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ABSTRACT 

In this study we present a novel microfluidic device for high throughput production of 

monodisperse droplets. The proposed 3D-emulsifier consists of multiple parallel droplet 

generators coupled to only two inlets (continuous and dispersed phase). The three-dimensional 

nature of our device allows for a maximal density of droplet generators per surface area. We 

produce oil droplets in water using a device containing a single and four droplet generators. The 

droplet size and throughput were experimentally determined. In the four nozzle chip, we observe 

an important effect of the flow rate on the size distribution between the different droplet generators. 

Importantly, the transition between the squeezing and a transition regime shows the highest 

monodispersed production rate. For the four nozzle chip, we show a four-fold increase of the 

production throughput, while maintaining a high monodispersity of the droplets. A theoretical 

scale-up of our device is performed, demonstrating a possible throughput of 8.2 l/h, opening the 

door for (industrial) applications requiring much larger flow rates than what is typically achievable 

with microfluidic devices.  

1. INTRODUCTION 

Microfluidic devices have been introduced more than 20 years ago and were believed to induce 

breakthroughs in society and industry due to the conceptual advantages related to flow control and 

the possible integration of a wide range of functionalities. Droplet microfluidics encompassing 

droplet formation allows for the production of highly uniform micro and nano-emulsions, which 

is not achievable with conventional macroscopic techniques. Uniform emulsions find a wide range 

of application in the pharmaceutical1, food2  and chemical industry3, offering e.g. a better drug 
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release, stability or yield. However, the low production rate of microfluidic devices remains one 

of the main bottlenecks for their use in industrial applications. Production rates exceeding 1 l/h are 

commonly needed. In typical one droplet generation systems, the frequency of droplet generation 

can reach 1000 to 12 000 Hz, the volume at these frequencies remain low (2.8 ml/h for 50 µm 

droplets)4. Recent research in microfluidics has, however, focused on making the flow rates 

obtained with microfluidics sufficiently large for industrial applications. To this end, novel chip 

configurations with multiple droplet generators have been proposed, including: (i) step emulsifiers 

and parallelized microfluidic droplet generators. (i) Step emulsification relies on distributing the 

dispersed phase through discrete channels, forming droplets in the surrounding continuous phase. 

In these type of devices, droplets are formed spontaneously due to static instabilities, leading to 

highly monodispersed droplets5–10. However, droplet size cannot be varied as it is solely dependent 

on the device geometry. A disadvantage of these type of micro arrays is a limited droplet 

production due to its 2D nature11. Amstad et al. fabricated a microfluidic chip containing 500 

droplet generators, reaching a throughput of 150 ml/h10. To address the relatively low throughput 

of in-plane step emulsifiers, vertical channels were introduced12–16. Using this design Stolovicki et 

al. have reported a maximal throughput of 10 l/h in a device including 120 througholes15. (ii) In 

contrast to spontaneous drop generation, multiple designs exist which aim to parallelize classical 

droplet generators (T-nozzles and flow focusing). Droplet formation in these devices is largely 

controlled by the flow rates of the dispersed and continuous phases, allowing to vary the droplet 

size easily. Nisisako and coworkers reported on a device containing 256 flow focusing droplet 

generators arranged in a circular configuration. The authors reported a throughput of 320 ml/h17. 

Two common layouts exist to distribute the liquids, the tree distributor and the ladder distributor11. 

Tree-like emulsifiers rely on bifurcating a single channel into 2N daughter channels over N 
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generations18–20. Using this strategy, Conchouso et al. have reported a circular array comprising 

128 flow focusing droplet generators, allowing for a production rate of 1 l/h19. Ladder-like 

emulsifiers are more commonly used21–27, these distribute liquids through small channels, 

characterized by a high flow resistance, which are directly connected to a main ‘backbone’ 

channel11. Romanowsky et al. developed a microfluidic device comprised of 15 flow focusing 

devices for the production of double emulsions26. The authors demonstrated a possible throughput 

of 42 ml/h. Similarly Yadavali et al., incorporated 10260 droplet generators on a microfluidic chip 

for a total production rate of 2.09 l/h27.  

While great progress has already been achieved in the parallelization of microfluidic droplet 

generators, there is still room for improvement. The above reported devices produce droplets in 

the two-dimensional plane. This allows a nice visualization of the droplet formation but limits the 

nozzle density and makes coupling to larger scale reactors difficult. To the best of our knowledge 

only one truly 3D design has been reported, which is based on the ladder-like distributors28. 

However, the droplet generators are on a single line, again limiting the density of droplet 

generators. In this paper we propose a novel approach for the high throughput production of 

monodispersed droplets with a polydispersity on the order of 5%. Our device is designed in such 

a way that the droplet generators are perpendicular to the distribution planes. This configuration 

allows for a maximal nozzle density on a given surface. To the best of our knowledge this full 

three-dimensional emulsifier has never been demonstrated before. To validate our device oil 

droplets are produced in water. Moreover, a theoretical upscaling exercise of our concept is worked 

out and compared to state of the art approaches, taking pressure limitations into account. 

 

2. EXPERIMENTAL 
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2.1. Chip design and fabrication. The 3D emulsifier is designed such that the first and second 

dimension are used for flow distribution. Flow distribution is based on ramified or tree-like 

distributors, originally introduced and characterized by Tondeur and Luo29,30. The ramified 

distributor consists of channels that are sequentially bifurcating in two ‘daughter’ channels, 

forming different generations. Droplets are formed perpendicular to the distribution plane, these 

sites of droplet generation can be seen as 2D T-nozzles equivalents in 3 dimensional space. While 

flow focusing nozzle can also be envisaged, the current study is limited to the use of the T-nozzle 

contact type, which produces a more controllable droplet generation and has higher tolerance for 

flow irregularities with limited impact on the droplet size distribution31. A distributor of N 

generations has 2N droplet generators. This exponential increase in droplet generators with each 

generation, allows to easily design a device with a multitude of droplet generators.  

 

The 3-D emulsifier comprises three separate layers. Two layers for the distribution of the 

continuous and dispersed phase, respectively, and a cover lid (Figure 1.a). The distribution 

channels for the continuous phase have a width of 1000 µm and a depth of 200 µm, except for the 

final branch which has a width of 200 µm. The distributor for the dispersed phase has channels 

with a width and depth of 1000 µm. Each droplet generator consists of two concentric holes, one 

connecting the discrete phase with the continuous phase and a second acting as an outlet. Both 

holes have a diameter of 150 µm and 300 µm, respectively. To ensure good flow distribution in 

the chip, the final part of the distributor, before the droplet generator, is designed such that it 

experiences the highest pressure drop in comparison with the rest of the distributor26. For the 

continuous phase distributor this high pressure drop part corresponds to the final branch of the 
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ramified distributor. For the dispersed phase, however, the highest pressure drop is achieved in the 

hole located just before the junction (Figure 1.a; enlargement). 

 

Figure 1. a) Overall view of the 3D-emulsifier containing four nozzles and a magnification of a 

droplet generator (see inset for detail). Each layer comprises a distributor connected via through 

holes. These form the location for droplet formation. The lid sealing the device is not shown in the 

representation. b) Schematic representation of the setup. Two syringe pumps supply the continuous 

and dispersed phase to the 3D-emulsifier. The emulsifier was positioned in a recipient containing 

the continuous phase. Droplet formation was recorded with a high speed camera. 

The 3-D emulsifier was fabricated in polymethyl-methacrylate (PMMA), this polymer was chosen 

for its transparency, chemical resistivity and ease of micromachining. A high speed CNC milling 

machine (Datron Neo, Datron AG., Germany) was used to mill the microfluidic channels. The 

three different layers were subsequently assembled. First, all layers were rinsed with isopropyl 

alcohol then dried with an air gun. Sealing of the chip was achieved by solvent assisted bonding 

of the three substrates. Two clean PMMA layers were positioned and aligned prior to bonding. 

Less than 5 µl butyl lactate was injected using a pipette at the edge between the PMMA pieces. 
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Due to capillary forces, butyl lactate flowed into the interstitial space without overflowing into the 

channels. Then, the two pieces were allowed to bond without additional pressure at room 

temperature for at least three hours. Finally, the same process was repeated to bond the third layer. 

Two versions of the 3D-emulsifier were produced. One containing a single droplet generator, to 

validate the formation of monodisperse droplets in the proposed geometry and serving as reference 

for the second version which contains 4 droplet generators. 

 

2.2. Experimental setup. A schematic representation of the setup is shown in Figure 1.b. The 

continuous phase consists of water containing polyvinyl alcohol, PVA (2 wt%, 9-10 kDa, 80% 

hydrolyzed, Sigma-Aldrich) as a surfactant, hexane (VWR chemicals) containing Span 80 (20 

wt%, Merck) was chosen as the dispersed phase. The viscosity of the continuous and dispersed 

phase was measured to be 1.6*10-3 Pa*s ± 8.1*10-5 and 5.3*10-4 Pa*s ± 2.1*10-5, respectively. 

Liquids are fed into the 3D-emulsifier by two syringe pumps (KDS 100, KD Scientific, USA), 

through fused-silica capillaries. The emulsifier itself was submerged into a bath containing the 

continuous phase. For all experiments, a constant flow ratio of 1:1 of the continuous and dispersed 

phase was maintained (Qwater = Qhexane). Droplet formation was recorded with a CMOS high speed 

camera (pco.dimax HS4, PCO AG, Germany). The obtained movies were further analyzed using 

MATLAB and ImageJ.  

 

3. RESULTS AND DISCUSSION 

3.1. Droplet formation. Both 3D-emulsifiers were evaluated by forming hexane droplets in 

water. The flow rate ratio was kept constant at a ratio of 1:1 (Qwater = Qhexane). The emulsifier 

containing a single nozzle was first used to characterize the droplet formation regimes. Three 
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different regimes were observed, the squeezing regime, a transition regime and finally the jetting 

regime. To distinguish the transition between the observed regimes, the length of the neck right 

before break-up was measured and normalized by the diameter of the outlet nozzle (D = 300 µm). 

Figure 2 depicts the evolution of the normalized break-up length (LD/D) with the applied flow rate. 

The increase of the break-up length with the flow rate can be clearly seen. The threshold value 

selected for the squeezing regime transition is LD/D = 132–35. Droplets with a low break-up length 

(LD/D < 1) were considered to be generated in the squeezing regime. This cut off is equivalent to 

a flow rate of 4.5 ml/h/nozzle. Above a flow rate of 9 ml/h/nozzle, a well-developed jet is observed 

with clear instabilities.  
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Figure 2. a) Normalized break-up length (LD/D) at different flow rates. Three droplet formation 

regimes are identified: (i) the squeezing regime, (ii) a transition regime and (iii) the jetting regime. 

The dotted line represents the transition from the squeezing regime to the jetting regime (LD/D > 

1). b) Photographs of droplet formation at the moment of break-up in the three different regimes.  

 

Since in the present study the interest lies in the formation of monodispersed droplets, all our next 

experiments were conducted at flow rates were the squeezing regime or transition regime 

dominates. The droplet sizes and the throughput at different  flow rates are shown in Figure 3. At 

flow rates below 4.5 ml/h/nozzle a relatively constant droplet size is observed with an average 

volume of 9.1*106 µm³ ± 0.4*106. At flow rates above 4.5 ml/h/nozzle, the droplet volume drops 
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to 7.7*106 µm³ ± 0.2*106. This difference in droplet size can be explained by the transition from 

the squeezing regime to the transition regime at a flow rate of 4.5 ml/h/nozzle. This is consistent 

with the previous study of the break-up length and the used threshold of LD/D = 1. The relatively 

constant droplet size in both regimes, indicates that our system is stable across a range of flow 

rates for the production of highly uniform particles. Figure 3 depicts also a linear rise of the 

throughput (droplets/s) with the applied flow rate. It should be noted that at the edge between the 

squeezing and transition regime the formed droplets show a slightly higher variance.  

 

Figure 3. Droplet length (●) (left y-axis) and throughput (▼) (right y-axis) as a function of the 

applied water flow rate. Two distinct break-up regimes are observed (the squeezing and a transition 

regime), with a transition around 4.5 ml/h/nozzle. The pictures show the squeezing regime at a 

flow rate of 2.5 ml/h/nozzle and the transition regime at a flow rate of 6 ml/h/nozzle.   

Droplet formation inside the four nozzle chip is shown in Figure 4. At flow rates of 1-4 ml/h/nozzle 

the squeezing regime dominates inside the nozzle. Figure 4.b and 4.c show monodisperse droplets 

exiting the 3D-emulsifier. 
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Figure 4. Time-lapse of droplet formation a) inside the 3D-emulsifier and b) outside the 3D-

emulsifier. The flow rate of the continuous and dispersed phase was set at 1 ml/h/nozzle. c) 

Overview image of a 4 nozzle 3D-emulsifier producing hexane droplets at a flow rate of 4 

ml/h/nozzle. Only two nozzles are visible, the others are out of focus.  

The device which contains 4 nozzles does not show a constant but a decreasing droplet size with 

rising flow rate. Only at a higher flow rate a size similar to the one nozzle chip was observed 

(Figure 5.a). Moreover, the coefficient of variance (CV) decreases with rising flow rate, until a 

flow rate of 4 ml/h/nozzle, after which it rises again (Figure 5.b). It should be noted, that when 

looking at individual nozzles within the 4-nozzle design, monodispersed droplets are formed. The 

measured variability on the droplet size is, as a consequence, the result of size variation between 

the different nozzles and not of variations at single nozzle level. Droplet formation is a fine 

interplay between interfacial phenomena and dynamical ones. At low flow rates, the interfacial 

phenomena dominate and the droplet formation process can be seen as minimization of the 
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interfacial energy. At these flow rates the continuous phase cannot overcome the interfacial tension 

during droplet formation at a certain outlet. Hence the pressure drop of the continuous phase rises 

localy36. This deviates the continuous phase to another outlet, delaying the pinch-off of the droplet. 

Thus the high CV at low flow rates could be explained by communication between the droplet 

generators. This phenomenon could also be seen from a perspective of minimizing the interfacial 

energy, hence at very low rates (smaller than the studied range), dispersed phase will fill one or 

two nozzles, and the continuous phase will fill the two others. Thus very huge droplets will come 

out from the first 2 nozzles and no droplets will come out from the other nozzles. At a flow rate of 

4 ml/h/nozzle, this phenomenon seems to be less pronounced leading to more uniform droplets. At 

flow rates higher than 4 ml/h/nozzle, some nozzles shift into the transition regime while others 

remain in the squeezing regime. Because the transition regime generates smaller droplets than the 

squeezing regime (Figure 3), this shift is associated with a rise in CV. 
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Figure 5. a) Measured droplet diameter as a function of flow rate for chips containing one (●) or 

four (▼) nozzles. b) Coefficient of variance of the droplet size for an emulsifier containing four 

nozzles. At a flow rate larger than 4 ml/h/nozzle a transition from the squeezing regime to the 

transition regime occurs, explaining the higher CV. 

The frequency of droplet generation rises linearly for a single nozzle emulsifier (Figure 6). This is 

expected since the droplet size remains constant. A maximal throughput of 53 Hz is observed at a 

flow rate of 5 ml/h/nozzle. As one would expect, the total throughput is higher for the four nozzle 
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3D-emulsifier (see inset). At a flow rate of 4 ml/h/nozzles, which gave equal droplet size in the 1 

and 4 nozzle 3D-emulsifier, the expected four-fold increase in throughput is observed. At lower 

flow rates, larger droplets are formed and thus the throughput (in terms of droplet frequency) is 

slightly lower.  

 

Figure 6. Frequency of droplet generation as a function of flow rate per nozzle for an emulsifier 

containing one nozzle (●) or four nozzles (▼). A fourfold increase in throughput is observed at a 

flow rate of 4 ml/h/nozzle when going from one nozzle to four nozzles (inset). The dotted lines 

show the expected linearity of the throughput in function of the applied flow rates. 

3.2 Design rules for upscaling. For our 3D emulsifier, a couple of design rules needs to be 

undertaken, especially when thinking of upscaling the device with thousands of droplet generators 

with a high density. The first rule is ensuring a minimal pressure drop, such that a syringe pump 

can be used (ΔP < 2bar). The second one is to ensure a uniform flow across each droplet generator, 

even if some of the nozzles are clogged. Applying Ohm’s law and Kirchhoff’s law to the equivalent 

electric circuit to our system represented in Figure 7.a, yields the following relationships37,38: 
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−∆𝑃𝑑  =  𝑅𝑑0𝑄𝑑  + ∑ 𝑅𝑑1𝑖𝑄𝑑𝑖

𝑁

𝑖=1
 +  𝑅2𝑄𝑜𝑢𝑡  +  𝜌𝑔𝑧 [1] 

−∆𝑃𝑐  =  𝑅𝑐0𝑄𝑐  + ∑ 𝑅𝑐1𝑖𝑄𝑐𝑖

𝑁

𝑖=1
 +  𝑅2𝑄𝑜𝑢𝑡  +  𝜌𝑔𝑧 [2] 

where ∆𝑃𝑑 and ∆𝑃𝑐 are the pressure differences of the dispersed and the continuous phases, 

respectively. 𝑅𝑑0 and 𝑅𝑐0 are the hydraulic resistances of the capillary tubes transporting the 

liquids into the microfluidic chip. After entering the device, the liquids are distributed over the 

branches. In each branch “i”, 𝑅𝑑1𝑖 , 𝑄𝑑𝑖 and 𝑅𝑐1𝑖 , 𝑄𝑐𝑖 represent the hydraulic resistance and the 

flow rate of the dispersed and the continuous phase. At the end of the two distributors, the liquids 

meet at the droplet generator. Droplets are formed at the last channel that has a resistance 𝑅2. 

Finally, the droplets are released in the reservoir. An additional pressure is then added that depends 

on the level of water, z, in the reservoir. It should be noted that the objective of this calculation is 

to have an order of magnitude of the pressure drop through the system. Accurate calculation of the 

pressure drop is out of the scope of this study. In our experiments the overall pressure drop does 

not exceed 0.1bar. This low pressure drop allows the use of simple equipment like low pressure or 

syringe pumps. 

To ensure the production of highly monodisperse droplets, proper distribution of the continuous 

and dispersed phase is crucial. To this end, the guidelines proposed by Tondeur and Luo29 for the 

design of a ramified distributor have been adapted such that the final branch is much smaller than 

the other branches. This introduces a high flow resistance in the final part of the distributor. As a 

result, the quality of flow distribution is only influenced to a minor extent by small fabrication 

deviations (or fouling) at the upstream zone of the distributor. Figure 7.b depicts the pressure drop 

in a 4 nozzle 3D-emulsifier, for the distribution of the continuous and the dispersed phase. The 

inlet flow rate of both phases was assumed to be 5 ml/h/nozzle. Each generation of the distributors 
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is denoted by a letter (A-D). Note that the distributor of the dispersed phase has as additional 

generation compared to the continuous phase. This final level corresponds to the hole connecting 

the two distributors (see inset at Figure 1.a). The blue squares denote the location of the junction 

where the dispersed and continuous phase meet. We observe a sharp rise in pressure drop at the 

final branch of each distributor as required by the design rule.  

 

Figure 7. a) Schematic representation of the experimental setup as an electrical circuit. b) Pressure 

drop in a 4 nozzle 3D-emulsifier for the continuous phase (black) and the dispersed phase (red). 

The inlet flow for both phases is assumed to be 5 ml/h/nozzle. The blue square denotes the position 

where the continuous and dispersed phase meet to form a droplet.  

3.3 Theoretical upscaling. Based on the obtained results in section 3.1, we performed a 

theoretical scale-up of our 3D-emulsifier. A throughput of 4 ml/h/nozzle was assumed since this 
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gave comparable droplets to our 1 nozzle benchmark. Note that for each new generation the 

number of nozzles rises exponential with a power of 2. As a result, the total throughput also rises 

exponentially. For a chip containing 2048 nozzles a theoretical total throughput of 8.2 l/h can 

potentially be achieved (Figure 8.a). Next to the throughput, the maximal amount of nozzles that 

can be implemented on a chip with a size of 1 cm² is calculated. Defining the width of the inlet 

channel as w1 and the final channel as wN, the maximal number of nozzles can be calculated from29: 

(
𝑤1

2
+

𝑤𝑁

2
) ∗ 21+

𝑁
2 < √𝐴 

[3] 

with N the number of generations. In our scale-up the width of the first and last channel was 

assumed to be 200 µm, as this is the minimal achievable channel size using our milling machine. 

The through holes were kept at a diameter of 300 µm. With these boundary conditions, a total 

number of 256 nozzles could be implemented on a 1 cm² chip (Figure 8.b). Note that, the 

requirement of the sharp rise in pressure drop in the final branch of the distributor, can be 

maintained by varying the channel heights. When using higher resolution fabrication methods 

based on lithography and etching, or alternatively laser ablation, much smaller sizes and thus 

higher nozzle densities could be achieved in a 3D emulsifier configuration. As an example, for 

channel sizes of 100 µm a total of 2048 nozzles could be implemented on a 1 cm² chip. This would 

correspond to a total flow rate of 8.2 l/h. This nozzle density on a surface of only 1 cm² is 

unprecedented and has become possible because of the full 3D nozzle configuration. The 

experimental development of a high density 3D-emulsifier will be performed in a follow-up study. 

Based on the presented results, scale-up of our 3D-emulsifier seems to be a highly promising for 

high throughput production in industrial applications.  
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Figure 8. a) Theoretical scale-up of current 3D-emulsifier, assuming a throughput of 4 ml/h/nozzle 

up to 2048 nozzles. Experimental throughput (◇) and theoretical throughput (■). b) Photograph 

of a 1cm² 3D-emulsifier containing 256 nozzles. 

4. CONCLUSION 

We have introduced a novel microfluidic device, specifically designed for high throughput 

production of microdroplets and microparticles. The 3D-emulsifier is designed such that the 

droplet generators are perpendicular to the distribution planes, allowing for a maximal nozzle 

density. The droplet size and throughput were measured in a one and four nozzle design. In the 

four nozzle device, an optimal flow rate of 4ml/h/nozzle was observed at which monodispersed 
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droplets (370 µm ± 6.4) were formed in all droplet generators. This flow rate corresponds to the 

switch between the squeezing and a transition regime. Moreover, a four-fold increase was observed 

in the throughput for the four nozzle 3D-emulsifier. To ensure an appropriate flow distribution of 

the liquids, the final part of the distributor was design such that it has the highest pressure drop 

compared to the upstream part of the emulsifier. While the current 3-D emulsifier only had 4 

nozzles, a theoretical scale-up under realistic conditions has been demonstrated. Expanding our 

design to a 1 cm² chip containing 2048 nozzles could give a throughput of 8.2 l/h. This is a 

significant increase compared to other nozzle array devices described in literature, paving the way 

for use of nozzle arrays in (industrial) processes requiring large throughput. 
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