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1.  Introduction

Polydimethylsiloxane (PDMS), due to its remarkable proper-
ties, is one of the most widely used polymers in many industrial 
and medical applications [1–6]. In the last decade, the pro-
duction of monodisperse particles of PDMS has attracted 
great interest among researchers because of their potential 
applications, especially in biomedicine [6, 7]. Microfluidics, 
particularly when applying the flow focusing principle, has 
demonstrated to be a leading platform to generate droplets 
and microparticles with tailored sizes and shapes [8]. A co-
flowing method was used to generate amphiphilic PDMS 

particles with hundreds of microns in size by Zhao et al [9]. 
Jiang et  al [10] have proposed a flow-focusing technique 
where a PDMS precursor was dispersed into microdroplets 
within an aqueous continuous phase. By using this method, 
they were able to produce PDMS microbeads with an average 
dimension of 80 microns to use them as discrete oxygen sen-
sors. Carneiro et  al [11] formed and characterized PDMS 
droplets (>100 microns) by a hydrodynamic flow-focusing 
technique in a PDMS square microchannel, the droplet gen-
eration was characterized and a flow regime map addressed 
by the capillary numbers of each phase. Nascimento et al [12] 
fabricated tunable elastic microcapsules (with shell of PDMS 
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Abstract
Polydimethylsiloxane (PDMS), due to its remarkable properties, is a suitable polymer for the 
production of microparticles with industrial and medical applications. The micro-sized PDMS 
liquid droplets suffer a pronounced shrinkage while curing to turn into solid particles. In this article, 
we report the calibration of the shrinkage phenomenon in the production of PDMS microparticles. 
Our results show that this shrinkage does not depend on the amount of curing agent in the PDMS 
precursor or on the addition of micro/nanoparticles to the mixture, but on the surface effects due 
to the relatively large droplet surface-to-volume ratio. Moreover, we have also investigated the 
addition of colour to the particles to improve their visualization/detection. The addition of colour 
by using pigments enhances the visualization of the contours of the PDMS microparticles, and 
reveals the capability of this technique to microencapsulate micro/nanoparticles in PDMS spheres 
with diameters below 10 μm. We demonstrate that the technique used in this work is able to work 
with a wide range of viscosities obtaining an acceptable degree of monodispersity.

Keywords: polydimethylsiloxane (PDMS), micro-sized PDMS particles, flow focusing, 
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and sizes of hundreds microns) and studied their flow through 
constrictions. For many applications, it is essential to have 
PDMS microparticles with smaller dimensions: for example, 
to develop blood-analogue fluids, where PDMS micropar-
ticles will mimic red blood cells (RBCs), with dimensions 
below 10 microns. Recently, Pinho et al [1] and Calejo et al 
[2] have developed particulate blood analogues with rigid par-
ticles able to show some blood flow phenomena that happen 
within PDMS microchannels. However, both studies have 
also shown evidence that the only way to closely mimic sev-
eral microscale blood flow phenomena that happen at both 
in vivo and in vitro environments is by using deformable 
microparticles. Hence, Muñoz-Sánchez et al [7] proposed a 
flow-focusing technique to produce such micro-sized PDMS 
flexible spherical particles for biomicrofluidics applications, 
demonstrating also the ability of the produced particulate fluid 
to reproduce the steady shear viscosity curve of RBCs sus-
pended in dextran 40.

The technique developed by Muñoz-Sánchez et al [7] to pro-
duce flexible microparticles makes use of a PDMS precursor, 
with a proportion Part A:Part B of 6:4. This precursor is 
injected through a hypodermic needle to form a film/reservoir 
over the needle’s outer surface. This film flows towards the 
needle tip until a liquid ligament is steadily ejected thanks to 
the dragging action of a coflowing viscous liquid stream of 
(basically) glycerol. The co-flow provides the ligament with 
the necessary momentum to overcome the surface tension 
and form a small capillary jet. The jet eventually breaks up 
into PDMS precursor droplets due to the growth of capillary 
waves, producing a micrometer emulsion. This method ben-
efits from the remarkable stability of the fluidic structure from 
which the jets originate [13]. The emulsion obtained is heated 
up by using a common heater in order to conduct crosslinking 
and thermally cure the PDMS liquid droplets in the solution. 
Finally, the generated solid transparent microparticles can be 
removed from the bulk to get re-dispersed in various media 
depending on the application. Figure  1 shows an overview 
of this microparticle generation process, more details can be 
found in [7]. The PDMS liquid droplets and particles (before 
and after curing, respectively) can be visualized during this 
process to measure the size distribution by using microscopy 
and an optical imaging method.

In [7], the size distribution of the particles was analyzed, 
before and after curing, showing a relatively high degree of 
monodispersity. Surprisingly, the PDMS liquid droplets suf-
fered a pronounced shrinkage while curing (see [7] for more 
details). The ability to control the size and other mechanical 
properties of such microparticles will enable the production 
of innovative and versatile delivery vehicles suitable for dif-
ferent biomedical applications, including blood analogue 
fluids [1, 2, 14, 15], magnetic hyperthermia [4, 16, 17] and 
contrast agents for magnetic resonance imaging [16]. The 
latter applications, are based on the potential of this tech-
nique to encapsulate fluorescent and magnetic nanoparticles 
inside the PDMS droplets. Additionally, the simple encapsu-
lation of different kinds of nanoparticles with high thermal 
performances open opportunities in a wide variety of appli-
cations such as electronics cooling [17, 18], engine cooling 
[17], solar thermal energy [19, 20] and cooling and heating 

in buildings [17]. Hence, this diversity of applications, makes 
our research interest to be devoted to a more complete under-
standing and characterization of this technique to produce 
PDMS particles.

In this work, the technique proposed by Muñoz-Sánchez 
et  al [7] is analyzed in detail to calibrate the shrinkage 
phenomenon and to add colour to the particles in order to 
improve their later visualization/detection. In addition, our 
study shows the capability of the technique to work with a 
wide range of PDMS precursor viscosities. The paper is 
organized as follows. The study of the shrinkage phenomenon 
is presented in section 2. In section 3, we show the results of 
our coloured PDMS. The paper closes with the main conclu-
sions in section 4.

2.  Shrinkage

It is well known that PDMS shrinkage is highly variable as 
many parameters are involved, especially when working in a 
multi-user environment without tightly controlled fabrication 
conditions [21]. Typically, it should be characterized on a case-
by-case basis, and individual calibration or alignment methods 
are needed for each design. Lee and Lee [22] observed PDMS 
shrinkage to increase with growing curing temperature, layer 
thickness and width, and mixing ratio of dilutant and curing 
agent, for theirs 2D PDMS structure. Jeong and Konishi [23] 
found PDMS molds/stamps shrinkage to be size-dependent, 
being greater for increasing dimensions. They also showed 
the temperature-dependence. Shrinkage is also dependent on 
the ambient during curing, different shrinkage velocities were 
found when the PDMS surface were exposed to air or not [24]. 

Figure 1.  Images acquired in the course of the experiments along 
the stream of fluids: (above, from left to right) emitted jet of PDMS 
precursor attached to the needle tip, PDMS droplets about 10 μm in 
diameter formed after the jet breakage, and stream of these droplets 
downstream the glass capillary. (Below) Inverted-microscopy 
image of the cured PDMS particles re-dispersed in Dextran 40 [7]. 
Reprinted from [7], with the permission of AIP Publishing.
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Muñoz-Sánchez et al [7] found shrinkage to be important for 
PDMS spherical microparticles while curing. In that case, the 
unusually high amount of curing agent appeared as a possible 
candidate to induce the shrinkage of the samples.

To check the influence of the amount of curing agent on 
the results in [7], experiments were conducted to measure the 
size of liquid primary droplets and subsequent solid particles 
(just after curing) for several cases, using different propor-
tions Part A:Part B of a common PDMS elastomer kit (Dow 
Corning Sylgard 186 Silicone Elastomer Kit) formed 
by a base of vinyl-terminated siloxane oligomers (Part A) and 
a curing agent of siloxane oligomers and catalyst (Part B). The 
ratios Part A:Part B that we analysed were: 6:4 (from [7]), 8:2, 
and 10:1, whose viscosities were around 827 cSt, 1700 cSt, 
and 3196 cSt, respectively. Figures 2–4 show the probability 
distributions P(Dd) for the primary liquid droplet diameter 
Dd and P(Dp) for the solid particle diameter after curing Dp, 
for three samples with different size of the primary droplets. 
Each figure corresponds to a different ratio Part A:Part B (6:4, 
8:2 and 10:1). In all cases, either before or after curing, the 

coefficient of variance for the diameters Cv, Cv =
σ
D̄d

100, is 
around 25%, showing an acceptable degree of monodispersity.

The curing shrinkage coefficient Cs was calculated as 

Cs =
D̄d−D̄p

D̄d
100 for all the cases. Figure 5 depicts the values 

for the samples in figures 2–4. Cs increased linearly with the 
average liquid droplet diameter D̄d, for liquid droplet diame-
ters approximately comprised between 0 and 24 microns. The 
points in this range fit properly to the equation Cs � 10

3 D̄d  for 
all the ratios: 6:4 [7], 8:2, and 10:1 (see dashed line in that 
figure). This means that the pronounced shrinkage found in 
this technique to produce microparticles does not depend on 
the amount of curing agent in the PDMS precursor. Rather 
surface effects, while the particles are curing, would motivate 
this pronounced shrinkage due to the relatively large droplet 
surface-to-volume ratio. For each ratio Part A:Part B, the 
cured PDMS particles of each sample will have a different 
density, but a natural question is whether the properties of the 
particles (flexibility, etc) depend on the proportion of curing 
agent.

Figure 2.  Probability distribution P(Dd) for the primary liquid droplet diameter Dd (meshed bars) and P(Dp) for the solid particle diameter 
after curing Dp (gray bars) for three different experimental realizations/samples (a)–(c). Ratio of the PDMS precursor, Part A:Part B, of 6:4 
[7]. Reprinted from [7], with the permission of AIP Publishing.

J. Micromech. Microeng. 28 (2018) 075002
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To close this section  and to complete the  
calibration/prediction of our shrinkage phenomenon, we 
developed experiments to obtain the shrinkage coefficient 
Cs for higher droplet diameters, specifically, D̄d  =  32.4 and  
56.2 μm. As one would expect, surface effects are negligible 
in these cases, and the shrinkage of the droplet is proportional 
to its volume, i.e. Dp � αDd (α � 0.2). Therefore, Cs reaches 
a constant value around 80 % for D̄d above about 24 μm, as 
can be seen in figure 5 (dotted line). It should be pointed out 
that between these two behaviors (linear dependency and con-
stant value of Cs) there should be a transition region. As an 
estimation, this region will take place for D̄d around 24 μm, 
i.e. the intersection point of the two lines in figure 5.

3.  Colour

Figure 1 shows the transparent microparticles obtained from 
the technique proposed in [7], by using the common PDMS 
precursor. The contours of the particles are clearly detected 
in these images, but for other applications/measurements 

it would be desirable to add colour to such small particles, 
thus enhancing contrast and making their visualization easier. 
Just a few works can be found in literature about colouring 
polydimethylsiloxane. Park et  al [25] demonstrated that 
embedding silicon nanowires into PDMS presented a way 
to add colour, as they provided filtering at visible and near-
infrared wavelengths. Khane et  al [26] used a commercial 
pigment for paints to fabricate colored PDMS micropillar 
arrays for high-throughput measurements of forces applied by 
genetic model organisms. To the best of the authors’ knowl-
edge, there is no specific colourant, i.e. a soluble dye, for 
PDMS, so the use of pigments seems the most reasonable 
solution. By definition, a pigment is not soluble in water or 
oil, so the expected outcome when mixing PDMS precursor 
with the pigment is a fine dispersion/emulsion.

First we performed preliminary colouring tests with eight 
different commercial dyes/pigments. The dye/pigment was 
carefully mixed with part A, and part B was then added to 
obtain at the end a PDMS precursor mixture. Figure 6 shows 
our dyed PDMS mixtures after curing. Although PDMS 

Figure 3.  Probability distribution P(Dd) for the primary liquid droplet diameter Dd (meshed bars) and P(Dp) for the solid particle diameter 
after curing Dp (gray bars) for three different experimental realizations/samples (a)–(c). Ratio of the PDMS precursor, Part A:Part B, of 8:2.

J. Micromech. Microeng. 28 (2018) 075002
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samples appear to be uniformly coloured when observed 
at a millimetric scale, at a microscale level the microstruc-
ture results revealed that most of these samples need further 
improvement. In the samples (a)–(d), spheres of food dye 
with diameters between 1–100 μm were found trapped in the 
solidified PDMS mass. Solid aggregations of particles with 
sizes larger than 10 μm can be seen in sample (e) because 
this pink pigment is commercialized in powder format. 
The result of the blue pigment (f) is similar to the previous 
one. Only the last two samples (g) and (h) showed a more 
homogenous and suitable microstructure for the production 
of coloured micro-sized particles, so the PDMS precursor 
dyed with these pigments was selected to generate the 
microparticles.

Our technique was used for the production of microdrops 
after introducing these two pigments in the PDMS precursor 
(10:1), where different amounts of the dye were also tested. In 
figure 7 it can be seen the droplets of coloured PDMS for sev-
eral cases in the moment of their production. In case (a) and (b) 
it was added 3 wt % of white pigment (paste of FINE WHITE 

Figure 4.  Probability distribution P(Dd) for the primary liquid droplet diameter Dd (meshed bars) and P(Dp) for the solid particle diameter 
after curing Dp (gray bars) for three different experimental realizations/samples (a)–(c). Ratio of the PDMS precursor, Part A:Part B, of 
10:1.

Figure 5.  Curing shrinkage coefficient Cs of the PDMS liquid 
droplets after curing as a function of the original diameter in liquid 
phase D̄d for the ratios 6:4 (circles) [7], 8:2 (squares), and 10:1 
(triangles). The dashed line indicates a possible fit line to predict 
this shrinkage, Cs � 10

3 D̄d , when D̄d ranges between 0 and 24 μm 
approximately [7]. The dotted line marks the constant value reached 
in the shrinkage coefficient for bigger droplets.

J. Micromech. Microeng. 28 (2018) 075002
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7006, Eastern Chemicals) and red pigment for silicone (paste 
of PP SIL RO-1, Plastiform), respectively. Comparing both 
results, it is clear that the microentities of pigment trapped in 
the drops of case (a) are too large for our purpose, reaching 
sizes of even a few microns, which results in a heterogeneous 
colouration of the droplet. However, in case (b) the coloration 
is more homogeneous because the nanoentities of pigment are 
well distributed in the bulk of the droplet. For this reason, it 
was decided to rule out the white pigmet for the production 
of PDMS microparticles. However, it should be noted that 
the amount of pigment was insufficient to generate doplets 
with strong colour in both cases. In case (c), it was possible 
to produce distintive coloured droplets of PDMS by increaing 
the amount of red pigment (similar amount used in [26]). In 
other words, the more amount of pigment increases the par-
ticles of pigment inside the PDMS droplets. We analysed the 
probability distributions P(Dd) for the primary liquid droplet 
diameter Dd and P(Dp) for the solid particle diameter after 
curing Dp for one sample of this last coloured PDMS pre-
cursor, with viscosity of around 1400 cSt, see figure  8. In 

spite of the addition of 20 wt% of red pigment, the results are 
similar to those shown in figure 4 without any pigment.

On the other hand, we also tested a commercial coloured 
PDMS, Sylgard 170 Silicone Elastomer (Dow Corning) and 
called ‘black’ PDMS in the text (with viscosity when mixed 
of around 2200 cSt), to compare the results to those of our 
‘homemade’ coloured PDMS. Figure 9 shows the production 
of droplets with this black PDMS. The emitted jet of PDMS 
precursor attached to the needle tip revealed that this material 
is a dispersion as expected, i.e. it is made of PDMS with a 
special pigment. In fact, the physical appearance of the drop-
lets resulting are similar to those in figure 7(c). In figure 10, 
one can be found the results of the probability distributions 
P(Dd) for the primary liquid droplet diameter Dd and P(Dp) 

Figure 6.  (On the top) samples of cured coloured PDMS in plastic 
cuvettes. The amount of dye was around 4 wt% for all the cases: 
(a) blue, (b) red, (c) green, and (d) yellow food dye (Dr Oetker colour 
gels), (e) fluorescent pink pigment (water-soluble powder of ROSA 
BTE. HISPACID B-250%, Robama), (f) blue pigment (paste of 
AZUL HISPALIT HL-HB PASTA-170%, Robama), white pigment 
(paste of FINE WHITE 7006, Eastern Chemicals), and red pigment 
for silicone (paste of PP SIL RO-1, Plastiform). The zoomed images 
below show the resulting microstructure for each mixture, obtained 
by standard microscopy of a cured drop on a glass slide.

Figure 7.  Droplets of PDMS (10:1) pigment-dyed precursor 
travelling through the glass capillary in the moment of their 
production: (a) 3 wt% of white pigment (paste of FINE WHITE 
7006, Eastern Chemicals), (b) 3 wt% of red pigment for silicone 
(paste of PP SIL RO-1, Plastiform) and (c) 20 wt% of the last one. 
All the droplets in the images have a diameter around 15 μm.

Figure 8.  Probability distribution P(Dd) for the primary liquid 
droplet diameter Dd (meshed bars) and P(Dp) for the solid particle 
diameter after curing Dp (gray bars). Ratio 10:1 with 20 wt% of red 
pigment for silicone (paste of PP SIL RO-1, Plastiform).

J. Micromech. Microeng. 28 (2018) 075002
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for the solid particle diameter after curing Dp for one sample 
of this black PDMS. Again, the results are quite similar to 
those shown in figure 4 without any pigment.

It was calculated the curing shrinkage coefficient Cs 
for several samples of coloured PDMS, as can be seen in 
figure 11. The results show that the addition of a pigment to 
the PDMS mixture, i.e. the addition of micro/nanoparticles, 
does not seem to change the rules of shrinkage of the particles 
produced by using our technique, at least for the amounts used 
in this work. The new points are in a good agreement with the 
lines of figure 5 in section 2. However, it should be noted that 
this addition of pigment will have influence on the properties 

of the PDMS after curing. Khane et al [26] observed a large 
reduction in the stiffness of PDMS on addition of dye. Taking 
into account these results, one might use our calibrated tech-
nique to microencapsulate, in a relatively controlled way, 
other type of desirable micro/nanoparticles within the PDMS 
droplets, for example, nanoparticles with electric, magnetic 
or fluorescent properties. Thus, our technique could be used 
to produce microcapsules of a few microns in diameter for 
microfluidic applications ranging from microcooling to magn
etic hyperthermia.

Figure 9.  Production of droplets with Sylgard 170 Silicone 
Elastomer (Dow Corning), ‘black’ PDMS, (1:1). The emitted jet 
of PDMS precursor attached to the needle tip (a) and droplets of 
diameter around 15 μm (b).

Figure 10.  Probability distribution P(Dd) for the primary liquid 
droplet diameter Dd (meshed bars) and P(Dp) for the solid particle 
diameter after curing Dp (gray bars). Ratio 1:1 of Sylgard 170 
Silicone Elastomer (Dow Corning), ‘black’ PDMS.

Figure 11.  Curing shrinkage coefficient Cs of the PDMS liquid 
droplets after curing as a function of the original diameter in liquid 
phase D̄d for coloured PDMS: ratio 10:1 with 20 wt % of red 
pigment for silicone (paste of PP SIL RO-1, Plastiform) (red down-
triangle) and ratio 1:1 of Sylgard 170 Silicone Elastomer (Dow 
Corning), ‘black’ PDMS (grey diamond). Lines from figure 5.

Figure 12.  Coloured cured particles: (top-left) image of particles 
of Sylgard 170 Silicone Elastomer (Dow Corning), ‘black’ PDMS, 
taken by using a confocal microscope (FV1000 Olympus), (top-
right) image of particles of standard PDMS with 20 wt % of red 
pigment for silicone (paste of PP SIL RO-1, Plastiform) taken 
by using a direct microscope (BX51 Olympus). The images in 
the bottom show the same type of ‘black’ (left) and ‘red’ (right) 
particles visualized by using our backlight optical imaging.

J. Micromech. Microeng. 28 (2018) 075002
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Finally, it is worth mentioning that by using our backlight 
imaging, the coloured particles (after curing) looked clear, 
almost without colour, just the visualization of their contours 
(free surface) was enhanced. The real colour of our particles 
was checked by using other microscopes, see figure 12. The 
extremely small size of our coloured solid particles and the 
change in the diffraction of the light when coloured drop-
lets get cured might cause the ‘loss’ of colour when standard 
backlight optical imaging is used.

4.  Conclusions

In this work, we have calibrated the shrinkage phenomenon 
taking place in the production of PDMS microparticles, when 
using the technique proposed by Muñoz-Sánchez et  al [7]. 
The shrinkage of our samples did not depend on the amount 
of curing agent in the PDMS precursor and, in principle, on 
the addition of micro/nanoparticles to the mixture.

Besides, we have developed a protocol to fabricate a 
low-cost ‘homemade’ coloured PDMS, improving the visu-
alization/detection of the particles. The addition of colour by 
using pigments has enhanced the visualization of the contours 
of the PDMS microparticles, and has revealed the capability 
of this technique to microencapsulate micro/nanoparticles in 
PDMS spheres of a few microns in diameter. These micro-
particles can be used in a wide range of technological fields, 
such as biomedicine, biotechnology, pharmacy, and industrial 
engineering.

Finally, it must be pointed out that this technique was able 
to work with a wide range of viscosities (from less than 800 to 
around 4000 cSt), obtaining in all the cases micro-size parti-
cles with a relatively high degree of monodispersity.
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