vector ki 

and wavelength λi. After the scattering process, the scattered X-ray wave changes its propagation 

direction by an angle θ and propagates with wave vector ks and wavelength λs. 

 

ki is the wave vector and its amplitude is inversely proportional to the wavelength λ of the 

incoming wave 

 

|𝐤𝐢| = 𝐤 =
2π

𝜆
                                                                 (12) 

 

Consider a scattered wave propagating in the direction characterized by the scattering wave 

vector ks. The wave vector transfer q is then introduced as 

 

𝐪 = 𝐤𝐬 − 𝐤𝐢                                                                   (13) 

 

In the case of elastic scattering, the moduli of scattered and incident wave vectors are equal 

 

|𝐤𝐢| = |𝐤𝐬|                                                                     (14) 

 

From eq.(11)-(13) the magnitude of the scattering vector q can be derived as 

 

𝐪 =
4π

𝜆
sin (

𝜃

2
)                                                                  (15) 

 

where the scattering angle θ is the angle between wave vectors ki and ks.  

 

To describe the interference of the waves, the scattering amplitude E(q) dependence on the 

density and position of the scattering centers ρ(r) in the sample is introduced and described by, 

 

E(𝐪) = const. ∫ ρ(𝐫). e−i𝐤𝐫𝐝𝐫                                                 (16) 
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The mathematical form of equation 16 is a Fourier transformation; therefore, the scattering 

density function ρ(r) and the scattering amplitude E(q) are a pair of Fourier transforms and link 

the real space to the reciprocal space. However, E(q) is experimentally not accessible, as only the 

scattering intensity I(q) can be measured. Hence, their relationship is defined with I(q) as the 

time-averaged square of the absolute value of the scattering amplitude E(q) as 

 

I(𝐪) = 〈|E(𝐪)|2〉                                                            (17) 

 

In the form of a Fourier transform, I(q) can also be expressed as, 

 

I(𝐪) = 〈∫ γ(𝐫)e−i𝐪𝐫𝐝𝐫〉 = 4π ∫ γ(𝐫)𝐫2
sin(𝐪𝐫)

𝐪𝐫
𝐝𝐫 = 4π ∫ p(𝐫)

sin(𝐪𝐫)

𝐪𝐫

∞

0

𝐝𝐫               (18)

∞

0

 

 

with γ(r) as the autocorrelation function of a statistically isotropic system without any 

long-range order, given by 

 

γ(𝐫) = 〈∫ ρ(𝐫𝐞)ρ(𝐫𝐞 − 𝐫)𝐝𝐫𝐞〉                                                             (19) 

With re as the wave vector of the first scattering electron and the pair distribution 

function p(r) given by 

 

p(𝐫) = 𝐫𝟐. γ(𝐫)                                                                                (20) 

 

Whereas p(r) results from the self-convolution of the scattering center density ρ(r). [244] 

To clarify the relations between real and reciprocal space, a graphical illustration of the 

mathematical operation is shown in Fig.17. 

 

In this Fourier-transformation, both directions, while the square of the absolute value is fully 

reversible, but the self-convolution are not. Moreover, this leads to the phase problem due to the 

required scattering center density ρ(r), which is not extractable from the experimentally measured 

scattering intensity because the phase information is missing [245]. Therefore, two different 

approaches have been developed to receive the scattering center density ρ(r). The so-called 
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indirect method is based on the modeling of the scattering center density ρ(r) using spline 

functions. The splines are transformed into the measurement space and fitted to the scattering 

curve. The desired scattering center density ρ(r) is finally received by the deconvolution of these 

fitted spline functions [246].  

 

 

 

Figure 17: Graphical illustration of the relationship between the mathematical operations linking 

the reciprocal space and the real space for small-angle X-ray scattering. 

The pairs of Fourier transforms scattering intensity I(q) and pair correlation function 

p(r), as well as the scattering amplitude E(q) and scattering density function ρ(r), are 

shown (Image adapted from [248]). 

 

One approach for obtaining the scattering center density ρ(r) is the so-called indirect 

method. And this is based on modeling ρ(r) using spline functions, which are Fourier 

transformed into the measurement space and fitted to the scattering curve, leading to 

the scattering center density by final deconvolution [247-250]. Another approach is the direct 

method, which uses structure with a known scattering center density ρ(r) that is Fourier-

transformation to receive scattering amplitude E(q).  
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3.2 Form factor  

 

Another approach is the model-based or direct method, which uses a given structure where the 

scattering center density function ρ(r) is known, to describe the scattering curve as a basic 

function by 

 I(q) = I0. P(q)                                                      (21) 

 

with I0 as the intensity of the incident beam at an angle of 0° and the form factor P(q) [251]. Just 

as the name states, the form factor describes the particle’s form and shape. One of these simpler 

equations is the form factor of spherical particles with the radius R and homogenous shapes that 

have a constant scattering length distribution. These can be described by an analytical expression 

that is given by [252] 

 

P(q) = ρ2V2 (3
sin(qR)−qR.cos(qR)

(qR)3 )
2

                                    (22) 

 

For example simple anisotropic particles, cylinders can be described by the following formula 

which uses the parameter R to describe the cylinder radius and the parameter for the cylinder 

length L 

 

P(q) =
Lπ

q
. Pc(q)                                                        (23) 

with 

Pc(q) = 4ρ2𝐑2 (
sin(q𝐑)

q𝐑
)

2

                                                         (24) 

 

This formula is valid for rigid cylinders [253], but it has to be altered to describe the spindle-

shaped particles which have been investigated in this thesis.  

 

A form factor from a spindle shape particle describes a body of revolution resulting from two 

intersecting circles with radius R (Fig.18). The geometry is influenced by a minor semi-axis R1 

and a major semi-axis L, which are parallel to the x and z-axis of the particle, respectively. 
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Since L > R1 the resulting form factor is anisotropic and the form factor can be expressed for a 

single spindle-shaped particles by  

 

𝑃𝑠𝑖𝑛𝑔𝑙𝑒(𝑞, 𝜃𝑞 , 𝐑1, 𝐑2, 𝜈) = (
4𝜋

𝑉(𝐑1,𝜈
∫ cos (𝑞𝑧 cos(𝜃𝑞)

𝐿
2⁄

0
)

𝐑1−𝐑2+(𝐑2
2−𝑍2)

1
2

𝑞𝑠𝑖𝑛 (𝜃𝑞)
. 𝐽1 {𝑞𝑠𝑖𝑛(𝜃𝑞) [𝐑1 −

𝐑2 + (𝐑2
2 − 𝑍2)

1

2]} 𝑑𝑧)

2

                                         (25)  

where V(R1,ν) is the particle volume, J1 is the Bessel function of the first kind, dz is a 

differential increment of L and the radius R2 is given by 𝑹𝟐 =
(𝑳𝟐 + 𝑹𝟏

𝟐)
𝟒𝑹𝟏

⁄  The particle 

volume is given by 

 

V(𝐑1, ν) =
2π

3
{

(2𝐑1)3

8
ν [

3

4
(1 + ν2)2 − ν2]}

+
2π

3
{

3(2𝐑1)3

32
(1 + ν2)2 [1 −

1

2
(1 + ν2)] arcsin(

2ν

1 + ν2
)}                           (26) 

 

 

 

Fig. 18: Sketch of the geometry of a spindle-shaped particle (Image adapted from Joana Valério. 

Dissertation: “Structure of complex fluids under shear flows”, University of Hamburg/DESY 

2018). 
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The real particle system underlies a natural distribution of particle sizes, quantified by the size 

polydispersity. To consider the polydispersity, a Schulz-Flory distribution can be utilized to 

modulate the size of the minor semi-axis [254]. Thus, the form factor of a polydisperse spindle-

shaped particles system can be derived using: 

 

Ppoly(q, θq, 𝐑1, 𝐑2, Z, ν) = 

1

〈V2〉
∫ c(𝐑, 𝐑1, Z)V2(𝐑, ν). Psingle(q, θq, 𝐑, 𝐑2, ν)𝐝𝐑                   (27)

∞

0

 

 

where c(R, R1, Z) represents the particles size distribution with particle radius R particle semi-

minor axis R1 and Z is related to the polydispersity by: 

p =
∆𝐑

𝐑0
= √

1

Z+1
                                                         (28) 

here R0 is mean particle radius.  

 

3.3 Structure factor 

 

The structure factor describes the relationship and interaction between particles when the solution 

is more concentrated. The structure factor S(q) which appears as an additional factor while 

calculating scattering intensity formula  

 

I(q) = I0. p(q). S(q)                                                   (29) 

 

Whereas the structure factor S(q) is specified as  

 

𝐒(𝑞) = 1 + ∫ [𝑔(𝑟) − 1]
sin(𝑞𝑟)

(𝑞𝑟)
4𝜋2𝑑𝑟                                                (30)

∞

0

 

 

where g(r) is the radial distribution function, for systems with increasing concentration, it takes 

higher-order and, the structure factor S(q) generates peaks that decay exponentially. For 

increasing concentrations and more ordered systems, the structure factor creates peaks with 

exponential decay due to the repulsive interaction potentials. The change in the peak intensity 

increases the concentration and the order of the system. Dilute systems, on the other hand, are 
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defined solely by the form factor, as the structure factor becomes 1 [255]. The orientation of 

anisotropic particles along a particular direction, however, was not yet considered in the above 

discussion. However, those within a stream or a sheet-like liquid jet, such anisotropic particles, 

were shown in the results and discussion chapter.  

 

3.4 Small and wide-angle scattering  

 

Based on the magnitude of the scattering angle, the elastic X-ray scattering is divided into two 

regimes which are small and wide-angle X-rays regimes, SAXS and WAXS, respectively. These 

techniques with the modern X-rays sources have become a promising methodology for analysis 

of structural dynamics in solutions. As discussed in the above section, small beam sizes directly 

influence observable volume and hence, the temporal resolution of the microfluidic-

SAXS/WAXS-experiment. The high brilliance of the third-generation synchrotrons enables short 

exposure times. Although the base equations for the scattering intensity calculations are 

equivalents for atoms, molecules and nano-particles, the measured scattering for these systems 

differs in the characteristic structural sample size d or wave vector, q. The domain of the X-ray 

scattering intensity holds a law of reciprocity between the scattering vector |q| and the 

characteristic length, L, of the scale within objects are being studied, such that L ∼ 1/q [256].  

 

SAXS is employed when the system contains larger correlation distances from nano to 

micrometer regimes. Through this technique, the structure of the particles can be probed by 

measuring the scattering intensity at lower angles, such as those below few degrees. WAXS is 

utilized for short correlation distances regions, therefore, is a useful technique for solving the 

orientation of the particles, whereas, in SAXS, the scattering originates from larger-scale 

inhomogeneities in the electron density. Commonly, the WAXS region deals with scattering 

angles exceeding 10
o
 at the atomistic scales [256, 257]. 

 

In the framework of this work, WAXS experiments were performed at ID13 (ESRF, Grenoble). 

The WAXS technique was used to reveal the orientation of spindle-shaped particles along shear 

flows through the analysis of the azimuthal angle calculations (see section 5.4).  
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4. Experimental section  

  
4.1 Materials  

 

3-inch silicon wafers were purchased from Si-Mat Silicon Materials. SU-8 2050 photoresist and 

mr-Dev600 developer were purchased from Microchem Co. The PDMS Sylgard 184 kit from 

Dow Corning Co and 0.38 mm inner / 1.09 mm outer diameter PE tubing was purchased from 

Scientific Commodities. The polymer THV 221 GZ was obtained from Dyneon GmbH 

(Germany) as granulates. Acetone was bought from Carl Roth GmbH + Co. KG and was used 

without any further purification. IPA was bought from Carl Roth GmbH + Co. KG and was used 

without any further purification. Hematite spindles were obtained from Joana Valeria from Prof. 

Grubel Group at DESY, Hamburg. Carbon Nanotubes (CNTs) were obtained from Prof. 

Alexander Haas (Polymer Composites) at Hamburg University of Technology.  

 

4.2 Instruments   

 

Photolithographic emulsion film masks were designed using AutoCAD (Autodesk). The mask 

aligner MJB4 by Suss MicroTec AG was used for master production. All UV lithography steps 

were carried out in a cleanroom (CFEL, Prof. Henry Chapman). Soft lithographic fabrication was 

carried out in a laminar flow box. Plasma activation was carried out using an Atto vacuum 

plasma cleaner with 13,56 MHz by Diener Electronic. High-speed video microscopy was 

performed with a Phantom v711 camera (Vision Research Europe). The jetting experiments were 

carried out with gas-tight 1700 Series Syringes by Hamilton on a Nemesys 290N syringe pump 

system by Cetoni. The experiment was observed with a Phantom v711 camera, which was 

connected to an IX73 light microscope from Olympus Europa SE & Co. KG. The 

homogenization of the polymer nanocomposite was performed using an UP400St sonotrode 

(Hielscher Ultrasonics GmbH). Rheology experiments were carried out with a modified Haare 

MAR 22 rotation rheometer with a 35 mm plate-to-plate sensor. SEM images were taken at 

1000x and 5000x at 1kV with an Everhart-Thornley detector with Dual-beam focused ion beam 

instrument SCIOS, FEI.   
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4.3 Photolithographic master fabrication 

 

The microfluidic flat liquid jet devices were fabricated using a previously described lithography 

workflow, (7) but was optimized to yield high aspect ratio structures for solution-phase X-ray 

scattering and spectroscopy in this study. The fabrication process can be divided into two parts: 

the UV-lithography master fabrication followed by molding and the bonding using soft 

lithography.  

 

The master mold fabrication process was started by spin coating a 3” silicon wafer with a 

negative photoresist (SU-8 2050, Microchem Co). The optimized protocol is based on the 

fabrication of multi-layer SU-8 microstructures [263], but the optimized parameters for our 

designs are different. The key points of processing parameters are outlined below   

1. Spin coat 

(a) Dispense SU 8-2050 photoresist on 3” silicon wafer surface  

(b) 1500  revolutions per minute (rpm), 30 seconds (s), acceleration of 1000 rpm s
-1 

(c) 500 rpm, 10s for control the edge bead 

2. Soft bake 

(a) 65 
o
C for 5 min on the hot plate, 

(b) 95 
o
C for 20 min on the second hot plate, 

(c) 15 min of cool-down period (relaxation, cool at 35 % rate, 5 
o
C/1.5 min) until room 

temperature (RT) 

3. Exposure  

(a) Vacuum contact between the mask and silicon wafer, 

(b) 360 nm wavelength UV 

(c)  Exposed 3 times 4.5 sec 

4. Post bake 

(a) Ramp (heat at 35 % rate, 5 
o
C/1.5 min) to 65 

o
C for 5 min on the hot plate, 

(b) Keep wafer at 65 
o
C for 3 min, 

(c) Ramp (heat at 35 % rate, 5 
o
C/1.5 min) 95 

o
C for 3 min, 

(d) Keep wafer at 95 
o
C for 10 min, 

(e) 15 min of cool-down period (relaxation, cool at 35 % rate, 5 
o
C/1.5 min) until room 

temperature (RT) 
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Once these optimized process parameters are finished, steps are repeated as three times as layers 

are desired for a 3D focusing device, as shown in Table 2.  

 

Table.2: Fabrication protocol for three-layer SU-8 layers using a single developing step.  

Layer SU-8 

resist 

Spin coat Soft bake Exposure Post bake 

1 SU-8 2050 1500 rpm for 30s 

500 rpm for 10s 

65 
o
C for 5 min 

95 
o
C for 20 min 

15 mins relaxation 

at RT 

3 times 4.5 

sec 

65 
o
C for 3 min 

95 
o
C for 10 min 

15 mins 

relaxation at RT 

2 SU-8 2050 3000 rpm for 30s 

500 rpm for 10s 

65 
o
C for 5 min 

95 
o
C for 9 min 

15 mins relaxation 

2 times 7.0 

sec 

65 
o
C for 5 min 

95 
o
C for 8 min 

15 mins 

relaxation at RT 

3 SU-8 2050 3000 rpm for 30s 

500 rpm for 10s 

65 
o
C for 5 min 

95 
o
C for 10 min 

15 mins relaxation 

2 times 47.0 

sec 

65 
o
C for 5 min 

95 
o
C for 9 min 

15 mins 

relaxation at RT 

 

The exposed wafer was developed in mr-Dev600 (micro resist technologies) for 45 min, followed 

by washing with isopropanol and dried with compressed air.  

 

Photolithographic emulsion film mask designs were exposed under vacuum contact mode using 

an MJB4 mask aligner. The process of final mold involves sequential three layers. The schematic 

representation of the master fabrication is shown in Fig. 19.   
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Fig. 19: Schematic representation of the microfluidic liquid jet master fabrication steps using 

standard photolithography technique involves repeating steps to fabricate multilayered master: 

spin-coating a layer of the desired photoresist on a silicon wafer (A) prebake until the solvent is 

evaporated (B) UV-exposure (C) post bake to crosslink the exposed structures (D) then follow 

the steps three times to fabricate 3D focused device (E) develop the final structure to remove 

exposed polymer and (F) final master.  

 

4.4 Microfluidic device fabrication 

 

The PDMS (Sylgard 184 kit, Dow Corning CO) was mixed with curing agent at a 10:1 ratio, 

poured onto the SU-8 master placed on an aluminum foil-covered Petri-dish. The mixture was 

degassed in a desiccator to remove all air bubbles and was baked at 75 
o
C

 
for 2 hours. The cured 

PDMS structure was peeled from the master and inlet ports, which were punched using a 0.75 

mm biopsy puncher. The PDMS devices were separated and the nozzle outlets and was precisely 

cut under a microscope. The two device halves were cleaned using isopropanol and compressed 

air, as shown in Fig 20.  
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Fig. 20: Microfluidic nozzle devices for stable flat sheets are fabricated by using soft-lithography 

techniques. Structured master was used as a template for polydimethylsiloxane (PDMS); after 

curing, the device was prepared for bonding the two precisely tailored PDMS halves under 

oxygen plasma. Water was used as a lubrication agent to facilitate the precise alignment.    

 

The two micro-structured halves have to be aligned and bonded together to achieve a 3D flow-

focusing device. Hydroxyl surface activation of the PDMS can be performed by oxygen plasma 

[258]. Hydroxyl groups can substitute the methyl groups of the PDMS surface while plasma 

activation as seen in Fig.21. When hydroxyl groups come into contact with each other, a covalent 

silanol bond is formed with the expulsion of water. The PDMS surfaces were plasma-activated 

using oxygen at 0.38 mbar for 100s. The activated device halves were aligned under the 

microscope and bound in an oven overnight at 45 
o
C as shown.  



62 
 

 

 

Fig.21: Schematic mechanism of the PDMS-PDMS bonding due to oxygen plasma activation. 

The plasma activates the PDMS surface by substituting the methyl group with the hydroxyl 

group. By placing two plasma-activated PDMS pieces onto each other, the hydroxyl groups can 

react and form a covalent bond by condensation reaction removing the generated water [adapted 

from 259]. 

 

4.5 Preparation of hematite nanoparticles 

 
A spindle-shaped hematite nanoparticle with an aspect ratio of ten was chosen to be investigated 

to perform WAXS experiment at ID13 (ESRF, France). Hematite is an attractive material due to 

the secure synthesis method, varying physical properties by modification of nanoparticle shape 

and sizes. In the framework of this project, spindle-shaped hematite monodisperse, single-

crystalline particles with tunable aspect ratios were prepared by forced hydrolysis [260]. This 

anisotropic sample system can be used to characterize flow effects due to the sample is sensitive 

to shear forces via aligning to a preferred direction [261, 167]. These hematite spindles are of 

great interest for researchers because it is possible to vary their physical properties by the 

modification of particle shape and size.  

 

4.6 Sample recycling system  

 

For a microfluidic flat liquid jet system based on the GDVN environment under atmospheric 

pressure conditions, an efficient recycling system was built, as shown in Fig. 22 due to little 

higher flowrates (60 mL/h). The lab-scale experimental setup comprises of various parts, such as 
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the high-speed camera, microscopes for in-situ observation and diagnostics of the liquid jet, as 

well as a nozzle holder with multiple diagnostics tools, optical light source and reservoirs. 

 

 
 
Fig.22: Overview of the lab-scale experimental setup.  

 

Despite being the fact that the flat liquid jet setup to be a proven valuable for X-rays 

measurements, pre-experiments were performed in the lab to maximize the stability of jet and 

hence operating procedure of some parts of the setup, such as reservoirs, sample delivery systems 

and the jet characterization mechanisms were generated. This section describes the several 

improvements implemented to the microfluidic flat liquid jet setup to perform the actual 

experiment at beamline to save time and minimize the errors, such as:  

 

High-speed camera: A high-speed camera was implemented to reach higher frames rate and 

high magnification to track the sheet, jet and droplets formation in slow motion to measure the 

velocity of the jet and droplets. It was a megapixel camera capable of taking 1.5 million frames 

per second (fps) allowing for exposures times down to 300 ms. 
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At 512 × 48 (with a field of view of 1026 µm by 96 µm), the high-speed camera, enables precise 

study of the jet instabilities and droplet formation in the long axis with low exposure time 0.29 µs 

at a frame rate of 187327 fps. To be able to follow the droplet formation in a continuous mode 

and being able to monitor the shape alterations during the break-up regime in a µm range scale is 

of utmost importance since the break-up region is always an undefined zone of characterization 

as shown in Fig.23.  

 
 
Fig.23: The experimentally obtained Droplet breakup mechanism using a high-speed camera for 

a microfluidic liquid jet flowing water with a liquid capillary inner diameter of 40 x 15 μm 

(hxw).  

 

Jet device holders: New magnetic nozzle holders were created to increase the mechanical 

stability and decrease the time between nozzle changes at the beamline. These holders allowed 

faster nozzle change flexibility without losing its stability.  

 

Microfluidic (MF) device: A new microfluidic liquid jet system was implemented to increase 

the stability of the gas focused liquid sheet formation without clogging and at lower flow rates.  

 

Optical light fiber: Illumination was provided by a light source connected to an optical fiber 

along the camera axis to better image the flow direction and alignment of the nozzle etc.  
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Fig. 24: (A) Optical microscopic image of one nozzle during operation using the high speed 

camera setup. The liquid in the central channel is focused on pressured air, which drives stable 

flat liquid sheets, (B) nozzle operation during beamline and (C) view of the flat liquid jets from 

different view angles.  
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Reservoirs: Due to high sample consumption, a sample recycling system was employed during 

the beamtime. This recycling system consisted of a tubing and funnel that caught the sample 

stream for reusing it using the syringe pumps.   

 

Syringe controllers: Two neMESYS low-pressure syringe pump modules were used 

simultaneously in continues flow mode, i.e. one pump pushes liquid into the tubes connected to 

the nozzle (from syringe 1) while the other pump is drawing liquid from the collection tube 

below the jet (into syringe 2). Once one cycle was completed, at valve switched and the pumps 

reversed their pumping directions to maintain a smooth continuous flow. The syringe pump 

system allows for dosing liquids with high accuracy towards nano-liter range without any 

vibrations, thereby ensuring smooth delivery of liquids. Moreover, the control software is 

intuitive, making the syringe pump a user-friendly system. 

 

These devices combined with the recycling system could be operated with normal air under 

atmospheric pressure conditions and using a fixed amount of sample, as shown in Fig. 24 (A and 

C). Fig 24 (B) shows a nozzle running during beamtime at ID13, ESRF, Grenoble, France. These 

nozzles are clog-free and their design prevents the confinement effects and allowing small 

volumes of sample for analysis.  

4.7 Experimental setup at ID13 beamline 

 

 
 

Fig.25: Experimental set-up for WAXS measurements at ID 13 at ESRF (left) and device holder 

with nozzle and collection tube (right).   
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The WAXS experiment using a microfluidic flat liquid jet was performed at beamline ID13 at 

ESRF (European Synchrotron Radiation Facility), Grenoble, France as shown in Fig. 25. The 

nozzle was mounted on a specially designed holder (right) with a collection tube below that, 

which was connected to an in-house developed sample recycling system. The nozzle was imaged 

with a high-speed camera (left) and the illumination was provided by a light source connected to 

an optic fiber cable (left). The experiment involved an investigation of spindle-shaped hematite 

nanoparticle dispersed in water using different concentrations and different particle aspect ratios. 

As described above, two neMESYS low-pressure syringe pump modules were used 

simultaneously in continues pump mode. The experiments were performed at 60 mL/h flow rate 

to obtain a stable liquid sheet. The measurements were done in small time intervals of 3 min with 

gaps of 2 min, to overcome the issues with pumping system. The sample to detector distance was 

130 mm, which provided access to momentum transfer values between q min = 0.8 A˚
−1 

and q 

max = 3.5 A˚
−1

. A micro-focused X-ray beam of dimensions 3.0 µm × 3.0 µm (h × v) was 

achieved at energy of 13 keV. An overview of the liquid jet setup is presented in Fig.25. 

  

4.8 Spindle-shaped particles inflow 

 

 
 
Fig.26:  (A) nozzle operation during beamline imaged by in-line microscope. (B) Typical WAXS 

patterns taken on the liquid jet with an exposure time = 200 ms. 
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The alignment of anisotropic hematite particles in a flow produced by GDVN will be discussed 

within this section. Two different aspect ratio samples of hematite spindles dispersed in water, 

H1 (650:65 nm) and H2 (400:120 nm), were studied in continues liquid sheet formed by flat jet. 

The sheet diameter and length were controlled by the nozzle height, at constant gas pressure (43 

SCCM) in the nozzle and the liquid flow rate (60 mL/h). The stable jetting condition during 

beamtime is shown in Fig. 26(A). Due to high sample consumption, an in-house developed 

sample recycling system was employed during the beamtime. 

4.9 Fiber spinning procedure and characterization  

The setup drawn in Fig.27 was used to fabricate the fibers and to analyze the jet in real-time. The 

thermoplastic fluoropolymer THV-221GZ (THV) was obtained as pellets and used without 

further purification. 10, 15, 20 and 25 wt% THV solutions in acetone were prepared by slowly 

stirring until complete dissolution at room temperature. The polymer solution was loaded into a 

10 mL syringe and connected to the liquid channel and a compressed air inlet to the gas channels 

of the spinning device, both using 1.09 mm outer diameter (OD) PE tubing as shown in Fig. 27.  

 

Fig. 27: Schematic view of the experimental setup for the analysis of the fibers. The microfluidic 

nozzle was attached to pressurized air and the polymer solution. While operating, the nozzle and 

the jet were observed by a high-speed camera. The fibers were collected on a substrate covered in 

aluminum. The bottom right corner shows the top view and the cross-section of the three-

dimensional gas focusing region of the nozzle. Air channels are marked in red and solution 

channels are marked in blue. 
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To start the spinning process, airflow was initiated first and stabilized at 90-352 SCCM pressure 

difference followed by the polymer flow, which was controlled using high-precision neMESYS 

syringe pumps at a flow rate of 100-3000 µL/h. The fibers were collected on substrates covered 

in aluminium foil, which were placed 7 cm away from the nozzle. Optical microscopy images 

were taken during the fiber fabrication process using an inverted optical microscope coupled to a 

high-speed camera at magnifications of 4x, 10x and 20x. The fibers collected on aluminium-

coated substrates were directly used for SEM analysis while avoiding any sample alterations. 

Table 3 showcases the parameters investigated. All combinations of these parameters were 

carried out.  

Table 3: Variation of the parameter of the spinning process.  

Polymer concentration (wt%) Pressure (SCCM) Flowrate (µL/h) 

10 90 100 

15 176 250 

20 262 500 

25 352 1000 

  3000 

 

For the nanocomposite fibers, a similar setup was used. However, the experiment could not be 

observed with a camera. Since the used nanoparticles present a risk of being hazardous for 

humans, the experiment was executed in a fume hood.  

 

For both nanocomposite (hematite and CNT) solutions, a similar mixing approach was used. First 

3 mL of a 30 wt% polymer solution of THV 221 GZ in acetone was set up and let to stir 

overnight until the polymer was completely dissolved. Right before preparing the spinning 

solution, the nanoparticles (hematite or CNT) were dispersed in 1 mL of acetone into a high and 

thin 2.5 mL flask. The dispersion was then homogenized with a sonotrode (UP 400s by 

hielscher). Table 4 shows the sonication parameters that were used for the different nanoparticles.  
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Table 4: Sonication parameters for the dispersion process of hematite nanoparticles and CNTs. 

Sonication Parameters Hematite CNT 

Time (min) 1 5 

Power (%) 100 50 

Cycle 1 1 

 

Once the solution was homogenous, it was mixed in a 1:1 ratio of the 30 wt% THV 221 GZ 

polymer/acetone solution with the nanoparticle/acetone solution to obtain a 15 wt% polymer 

solution with the desired concentration of nanoparticles in relation to the polymer weighing. 

Fig.28 shows the workflow for the mixing process of CNTs. The same procedure was used for 

the Hematite nanoparticles. After 5 min of vigorous stirring, the polymer/nanoparticle solution 

was ready to be spun. 

 

Fig.28: Schematic view of the solution prepared for the hematite nanocomposite solution. The 

same approach was used to process the CNT nanocomposite solution. 

 

The fibers were collected on pieces of cardboard wrapped in aluminum foil. Rectangular pieces 

of the aluminum foil were cut out using a razor blade and were placed on copper tape glued to an 

SEM sample holder. The loaded sample holder was put under vacuum overnight. SEM images 

were taken at 1000x and 5000x at 1 kV.   
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5. Results and discussion  

5.1 Nozzle design optimization parameters  

 

High aspect ratio microstructures are the key for obtaining asymmetric liquid jet devices. Here, 

we built on the previously described work by Trebbin et al. for the fabrication of microfluidic 

GDVN liquid jet devices using multi-layered microchannel fabrication approach. In order to 

achieve high aspect ratios of such microstructures, a number of challenges had to be overcome 

that will be discussed below. The microfluidic flat liquid jet devices are designed using the 

modeling tool AutoCAD. The design parameters (Fig. 29A and 29B) are aided by exploring 

theoretical models predicted by [262] and followed by Trebbin et al. [7]. In brief, a different near-

UV photoresist (SU-8 2050) was chosen and the photomask designs and photolithographic 

procedures had to be optimized. The optimizes fabrication resulted in microstructures with a 

100µm : 15µm aspect ratio (height and width, respectively) suitable for the generation of flat 

liquid jets. Furthermore, whipping and fiber design parameters are optimized while performing 

experiments at the cleanroom due to optimization problems and a complete list of parameters is 

shown in Table 5.   

 

 

 

Fig.29: Nozzle design parameters. (A) Excerpt of a CAD drawing that contains features for 

aligning the mask during the photolithographic process and snap-in structures. (B) An illustration 

of the controllable nozzle outlet design.  
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Where, d = distance from main channel inlet to nozzle outlet, r0 = width of the outlet, ri = width 

of the main channel, dG = distance of the gap between main channel inlet, dA = distance of the 

aperture, IA = length of the air inlet, a = angle of the air stream, c = curvature of the tapering and 

hn = height of the layer.   

 

Table 5: Design parameters and their definitions along with relevant parameter combinations. 

Design 

parameter 

Dimensions for 

flat jet (µm) 

Dimensions for 

liquid jet (µm) 

Dimensions for 

whipping jet (µm) 

Dimensions for 

fiber jet (µm) 

d 95 95 395 35 

r0 30 30 30 55 

ri 15 15 30 15 

dG 55 55 355 35 

dA 40 40 40 0 

IA 20.4 20.4 20.4 20.4 

a 15
0
 15

0
 15

0
 15

0
 

c 144.3 144.3 144.3 144.3 

hn 100 30 100 40 

 

5.2 Cleanroom optimization for high resolution and high aspect ratio structures 

 
The photolithography and development process on a SU-8 2050, near-UV photoresist has been 

optimized in order to obtain high aspect ratio structures. SU-8 is a negative photoresist which 

crosslinks upon UV-exposure. It is typically spin coated onto a silicon wafer and it is structured 

using a series of baking steps before and after the micropatterned UV-exposures. As described by 

Mata et al. (263) and Lorenz et al. (264), the fabrication of high aspect ratio SU-8 structures can 

suffer from difficulties arising from the use of traditional processing steps that were developed 

for low aspect ratio structures. These difficulties preventing high aspect ratio microstructure 

fabrication arise from the following effects: edge beading, wafer bowing and resolution of UV-

exposure.  

 

The first effect is edge beading, where the SU-8 layer has an uneven surface because it is higher 

near the wafer edge compared to its center (Fig. 30A). During the spinning step, the photoresist 
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moves outwards from the center of a wafer due to centrifugal force. However, when working 

with low spinning speeds and high viscosity resists (12900 cSt for SU-8 2050), the photoresist 

typically accumulates at the edges of the wafer because of surface tension, evaporation and 

viscosity effects (265). As a result, the accumulated material does not reflow just by gravity 

resulting in thicker areas near the edges. This uneven surface then creates an air gap between the 

photoresist and the mask which is detrimental to the resolution of exposed structures due to 

increased diffraction (Fig. 30D). However, this edge can be removed by spinning the pre-baked 

wafer and rinsing the outer edges (ca. 5-10 mm) with a continuous stream of developer (see edge 

bead removal protocol in experimental section 4.3). This continuous stream at a fixed position 

was achieved by mounting a small tube (inner diameter 380 µm) a few mm over the SU-8 surface 

as illustrated in Fig. 30B. Once the edges were removed by the developer, the surface of the 

photoresist was uniform as shown in Fig. 30C. The edge bead from each SU-8 layer is removed 

prior to coating consecutive SU-8 layers to avoid any thickness build-up at the wafer edges.  
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Fig.30: Overview of the challenges and optimization steps for obtaining high aspect ratio 

molding structures. (A) Edge beading from accumulated material near the wafer edges. (B) 

Removal of beaded edge by applying developer stream after the baking step resulting in an edge-

free wafer (C). (D) Thicker edge would otherwise increase diffraction and light bleeding through 

a bigger gap between the mask and the resist. (E) This gap is even enhanced by wafer bowing 

caused by residual tensile stresses from thermal expansion coefficients mismatch. (F) This 

bowing effect can be overcome by controlled and lowered temperature rates during the baking 

processes. (G) Screening of UV exposures for achieving highest resolution. (H,I) Scanning 

electron micrographs of the replicated structure by molding with PDMS before and after all the 

optimization steps. 
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The second effect is wafer bowing where residual tensile stresses, resulting from a mismatch in 

thermal expansion coefficients of silicon and SU-8 during pre-baking, cause cracks in the SU-8 

and bowing of the coated Si-wafer (Fig. 30E). This wafer bowing effect is further enhanced when 

stacking multiple SU-8 layers, as for this work. As a consequence of this effect, the previously 

mentioned gap between the mask and resist is enhanced which lowers the achievable resolution 

and aspect ratios. Furthermore, the wafer bowing effect also hinders the correct alignment and 

registration of masks with previously-exposed structures in SU-8 because the wafer does not lie 

fully flat on the wafer carrier. By reducing the tensile stresses through controlled and lowered 

temperature rates during the baking processes, the wafer bowing could be avoided and high 

aspect ratio and high resolution structures were achieved (Fig.30F). Once the edge bead is 

removed and the wafer bowing is reduced, operating the mask aligner in vacuum mode, to 

enhance the contact between photomask and SU-8, will further improve the achievable feature 

resolution. 

 

The third effect preventing the fabrication of high aspect ratio structures is the loss of resolution 

during UV exposure due to an incorrect UV dose or from light bleeding from diffraction. The 

incident UV exposure triggers the photoacid in the exposed areas which then locally catalyzes the 

ring opening polymerization of SU-8. If the amount of this available catalyst is too low, i.e. from 

over- or underexposure with UV light, the degree of cross-linking is reduced resulting in missing 

structural features (Fig. 30H). Therefore, the maximum achievable resolution of the structured 

SU-8 depends on the optimal UV dose deposited on the photoresist as well as the definition of 

the exposed pattern (Fig. 30I). While the UV dose can be optimized by controlling the light 

intensity and exposure time (Fig. 30G), the definition of the exposed patterns depends on 

different factors. On the one hand, the edge bead and uneven wafer result in an air gap between 

the photoresist and the mask which in turn increases UV light scattering and lowers the 

achievable resolution. On the other hand, different mask types, such as emulsion film- or 

chromium masks, come with different resolutions which limit the achievable SU-8 structure 

feature size. Optimizing these two aspects will limit diffraction effects and increase the definition 

of the exposed patterns. An example comparing the achieved microstructures before and after all 

optimization steps is shown in Fig. 30H and 30I, respectively. 
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Once these optimized process parameters are finished, steps are repeated three times to obtain the 

desired number of layers for a 3D focusing device. The optimized master structure was replicated 

with PDMS, as stated by Trebbin et al (7). 

 

The optimized procedure follows for all other microfluidic liquid jets, which are whipping and 

fiber jets shown the parameters in Table 5. The final SEM images of channel dimensions and 

nozzle outlet were shown in Figs. 31 and 32 for high aspect ratio structures.  

 

Fig.31: After process optimization: (A-D) scanning electron microscopic images show the PDMS 

halves of a 3D nozzle prior to the subsequent device bonding steps, (E, F) nozzle exits with 

respect to height for flat liquid jets.  
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Fig.32: After process optimization: (A and B) scanning electron microscopic images show the 

PDMS halves of a 3D nozzle prior to the subsequent device bonding steps, (C) nozzle exits with 

respect to height for whipping jets.  
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5.3 Development of a stable microfluidic flat liquid jet system  

 

 

 

Fig.33: (A) Experimental set up: high-speed camera connected with microscopy (B) The water 

enters the nozzle and is shaped by the pressured airflow and the geometric device design. 

Moreover, this results in a constant and stable liquid jet. The image is merged from two frames 

(separated by the white line) at different focus positions due to the optical distortion of PDMS 

and is indicated by a white line. 

 

The experimental set up consisted of a high-speed camera (Phantom v711 camera, Vision 

Research Europe) coupled to an optical microscope. The microfluidic device was connected with 

tubing (inner diameter 0.381 mm, outer diameter 1.09 mm, Scientific Commodities) to a gas-tight 

1700 Series Syringes by Hamilton and mass flow at 43 to 352 standard cubic centimeters per 

minute (SCCM). While the experiment was running, the device and the jet could be observed 
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with the high-speed camera connected to a microscope. The different flow types are captured a 

sample rate 160,000 fps and at an exposure time of 3 µs, as shown in Fig.33.  

 

 

 

Fig.34: Sheet diameter control visualized by microscopic images from (A) top view and (B) side 

view of the microfluidic flat liquid jet nozzle during operation. The change of sheet diameter and 

length at varying flow rate is shown and the measurements were taken at the nozzle outlet at 

constant pressure at 43 SCCM. (C) The nozzle produces a series of liquid sheets; the one closest 

to the nozzle is the widest and longest, each sheet is perpendicular to the previous one as shown 

in the two microscopy images from orthogonal view angles.  

 

The jet at the outlet of the flat liquid jet was imaged to analyze the relationship between its sheet 

width and length w.r.t. varying flow rate at constant pressure at 43 SCCM. We observed the trend 

that the sheet width and sheet length were increased while increases liquid flow rates, as shown in 
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Fig. 34. In this image series at atmospheric ambient pressure, the flow rates were varied between 

10 mL/h to 150 mL/h at constant compressed mass flow 43 SCCM which result in width of the 

first sheet between 32 µm and 71 µm. The sheet closest to the nozzle was the first sheet and it is 

progressively wider in sheet width and sheet length than other following series of sheets.  

 

Here, the radial momentum to the liquid from the initial flow focusing causes it to spread into a 

thin sheet, bounded by a thicker fluid rim. The sheet becomes progressively thinner moving 

outward away from the jet central axis and along the streamlines. Downstream from the gas-

liquid interaction point, surface tension eventually overcomes the radial momentum, causing the 

thick rims of the sheet to reconverge, which then, in turn, produces a smaller sheet in the 

orthogonal orientation due to momentum conservation. This process repeats, resulting in a series 

of alternating orthogonal sheets, as shown in Fig. 34 C. We assume the decay to originate from 

energy dissipation and to depend on the interplay of the liquid’s viscosity and surface tension. 

Therefore, the sheet closest to the nozzle, the first sheet, gets progressively broader and thinner as 

gas flow is increased, allowing in situ control of the sheet dimensions. The use of a focusing gas 

allows us to reduce the liquid flow rate by order of magnitude relative to traditional colliding 

liquid jets for liquid sheet formation, resulting in much thinner sheets.  

 

5.2.1 Nozzle height control 

 
The flow tests of liquid for various nozzle shape geometries were conducted in standard 

atmosphere at a constant pressure. The generation of liquid sheets is depicted in Fig. 35, where 

panel a show a series of images with respect to varying height of the nozzles. The gas flow rate 

was kept constant at 43 SCCM, but the liquid flow rate was increased incrementally from 10 

mL/h to 150 mL/h. The sheet diameter is measured manually using ImageJ at multiple positions 

directly next to the nozzle exit. As shown in Fig.35 (A), at a lower flow rate, the jet seems 

circular and can observe the droplet breakup. Further, the length of the continuous jet, before it 

breaks up into droplets, increases while increasing the flow rate and started sheet-like behavior. 

While increasing the nozzle height from 50 µm to 100 µm (both with a width of 15 µm), the jet 

started forming sheet-like flow, as shown in Fig.35 (B).  
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Fig.35: Sheet diameter control visualized by microscopic images of the microfluidic flat liquid 

jet nozzle height of (A) 50 µm and (B) 100 µm during operation (both at a width of 15 µm). The 

change of sheet diameter and length at varying flow rate is shown and the measurements were 

taken at the nozzle outlet (as indicated by the dotted line). (C) Comparison plot of the measured 

sheet diameters with the two different nozzles dimensions at different flow rates at constant 

pressure at 43 SCCM.  



82 
 

We observed the trend that the sheet width and sheet length were increased while increases 

nozzle height as shown in Fig. 35 (C). The physics underlying this sheet formation is similar to 

that underlying the formation of a sheet by two colliding cylindrical liquid jets (196). These fluid 

dynamical theories are particularly interesting for non-gas focusing liquid jets and that can be 

applied to the GDVN based microfluidic flat liquid jet devices as well. Furthermore, this would 

help tremendously with the theoretical prediction of jetting behavior as well as the development 

of future optimized devices. Such future optimized devices could potentially be used to generate 

thin sheets towards nanometer thickness at a constant and controllable rate if the flow rates and 

other relevant experimental parameters are adjusted accordingly. Moreover, nozzle height control 

has important implications for the integration of microfluidic liquid sheet devices for X-ray 

spectroscopy study because the thickness of the liquid stream dictates the absorption and 

proximity of the X-ray beam to the nozzle at a given flow rate.  

 

5.2.2 Sheet diameter and length study 

 

 
 

Fig.36: Phase diagram of flowrate vs. diameter vs. node distance at constant pressure. 

 

As shown in Fig 35 (B), the sheet diameter and length increases while increasing the liquid flow 

rate at constant gas flow. Further, the high-speed video setup allows the experimental 

classification of the sheet diameter and length control. This sheet spreads and widens 

symmetrically along the flow direction. Surface tension forces eventually dominate the outward 
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liquid inertia limiting the dimensions of the sheet and causing the sheet to contract back. The rim 

regions of the sheet recruit liquid from the sheet and grow as the sheet contracts back on itself, 

eventually forming a downstream secondary sheet oriented in the flow direction.  At lower liquid 

flow rate, the sheets are roughly oval (as shown in Fig.36) and oriented alternately in the 

perpendicular to the flow direction and the flow reminiscent of fluid chain structure. As 

increasing the flow rate, the sheet transfers from an oval shape to a rectangular or flat shape, 

which can observe in Fig. 35 (B).  

 

5.2.3 Pressure and viscosity effects on liquid sheet 

 
Surface tension forces dominate thin sheet flows. As a result of surface tension at the edges of the 

sheet, a flow that begins with a dimension, perpendicular to the flow direction, coalesces to a 

point at a distance, in the flow direction. As shown in Fig.37, the high-speed video camera 

images demonstrate that liquid sheets with high surface tension and viscosity were more resistant 

to disruption and also showed that an increase in viscosity from water to PEG 33%, the liquid 

revealed less surface waves and was more resistance to a breakup of the jet.  

 

 
Fig.37: Comparison of viscosity effect (left top & bottom are with water and right top & bottom 

are 33% PEG solution) on sheet diameter and length at different pressures at a constant flow rate 

of 60 mL/h.  
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The sudden increase in static pressure at the exit of the nozzle results in the decrease in the 

driving fluid momentum, described by the convective term in the Navier-Stokes Equation (Eqn. 

1). As a result, the dissipation increases with the increase in surface energy and the tendency to 

form droplets. Since, the shear stress is retained, the increase in dissipation is delayed, resulting 

in varicose perturbation, i.e, wavy effect.  

 

For a given flow rate, here 60 mL/h, varying the coaxially focusing gas flow rate enables us to 

picture the Rayleigh instability with maximum perturbations. The increase in the flow gas 

pressure, i.e. increase in the coaxially flowing gas flow rate results in Kelvin-Helmholtz (KH) 

instability with m = 1 mode (266). At this stage (at high gas pressure), the KH instability tends to 

imbalance the viscous forces with the capillary forces of the free liquid jet. Furthermore, this 

results in quicker breakup of the liquid jet.  

 
 

Fig.38: Effect of pressure on thin sheet waves (wave oscillation) at a constant flow rate of 60 

mL/h.  
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With the decrease in the axial momentum of the liquid, the Plateau-Rayleigh instability initiates. 

However, Fig.38 shows the Chandrasekhar instability [266] due to the increase in the axial 

pressure gradient between the two co-axially flowing fluids. The increase in Reynolds number 

(Re) of air increases the critical Taylor number (𝑇𝑐) written as,    

                𝑇𝑐 =  1708 +  26.5 𝑅𝑒2                                                       (31) 

thereby conveying the onset of instability with the increase in air flow rate. 

 

5.4 WAXS on microfluidic liquid sheets 

 

The flow orientation of anisotropic particles in fluids is of importance in many fields ranging 

from the spinning and molding of fibers to the flow of cells and proteins through thin capillaries. 

For example, the material properties of CNT-enhanced polymers and silk fibres strongly depend 

on the nanoscale alignment of the particles inside the material. Anisotropic flow fields influence 

the flow of cells in capillaries and the aggregation behavior of proteins. GDVN based 

microfluidic flat liquid jet devices offer great potential for the analysis of (complex) fluids or 

anisotropic particles under defined shear and elongational conditions. The controlled design of 

micro geometries enables the generation of defined shear fields within the jet flow suitable for the 

study the orientation of anisotropic particles therein. The implementation of microfluidic liquid 

sheets is desirable because it enables flow orientation experiments (using X-rays) at very high 

shear rates. The gas focusing allows high pressures and shear stress distributions, which can be 2-

3 orders of magnitude higher than traditional rheological experiments [159]. It is known that 

colloidal liquids under high shear forces and significant deformation rates can form nano-

/microstructures, such as flocculated systems or layering of particles, which can change its bulk 

properties (e.g. viscosities). It is of high interest to investigate these effects and their influence on 

structures under high shear conditions by rastering flat liquid sheets with a micro-focused X-ray 

beam. 

 

In the framework of this thesis, spindle-shaped hematite particles were prepared by forced 

hydrolysis of iron salt solutions at elevated temperatures based on the procedure of Ozaki et al. 

[267] (collaboration work with Prof. Grubel group). The morphology and the microstructure of 

the hematite samples were characterized by SEM at Nanolab (DESY) shown in Fig. 39.   
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Fig.39: SEM micrographs of hematite samples (A) H1 and (B) H2 with an aspect ratio of ν = 10 

and 3.3, respectively.  

 

In order to continuously produce stable liquid sheets that can be studied by microfocus X-ray 

scattering, a setup consisting of a high aspect ratio microfluidic flat liquid jet system was 

developed. It can generate stable liquid sheets and recycle the sample back to the microfluidic flat 

liquid jet to lower the amount of required sample.  

 

Fig.40: Diffractograms of sample H1 (ν =10) hematite spindles at center of the first sheet and 

corresponding reflections (104) and (110) respectively produced at flow rate 60 mL/h. 

 

Here, the optimized high aspect ratio nozzles with 100 µm height and 15 µm width of inner 

dimensions have been used to generate stable liquid sheets at a flow rate of 60 mL/h. The local 

orientational distribution of the dispersed anisotropic nanoparticles within the stable liquid sheet 
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is determined by scanning the liquid flqt jet containing anisotropic hematite nanoparticles with a 

3 x 3 µm beam across and along the stable liquid sheet.  

 

 
 

Fig.41: Scheme of stable sheet with dispersed hematite nanoparticles together with the WAXS 

patterns measured center of the sheet up to 170 µm sheet length. The corresponding azimuthal 

angle intensity profiles are shown below for each reflection. The scattering patterns indicate a 

parallel alignment to the flow axis.  
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WAXS patterns were collected at different distances along and across to the liquid sheet flow 

direction and towards the downstream direction of the nozzle allowing to build a map of the 

particles rheological behavior. The observed Bragg diffractions along and across the jet have 

been analyzed to study the alignment of spindle-shaped hematite particles in a sheet flow. Fig.40 

shows the intense Bragg reflections from the hematite crystal structure at q = 23.3 nm
-1

 (104) and 

at q =25 nm
-1

 (110) at the center of the sheet, indicating a horizontal alignment.  

 

Fig.41 displays the WAXS patterns of the hematite nanoparticles of aspect ratio 10 (650 L x 

65D) measured at scan positions of center of the sheet up to 4 crisscross node formation. The 

extracted data showed a spindle orientation with the center of the sheet along the jet parallel to 

the flow direction. The observed Bragg reflections are (104) and (110) shown in Fig.40.  For 

(110) from the two expected reflections, only one is completely visible since the detector partially 

covers the second reflection. The azimuthal angle of each Bragg peak is shown in Fig.41 was 

extracted for analyses of the scattering patterns. The azimuthal peak position shows parallel 

alignment along the sheet with no noticeable angle deviation. The peak full width at half 

maximum (FWHM) analysis shows wide angular distribution as shown in Fig.41. The peak 

distribution curves indicate weak alignment at center of the sheet (point 1) comparing to the 

flipping region (point 2).   
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Fig.42: Scheme of stable sheet with dispersed hematite nanoparticles together with the WAXS 

patterns measured at across the sheet for 5 flipping zones up to 170 µm sheet length and the flow 

rate at 60 mL/h and mass flow rate at 43 SCCM.  

 

From this, one can conclude that the effects of rotational diffusion are negligibly small for the 

spindle-shaped hematite nanoparticles at the center of the sheet. There is an experimental 

example of particle alignment for GDVN-spun fibers in the next chapter, which also shows a 

similar preferred orientation of anisotropic hematite particles along the fiber axis.  

 

It is interesting whether the orientational changes observed for a sample of hematite nanoparticles 

of the same aspect ratio (ν=10), across the sheet at different scan positions of nodes. The resulting 

scattering patterns are shown in Fig.42. WAXS patterns were analyzed in different c-axis 
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deviations 0 to 360
o
. The resulting WAXS patterns were plotted via the azimuthal angle intensity 

profiles with respect to each reflection for (104) and (110).   

 

Fig.43: Diffractograms of sample hematite nanoparticles with aspect ratio 10 inflow patterns 

measured across the sheet regime I of scan points number 1, 4 and 7 of each distance between 

scan points is 21 µm.  

 

The first observation of the starting node across the scan positions near to edges of the rims and 

center of the sheet is shown in Fig.43, which was measured in the liquid sheet. The WAXS 

patterns are characterized with respect to azimuthal angle intensity profiles. FWHM curves 

indicate weak alignment at center of the sheet (point 4) comparing to the edges of the sheet 

(points 1 and 7). It shows, the particle orientation
 
at outer pattern is slightly tilted clockwise (cw) 

at an angle of 185
o
, other one is slightly tilted counterclockwise (ccw) at an angle of 176

o
 with 

respect to center point of the sheet at an angle of 181
o
 as shown in Fig.43 for both the reflections 

(104) and (110) planes. Furthermore, this is due to shear forces possibly enhanced by gas 
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focusing, from the rims to the center of the sheet, where the shear rates are smaller, leading to 

reduced orientational order at center. 

 

 

 

Fig.44: Diffractograms of sample hematite nanoparticles with aspect ratio 10 inflow patterns 

measured across the sheet regime I of scan points number 3, 4 and 5 of each distance between 

scan points is 6 µm.  

 

A similar observation was done at the same node at different scan positions near the center of the 

sheet, as shown in Fig.44. The azimuthal angle intensity profile shows almost the same alignment 

with 0
o
 inclination angle. Thus, the result indicates an alignment of the nanoparticles (spindle-

shaped) inflow direction at center of the sheet is particles orient parallel to the flow direction, 

corresponding to a 0
o
 inclinational angle and angle deviation increases towards the rims of the 

sheet with angle 4
o
 ± 1

o
 with patterns clock and counter-clockwise direction with respect to 

center point of the sheet pattern.   
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5.5 Spinning of functional polymer microfibers using GDVN based microfluidic devices  

 

(This work has been published in Scientific Reports 9: 14297 (2019, DOI: 10.1038/s41598-019-

50477-6) 

 

Microfluidics has become an important topic during the past years. Fibers have been successfully 

spun using microfluidic techniques, but to our knowledge, single fibers with controlled diameters 

in the nm-range have not yet been achieved via the here-presented microfluidic approach (139, 

153,154). Developing a new method for spinning fibers using Gas Dynamic Virtual Nozzles 

(GDVN) microfluidic devices allows the combination of advantages from coaxial spinning, 

electrospinning and blow spinning, while minimizing the current drawbacks of the individual 

techniques. GDVNs have been developed to allow the formation of free-standing liquid jets by 

gas-flow-focusing liquid samples (160). The main advantage of this GDVN-technique is that the 

liquid does not contact the nozzle exit surface which allows for smooth, reproducible and 

continuous operation of the nozzle for long periods of time by avoiding the deposition of material 

at the nozzle exit. 

 

Very recently, Hofmann et al. demonstrated the first use of a microfluidic GDVN for fiber 

spinning (139), obtaining continuous fibers in the micrometer range by gas flow-focusing in a 

nozzle and coupled with fiber pulling. The fiber pulling step spools the fiber onto a surface and 

the spooling speed determines the final fiber diameter. Here, we demonstrate the development of 

a different microfluidic GDVN nozzle capable of continuously producing fibers down to nm-

diameters without the need for external fiber spooling. Its reliable operation was made possible 

through our optimized gas flow-focusing geometry with very stable jetting regimes over large 

ranges of jetting conditions. This geometry also enables the production of fibers with a diverse 

range of surface and morphology characteristics, while maintaining a small diameter, not easily 

achieved by previously described methods (149). Furthermore, nanocomposite fibers were also 

produced and shown to be easily accessible with this nozzle geometry, with the microfluidic 

design relieving problems such as clogging from the nanoparticle flow.  

 

GDVN-based micro-/nanofiber spinning has the potential to simplify current production 

processes and minimize the required space and equipment for manufacture. Furthermore, due to 

the applied rapid prototyping approach inherent to UV- and soft-lithographic techniques, nozzles 
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with different characteristics can be easily designed and fabricated and even arrayed to meet fiber 

production demands (139). The highly uniform fibers produced in this work are very versatile for 

different applications such as air filtering units (268), protective clothing (269), biomedical 

engineering and many more (270-277). 

 

5.5.1 A microfluidic GDVN for fiber spinning 

 

A GDVN-based microfluidic spinning device was produced with a geometry based on the 

previously described soft-lithography GDVN designed by Trebbin et al. (7). The spinning 

procedure was easily carried out under non-hazardous conditions at room temperature and 

atmospheric pressure. A polymer solution in acetone is fed through a liquid inlet which is then 

accelerated by 3D flow-focusing with compressed air at the nozzle (Fig. 27). The gas envelops 

and pulls the emergent polymer jet from the nozzle, which rapidly dries to form a continuous 

fiber. The mechanics of the drying process are discussed in a later section. Such a gas-focusing 

approach also alleviates the need for external pulling forces, i.e. from rotational or counter-

charged collectors, and therefore allows for the direct solution blow spinning of fibers or micro-

/nanofiber deposition onto (non-charged) surfaces.  

The original liquid jet-purposed GDVN design (7) was adapted and optimized to one for fiber 

spinning applications (Fig. 45, B and C). These include changes of the distance from main 

channel to the nozzle outlet (now 35 µm vs the previous 95 µm) as well as a wider nozzle orifice 

(55 µm vs 30 µm). The shorter distance between the liquid channel and the nozzle orifice 

decreases the gas flow-focusing volume and the chances of clogging as the emergent fiber can 

quickly exit the device. The geometry of the nozzle designed for this work also differs 

significantly in the gas flow-focusing region compared to that described by Hofmann et al. (139). 

While Hofmann et al. described a flow-focusing nozzle geometry in a perpendicular (90°) 

configuration (Fig. 45A), we chose an incident angle of the gas flow onto the liquid of only 15º 

(Fig. 45C).We believe that our shallower angle allows for a more forward-directed momentum 

transfer of the gas accelerating the liquid, resulting in increased flow alignment, smaller fibers 

and more stable flow focusing conditions (10, 11). This geometry allows us to produce thin 

endless fibers under a wide range of jetting conditions and without clogging. We were able to 

effectively and robustly spin THV polymer (a terpolymer of fluorinated tetrafluoroethylene, 
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hexafluoropropylene and vinylidene fluoride monomers) micro-/nanofibers with highly tunable 

morphologies which extend beyond the circular and beaded morphologies described by Hofmann 

et al.(139). The stable jetting also allowed for the fabrication of nanocomposite fibers 

impregnated with spindle-shaped hematite nanoparticles. Due to the flow-induced converging 

flow rapidly followed by fiber fixation, this anisotropic nanocomposite material was strongly 

aligned parallel to the fiber axis promising improved fiber mechanics (11), as later shown in 

Fig. 63. 

 

Fig. 45. (Top) Comparison of the geometries of previous microfluidic GDVN designs. (A) 

Microfiber spinning nozzle by Hofmann et al. (139); nw = 30 µm, no= 30 µm, a= 90
o
, d= 80 µm, 

(B) GDVN for liquid jets by Trebbin et al.(35); nw = 15 µm, no= 30 µm, a= 15
o
, d= 95 µm, (C) 

Nanofiber spinning nozzle developed for this work; nw = 15 µm, no= 55 µm, a= 15
o
, d= 35 µm, 

(Bottom) SEM images show the (D) upper and (E) lower PDMS halves (F) SEM image of the 

asymmetric nozzle outlet. 
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5.5.2 Influence on fiber diameter  

 

THV fibers of diameters ranging from ~250 nm to ~15 µm were produced. It is a commonly 

known fact that the fiber diameters can be influenced by the polymer content (final volume after 

solvent evaporation) as well as the drawing speeds and ratios in a jet-and-spool configuration 

(139). Since our GDVN did not employ a fiber spooling process, the speed of the emergent fiber 

is solely determined by the liquid flow rate and pressure-gradient acceleration at the gas flow-

focusing region. A wide range of jetting conditions could be employed: 10-25 wt% THV 

solutions in acetone, 0.5-2 bar of pressurized air (see Fig. 46 for gas flow rates) and 100-

3000 µL/h polymer flow rates. The thinner fibers fabricated were ~10x thinner than those 

previously reported (139). Only a few techniques, such as e.g. solution blow spinning or 

electrospinning, which however requiring more complex experimental set-ups, have been 

previously shown to yield such thin, continuous single fibers.  

 

Fig. 46. Change of the gas flow rate as a function of the applied pressure. 
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A representative sample of different fibers obtained during this study is shown in Fig. 47. The 

upper and lower limits of the parameter ranges were determined to allow for continuous and 

smooth fiber fabrication and operation of the devices without clogging or instabilities. At very 

low polymer concentrations combined with low gas pressures, stable jetting could not be 

achieved and a dripping mode (followed by clogging from the drying polymer) was observed. 

For polymer concentrations of more than 25 wt%, the polymer solution was deemed too viscous, 

as it caused a pressure build-up inside the device which lead to rapid delamination of the nozzles. 

 

Fig. 47: A) The influences of pressure and polymer concentration are shown, for comparison, at a 

fixed flow rate of 1000 µL/h. A full data set is presented in Fig. 50 and Fig. 51. B-G) SEM 

images demonstrating the tunability and uniformity of fiber diameters. The fibers show different 

shapes and surface morphologies which can be tuned with the polymer concentration and the air 

pressure. 

Furthermore, the handling of these solutions was difficult due to the fast transition from liquid to 

solid through slightest solvent evaporation (see Fig. 48). A detailed rheological analysis of the 

spinning solutions can be found in the supplemental information (Fig. 48, 49) (11). Very high air 

pressures (>2 bar), especially for low polymer concentrations lead to jet breakup and 

irregularities in the fiber diameter. The fibers did not show conglutination at a collecting distance 

of 7 cm, confirming that the drying process is extremely fast and the fiber is fully formed within 

this distance. 
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Fig. 48. Rheology data for THV 221 GZ polymer solutions in acetone from 10 wt% to 25 wt%. 

All concentrations of polymer solutions show a linear trend. The viscosity decreases slightly with 

an increasing shear rate (shear thinning), except for the highest polymer solution (25 wt%) where 

the graphs follow the same trend but not in a linear way which might be caused by fast solvent 

evaporation. Unfortunately, the molecular weight of this commercially-available polymer was not 

disclosed. Further information considering the material properties can be found with the link: 

https://multimedia.3m.com/mws/media/688833O/td-thv-221gz-eng.pdf (Accessed April 4
th

 

2019). 
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Fig. 49. Rheology data for 15 wt% THV 221 GZ polymer solutions in acetone with (dark colors) 

and without (bright colors) hematite nanoparticles. These anisotropic particles show only slight 

influence on the viscosity of the spinning solution. In fact, a small shear thinning effect could be 

observed - possibly due to the shear alignment in a converging flow. Due to the relatively high 

viscosity of the polymer solution, sedimentation could not be observed during weeks when the 

composite solution was stored in a shelf.  

 

Due to the varying mass-flows, the diameters of fibers produced in our device were strongly 

influenced by the polymer concentration (Fig. 47(A) and Fig. 50). Low polymer concentrations 

(10 wt%) led to nm-diameter fibers (Fig. 47(B), 51(A)) and high polymer concentrations 

(25 wt%) to µm-diameter-fibers (Fig. 47(G)), Fig. 51(D), Fig. 50). Two additive effects 

contribute to this observation. Firstly, the lower initial polymer concentration will lead to a higher 

volume of acetone evaporation and, therefore, a thinner final fiber.  
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Fig. 50. Diameter measurements of all parameter combinations investigated. Several trends are 

caused by changes of flow rate, concentration and air pressure are demonstrated here. First, the 

diameter increases with an increasing polymer concentration (from left to right), especially 

between the transition from 20 wt% to 25 wt%. Second, with increasing air pressure the fiber 

diameters decrease (see color coding). Furthermore, the influence of air pressure was greater at 

higher polymer concentrations. Lastly, the flowrate has only little influence in comparison to 

polymer concentration and air pressure (from front to back) although it can affect the stability of 

the flow-focused jet. 
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Fig. 51: SEM images of fibers w.r.t flowrate vs pressure at (A) 10% (B) 15% (C) 20% and (D) 

25% polymer concentrations.  

Secondly, the lower concentration polymer solution has a lower viscosity compared to the high 

concentration polymer solution and is therefore more easily deformed by the gas flow-focusing. 

In other words, the fiber diameter depends on the liquid’s resistance to stretching (strain 

resistance) as well as its extensional viscosity and possibly also the elasticity which is present in 

many polymer solutions. The influence of the polymer concentration and shear on the fluid 

viscosity was confirmed by rheological data, which can be found in Fig. 48. 

The applied air pressure also affects the final fiber diameters obtained. A comparison of fibers 

obtained from the same polymer solution concentration and liquid flow rate, but at different gas 
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pressures, shows that the diameters decrease with increasing gas pressure. Fig. 47(A) and 

Fig. 51(C) shows fibers obtained from 20 wt% THV solution at varying air pressure 

concentrations. At a constant liquid flow rate of 1 mL/h, the fiber size decreases from 2.55 µm to 

2.18 µm (applied pressure 0.5 bar and 2 bar respectively) with the air pressure increase. This 

effect is even more dramatic at higher flow rates, with the size of the fibers varying between 

2.83 µm and 1.21 µm. The smaller jet has less mass and can therefore be accelerated by the gas 

to faster velocities which results in a stronger extensional flow and thinner fibers emerging from 

the nozzle. This behavior has also been described for liquid jets generated in GDVNs (198) and is 

in line with the behavior described by Hofmann et al.(139).  

 

Fig. 52. Heatmap of the fiber diameters (values in µm) for 10 wt% - 25 wt% polymer solution A) 

- D). The map clearly shows that the diameter increases with increasing concentration and 

decreases with increasing pressure. The chosen colorscale robustly represents 90% of the data, 

with the exception of the largest fibers (25% polymer, 0.5 bar) which are outside of the scale.  

 

In summary, fiber diameters increase with increasing polymer concentrations and with decreasing 

gas flow rates. An overview heat map highlighting of these trends can be found in Fig. 52. 
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Especially for the larger diameters (20-25% polymer solutions), the fiber diameters showed low 

relative standard deviations (Fig. 53, 54), showing that the controlled fabrication allows for high 

monodispersity of the sample. For lower polymer concentrations, these deviations were inflated, 

which is a repercussion of both the change in morphology (from round to flat fibers) as well as 

increased errors in the fiber diameter measurements arising from limitations in image resolution.  

 

Fig. 53. Heatmap of the relative standard deviation of the fiber diameters (values in %) for 

concentrations of 10 wt%-25 wt% polymer solutions A) - D). The relative standard deviation is 

much bigger for flat fibers, which arises from their nonuniformity. The chosen color scale 

robustly represents 95% of the data, with the exception of the 3 largest values which are outside 

of the scale. 
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Fig. 54. Comparison of standard deviation for all measured fibers. First, the relative standard 

deviation (stdv%) drops with higher polymer concentrations, especially between 15 wt% and 20 

wt%, where a large decrease can be found. This is probably due to the geometrical transition 

from flat to more uniform round fibers. Furthermore, by increasing the pressure, the stdv% is also 

increased, a trend that was can be also seen with respect to the flowrate, which was reportedly 

previously. Although, the variance increased at higher flowrates. 

 

5.5.3 Fiber shape and characteristics 

  

The polymer concentration and the air pressure do not only affect the diameter of the fibers but 

also the fibers’ overall shape and surface features. The fabricated fibers could be divided into five 

distinct classes according to their shape and surface morphology as shown in Fig. 55: flat-rough 

(A), flat-smooth (B), round-rough (C), round-grooved (D) and round-smooth (E). Fig. 55 also 

shows how the classification is correlated with polymer concentration and gas focusing pressure 

used during fiber spinning. No beaded fibers, i.e. fibers with oscillating diameters along their 

length, were observed during our experiments, indicating a smooth and constant fiber formation 

process with rapid drying of the emergent fiber. 
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Fig. 55: Table of the different fiber classes with representative SEM images. The fibers were 

categorized into flat (A and B, 10 wt% - 15 wt%) or round (C-E, 20 wt% - 25 wt%). Flat fibers 

were either rough or smooth (A and B respectively). Round fibers were rough, grooved, or 

smooth (C, D and E respectively). The shape was influenced by the polymer concentration and 

the surface roughness was controlled by the air pressure. 

The overall shape of the fiber could be flat or round and was controlled by the polymer 

concentration. Lower polymer concentrations of 10-15 wt% produced flat fibers (Fig. 55(A,B), 

Fig 51(A,B)), whereas round fibers were obtained from 20 wt% and 25 wt% polymer solutions 

(Fig. 55(C-D), Fig. 51(C,D)). Flattening of the fibers was caused by the device’s rectangular 

geometry and the asymmetric pressure profile at the gas-focusing region. The liquid flow channel 

is rectangular (15 µm × 40 µm w×h) and so is the nozzle opening (55×120 µm w×h, Fig. 45(F)). 

The gas channel envelops the liquid in three-dimensions but due to the nozzle dimensions, the 

liquid will experience higher compression forces in the horizontal direction which, in the case of 

the low concentration/low viscosity polymer solution, will dictate the asymmetry of the final 

fiber. An increase of this aspect ratio would potentially allow for the fabrication of flat, ribbon-

like fibers with a high surface-to-volume ratios. This anisotropy effect is much less pronounced 

at higher polymer concentrations due to the higher viscosity and surface energy of the liquid 
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resulting in circular fibers. Based on these observations we assume that a round (or square) 

nozzle geometry would be beneficial for the generation of round fibers. 

The produced fibers can be further classified by their surface morphology, as shown in Fig. 55. 

The most pronounced surface characteristics (e.g. craters and grooves) were found at high 

polymer concentrations, especially with the 25 wt% polymer solution. Fig. 56 and Fig. 51 show 

the morphology obtained from the selected combinations of flow rate, focusing gas pressure and 

polymer solution concentration.  

 

Fig. 56: Fiber surface characteristics are influenced by the polymer solution concentration, flow 

rate and focusing gas pressure. A) 10 wt% yields flat, smooth fibers. B) 15 wt% polymer 

solutions lead to smooth and rough flat fibers with decreasing pressure. C) 20 wt% and D) 

25 wt% lead to smooth, grooved or rough fibers, with decreasing air pressure. The detailed 

surface characteristics - smooth, grooved, and rough - are shown by the different color 

brightnesses. The corresponding SEM images and diameters can be found in the supplemental 

information (Fig. 51A-D). Grey areas in A) and B display the “no jetting state“. 
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At the lowest concentration of 10 wt%, mainly smooth and flat fibers were observed (Fig. 56(A), 

Fig. 51(A)). By increasing the polymer concentration to 15 wt% the flat fibers could be 

distinguished into flat-rough and flat-smooth fibers (Fig. 56(B), Fig. 51(B)). The flat-rough fibers 

formed at low pressures (0.5-1 bar) and showed small craters in the nm-range. At higher 

pressures (1.5-2 bar), the fibers showed only smooth surfaces. At high polymer concentrations of 

20 wt% and 25 wt% fibers were classified into round‑rough, round-grooved, and round-smooth, 

representing different levels of surface craters. The data suggests that the appearance of the 

different surface morphologies depends on the interplay between the time scales of the solvent 

evaporation process at the surface and the velocity mismatch mechanism between the liquid jet 

and the air stream. The shear exerted on the surface of the liquid is coupled to the difference in 

speeds between the gas and the liquid surface. This shear is strongest in the converging flow-

focusing region where the fast air flow accelerates the liquid. Our experiments show that round 

craters on the fibers’ surface have a higher tendency to be observed at lower pressures (e.g. 0.5 

bar) as shown in Fig. 55(C), Fig. 56(C,D), Fig. 51(C,D). The appearance of similar craters has 

also been previously observed in fibers fabricated by electrospinning (278). In electrospinning, 

surface porosity is achieved by a fast evaporating solvent in the absence of an air stream and 

inducing phase separation during solvent evaporation, which divides the matrix into polymer-rich 

and polymer-poor regions as discussed further below (279). At higher air pressures the fiber is 

stretched and grooves develop which are especially well expressed for the fibers spun with the 

25 wt% polymer solution (Fig. 51 (D)). At the highest pressure, the surface patterns can fully 

vanish resulting in a smooth surface (Fig. 56). Therefore, we believe that surface the properties 

are mostly determined by the air pressure, or more precisely by the velocity of the air stream 

surpassing the liquid jet combined with a fast evaporating solvent. Interestingly, higher liquid 

flow rates led to an increase of surface roughness, but the mechanism for this is still unclear and 

needs further investigation. 

The distinction between the different surface morphologies was done by evaluating SEM images 

of the fibers and is only a guide to the expected surface morphology vs. different experimental 

conditions. Of course, the change in morphology is continuous over the different experimental 

conditions and may vary especially in transition regions during the device operation. Further 

deviations from the expected morphology might be caused by changes in the environment 

(temperature or humidity).  
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5.5.4 Inner morphology and porosity of fiber 

 

The production of porous or micro-/nanofibers is of high interest for reducing their weight and 

increasing their surface to volume ratio. For example, such porous or grooved fibers can be 

obtained by electrospinning and controlling the polymer/solvent/anti-solvent interaction (280, 

281). The underlying mechanism of such processes relies on the formation of pores upon the 

evaporation from the polymer-poor phase and solidification of the polymer-rich phase, which is 

also reflected by the phase diagrams of such ternary phases (280, 281). To investigate the inner 

structure of the here-produced fibers, focused ion beam (FIB) (282) cuts were performed and 

revealed that the polymer concentration has indeed an impact on the fibers’ internal porosity. 

Fibers manufactured from polymer concentrations of 10 to 25 wt% at the same flow rate and 

pressure (3 mL/h, 2 bar) were investigated as shown in Fig. 57.  

 

Fig. 57: SEM images of THV fibers dissected with FIB showing the cross section of fibers 

produced at 2 bar, 3000 µL/h. (A) 10 wt% THV, porous, 1.2 µm diameter, (B) 15 wt% THV, 

porous, 1.6 µm diameter, (C) 20 wt% THV, solid, 1.05 µm diameter, and (D) 25 wt% THV, 

solid, 0.9 µm diameter.  

Fibers spun with 10 and 15 wt% polymer solution showed core porosity (Fig. 57(A,B)) while the 

fibers spun from the 20 and 25 wt% polymer solution were completely solid (Fig. 57(C,D)). This 

observation is in agreement with recent literature (280, 281). At polymer concentrations ≤ 

15 wt%, a larger volume fraction of solvent has to evaporate first before the fiber can solidify 

which in turn increases the drying time. It can also be assumed that the outside layer at the air 

interface dries first, while this initial layer could even slow the solvent evaporation from the fiber 

core even further. This combination gives the material enough time and mobility to separate into 

polymer rich and polymer poor phases, which represents a thermodynamically favored state. 

Fibers with and without inner pores have different physical properties. Inner porosity is desirable 

for fibers manufactured for biomedical applications (cell-laden fibers) (283) or for fibers with 
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increase thermal insulation properties while solid fibers can serve as materials for non-woven 

tissues or high-performance clothing. The possibility of tuning these properties as easily as 

changing the polymer concentration by 5 wt% allows access to these different applications as 

well as the possibility of making layered materials. 

5.5.5 Fiber spinning mechanics 

 
Based on the experimental results obtained by SEM images and high speed video microscopy, a 

phenomenological hypothesis of the fiber spinning mechanics is suggested. This hypothesis 

divides the spinning process into three different regions as shown in Fig. 58: (1) the gas focusing 

region, (2) the jetting regime and (3) the thinning regime. The gas focusing region was located 

inside the microfluidic device where the main and side channels intersect. The expelled liquid is 

flow-focused by the bypassing air stream and a solution cone geometry can be observed (284). In 

this step, the jet diameter thins due to the hydrodynamic gas-focusing which is also the key step 

for the flow alignment of anisotropic particles. Subsequently, the liquid is ejected at the nozzle 

orifice as a straight jet entering the jetting regime, as seen from the very small oscillation of the 

emergent jet. This stable jetting behavior at 3 mL/h and 2 bar (20 wt% polymer solution) was 

roughly 1 cm. The length of this region depends on jet and air stream velocity as well as the 

viscosity of the solution. Within this region, the jet diameter is almost constant and only thinned 

by the loss of solvent due to evaporation. The end of the jetting regime is marked by the 

appearance of chaotic low-amplitude fluctuations which increase dramatically with the jetting 

distance and develop into a turbulent flow profile, causing the fiber to become thinner (thinning 

regime, 3). The turbulent behavior is characterized by the whipping of the fiber, as shown by the 

sudden increase of its oscillation amplitude. This behavior is caused by an increase of the 

Reynolds number (Re) and by Raleigh instabilities arising from the surface tension of the solvent. 

Even though the jet diameter is decreased within the hydrodynamic focusing region (1), the main 

fiber thinning process - especially for nanofibers at low polymer concentrations - seems to occur 

during the last stage due to the additional whipping or spiraling movement induced by the 

turbulent air flow. This behavior can stretch and thin the semi-solid fiber as it was observed by 

Benavides et al. where a comparable method was used (280). 
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Fig. 58: Schematic view of fiber formation process using GDVN devices with (top) high speed 

video microscopy snapshots. The white dotted lines indicate different highspeed video 

recordings. (middle) An illustration of the hypothesis. The spinning process was separated into 

three sections, (A) gas focusing region, (B) jetting regime, and (C) thinning regime. (bottom) The 

plot shows the oscillation amplitude of the emerging fiber during jetting perpendicular to the 

jetting axis.  
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5.6 Nanocomposite fibers 

 
3 mL of a 30 wt% polymer solution of THV 221 GZ in acetone was stirred overnight. Shortly 

before preparing the spinning solution, the Fe2O3 hematite nanoparticles (650×65 nm, L×D, 

Fig.59 (A)) (285) were dispersed in 1 mL of acetone in a tall and thin 2.5 mL vial. The dispersion 

was then homogenized with a sonotrode and mixed in a 1:1 v/v ratio with the 30 wt% THV 221 

GZ polymer/acetone solution to obtain a final 15 wt% polymer solution with a 2.5 wt% 

concentration of nanoparticles. Due to the relatively high viscosity of the polymer solution, 

sedimentation could not be observed during weeks when the composite solution was stored in a 

shelf.   

The used CNTs were produced via Chemical Vapor Deposition (CVD), a horizontal tube furnace 

HZS (Carbolite Gero) with three heating zones, Fig.53 (B)), as published (286) before with 

collaboration from Mr. Alexander Hass, Hamburg University of Technology-TUHH. The carbon 

nanotubes (CNTs, 20 µm x 75 nm, LxD) dispersion process is same as for hematite.  

 

 

Fig. 59: SEM micrographs of (A) hematite spindle-shaped nanoparticles and (B) carbon 

nanotubes.  
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5.6.1 Hematite nanocomposite fibers 

 
To demonstrate the versatility of this fiber manufacturing process, fibers impregnated with 

anisotropic hematite nanoparticles were also fabricated. 15% THV solutions with dispersed 

650×65 (LxD) nm magnetic hematite nanoparticles (from 0.1 wt% to 10 wt%) could be easily 

jetted under similar conditions as described before (1 mL/h and 262 SCCM). SEM images of the 

hematite composite fibers are shown in Fig.60.  

 

 

Fig. 60: SEM images of the hematite nanocomposite fibers. A) Pure THV, B) 0.1 wt% Hem, C) 

1 wt% Hem, D) 2.5 wt% Hem, E) 5 wt% Hem, F) 10 wt% Hem.  

 

The jetting behavior was smooth and continuous, suffering from no visible influences due to the 

presence of the nanoparticles. Contrary to the flat-smooth fiber expected under these conditions, 

the nanocomposite fibers were round and showing craters on the surface, indicating an influence 

on the surface morphology and overall fiber shape from the presence of the nanoparticles. 

Additionally, these fibers had a rough surface with slightly elongated craters on the surface in the 

sub-µm range. 

 

Here, performed rheology experiments, to investigate the viscosity effects on surface roughness 

and diameter, the resulting data are shown in Fig.61. The graph shows that a small shear thinning 

effect, possibly due to the shear alignment in a converging flow (38). All concentrations showed 
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a sharp peak at the very beginning, which rises and falls quickly, which can be explained by the 

molecules and particles changing from a non-ordered state into an ordered one. Once this force is 

overcome, the curve shows behaviour that is proportional to viscosity. So friction is lowered due 

to aligned particles along the movement direction. All concentrations of polymer solutions show 

a linear trend. The viscosity decreases slightly with an increasing shear rate, except for the 

highest polymer solution (25 wt%), where the graphs follow the same trend but not in a linear 

way. This effect is called shear thinning and it is typical for polymer solutions and was described 

by Graessley (287). 

 

 

Fig. 61: Rheology data for the pure polymer and hematite ratios up to 2.5 wt%. The viscosity 

stagnates and does not change with higher amounts of nanoparticles, except at the very 

beginning, a tremendous rise and fall of the viscosity can be observed. With increasing shear rate, 

the solution shows a shear-thinning effect.  

 

Polymer solutions or polymer melts with a molecular weight higher than the critical molecular 

weight can form entanglements. When no force is acting on the polymer solution, equilibrium 

settles of entanglements and disentanglements, which leads to a constant density of 

entanglements. By increasing the shear rate, the equilibrium is pushed to the side of 

disentanglements because the time to form new entanglements is too long (chain stretching and 
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relaxation time). Less entanglement leads to a decrease in friction consequently, resulting in 

shear-thinning. 

 

Solutions containing up to 2.5 wt% hematite nanoparticles were analyzed, as shown in Fig.61. 

All graphs, including the reference sample with no hematite particles, showed a strong peak at the 

very beginning, which afterward decreased to a viscosity between 0.2 Pa.s and 0.5 Pa.s. From 

this point, the graph showed a linear behavior with a slightly decreasing viscosity at higher shear 

rates. The peak at the very beginning was more intense; the higher the amount of hematite 

particles inside the sample.  

 

To verify the quality of the distribution of the hematite particles inside the fiber, a SEM analysis 

of the three types of wt% samples was carried out (Fig.62). The images show that high 

concentrations of particles agglomerate into large bundles. These bundles seem to float to the 

fiber surface, but individual hematite particles still seem to be distributed inside the fiber, where 

they show alignment along the fiber direction (Fig.62 (B). The images suggest that the 

agglomerates might migrate to the surface during the drying process due to phase separation. The 

data shows that a homogenous dispersion was not wholly achieved at high hematite volume 

fractions and that most of the particles agglomerated (Fig.62 (C). This observation results from 

unfavorable interactions between the hydrophobic, fluorinated fiber and the hydrophilic 

phosphate ions on the surface of the particles. The schematic representation of the experimental 

setup and corresponding SEM image of 2.5 wt% hematite-loaded microfiber is shown in Fig. 63.  

 

 

Fig. 62: SEM images of (A) 0.1 wt% Hem, (B) 2.5 wt% Hem, (C) 10 wt% hematite 

nanocomposite fibers. 
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Fig. 63: (Left) Schematic view of the experimental microfluidic gas-dynamic fiber spinning setup 

where the extensional flow along the fiber axis fosters parallel particle alignment. (Right) The 

corresponding element-sensitive backscattered electron (BSE)-SEM image of 2.5 wt% hematite-

loaded microfibers shows the parallel alignment of well-dispersed anisotropic nanoparticles along 

the fiber axis. 

SEM images showed a uniform distribution of the particles inside the fiber (Fig. 63). Very 

interestingly, the particles were strongly aligned longitudinally along the jetting direction, as 

shown in previous aqueous circular jets (288). This strong alignment can be explained by the 

strong extensional flow field in the converging flow focusing region followed by a rapid 

solidification of the polymer. Due to this rapid fixation, any rotational diffusion of diverging flow 

is stopped which would otherwise influence the order parameter of these anisotropic particles 

(38,39).  

 

Fig. 64: FIB-SEM images of 2.5 wt% hematite-nanocomposite fibers showing particle alignment 

and porosity inside the fiber.  
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To investigate the inside of the nanocomposites, fibers containing 2.5 wt% hematite nanoparticles 

were analysed using FIB-SEM, as shown in Fig.64. Particles are aligned along the flow direction, 

as mentioned above, but there is porosity inside the fibre. This porosity could stem from (1) 

particle interaction with polymer solution due to interfacial effects leading to phase separation 

and/or (2) be a consequence of the large viscosity at the outer surface as it dries faster than the 

inner surface during fast solvent evaporation trapping aligned particles/and giving the polymers 

and solvent more time to microphase-separate.  

 

Such nanocomposite fibers could find wide range of biomedical applications, for example in 

diagnostics (contrast agent), hyperthermia agent, drug delivery, or tissue engineering (10). 

Furthermore, applications as micro-/nanofibers from stimuli-responsive materials to magnetic 

fields are also possible.    

5.6.2 CNT nanocomposite fibers 

 

 

 

Fig. 65: SEM images of CNT nanocomposite fibers. The figure shows pure polymer fibers  

(THV 221 GZ) (A), with 0.1 wt% CNT fibers (B), with 0.5 wt% CNT fibers (C) and with 1 wt% 

CNT fibers (D). All fibers were flat except for 1 wt% CNT and the nanotube network is covered 

with polymer so it is difficult to image the CNTs, more details will see in below (FIB-SEM).  
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Three different ratios of CNT nanocomposite fibers were fabricated containing 0.1 wt% to 1 wt% 

CNT. The used CNTs can be seen in Fig.59. They had a mean length of 25.6 µm and a mean 

width of 75 nm (aspect ratio: 341). SEM images of the different ratios of CNT nanocomposite 

fibers are shown in Fig.65. Only 1 wt% CNT sample showed round fibers. Additionally, these 

fibers showed high surface roughness with elongated craters along the jetting direction that 

probably from the ligand- and gas-flow settings as discussed in chapter. For the 0.1 wt%, CNT 

and the 0.5 wt% CNT samples fibers with a flat shape were observed, same as for the pure THV 

221 GZ sample. No surface roughness was observed. Previous research work on the influence of 

CNTs on the viscosity of fluids showed that the viscosity decreases for volume fractions below 

0.4 %, due to the lubricative effect of nanoparticles [286, 289]. Considering this, at a critical 

threshold of CNTs between > 0.5 wt% and ≤ 1 wt% round fibers are the consequence. This could 

be induced by the CNTs, which could affect the jetting behavior at a certain critical CNT 

concentration and cause a more unstable jet or CNTs being longer than the channel width and 

therefore they can get stuck inside the channel and accumulate.  

 

 

 

Fig. 66: Rheology graph of CNT nanocomposite. 
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To verify the influence of CNTs on the viscosity, rheological experiments were carried out, as 

shown in Fig.66. The results showed that the viscosity did not increase and the fluid showed 

shear thinning. The 0.1 wt% solution showed a strong peak at the very beginning, which could 

not be observed for the other samples. This effect could stem from an initial adhesion force 

between dried polymer on the edges and the plate. The non-Newtonian shear-thinning effect had 

been observed previously for MWCNTs in various nanofluids [290]. Nevertheless, rheological 

properties are highly dependent on the CNTs, fluid characteristics and the fabrication process. 

The 0.1 wt% solution shows a slightly higher viscosity than its higher homologues, due to the fast 

evaporation of acetone during the experiment. The processing of the solutions could explain these 

differences since they were used to spin nanocomposite fibers before they were used for the 

rheological experiments. During the handling of the solutions, the volatile acetone may have been 

evaporated and led to a more viscous solution.  

 

To investigate the structure inside the fiber nanocomposites, fibers containing 1 wt% CNTs were 

analyzed, as shown in Fig.67. The FIB-SEM images show that excess concentration of CNTs 

leads to clusters/agglomerates. The increased viscosities of polymer solution further enhanced the 

problem of non-uniform dispersion of the CNTs.  

 

 

Fig. 67: FIB-SEM images of 1 wt% CNT nanocomposite fibers showing alignment and porosity 

inside the fiber.  
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6. Summary and outlook 
 

In the first part of this thesis, a unique approach for producing 3D nozzles optimized for creating 

stable thin sheets, was established and tested. Nozzles high aspect ratio structures were produced 

by well-established soft-lithography techniques which allow for an exact control over the design 

and high-reproducibility of the nozzle geometry. Furthermore, optimized nozzle parameters are 

used to form different flow of liquid jets such as droplets, whipping droplets and fiber spinning 

for many applications such as single-particle imaging, nanorheology, X-ray spectroscopy [291-

293].  The second part of the work benefits from advancements of microfocused scattering 

techniques, which leads to the development of shear and flow orientation dynamics of anisotropic 

nanoparticles in microfluidic sheet-like liquid jets and jets to investigate their dynamics. In the 

third section, these device technologies were used for spinning of functional micro/nanofibers.   

 

Here, we reported the development, fabrication and testing of high aspect ratio microfluidic flat 

liquid jet devices. These devices are based on the GDVN principle, where the liquids are focused 

by a co-axially flowing gas. Commercially available capillary nozzles are typically made of glass, 

involving complicated fabrication steps and offering only weak geometry control. Hence, design 

evolution, reproducibility and mass production are limited. To overcome this limitation of glass 

capillaries, the fabrication of microfluidic liquid jet devices based on soft-lithography has been 

established in our group during the last years. The highly stable thin liquid sheets reported here 

enable the reduction of sample consumption up to tenfold compared to colliding liquid jets. This 

high fidelity and cost-effective sheet-GDVN technology can be implemented at ultrabright 

photon sources, which require the continuous sample replenishment, such as in the XFELs [294]. 

Moreover, this experimental methodology can also be utilized at synchrotrons and for laser 

spectroscopy setups to minimize the sample consumption during long experiments. Furthermore, 

this microfluidic device runs mostly clogging-free and highly reliable over long periods of time. 

These microfluidic devices further offer the benefit of a parallelized nozzle design which enables 

to create complex jet-in-jet-focusing geometries or complete arrays of multiple nozzles 

simultaneously in one fabrication sequence. Consequently, the device footprint is very small, 

which enables fast nozzle changes by simply switching to the adjacent nozzles. 
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Taking advantage of this design control, the relevant parameters, such as liquid flow rate and 

pressure difference, were varied to systematically study the liquid jet dynamics. These high 

aspect ratio devices reproducibly generate a series of alternating, orthogonal liquid sheets with 

thicknesses of approximately a few microns. Here, we found that the microfluidic flat liquid jet 

diameters can adjust with great control by varying the pressures and flow rates. The generation of 

stable liquid sheets shows a series of nodes, which are produced due to the interdependent inertial 

and surface tension forces. These liquid sheets are formed between big liquid rims, which 

initially move apart and then approach each other again to collide, in the form of a nodal point, 

consequently forming a new rimmed flat sheet perpendicular to the preceding one. This work 

enriches multiple arenas such as soft X-ray spectroscopy, which includes ultrafast molecular 

science, ultrafast chemical dynamics, X-ray beam diagnostics and nano-rheology as well as 

functional fiber spinning, thereby offering exciting well-grounded versatile opportunities.   

 

The optimized microfluidic flat liquid jet system has been used to study complex fluids 

(dispersion of spindle-shaped nanoparticles) via wide-angle (WAXS) X-ray scattering at ESRF, 

Grenoble. The orientation of anisotropic particles has been investigated in sheet-like microjets. 

WAXS patterns show a pronounced alignment of dispersed single-crystalline hematite particles 

in the flow direction. Their orientation profile was analyzed from the center of the sheet and 

flipping zone. Furthermore, it was determined how the orientation influences the behavior of 

particles along the sheet. Due to the GDVN gas flow, the center of the sheet and the flipping zone 

is stretched out along the central flow axis, causing particle alignment in the direction of the 

central axis of the flow. The extended nodes within such a velocity profile will experience a 

torque which results in an alignment of the particles along the flow direction. This study gives a 

characterization of the spindle-shaped particles degree of alignment within a microfluidic flat 

liquid in a GDVN produced flow. The results of this work and the orientation effect, in general, 

are of great importance for applications that require orientation control, such as injection 

molding, fiber spinning, or processing of functional fibers. 

 

Furthermore, we reported a new microfluidic GDVN nozzle, which allows continuous and 

reproducible fabrication of stable and uniform micro-/nanofibers with controlled surface 

morphologies and overall shapes. The influence of air pressure, polymer concentration and flow 

rate on the properties of the fiber were investigated and revealed that surface roughness was 
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controlled by a combination of air pressure and polymer concentration while the diameter and 

shape of the fibers were primarily influenced by the concentration of the polymer solution and 

marginally by the air pressure. A wide range of diameters ranging from a few hundred 

nanometers and up to ~15 µm were spun as continuous single fibers using the same microfluidic 

device, which indicates the highly tunable operational nature of this technique. To our 

knowledge, this microfluidic solution blow spinning concept is the most gentle and most 

uncomplicated setup described to date for the fabrication of (sub-)micrometer fibers. Our 

extensive study of fiber morphologies shows a high tunability of their properties. The formation 

of rough, smooth, or grooved surfaces was attributed to the interplay of the evaporation process 

and the velocity (mis)match between polymer solution jet and its surrounding air stream. FIB-cut 

fiber cross-sections also revealed that by simply changing the polymer concentration, fiber with 

different porosities could be obtained. These porous fibers have potential applications as 

scaffolds for tissue engineering, where cells could be loaded directly into fiber, which would not 

be possible with electrospinning. 

Based on high-speed video imaging as well as SEM analysis of the fibers obtained, a model 

describing the fiber formation process was developed, which connects the fiber diameter with 

both the gas flow-focused jet diameter and a further thinning regime. The facile fabrication, as 

well as the operation of the devices, provides a new and robust preparation procedure of 

microfibers. The devices can be re-used or, if contaminated, discarded due to their low 

fabrication cost. The gas-focusing geometry allowed for stable fiber jetting, meaning that these 

nozzles could be used to also directly coat surfaces in fiber, without the need of an intermediate 

spooling step. The current types of fibers produced have applications in various areas such as 

air/water filtration units, drug delivery systems and cell growth studies. Further developments 

will enable the fabrication of more sophisticated devices which can provide jet-in-jet 

environments for the fabrication of more sophisticated fibers with core-shell, side by side, or 

Janus-like structures. The jet-in-jet approach will also allow for the incorporation of more 

clogging prone additives, such as CNTs or other large, high aspect ratio nanoparticles. With this 

technique, the fabrication of highly functional micro-/nanowires or complex nonwoven structures 

can be achieved and are currently under investigation.  

Future work related to optimized microfluidic liquid jet technology may include many 

applications, as shown in Fig.68. New microfluidic channel geometries can be designed to create 
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more complex structures like core-shell fibers. With a jet-in-jet configuration, a core containing, 

e.g., CNTs, can be coated with a polymer. Due to the first hydrodynamic focusing region, the 

CNTs are concentrated into a small area. Moreover, this should lower the percolation threshold 

drastically for electrical conductivity and improve the alignment along the flow direction. 

Furthermore, it can overcome the issues with clogging, since the CNTs do not touch the channel 

walls anymore. With this technique, the fabrication of electrical micro/nanowires or complex 

nonwoven conductive structures can be achieved.  

 

 
 
Fig. 68: Overview of future experiments can perform using optimized liquid jet technology.  

 
These optimized microfluidic liquid jets are often used at XFEL sources where new types of 

experiments such as sheet-like flow for X-ray spectroscopy to study the molecular excitations and 

fast droplet flow for single-particle imaging [295, 296]. Therefore the flow alignment of such 
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bio-molecules may need to be considered and taken into account in future experiments. New 

developments related to other flows of liquid jets such a in-situ fiber spinning at synchrotron 

facilities will give a complete overview of particle orientation and structure-function relationship. 

Another outcome of this nozzle geometry can be used for fast and effective microfluidic spraying 

method for high-resolution single-particle Cryo-EM, as shown the setup in Fig.62 (297). Single-

particle cryo-EM is a powerful technique in structural biology as it provides near-atomic-

resolution structures for macromolecular assemblies [298, 299].  
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