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1 Introduction

Droplet microfluidics has provided countless novel meth-
ods for chemical and biological researches (Christopher and 
Anna 2007; Kelly et al. 2007; Rosenfeld et al. 2014; Teh 
et al. 2008; Yang et al. 2010). It has many unique advantages, 
such as compartmentalization, high surface/volume ratio, 
quantification, monodispersity and high throughput (Chiu 
et al. 2009; Theberge et al. 2010). These nano- to pico-liter-
scale droplets can function as individual nano-laboratories 
to facilitate material synthesis (Puigmarti-Luis 2014; Yang 
et al. 2012; Zhao et al. 2015), trace detection (Chokkalingam 
et al. 2013; Guo et al. 2011, 2012a), cell encapsulation and 
culture (Agarwal et al. 2013; Cai et al. 2014; Velasco et al. 
2012), single-cell analysis (Guo et al. 2012b; Hazel et al. 
2013; Jarosz et al. 2014), drug delivery and evaluation (Gar-
rait et al. 2014; Yu et al. 2010) and so on.

Originally, in microfluidic chips, droplets are generally 
formed in passive hydrodynamic formats using flow-focus-
ing, T-junction or coaxial structures (Christopher and Anna 
2007; Teh et al. 2008). The elaborately designed micro-
channels help to generate varied droplets that have spe-
cific structures for unique functions in a high-throughput 
way (Datta et al. 2014; Ji et al. 2011; Shang et al. 2014). 
To improve the maneuverability of the droplet generation 
in microchannels, active formats that mainly employ actua-
tors to regulate the fluid flow are developed. Many tech-
niques, such as mechanical, electric, thermal and acoustic 
methods, have been employed for droplet manipulations 
(Chong et al. 2016; Collins et al. 2015). Among them, the 
pneumatic valve-based droplet-on-demand (DOD) systems 
are representative (Guo et al. 2010; Wang et al. 2009; Zeng 
et al. 2009), which can benefit on-chip sample treatments 
in a more sensitive manner (Chong et al. 2016). There are 
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mainly two kinds of pneumatic valves. One is single-layer 
membrane valves (SLMVs) that integrate the control and 
fluid channels into a single polydimethylsiloxane (PDMS) 
layer. The other is multilayer membrane valves (MLMVs), 
which utilize vertical deflection of an elastic PDMS mem-
brane to modulate the flow in the fluid channel (Lee et al. 
2009; Ochs and Abate 2015). Through multiple combina-
tions of valves and pumps, the volume, frequency and pat-
terns of the generated droplets can be effectively controlled 
in a fast and precise manner.

However, these droplet systems face some challenges. 
Although the passive droplet microfluidics is high-
throughput, it is greatly limited when dealing with situa-
tions that need to manipulate droplets flexibly (Guo et al. 
2010; Hsieh et al. 2009), e.g., those multi-step bioassays 
which need to adjust reagents in droplets at different time 
(Abate et al. 2010; Chen et al. 2013). Moreover, the pas-
sive formats, which regulate droplet manipulations using 
fluid-driven apparatus, can hardly change fluid condi-
tions fast or flexibly enough. Pneumatic DOD systems 
facilitate versatile manipulations of droplets. Neverthe-
less, they still have some limitations. As the pneumatic 
valves inserted in these DOD system could only control 
channel walls in one dimension (horizontal as SLMVs or 
vertical as MLMVs), they lack fast response to regulate 
droplet formation/concentration effectively. And the exist-
ence of dead volume when dealing with the rectangular 

fluid channels hinders their regulation performance of the 
fluid inside (Lai et al. 2008; Oh et al. 2015; Unger et al. 
2000). For SLMVs, the existence of dead volumes will 
lead to uncontrollable leakage when the valves are closed. 
Although MLMVs with rounded channels can provide 
favorable on–off performance, specialized photoresist and 
techniques are needed.

Herein, we developed a shape-controllable nozzle inside 
a multilayer PDMS chip by mounting pneumatic valves 
around the fluid channel in three dimensions. This design 
enabled fast, precise and versatile generation and modula-
tion of microscale droplets (Fig. 1). Utilizing multilayer 
soft lithography (Unger et al. 2000) novelly, a microchannel 
section with four deformable walls was formed. These four 
membrane valves around the fluid channel were assembled 
to work as a 3D controllable nozzle. The addition of a pair 
of vertical valves besides the pair of horizontal valves raises 
the maneuverability of the deformation of the fluid chan-
nels. When different pressures are applied into the air cham-
bers, the four membrane walls deformed to different extents, 
thus causing the fluid channel to open, form nozzle or close. 
After integrated with droplet generation structures, this 3D 
adjustable valve-based nozzle could regulate the formation 
of different droplets. Also, it could function as a microinjec-
tor to control the compositions of droplets effectively. Due 
to the flexibility of the movement of the four channel walls, 
this structure could form a unique nozzle shape to generate 

Fig. 1  a Schematic of the 3D valve-based controllable nozzle which 
was integrated in a droplet generation microchip. b A photograph of 
a droplet generation microchip integrating the 3D valve-based con-

trollable nozzle. c Bright-field image and d corresponding cross-sec-
tional scanning electron microscope (SEM) image of the 3D valve-
based controllable nozzle
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core–shell particles, providing a facile and controllable 
strategy for multi-functional particle synthesis.

2  Experiment

2.1  Chip fabrication

To fabricate this 3D valve-based nozzle, at first, a mold of 
top and bottom valve (Mold 1) was made with the height of 
10 μm, while the other mold of side valves and fluid chan-
nels (Mold 2) was made with the height of 50 μm. Both 
molds were fabricated using SU-8 photoresist (Micro-
Chem, USA) through conventional photolithography tech-
nique. Then a 5-mm-thick PDMS layer (with A/B ratio of 
10:1, RTV615, GE Toshiba Silicone Corp., USA) of top 
valve was casted from Mold 1 [Fig. 2a(1)]. Subsequently, 
uncured PDMS (with A/B ratio of 20:1) was spin-coated 
onto Mold 2 (at 750 rpm) and baked for 15 min to be pre-
cisely aligned and stamped by the top-valve layer. These 
two layers of PDMS were baked for 30 min (at 80 °C) 
to irreversibly bond to each other [Fig. 2a(2)]. And then, 
another PDMS spin-coating procedure was implemented at 
1200 rpm with A/B ratio of 10:1 on Mold 1. After a 5-min 
bake at 80 °C, the as-prepared two PDMS layers and the 
bottom-valve layer were carefully aligned and then baked 
again for the bonding [Fig. 2a(3)]. Finally, when the 
three-layer PDMS bulk was peeled off and the holes were 
punched, it was bonded to a glass substrate with the oxygen 
plasma treatment [Fig. 2a(4)]. The newly fabricated chips 
mounted with the 3D valve-based nozzles were then baked 
at 120 °C for another 12 h to regain hydrophobicity for bet-
ter droplet generation performance (Rao et al. 2015).

2.2  Chip design for basic flow‑focusing structure 
and multiplex flow‑focusing structure (the 
microinjector)

In this paper, we mainly mounted such 3D valve-based 
nozzle onto two kinds of droplet generation structures (the 
basic flow-focusing structure as shown in Fig. 2b, d and the 
multiplex flow-focusing structure as shown in Fig. 2c, e). 
We utilized these two designs to demonstrate the advan-
tages of the nozzle for fast and versatile droplet formation 
regulation, as well as to show its unique application in the 
controllable formation of core–shell particles in microscale.

In both structures, for the 3D valve-based nozzle part, 
its side valves were comprised of two square chambers 
whose length and width were 400 and 100 μm, respectively 
(shown by blue dye in Fig. 2d, e), and they were supported 
by a 100-μm-wide microchannel (the red line in Fig. 2b, 
c) which provided compressed air. The distance between 
side valves and the fluid channel was 25 μm. The top and 

bottom valves were 500 μm long and 130 μm wide (shown 
by yellow dye in Fig. 2d, e), and they were supported by a 
50-μm-wide microchannel (the green dash line in Fig. 2b, 
c) which provided compressed air.

For the fluid microchannels, in the basic flow-focusing 
structure, channels for continuous phase (the yellow line in 
Fig. 2b) were all 100 μm in width, and the dispersed fluid 
channel (the blue line in Fig. 2b) was 50 μm wide. In the 
multiplex flow-focusing structure, channels for continuous 
phase (the yellow line in Fig. 2c) were 200 μm in width. 
The dispersed fluid channel in the middle (the blue line in 
Fig. 2c) was just 50 μm wide. And in order to form a micro-
injector to precisely control the contents of the droplets, we 
designed two more 100-μm-wide fluid channels for another 
kind of dispersed phase (the gray line in Fig. 2c). This struc-
ture was also used to generate core–shell microparticles 
when the 3D valve-based nozzle formed a specific structure. 
All the fluid channels for both structures were about 50 μm 
in height.

2.3  3D valve‑based nozzle manipulations and the fluid 
regulation

The pneumatic valves of our 3D nozzle integrated in the 
microchips were filled with water and actuated by the com-
pressed air that was generated by an air compressor (Link-
strong-tech Corp., China). The functions of the gas circuit 
were implemented via electronic solenoid valves (Series 
S070, SMC, Japan). These valves were under the control of 
a data acquisition module (USB-4750, Advantech, USA), 
which was driven by a custom-built program written using 
LABVIEW 8.6 software (National Instruments, USA).

In our experiments, the mineral oil (Beiya Medical Oil 
Corp., China) with 2 % span-80 (the surfactant to avoid 
droplet coalescence, National Medicines Corp., China) 
was adopted as the continuous phase. For the basic flow-
focusing structure, we used the deionized water (DI 
water, purified by Millipore Direct-Q3 water purification 
system, Millipore, USA) as the dispersed phase. In the 
multiplex flow-focusing structure, the blue ink (BI) was 
used as another dispersed phase to demonstrate the pre-
cise and controllable modulation of contents in droplets. 
And to generate core–shell particles, we used 1 % sodium 
alginate (National Medicines Corp., China) doped with 
Fe3O4 nanoparticles [synthesized using hydrothermal 
method previously reported (Yu et al. 2013)] as the vis-
ible core phase and 1.5 % pure sodium alginate as the 
shell phase. 1 % calcium acetate (National Medicines 
Corp., China) was added into the continuous phase as 
the cross-linking agent for sodium alginate to obtain 
solid core–shell beads. All the fluids in our experiments 
were driven by syringe pumps (TS2-60, Longer Precision 
Pump Corp., China).
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3  Results and discussion

To demonstrate the advantages of our 3D valve-based con-
trollable nozzle in droplet formation regulation, we com-
pared the droplet regulation performance of this nozzle to 
other strategies (i.e., hydrodynamic flow-focusing method 
and valve-based DOD systems using SLMVs and MLMVs).

3.1  3D valve‑based nozzle regulating droplet formation 
for basic flow‑focusing structure

As shown in Fig. 3a, at first, we mounted our 3D valve-
based nozzle on the dispersed fluid channel of a basic flow-
focusing structure to demonstrate its ability for fast and 
precise generation of microscale droplets. Some literatures 

Fig. 2  a Workflow diagram showing the fabrication procedure of the 
3D valve-based controllable nozzle. b, d Schematic and bright-field 
image of the 3D valve-based nozzle which was mounted on the basic 
flow-focusing orifice for precise droplet generation regulation. c, e 

Schematic and bright-field image of the 3D valve-based nozzle which 
was mounted on the multiplex flow-focusing structure as a microin-
jector (color figure online)
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reported a regime design that put two pneumatic valves 
symmetrically just downstream the flow-focusing orifice 
to regulate both the continuous and dispersed phase simul-
taneously (Abate et al. 2009; Angile et al. 2014). Differ-
ently, our nozzle just controlled the shape of dispersed fluid 
channel and acted like a “rheostat” to change the hydraulic 
resistance continuously (Oh et al. 2012). It indeed helped to 
regulate the generation of droplets in a controllable manner 
(Fig. 3b). The hydraulic resistance of the dispersed fluid 
channel in our design could be expressed as:
 

Here, RH was the hydraulic resistance of the dispersed 
fluid channel before the nozzle, while ΔRH represented 
the hydraulic resistance of the dispersed fluid channel con-
trolled by the 3D valve-based nozzle. Because the channel 
was mainly rectangular, we had:

where μ was the viscosity of the dispersed phase and L was 
the length of the channel that was regulated by the nozzle. 
The hydraulic radius of the channel ΔrH was a geomet-
ric constant and defined as ΔrH = 2A/P, where A was the 
cross-sectional area of the channel and P was the wetted 

R = RH +�RH

�RH =
8µL

π(�rH)
4
=

8µL

π
×

(

P

2A

)4

perimeter. Both of these parameters were evidently con-
trolled by the nozzle. Therefore, the pressure of the com-
pressed air precisely regulated ΔrH. Although the flow rate 
of the dispersed phase Qd was fixed by the syringe pump, 
the practical flow rate of the dispersed phase Qin in the 
microchannel was just a fraction of the set value of the 
syringe pump, i.e., Qin = αQd, where α typically depended 
on the hydraulic resistance R of the whole dispersed fluid 
channel (Liu and Yobas 2015). As previously reported, the 
diameter of droplets depended on the flow rate ratio of both 
dispersed and continuous phase (Anna et al. 2003; Baroud 
et al. 2010; Fu et al. 2012), thus we ensured that the regula-
tion of our 3D valve-based nozzle on the flux of the dis-
persed fluid controlled the generation of the microscale 
droplets.

Indeed, comparing to other three regulation methods in 
our experiments, the 3D valve-based nozzle showed higher 
sensitivity and effectiveness when modulating the droplet 
generation procedure. As shown in Fig. 3c, through adjust-
ing the input pressure of the compressed air, this 3D noz-
zle was able to modulate the diameter of the generated 
droplets (the flow rate of continuous mineral oil phase and 
dispersed deionized water phase were 147 and 21 μL/h, 
respectively). Although SLMVs or MLMVs also acted as 
actuators to adjust the droplet diameters, it was noticeable 
that their ability to control the droplet formation was quite 

Fig. 3  a 3D valve-based nozzle regulating droplet formation for 
basic flow-focusing structure. b The hydraulic resistance of the 
microchannel mediated by the 3D valve-based nozzle. c The relation-

ship between droplet diameter and the pressure used to control differ-
ent kinds of valves. d The response time of different kinds of valve 
structures for droplet diameter regulation



 Microfluid Nanofluid (2016) 20:56

1 3

56 Page 6 of 10

limited (around 40–80 μm), which would not satisfy the 
demand that required a wide range of variation of drop-
let size. In addition, as the pressure of the compressed air 
increased (higher than 0.3 MPa), the droplet size was not 
effectively reduced adopting SLMVs or MLMVs. It indi-
cated that, within the threshold of the pressure that PDMS 
valves could afford (a little higher than 0.5 MPa in our 
experiments), SLMVs or MLMVs could not seal the rec-
tangular channel effectively due to the existence of dead 
volume. Nevertheless, the 3D valve-based nozzle was able 
to cut off the flow of dispersed phase in the flow-focusing 
orifice completely. Indeed, it has no dead volume because 
of the deformation ability of all the four channel walls. This 
property endowed the 3D valve-based nozzle with more 
flexibility in droplet formation and downstream manipula-
tions for droplet-based assays.

Also, our 3D valve-based nozzle showed faster response 
during fluid regulation (Fig. 3d) among the methods we 
tested. Here, we defined the “response time” as the time con-
sumed for the droplets to change from the original size to the 
appointed one. The droplet size was measured by analyz-
ing the image sequence acquired by a CCD camera (DP72, 
Olympus, Japan). Basic flow-focusing droplet formation was 
a passive hydrodynamic format and mainly implemented 
using syringe pumps. So the adjustment of the droplet size 
was at slow response (about 1 min), due to the delay of the 
apparatus and flow resistance from connecting tubes and 
microchannels. This was obviously detrimental for some 
chemical or biological reactions that required fast modulation 
of reagent concentration or continuous variation of injected 
materials. Pneumatic DOD systems using either SLMVs or 
MLMVs effectively reduced the response time. However, as 
they could only control channel walls in one dimension, these 
DOD systems still needed about 10 s to regulate droplet for-
mation effectively. For the 3D valve-based nozzle, all the four 
channel walls were controlled by the compressed air at the 
same time. This design increased the deformation of the soft 
PDMS channel compared to other DOD systems when using 
the same pressure, thus it acted faster and undoubtedly facili-
tated the droplet-based reactions that needed fast regulation.

3.2  3D valve‑based nozzle as a microinjector 
for regulation of composition concentration 
in droplets

After integrated with a multiplex flow-focusing structure, 
the 3D valve-based nozzle functioned as a controllable 
injector for precise modulation of droplet composition 
(Fig. 4a). As a proof of concept showing its application 
for droplet-based mixture and chemical reactions, we 
injected blue ink (BI) into the deionized water (DI) and 

formed hybrid droplets whose BI concentration could be 
detected precisely through optic analysis. At first, the BI 
was injected into the DI directly at a flow rate ratio of 
1:2, and their mixture formed droplets at the subsequent 
flow-focusing orifice with BI concentration of about 
34 %. Through adjusting the pressure of compressed air 
that actuated the 3D valve-based nozzle, we could effec-
tively modulate the flow of BI. And by analyzing the 
absorption percentage of the light using Image Pro Plus 
software, the concentration of the well-mixed droplet 
was given as:

where Ib, Im and Io were the average optic intensity of 
the background signal, the modulated mixed droplet and 
original generated droplet, respectively (Guo et al. 2010). 
Firstly, we investigated the response time of our nozzle to 
ensure its fast variation of the contents of generated drop-
lets. Here, we defined the “response time” as the time 
that was needed for the device to change the concentra-
tion of droplets from the origin to the appointed one. The 
result is shown in Fig. 4b, which was similar to the size 
adjustment demonstrated in Fig. 3d. Figure 4c shows 
that SLMVs, MLMVs and our 3D valve-based nozzle 
had similar modulation performance like their regula-
tion of the droplet size. The 3D valve-based nozzle, as 
a facile controllable microinjector, adjusted the concen-
tration of the additive precisely. Because this microinjec-
tor contained no dead volume, the 3D valve-based nozzle 
completely stopped the injection of one of the reagents, 
and thus helped to control the reactions in the droplets 
totally. To validate the accuracy of concentration modula-
tion of our nozzle and the corresponding optic detection 
method, we implemented droplet formation with differ-
ent BI concentration and compared the results to theoreti-
cal calculations (Fig. 4d). We adjusted the flow rates of 
BI and DI phase to obtain certain ratio to form droplets. 
The concentration calculation of the generated droplets 
was described as:

where VBI and VDI represented the volume of BI and DI 
phase injected into the droplets, while fDI and fBI repre-
sented the flow rate of BI and DI phase, respectively. It 
was obvious that our detection stratagem fitted the cal-
culation precisely. After integrated with chemical or 
biological luminescence/fluorescence methods, our 3D 
valve-based nozzle would have great potentials for pre-
cise droplet-based reaction regulation.

η =
ln Ib − ln Im

ln Ib − ln Io

η =
VBI

VDI + VBI

=
fBI × t

fDI × t + fBI × t
=

fBI

fDI + fBI
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3.3  Core–shell microparticle formation using the 3D 
valve‑based nozzle

By properly adjusting the pressure of the compressed air, 
core–shell particles were generated by the 3D valve-based 
nozzle (Fig. 5a, b). We used 1 % sodium alginate doped 
with Fe3O4 nanoparticles as the visible core phase (the flow 
rate was set at 21 μL/h) and 1.5 % pure sodium alginate 
as the shell phase (with flow rate of 14 μL/h). The mineral 
oil with 2 % span-80 and 1 % calcium acetate was used as 
the continuous phase, and its flow rate was set at 138 μL/h. 
By applying appropriate pressure of the compressed air, 
those pneumatic valves around the fluid channel pressed 
the four walls to form a nozzle for the core phase (Fig. 5c). 
After carefully adjusting the flow rates of the core and shell 
phase, the 3D valve-based nozzle forced the core phase 
jetting into the shell phase and then the two phases were 
sheared off into droplets by the continuous phase. Then 
the core phase was encapsulated into the shell phase to 
form core–shell structure. In the downstream channel, the 
Ca2+ cation provided by the calcium acetate diffused into 

droplets and caused the sodium alginate to cross-link into 
calcium alginate hydrogel to form the stable core–shell 
particles (Fig. 5d). It was noteworthy that shrinkage of the 
beads would appear due to the cross-linking, so the diam-
eter of the beads decreased about 40 % compared to the 
original droplets.

Generally, in microfluidic chips, microscale core–
shell particles were usually synthesized using the coaxial 
devices (Agarwal et al. 2013; Kim et al. 2011; Rao et al. 
2014; Shang et al. 2014; Windbergs et al. 2013). It was 
obvious that this coaxial structure needed specific micro-
electromechanical system (MEMS) technique to fabricate. 
Otherwise, special needles were required which needed 
unique molds to fabricate and were only commercial 
available. These stratagems were not familiar in common 
labs. Moreover, all these coaxial structures or commer-
cial needles had fixed character parameters, which could 
not be adjusted unless changing the needles or fabricating 
a new structure. It limited the versatile generation of dif-
ferent kinds of core–shell droplets. However, our nozzle 
was fabricated just using multilayer soft lithography, and 

Fig. 4  a 3D valve-based nozzle as a microinjector for regulation of 
composition concentration in droplets. b The response time of differ-
ent kinds of valve structures for concentration regulation in droplets. 
c The relationship between the concentration of BI in droplets and the 

pressure used to control different kinds of valves. d BI concentration 
in droplets measured by image analysis versus the corresponding the-
oretical calculations
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this technique could be facilely realized based on PDMS 
casting/bonding. And as the four fluid channel walls could 
be precisely controlled using our 3D nozzle, the shape of 
the nozzle could be adjusted, thus enabling versatile gen-
eration of core–shell particles. Compared to conventional 
microfluidic core–shell particle generation stratagems, our 
3D valve-based nozzle was fabricated more easily and had 
better control and flexibility for the generation of smaller 
core–shell beads (less than 50 μm).

4  Conclusions

In conclusion, we designed a 3D controllable nozzle 
based on pneumatic valve structures. Utilizing the pres-
sure modulation of the applied compressed air, the four 
walls of the fluid channel were precisely controlled to 
regulate the liquid flow inside. This actuator design had 
other unique functions such as microinjector or specific 

nozzle. Compared to other pneumatic DOD regulation 
strategies, our 3D valve-based nozzle had advantages 
of faster response time and more precise and compre-
hensive control of droplet formation and composition. 
With appropriate control of the nozzle structure and 
fluid flow rates, our 3D valve-based nozzle enabled the 
generation of microscale core–shell particles, which 
was more facile and controllable than those commonly 
used coaxial needle molds. Our 3D valve-based nozzle 
provided a controllable, flexible and versatile droplet 
modulation strategy for those droplet-based assays that 
required fast, wide and effective control over the genera-
tion procedures, and it also offered a controllable plat-
form for microscale core–shell particle synthesis. And 
due to the flexible control on individual orifice compo-
nents of those flow-focusing regimes, our 3D nozzle also 
had potential applications for generating non-symmet-
rical particles when using hydrogel that could rapidly 
polymerize.

Fig. 5  a Schematics showing the core–shell microparticle forma-
tion when the 3D valve-based nozzle formed a specific structure. b 
Bright-field image of the generated calcium alginate core–shell par-
ticles in microscales. c 3D valve-based nozzle mounted on the mul-
tiplex flow-focusing structure for generating core–shell particles. d 

Typical images showing gradual coverage process of the core fluid 
(1.5 % sodium alginate with Fe3O4 nanoparticles) by the shell fluid 
(1 % pure sodium alginate) and cross-linking of those droplets into 
hydrogel particles
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