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We present microfluidic chip based devices that produce 
liquid jets with micrometer diameters while operating at very 
low flow rates. The chip production is based on established 
soft-lithographical techniques employing a three-layer design 10 

protocol. This allows the exact, controlled and reproducible 
design of critical parts such as nozzles and the production of 
nozzle arrays. The microfluidic chips reproducibly generate 
liquid jets exiting at perfect right angles with diameters 
between 20 µm and 2 µm; under special circumstances even 15 

down to 0.9 µm. Jetting diameter, jet length, and the domain 
of the jetting/dripping instability can be predicted and 
controlled based on the theory for liquid jets in the plate-
orifice configuration described by Gañán-Calvo et al. 
Additionally, conditions under which the device produces 20 

highly reproducible monodisperse droplets at exact and 
predictable rates can be achieved. The devices operate under 
atmospheric and under vacuum conditions making them 
highly relevant for a wide range of applications, for example 
at free-electron lasers. Further, the straightforward 25 

integration of additional features such as a jet-in-jet is 
demonstrated. This device design has the potential to 
integrate more features based on established microfluidic 
components and become a standard device for small liquid jet 
production. 30 

Introduction 

The generation of liquid jets with diameters in the micron- or 
sub-micron range is of high relevance in many technologies such 
as microfiber spinning,1-7 inkjet printing,8-10 and the 
microanalytical dosing of liquids, 11,12 mostly applied for 35 

pharmaceutical formulations13,14 and in microbioanalytics.15,16 A 
very challenging example of the latter is its use at free electron 
lasers (FEL) to provide sub-micron diameter liquid jets for 
femtosecond X-ray nanocrystallography.17,18 The enormous 
intensity of the X-ray pulses at FELs demands a continuous 40 

stream of fresh sample, in some cases also at high vacuum 
conditions, which can be realized by the generation of very small 
liquid jets that consume only very small amounts of sample over 
time. 
 45 

Thin liquid jets can be generated based on the principles of 

hydrodynamic focusing using gas sheaths developed by Gañán-
Calvo et al.19-22 Microjets can also be realized by other 
techniques such as high-pressure liquid flows or electric fields 
(electro-spinning).1,3,5 50 

 The success of pressurized gas systems is based on the gas 
dynamic virtual nozzle (GDVN)-principle where the liquid enters 
a volume which is completely filled with pressurized gas that is 
moving towards the nozzle’s exit. This gas flow controls the 
liquid’s shape and flow, forming a continuous liquid jet that is 55 

smaller than the liquid inlet geometry and that exits the nozzle 
without wall contact. Hence, nozzle clogging is essentially 
eliminated as an experimental concern and sub-10 µm jets and 
droplets will only be feasible using the GDVN-principle.5,23,24

 Further, the underlying physics of the GDVN-principle is well 60 

understood which helps to create devices that allow resilient 
jetting of a wide range of liquid samples with only very little 
consumption of sample over time.14,25-31 As an example, recent 
publications show that sub-micrometer liquid jets at flow rates 
around 75 µl h-1 are possible using this principle.32,33 This high 65 

efficiency of sample consumption for the generation of 
continuous liquid jets is a key element for microanalytical 
applications.17,34-37 
 
Current realizations of pressurized gas devices for the generation 70 

of liquid jets use either a plate-orifice configuration or co-axial 
glass capillaries5,23 of which the latter are particularly used for 
free electron lasers.17,19,23,24,29,35-48 A recent publication also 
describes a hybrid GDVN-design that incorporates glass-
capillaries within a microfluidic channel structure, but the liquid 75 

jets are only generated within the closed channel geometry.24 
 The production of such glass capillaries requires complex 
production steps such as flame polishing, careful alignment of the 
inner and outer glass capillaries, and final grinding of the 
tip.23,24,29,32,44,49,50 The jetting capability can only be assessed after 80 

fabrication, thus limiting the production efficiency. Although 
FEM-simulations have been performed to predict jetting 
performance in glass capillary nozzles,32 variations in nozzle 
dimensions during manufacturing can lead to deviations from the 
targeted design. This complex fabrication process and 85 

complicated geometry control currently limits their availability. 
Alternatives which satisfy the raising demand for such liquid jet 
delivery systems are greatly required. Further, there is a great 
need to implement additional features such as micromixers or 
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nozzle arrays for advanced multi-functional automated sample 
delivery. 
 
Microfluidics has become a powerful technology for the handling 
and manipulation of very small fluid volumes. Devices are easy 5 

to fabricate and can contain components for mixing,51-54 
sorting,55-59 monitoring,60,61 injecting,62-66 and many other 
applications.67-72 Especially the development of microfluidic 
devices as an experimental sample environment for (microfocus) 
X-ray experiments have made enormous progress in the recent 10 

years.73-88 These devices are designed for X-ray transmission 
measurements in closed microchannels. With the advent of high-
intensity sub-micron X-ray beams many devices are not useful 
because of beam degradation and high X-ray background of the 
chip materials in the beam. Here micro liquid jets, produced by 15 

established microfluidic technology would be highly desirable. 
 
There have been only few examples of microfluidic devices that 
were used for the generation of free liquid jets.89,90 These devices 
have been optimized to perform fast mixing experiments at 3rd 20 

generation synchrotron sources based on hydrodynamic focusing 
at very high flow rates. As a consequence, the devices will 
operate in the jetting regime, but require samples that are 
available in sufficient amounts. Another approach to deliver 
samples in mid-air could be the use of sprays using microfluidic 25 

spray dryers that are designed for drug formulation.89-91 
 
In this paper we present the development, fabrication and testing 
of easy-to-build microfluidic micron-size liquid jet devices which 
run essentially clogging-free due to their GDVN-based design.23 30 

Further, these devices are capable to operate under atmospheric 
and vacuum conditions making them compatible with evacuated 
sample environments. For the device production we developed a 
three-layer soft-lithography protocol that allows the efficient and 
reproducible fabrication of microfluidic liquid jet devices that 35 

incorporate arrays of multiple jet-nozzles on each single chip. 
The capability to predict jetting characteristics is demonstrated by 
the comparison of experimental data using a high speed camera 
with theoretical models and is underlined by additional 3D finite-
element-based CFD-simulations of the given nozzle design. 40 

Further, we show the potential of sub-micrometer jetting under 
vacuum conditions and demonstrate, with the example of a jet-in-
jet system, the possibility to integrate more complicated design 
structures into the microfluidic device without the need of 
additional production steps. 45 

Device production 

Microfluidic soft lithography. The microfluidic liquid jet 
devices are fabricated using established soft lithography 
techniques.92-96 This process can be seen as a two-part sequence. 
 The first part is about creating a microstructured master which 50 

will then be used as a molding template in the second part of the 
device fabrication routine. This master can be created relatively 
fast which enables rapid prototyping due to the use of established 
SU-8-based photolithographic procedures. Further, this master 
can be re-used multiple times in the subsequent fabrication 55 

process. 
 The second part of the fabrication process can be performed 

easily and a large number of nozzle geometries can be replicated 
with each single mold. The molding and device sealing steps only 
require minimal equipment, which should help to migrate the 60 

microfluidic liquid jet technology to a wide range of users. An 
overview of this process is illustrated in Fig. 1 while further 
details are outlined in the next paragraph and the experimental 
section. 

 65 

Fig. 1 Soft lithographic fabrication sequence for microfluidic liquid jet 
devices. The photolithographic master fabrication involves repeating steps 
to build up a multilayered microstructure: spin-coating (1) and UV-
exposure (2). After development, the uncured photoresist is removed and 
the resulting microchannel template is replicated using 70 

polydimethylsiloxane (PDMS; 3,4). The replica is peeled off the master 
device and inlet ports for fluids are added. The polymer is cut using a 
razor blade (5) and the device is sealed using air plasma treatment (6). 

Microfluidic liquid jet device fabrication. The integration of 
the GDVN-principle into the microfluidic chips is realized by 75 

fabricating 3D-microchannels that are replicated from 
multilayered SU-8-microstructures on a polished silicon wafer. 
The underlying photolithographic sequence for the creation of 
these multilayered templates involves repeating cycles of spin 
coating the photo resist, photo mask alignment and UV exposure. 80 

In this process, the layer combinations A+B+C or B+C are 
exposed onto the photoresist to create the desired nozzle 
geometries, as illustrated in Fig. 2. 
 Next, the master structure is replicated with 
polydimethylsiloxane (PDMS) which, in a single molding step, 85 

yields the upper and lower halves of the three-dimensional 
microchannels. Scanning electron micrographs of these PDMS-
nozzle geometries are shown in Fig. 2 while their exact 
dimensions are summarized in Tab. 1. 
 Prior to the alignment and sealing of these PDMS-halves, the 90 

microfluidic liquid jet device fabrication requires to cut off 
excess PDMS next to the nozzle tips with a razor blade. This 
cutting position is indicated by a red dotted line in Fig. 2. It is 
important to note that the jet nozzles are solely shaped by the 
lithographically created microstructures and will not be touched 95 

by the blade. This is ensured by the integration of the third C-
layer which acts as a spacer- or sacrificial layer at the nozzle tip. 
It protects the function and integrity of the nozzle, ensures easier 
cutting and also acts as an optical guide for the eye. Since X-ray 
beams will hit the liquid jet in close proximity to the microfluidic 100 

device, the range of observable scattering angles (at high q) 
depends on the microfluidic design itself and the razor blade 
cutting angle. Consequently, the observable q-range can be easily 
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extended by tilting the razor blade accordingly. 
 The last step involves the exact alignment and plasma-
activated sealing of this pair of PDMS-microchannel halves. The 
precise alignment is achieved by additional multilayered 
orientation structures next to the main nozzle geometries. These 5 

guiding pairs of 3D-microstructures have already been included 
in the above photolithographic steps and, now, facilitate the 
necessary alignment almost automatically by snapping into each 
other. This results in well-centered microchannels and liquid jets 
that exit the microfluidic nozzle in a straight line at perfect right 10 

angles. A photograph of the final PDMS-device including the 
attached tubing, as well as a microscopic image of the nozzle 
during operation, are shown in Fig. 3. 

 
Fig. 2 Illustration of the multilayer principle for the creation of 3D 15 

microfluidic liquid jet nozzle arrays (aperture-less nozzle version). (A-C) 
Representation of the individual emulsion film masks (top) and their 
resulting structured SU-8 layers (middle). These are combined differently 
to create multilayered SU-8 structures which are replicated using PDMS 
(bottom). Illustrations and scanning electron microscopic images show 20 

the upper (bottom left) and lower (bottom right) PDMS halves of a 3D 
nozzle prior to the subsequent device bonding steps. The B-layer can 
include a blocking element at the nozzle tip (nozzle version with aperture) 
to reduce the outlet cross section for smaller jets and lower gas flows (see 
Supplemental Information). 25 

 
Fig. 3 (A) Photograph of the final microfluidic device with an array of 
liquid jet nozzles that can be operated individually or in parallel. (B) 
Light microscopic image of one microfluidic nozzle during operation. The 
liquid in the central channel is focused with pressured air which enables 30 

stable liquid jets with small diameters at low sample flow rates while it 
runs essentially clogging-free due to this air sheath. The microfluidic 
liquid jet devices operate well under atmospheric pressures and under 
vacuum conditions. 

Nozzle design. The benefit of using soft-lithography-based 35 

microfluidics for the generation of liquid jets lies in the high 
reproducibility of microstructures and the precise control over 
very small features in the µm-range. As a result, the liquid inlet is 
perfectly centered and the jet exits the nozzle’s outlet in a straight 
line. The microfluidic liquid jet devices are designed using the 40 

software AutoCAD that allows controlling the design parameters 
of the nozzle geometry that directly determine the conditions for 
liquid jetting. This microfluidic nozzle design and the design 
parameters definitions are presented in Fig. 4 and the following 
Tab. 1. 45 
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Fig. 4 Nozzle design parameters. (Top) Excerpt of a CAD drawing which 
contains features for aligning the mask during the photolithographic 
process and snap-in structures for the later replica alignment during the 
device fabrication. (Bottom) An illustration of the controllable design 5 

parameters is depicted below. These features can be adjusted with high 
precision and reproducibility to fine-tune the jetting behavior of the 
desired liquid. 

Nozzle arrays. The master structures can contain multiple dense 
nozzle arrays on a single device which are replicated 10 

simultaneously with each molding step. The resulting nozzles can 
be operated individually or in parallel. Next to the possibility of 
massive parallelization of nozzles, the integration of dense nozzle 
arrays on a microfluidic chip also allows to maintain a very small 
device footprint. The current microfluidic designs contain 15 

adjacent liquid jet nozzles every 3.3 mm which could also be 
reduced easily. 
 
Disposable chips. The effectiveness and ease of the production 
process allows even to fabricate disposable microfluidic liquid jet 20 

devices in large numbers. The use of such disposable liquid jet 
devices can be of great advantage when hazardous or toxic 
samples like virii, bacteria, bio-active compounds or 
nanoparticles need to be handled. 

Tab. 1 List of microchannel design parameters and their definitions along 25 

with relevant parameter combinations and ratios. 

Design Parameter Definition 

rO width at the outlet (30 µm) 

ri width of the main channel (15 µm) 

d 
distance from main channel inlet to 

nozzle outlet (95 µm) 

dG 
distance of the gap between main 

channel inlet (55 µm) 

dA distance of the aperture (40 µm) 

lA length of the air inlet (20.4 µm) 

a angle of the air stream (15 °) 

c 
curvature of the tapering  

(144.3 µm arc radius) 
  

not shown in the illustration: 

hn height of layer n (30 µm) 

extra aperture 
presence of an aperture at top and 
bottom layer of the nozzle outlet 

Relevant design parameter ratios 

ro : d dG : dA 

ri : ro lA : ri :lA 

(ri+2*lA) : ro (ri+2*lA) : d 

a : d c : d 

 

Results and Discussion 

Design control and performance. The microfluidic chips 
reliably produce stable liquid jets, using aqueous solutions in our 30 

case, with typical diameters in the lower μm-range that can be 
controlled precisely. The 3D design gives the option to 
incorporate additional obstacles at the top and bottom of the 3-
layered microchannel’s exit, reducing the cross section of the 
aperture to a fraction, depending on the individual  layer 35 

heights. Further, this aperture integration also reduces the gas 
flow (see Supplemental Information) and the generated jets are 
generally smaller in diameter, exit at higher velocities, and the 
stable jetting requires lower minimal liquid flow rates than their 
aperture-less analogues. We studied the microfluidic liquid jetting 40 

behavior in this enhanced version of the nozzle at atmospheric 
ambient pressure and the results are shown in Fig. 5. 
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Fig. 5 Jet diameter control visualized by microscopic images of the 
microfluidic liquid jet nozzle during operation. (A) The water enters the 
nozzle and is shaped by the pressured air flow and the geometric device 
design. This results in a constant and stable liquid jet. The top image is 5 

merged from two frames at different focus positions due to the optical 
distortion of PDMS and is indicated by a dotted line. (B) The change of 
jet diameters at varying conditions is shown below and was measured 
directly at the nozzle outlet. The black dotted rectangle marks the region 
of the jet diameter measurements while the stretched black triangles 10 

indicate the trends of increasing or decreasing liquid jet diameters. 

Jet diameter control. The jet at the outlet of the liquid jet nozzle 
is imaged to analyze the relation between its diameter and the 
applied experimental parameters. We observe the trend that lower 
liquid flow rates and increased gas pressures both lead to smaller 15 

jet diameters as shown in Fig. 5. In this image series at 
atmospheric ambient pressure, the flow rates were varied between 
600 µl h-1 and 9000 µl h-1 at compressed air pressures between to 
0.25 bar and 1.00 bar which results in jet diameters between 
3.5 µm and 19 µm. Assuming that the well-studied plate-orifice 20 

configuration and this microfluidic liquid jet system share the 
same underlying physics, we apply the model described by 
Gañán-Calvo et al. which describes the liquid jet 
diameter :19,26,97-99 

  (1) 25 

with the density of the liquid , the pressure difference  and 
the flow rate . For best reproducibility, the jet diameter is 
measured manually using ImageJ at multiple positions directly 

next to the nozzle exit (see indication in Fig. 5). We find that this 
theoretical model and the experimental results are in very good 30 

agreement for almost all flow rates, as shown in Fig. 6A. The 
measured diameters only start to deviate from the predicted 
values at high flow rates (≥ 6000 µl h-1) which might originate 
from the curved surface instabilities that modulate the liquid jet 
diameter downstream, as shown in Fig. 5. 35 

 
Fig. 6 Comparison of experimental data with theoretical predictions 
regarding jet diameter and breakup transition analysis. The jet diameter at 
different flow rates and applied pressures with a controllable jet diameter 
between 3.5 µm and 19 µm. 40 

Controlled droplet breakup. The liquid jets exit the 
microfluidic devices at velocities in the range of tens of m/s and 
the droplet breakup consequently appear as a thin blurred line to 
the eye. Therefore we studied the jetting behavior and droplet 
breakup of a water jet using a high speed camera at 2 µs exposure 45 

times and frames rates of ca. 15,000 fps, using the aperture-less 
nozzle design for lower droplet velocities to ensure sharper 
images. The required high speed video setup is described in more 
detail in the experimental section while the resulting images are 
shown in Fig. 7. The droplet breakup is studied at a constant air 50 

pressure of 0.25 bar while the liquid flow rate was varied to study 
its influence on the breakup characteristics. 
 The high speed camera frames reveal that an increasing flow 
rate leads to larger droplets with an increase from 8.7 µm at 
500 µl h-1 to 29.8 µm at 9000 µl h-1. Further, the length of the 55 

continuous jet, before it breaks up into droplets, increases from 
137 µm to 867 µm over the same flow rate interval. This has 
important implications for the integration of microfluidic liquid 
jet devices at X-ray sources because the length of the 
uninterrupted liquid stream dictates the proximity of the X-ray 60 

beam to the nozzle at a given flow rate.  
 Further, this high speed video setup allows the experimental 
classification of the droplet breakup type. The breakup of a liquid 
jet leads to the formation of drops due to the downstream growth 
of axisymmetric capillary waves (the Rayleigh instability 100) that 65 

are commensurate with the jet diameter. The different possible 
droplet breakup types that can be identified are described in more 
detail elsewhere and will be covered only briefly.28,75,101,102 (I) 
The jetting state shown in Fig. 7B corresponds to the first type, 
which is globally and locally stable (GS/LS). Here, the liquid 70 

meniscus is stable inside the nozzle and the liquid exits the orifice 
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as a continuous column because the growing axisymmetric 
perturbations are swept away downstream (convectively unstable 
103 (II) Unstable states, such as spraying, where the tapering 
liquid meniscus is unstable, can be observed at increasing 
pressures for a given liquid flow rate and they correspond to the 5 

global and local instability (GI/LI). (III) The third parameter 
domain corresponds to a globally stable, but locally instable 
jetting regime (GS/LI). Here, the liquid meniscus is stable inside 
the nozzle geometry, as shown in Fig. 7C, but the jet breaks up 
into a continuous droplet stream because the growing 10 

perturbations travel upstream and pinch off the interface close to 
the orifice (absolutely unstable 103 This GS/LS- to GS/LI-
transition lies in the range of the Leib-Goldstein limit that 
predicts the convection/absolute instability transition.101,102,104 
The GS/LI-state can be reached by starting with stable jetting 15 

(GS/LS, case I) and then lowering the pressure (>0.1 bar) at a 
given liquid flow rate (3000 µl h-1). Under these conditions a 
homogenous stream of equidistant drops (135 µm) with a 
diameter of 50.5 µm can be observed at a constant rate (ca. 
12.36 kHz). If the pressure, at this given flow rate, is decreased 20 

even further towards 0 bar, the jetting collapses (GI/LI, case II). 
 These findings and the predictable jet diameters are 
particularly interesting because they suggest that the knowledge 
and theories about the well-studied plate-orifice- and GDVN-
designs can be applied to the microfluidic liquid jet devices as 25 

well. This helps tremendously with the theoretical prediction of 
jetting behavior as well as the development of future optimized 
devices. Further, this principle could potentially be used to 
generate small droplets at a constant and controllable rate if the 
flow rates and other relevant experimental parameters are 30 

adjusted accordingly. This possibility could be interesting for 
applications that require synchronization of homogenous droplet 
streams to a certain frequency. 
 
CFD-based jet optimization. It is possible to analyze further 35 

design details on the jetting behavior using established 
computational fluid dynamic (CFD)-simulations that allow the 
microchannel design to be adjusted accordingly in AutoCAD. 
This combination of precise fabrication control and CFD-
simulations is known as computer-aided rapid prototyping.80,93,105 40 

 As an example, the jetting behavior of a water jet in air is 
simulated with the CFD-software package COMSOL using a 
time-resolved Newtonian two-phase model. First, the 
microfluidic nozzle geometry is imported from the CAD- into the 
CFD-software and the boundary conditions, such as inlets, 45 

outlets, etc., are set as described in further detail in the 
Supplemental Information. We choose a time-resolved model 
because the initial fluid interface is a flat plane, between the inlet 
channel and the gas flow volume, which then evolves to the 
stable liquid jet that is shown in blue in Fig. 8. Due to the 50 

complexity of this 3D model, symmetry of the microfluidic liquid 
jet nozzle was taken into account which enables to consider the 
geometry’s full 3D shape while only modeling its top right 
quarter. This reduced the amount of necessary finite elements and 
allowed us to increase the modeling quality of the liquid jet. 55 

These detailed finite element meshes are shown in Fig. S1 of the 
Supplemental Information. 
 

 
Fig. 7 Controlled droplet break-up. (A) Light microscopic image of a 60 

microfluidic liquid jet device that focuses a water jet with pressured air 
(GS/LS). (B) High speed camera frames (2 µs exposure, ca. 15,000 fps) 
of the jetting lengths, with the black dotted line marking the zero position, 
and droplet breakup (global and local stability) at flow rates between 
500 µl h-1 and 9000 µl h-1 at a pressure of 0.25 bar (global instability 65 

transition) and (C) Rayleigh breakup (global stability, local instability) in 
the same device at lower pressures (< 0.1 bar) and a flow rate of 
3000 µl h-1. The highly constant droplet-frequency and -size can be 
adjusted by changing the experimental parameters, such as pressure or 
flow rate. 70 

 This CFD-simulation of a liquid jet is an example for future 
similar models that can be used to optimize the system, gain 
important insights into the 3D liquid jet shape and understand its 
dynamics under different conditions because the CFD-model 
considers the exact geometry of the microfluidic nozzle which 75 

can be fabricated reproducibly using soft lithography. 
The CFD-simulations clearly show that the resulting liquid jet is 
shaped by the interplay of microchannel geometry and the 
compressed air at high velocities. We performed the simulation of 
the water liquid jet for the same parameters as the experiment: 80 

with a water flow rate of 600 µl h-1 and air at a pressure 
difference of 0.25 bar. As a verification of the CFD-model, the 
simulation results are compared to the experimental high speed 
video data under these exactly same conditions and we find that 
the results are in very good agreement, as shown in Fig. 8A. 85 

Further, the color-coded flow lines in this figure indicate the 
pressure drop which results from the volume expansion when the 
air from the side channels enters the bigger volume where the 
fluid focusing occurs. The compressed air expectably shapes the 
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liquid jet not only from the sides, but also from top and bottom 
according to the GDVN-principle which prevents any contact of 
the liquid to the nozzle wall and yields a very small liquid jet 
diameter at the nozzle outlet. 

 5 

Fig. 8 3D CFD-simulation results compared to the experimental data 
under the same conditions: water jet in air at a flow rate of 600 µl h-1 with 
a pressure difference of 0.25 bar. (A) Top view on the 3D simulation the 
corresponding light microscopic image shows the good agreement 
between the theoretical and experimental jet shape. (B) Side view on the 10 

3D shape of the liquid jet where the blue shape represents the interface 
between the two simulated fluid phases of water and air. The streamlines 
are color-coded to show the pressure gradient in the focusing area. 

Vacuum operation. The microfluidic liquid jet devices operate 
well under atmospheric ambient pressures or under vacuum 15 

conditions. The low gas flow rates are measured experimentally 
and should allow a vacuum in the range of 10-6 bar, as described 
in further detail in the Supplemental Information. To demonstrate 
the stable jetting behavior under vacuum conditions, we 
performed tests in a scanning electron microscope (SEM, EVO 20 

LS, Carl Zeiss AG) using a microfluidic liquid jet device and 
water as a liquid sample. The SEM is operated at a chamber 
pressure of < 10 mbar and the liquid- and air-flows are pumped 
by applying adjustable pressures. The flow rates are monitored in 
situ using a micro-volume flow meter (Sensirion AG). The 25 

observed jet diameters typically were in a range of 2 µm to 4 µm 
at flow rates between 150 µL h-1 and 1000 µl h-1 and pressures up 
to 3 bar.  
 An example SEM image of a liquid jet in a microfluidic device 
in operation is depicted in Fig. 9. The device runs at the low flow 30 

rate of 150 µL h-1 at an air pressure of 1.7 bar yielding a stable 
liquid jet with a diameter of 2.46 µm. After a short, unintentional 
high overpressure burst, we observed a stable microfluidic liquid 
jet with a sub-micron diameter (940 nm) at an even lower flow 
rate of 135 µl h-1 at an applied pressure of 1.9 bar. This 35 

observation indicates the optimization potential of this 
microfluidic liquid jet system. We suspect that the d/r0-ratio (see 
Fig. 4) changed in this event because this ratio is known to have a 
sensitive effect on the lowest minimal flow rate.27 
 These vacuum conditions in the SEM sample chamber mimic 40 

the conditions that are typically found in the sample chambers at 
free electron lasers. Combined with the low liquid flow rates, this 
compatibility makes the microfluidic liquid jet device a suitable 
alternative to current sample environments. 

 45 

Fig. 9 Liquid jetting under vacuum conditions. Scanning electron 
microscopic (SEM) image of microfluidic liquid jet device during 
operation under vacuum conditions. The liquid jet (pure water) exits the 
nozzle as a straight continuous sample stream while its GDVN-based 
design enables essentially clogging-free stable jetting with small 50 

diameters at low sample flow rates. By regulating pressure and sample 
flow rates, the jet diameter can be adjusted. 

Sample consumption and -compatibility. Due to the air-
focusing design, the here presented microfluidic liquid jet devices 
can be operated at very low sample consumption rates which is 55 

highly important for solutions of scarce valuable samples such as 
proteins. The current minimum flow rates for stable jetting are 
typically in the range of the commonly used glass capillaries (135 
to 500 µl h-1).17,32,106 Ongoing studies indicate that these minimal 
flow rates for stable jetting can be further decreased by adjusting 60 

the design parameters, like channel-shapes, -heights, -dimensions 
and aspect ratios, according to the sample’s individual fluid 
properties. 
 The GDVN-based design typically results in the very reliable 
and continuous generation of liquid jets which are resilient to a 65 

wide range of experimental conditions; both for microfluidic 
devices and glass capillaries. However, there are extreme 
examples of samples where the GDVN-design is stretched to its 
limits. This is the case for highly viscous samples or solutions 
that contain high concentrations of salts because solution 70 

Page 8 of 13Lab on a Chip

La
b

on
a

C
hi

p
A

cc
ep

te
d

M
an

us
cr

ip
t



 

8  |  Journal Name, [year], [vol], 00–00 This journal is © The Royal Society of Chemistry [year] 

components tend to plate out at the periphery of this wetted 
region and eventually grow back to occlude the capillary exit or 
alter the gas flow. In case of glass capillaries, this problem can be 
overcome by forming micrometer-sharp edges on the front of the 
liquid capillary.24 While the side edges of the microfluidic liquid 5 

inlet channel can be fabricated with a similar sharpness, to reduce 
the wetted area, the edge at the top and bottom remain rather flat. 
However, this wetted region can be minimized even further by 
using established surface treatments, such as AquapelTM- or 
parylene-coating, which have been successfully used against 10 

device fouling. 107-109 
 To demonstrate the wide sample compatibility of untreated 
microfluidic liquid jet devices, the chips are tested with different 
solutions that are examples for commonly used protein 
crystallization buffers and which contain high concentrations of 15 

poly(ethylene glycol) and salts. The microfluidic liquid jet 
devices operate error free and without any indication of clogging 
for a period of 60 min after which the experiment is intentionally 
stopped (see Supplemental Information). 
 20 

Solvent compatibility. PDMS is compatible with aqueous and 
polar solvents, and thus suitable for most biological or protein 
samples.106,110,111 For use with nonpolar solvents, coating 
procedures based on established PDMS surface chemistry, e.g. 
borosilicate glass or fluorinated repellant coatings, have been 25 

demonstrated 89,92,94,96,106. Further, the described device 
fabrication procedures can be transferred to other elastomer 
materials and other microfluidic production techniques such as 
(hot) soft embossing, including materials such as Teflon® 97-99 
Kapton®,75 THV®,104 COC/TOPAS®,80 PS,106 PE,106 PMMA,89,106 30 

NOA81,112,113 glass114 and silicon.114 Combined with the here-
described integrated snap-in structure for device alignment, this 
enables the use of a broad range of solvents in microfluidic liquid 
jet devices. Production techniques such as (hot) soft embossing or 
micro injection molding also open the path to industrial large 35 

scale productions with the possibility to mass-produce disposable 
devices.  
 
Integration of additional features. The soft lithography-based 
liquid jet device production allows the integration of additional 40 

features or microfluidic building blocks without any additional 
processing steps. Available microfluidic building blocks include 
design concepts for simple functions like i.e. mixing, sorting, 
measuring, injecting, switching or droplet- and microparticle-
generation, which can be stacked to build up complex chip-labs. 45 

A prominent example of stacked, simple elements that perform 
complex tasks is the concept of microfluidic large scale 
integration by Quake et al. which includes pumps,115 valves116 
and multiplexers.71 This building block concept enables the 
sample handling and fluid manipulation within the microfluidic 50 

liquid jet device and opens up many new opportunities for liquid 
jets. 
 
Jet-in-jet. As an example for the integration of microfluidic tools 
into the liquid jet device, we demonstrate the fabrication of a jet-55 

in-jet geometry that focuses two liquids hydrodynamically into a 
gas-focused jet of the combined liquids. Hydrodynamic flow 
focusing and its combination with a coaxial gas flow using 

capillaries has been described before, 22,51 but each additional 
liquid stream inside a liquid stream requires additional working 60 

steps due to the capillary-based design. In this soft lithography-
based example however, mixing geometries are handled as 
individual microfluidic building blocks of which one or many can 
be simply added to the existing GDVN-nozzle design with high 
precision and reproducibility; without the need of any additional 65 

fabrication steps. This simple combination enables in situ mixing 
experiments within the liquid jet, like i.e. the study of 
nanoparticle growth,89,90 the time-triggered dosing of liquids into 
a stable liquid jet or ultra-fast pump-probe laser 
experiments.2,4,6,7,33  70 

 
Fig. 10 Jet in Jet. Microscopic images of a microfluidic liquid jet in jet 
device during operation at 1 bar and a (medium) flow rate of 500 µl h-1 
for each liquid channel. The flow rate ratio between side and main 
channels (SC:MC:SC) is therefore 1:1:1. (A) The light microscopic image 75 

shows a solution of rhodamine B dye which is focused in pure water 
before it exits the device as a liquid jet. (B left) Fluorescence image of the 
liquid jet’s cut plane taken with a confocal laser scanning microscope at 
its center. This is the same device as (A), but it is operated with different 
dyes which are recorded on individual color channels: fluoresceine (B top 80 

right, green channel) and rhodamine B (B bottom right, red channel). An 
inversion of dyes is observed. (C) A complete stack of confocal cut plane 
images at different focus positions of this liquid jet has been recorded. 
The resulting 3D-reconstruction is presented from an inclined top-down 
view angle. 85 

 We demonstrate a microfluidic jet-in-jet device mixing two 
dyes, fluoresceine and rhodamine B, by hydrodynamic flow 
focusing which are then focused as a liquid jet using the GDVN-
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principle. The pressurized air is adjusted to 1 bar and the liquid 
flow rate is 500 µl h-1 for each liquid channel which results in a 
flow rate ratio between side and main channels (SC:MC:SC) of 
1:1:1. The jetting behavior is imaged using a light microscope 
(rhodamine B in water) and confocal laser scanning microscopy 5 

(fluoresceine in rhodamine B) as shown in Fig. 10.  
  The green and red fluorescence of these dyes at the center of 
the liquid jet is recorded on individual color channels of the 
confocal microscope as shown in Fig. 10B. Additionally, we 
record a complete stack of confocal cut plane images at different 10 

focus positions of this liquid jet enabling a 3D-reconstruction of 
the liquid jet. The lower half of this resulting 3D-reconstruction is 
presented from an inclined top-down view angle in Fig. 10C. We 
observe that the liquid jet is not only focused from the sides but 
also from top and bottom. This observation and the liquid jet’s 15 

3D shape are in good agreement with the CFD simulation results 
that have been discussed above. 

Experimental 

Photolithographic Master Fabrication. This part of the 
fabrication process is performed in a clean room and starts by 20 

spin-coating (Cee 200X, Brewer Science Inc.) a 3” silicon wafer 
with a negative photoresist (SU-8 50, Microchem Co.). This step 
is illustrated in Fig. 1.1. The microchannel structures are imparted 
to the photoresist using a mask aligner (MJB4, Süss MicroTec 
AG) as shown in Fig. 1.2. The previous steps are repeated to 25 

build up two additional layers onto the silicon wafer, as shown in 
Fig. 2. The uncured photoresist is removed in the subsequent 
development process which yields a multi-layered master. All 
relevant process parameters are optimized to obtain 
microstructured layers with a very uniform height of 30 µm per 30 

coating-exposure-iteration. The geometric design parameters of 
the microchannel are summarized in Tab. 1. 
 
Microfluidic Device Fabrication. The second part of the 
fabrication process continues under dust-free conditions by 35 

replicating this microstructured master using 
polydimethylsiloxane (PDMS, Sylgard 184 kit, Dow Corning 
Co.) and curing it for ca. 2 h at 80 °C. These steps are depicted in 
Fig. 1.3&4. The PDMS replica is removed from the master and 
inlet ports are punched into the polymer using a biopsy punch 40 

needle (Harris Uni-Core™ 0.75 mm). The polymer is cut into 
smaller pieces for better handling and the excess PDMS next to 
the outlet nozzles is cut off using a razor blade, as shown in 
Fig. 1.5. This step is performed under a microscope to ensure 
high quality. The microchannel design allows preparing several 45 

nozzles simultaneously since the replicated structures incorporate 
an additional PDMS-layer that protects the nozzle’s integrity and 
function during the cutting process (see discussion of Fig. 2). 
Additionally, cutting in a steeper angle (or adjusting the CAD 
drawing) will extend the range of coverable X-ray scattering 50 

angles. The final array of microfluidic 3D-focused liquid jet 
nozzles is created by bonding the two halves of PDMS. This is 
achieved by activating the surface using air plasma (MiniFlecto-
PC-MFC, GaLa Instrumente GmbH), adding a little drop of pure 
water (0.2 µm-filtered Millipore), aligning the structures and 55 

drying at 30 °C for ca. 1 h. The use of a microscope will help 
during the alignment step, but typically the integrated orientation 

structures of the multi-layer design will snap in and align the 
microstructures automatically and with high precision. 
 60 

Microfluidic liquid jet device operation. The microfluidic 
liquid jet devices operate stably under different conditions. The 
devices are tested over periods of several hours to demonstrate 
the long term stability of the system. Syringe pumps (Nemesys, 
Cetoni GmbH) are connected to the device using PE tubings 65 

(Science Commodities Inc.). All tested liquids, such as pure water 
(Milli-Q, Millipore), are filtered through a 0.2 µm- or 5 µm-PTFE 
filter prior to use. The experimental conditions include flow rates 
between 150 µL h-1 and 9000 µL h-1 at constant pressures 
between < 0.1 bar and 5 bar. During the startup sequence, the air 70 

flow is started first and then adjusted to the desired value. Next, 
the syringe pumps are started and regulated down to the targeted 
flow rate for stable jetting. The imaging setup involves an 
Olympus IX71 inverse microscope and a highly intense, focused 
light source that allows exposures down to 2 µs. The fast 75 

processes, as the droplet breakup or the startup evolution, are 
recorded using a high speed camera (Phantom v9.1, Vision 
Research) allowing to capture frames at a rate of 150,000 s-1. The 
stable jetting behavior is also studied and captured using a DSLR 
camera (D7000, Nikon) which delivers high resolution images for 80 

further analysis. 

Conclusions 

In conclusion we demonstrate the production of microfluidic chip 
based devices that produce liquid jets with micrometer diameters 
while operating at very low flow rates. The chip production is 85 

based on established soft-lithographical techniques employing a 
three-layer design protocol. This allows the exact, controlled and 
reproducible design of critical parts such as nozzles and the 
production of nozzle arrays. The microfluidic chips reproducibly 
generate liquid jets exiting at perfect right angles with diameters 90 

between 20 µm and 2 µm; under special circumstances even 
down to 0.9 µm. Jetting diameter, jet length, the domain of the 
jetting/dripping instability can be predicted and controlled based 
on the theory for liquid jets in the plate-orifice configuration 
described by Gañán-Calvo et al. Additionally, conditions under 95 

which the device produces highly reproducible monodisperse 
droplets at exact and predictable rates can be achieved. The 
devices operate under atmospheric and under vacuum conditions 
making them highly relevant for a wide range of applications, for 
example at free-electron lasers. Further, the straightforward 100 

integration of additional features such as a jet-in-jet is 
demonstrated. This device design has the potential to integrate 
more features based on established microfluidic components and 
become a standard device for small liquid jet production. 
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