
1 3

Microsyst Technol (2014) 20:427–436
DOI 10.1007/s00542-013-1972-z

TechnIcal PaPer

Rapid prototyping of magnetic valve based on nanocomposite 
Co/PDMS membrane

Akanksha Singh · Laurent Hirsinger · 
Patrick Delobelle · Chantal Khan‑Malek 

received: 11 april 2013 / accepted: 7 november 2013 / Published online: 29 november 2013 
© Springer-Verlag Berlin heidelberg 2013

the magnetic field gradient is highest, high deflection of 
the membrane could be obtained (0.68 mm for 1 Tesla). 
however some hysteresis of the membrane deflection 
could be observed, even at very low frequency. loading 
of PDMS with co nanoparticles allowed a wider range of 
control of the wetting properties of PDMS surfaces under 
oxygen plasma treatment, from hydrophobic to hydro-
philic to super-hydrophilic. Tunability in hydrophilicity 
could be achieved by varying the process parameters as 
verified by contact angles and Fourier transforms infra-
red (FTIr) spectra before and after plasma treatment. 
Under certain conditions, 50 % cobalt-PDMS membrane 
surfaces exhibited a super-hydrophilic behavior (contact 
angle ~5°).

1  Introduction

Magnetic-based actuator can generate large force and 
large displacement compared with electrostatic and 
piezoelectric ones. elastomeric polymer such as polydi-
methylsiloxane (PDMS) exhibit the low elastic modulus 
needed for providing the flexibility of membranes for 
magnetic actuation to be effective at small scale (Bohm 
et al. 2001; Khoo and liu 2001; Yufeng et al. 2006; 
Yamahata et al. 2005; Oh and ahn 2006; lee and lee 
2007; Yin et al. 2007; Gaspar et al. 2008). however, there 
is an increased need for low cost, fully integrated and 
remotely controllable actuation technologies at the micro 
and nanoscale, which can be achieved using a membrane 
made of magnetically responsive materials. Use of mag-
netic membranes in active devices is also convenient as 
they can be actuated externally without the need of any 
direct connections or wiring, allowing for contact-less 
operation, which not only eases operation but can also 
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bring down the cost of devices. a number of groups have 
developed fluidic actuators such as micro-valves and 
micro-pumps based on magnetic silicone elastomeric 
membranes, based mostly on loading the silicone elas-
tomeric with magnetic powder (Jackson et al. 2001), or 
embedding small magnets embedded in the membrane 
(Bohm et al. 2001; Khoo and liu 2001; Yufeng et al. 
2006; Yamahata et al. 2005) or glued to it (Bohm et al. 
2001) or using embedded coils (lee and lee 2007; Yin 
et al. 2007).

however, there are few reports on magnetic membranes 
based on nanoparticles (nPs) (Berthier and ricoul 2004; 
Fahrni et al. 2009; Pirmoradi et al. 2010). Magnetic mem-
branes showing large and reproducible deflection that can 
be operated under relatively low magnetic field are desir-
able for many applications, in particular for microfluidic 
devices. Berthier and ricoul have reported membranes 
using commercial iron particles of ~4 μm size and iron 
oxide (maghemite γ-Fe2O3) particles of 10 nm size dis-
persed in PDMS (Berthier and ricoul 2004; Gaspar et al. 
2008). The deflections observed in their case were ~200–
300 μm with a non-linear response to the magnetic field. 
recently magnetic membranes using commercial super-
paramagnetic iron-oxide nanoparticles (10 nm) have been 
fabricated by Fahrni (2009) and Pirmoradi (2010). The first 
group used the nanoparticles with 5-wt% concentration by 
volume in PDMS and studied the mechanical properties of 
the fabricated membrane. They showed that the Young’s 
modulus decreased with increasing particle concentration. 
They also described the magnetic behaviour of the com-
posite polymer. The second group coated these commer-
cial nanoparticles with fatty acid to overcome the agglom-
eration problem of oxide particles in polymer and made 
membranes with different diameters from 4 to 7 mm. They 
achieved ~625 μm deflection under ~0.417 Tesla of mag-
netic field.

In this work, we report on the manufacture of new nano-
polymer composite magnetic membranes based on coated 
co nanoparticles embedded with various concentrations 
in polydimethylsiloxane (PDMS). These membranes have 
been characterized mechanically and visco-magneto elasti-
cally using DMa and durometer hardness test. In addition, 
one of the key issues is surface wettability of the channel 
walls in microfluidic devices as most polymers exhibit 
hydrophobic property and need treatment to become hydro-
philic. Therefore, we also studied the surface wettability 
of these membranes under various plasma conditions and 
compared it with bare PDMS membrane, using contact 
angle measurement of water droplet and Fourier Transform 
spectrometry (FTIr). The membranes were finally inte-
grated as diaphragm in a simple PDMS-based valve and the 
functionality of the fluidic actuator was tested under varied 
magnetic field.

2  Experimental section

2.1  Fabrication and characterization of nano-polymer 
composite magnetic membrane

2.1.1  Magnetic composite membrane

as-synthesized oleic acid-capped co magnetic nanoparti-
cles of ~37 nm average size and Sylgard 184 PDMS (Dow 
corning, MI, USa) were used for the fabrication of mag-
netic membranes. Detailed description of nanoparticles 
synthesis and characterization of the nanoparticles are 
described elsewhere (Singh et al. 2013). In our previous 
work, the co nanoparticles were produced in a two-step 
synthesis different from the one used for oleic acid-stabi-
lized cobalt and iron oxide nPs (evans et al. 2007; Yang 
et al. 2004; Yu et al. 2006).

Membranes of 2.5 cm diameter and 3 mm thickness with 
various weight percentages of nanoparticles (15, 25, 50 and 
75 %) with respect to PDMS were prepared in a two-step 
process. The silicone rubber base was first added to the 
curing agent in 10:1 ratio by weight and mixed properly. 
appropriate quantity of magnetic nanoparticles powder was 
added to a constant volume of PDMS mixture and again 
properly mixed and degassed under the primary vacuum for 
2–3 h to completely remove any air trapped in the PDMS 
mixture. The resulting mixture was cast in a Teflon mold 
and cured at 120 °c for 15 min and cooled down to room 
temperature. The membrane was carefully demolded. With 
highly loaded membranes (beyond 50-wt%), the weight of 
magnetic nanoparticles being higher than that of PDMS 
solution, it is quite difficult to form a homogenous, smooth 
membrane and the nanoparticles cluster together. Moreo-
ver, the surface of the highly loaded (75-wt%) composite 
piece is not smooth and there are lots of air bubbles in the 
cured membrane even after long degassing (4 h compared 
with 1–1.5 h for lower concentration of nanoparticles).

2.1.2  Optical inspection and surface roughness 
measurement

all the fabricated membranes were viewed under 3D-opti-
cal microscope of hi-Scope, compact Micro Vision Sys-
tem (model-Kh 2200).

Surface measurements were done using a surface pro-
filer of Kla Tencor (alpha-Step IQ).

2.1.3  Oxygen plasma treatment of the membranes

Plasma treatment was carried out in inductively coupled 
plasma (IcP) lab-built plasma system similar in design to 
the one reported by d'agostino(1990). The plasma reac-
tor is co-actively coupled to the rF power supply (power 
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supply system Inc, Model acG-5), which operates at the 
fixed frequency of 13.56 Mhz and has a maximum power 
output of 555 W. a high power Dc supply (from aPlaB, 
7,341 n) of maximum power output of 3.5 kV was used 
for sputtering. The flow of oxygen gas was controlled by 
flow meters having a range of gas flow from 0 to 150 sccm 
(standard cubic centimeter per minute) and a needle valve 
connected in series with the flow line. The pressure of the 
discharge was controlled by the needle valve. The samples 
were placed on a copper plate. The parameters varied for 
the experiments of our present study were the chamber 
pressure, rIe power, and exposure time to oxygen plasma.

Surface wettability of the magnetic nP-embedded mem-
branes and bare PDMS for comparison were studied by 
measuring the static contact angle using a calibrated water 
droplet of 5 μl on the various surfaces.

2.1.4  Dynamic mechanical analysis (DMA)

Dynamic mechanical analysis (DMa) is a technique, used 
to measure the visco-elastic properties, i.e. the stiffness and 
damping properties of cobalt-PDMS nanocomposite mem-
brane. DMa works by applying a displacement on top of a 
sample in a cyclic manner (sinusoidal wave with a defined 
frequency). The transmitted force through the sample is 
measured at its bottom where the sample is clamped to the 
mechanism. The strain can be calculated from the applied 
displacement and the stress from the measured force and 
the constant section of the sample. The magnitude of the 
applied stress and the resultant strain are used to calculate 
the stiffness of the material (Young’s modulus).

Testing of magnetic composite slabs was conducted 
using Bose instrument elF 3200 (electroForce™) and 
the WinTest DMa software. all the samples used were of 
the same width (about 8 mm), thickness (about 3 mm) and 
length (about 18 mm) under the same conditions. DMa 
tests were carried out on composite PDMS slabs with dif-
ferent concentration of cobalt nPs: 16, 25, 50 and 75 % by 
weight. Samples made of pristine PDMS have been charac-
terized to give a reference.

2.2  Design and fabrication of valve with magnetic 
composite nanoparticle-PDMS actuator

a simple flow-through valve has been designed to demon-
strate the feasibility of magnetic actuation with the nano-
particles composite membranes. To apply the principle 
of magnetic actuation in a valve, the overall volume dis-
placement needs to be as large as possible under a given 
magnetic field and membrane dimensions. The schematic 
design and side view of the magnetic valve subjected to the 
magnetic field h and its gradients for the magnetic valve 
are given in Fig. 1. We can observe that the inner diameter 

of the valve body is of 15 mm and outer diameter is of 
35 mm.

The new magnetically driven prototype valve consists 
of the thin cobalt composite magnetic membrane mounted 
on top of the pristine PDMS valve body. The mold of the 
valve body was mechanically milled in aluminum (Fig. 2a). 
The valve body was manufactured by casting Sylgard 184, 
PDMS (see description above) (Fig. 2b). The membrane 
was also cast with a thickness of 400 μm and was made 
with 50-wt% of co nanoparticles. Its free diameter, that is 
to say the membrane diameter that can move freely, cor-
responds to 18 mm. It is determine by the inner diameter 
of the washers added on both sides of the valve body as we 
can see in Fig. 3. These two washers were used to tighten 
the assembly and make it leak-free. The other side of the 
valve has been attached to a tube (Fig. 3). Permanent seal-
ing of the nanocomposite co-PDMS membrane to the 
PDMS valve body could be achieved using oxygen-plasma. 
The solution with tightening between two plates was pre-
ferred at this stage because it allowed changing membranes 
if necessary.

2.3  Magnetic test of the valve

Testing of the valve under magnetic field was performed 
using electromagnets from Brucker. The maximum mag-
netic field between the poles of the magnet for the actua-
tion of membrane was varied from 0 to 2 Tesla. The mag-
netic field inside the electromagnet gap was measured with 
a probe using a Gauss-meter. By applying the magnetic 
field, the magnetic membrane deflects and fluid flow occurs 
in the channel.

3  Results and discussion

Figure 4 shows the cross-section of PDMS co-loaded 
membranes with the same magnification (50×). The mem-
brane with the highest co concentration (75-wt%) clearly 
shows the presence of air-bubbles in the sample thickness. 
Table 1 lists the roughness data for the various membranes. 
The roughness increases with higher concentration of 
nanoparticles.

Fig. 1  Schematic diagram and side view of the magnetic valve sub-
jected to the magnetic field H and its gradients
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The hardness of plastics is most commonly measured 
with an apparatus known as a Durometer, consequently it 
is also known as ‘Durometer hardness’ that may be defined 
as a material resistance to permanent indentation. Durom-
eter, like many other hardness tests, measures the depth 

of an indentation in the material created by a given force 
on a standardized presser foot. This depth is dependent on 
the hardness of the material, its visco-elastic properties, 
the shape of the presser foot, and the duration of the test. 
Table 2 shows the surface hardness (expressed in Shore a 

Fig. 2  Optical image of the a 
the mold of the valve body in 
aluminium and b the PDMS 
replica used for actuator device

Fig. 3  actuator device a top 
view and b side view

Fig. 4  3-D image (×50) of 
cross-section of co nanoparticle 
embedded PDMS membrane 
using optical microscope: a 
15-wt%, b 25 wt%, 
 c 50-wt% and d 75-wt%
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scale) of the various PDMS membranes. The surface hard-
ness increases with higher content of co nanoparticles, 
except for 75-wt% due to the presence of air bubbles.

Pristine untreated PDMS is hydrophobic in nature and 
has a contact angle of 120° which is consistent with data 
from the literature. In the first set of experiments, the wet-
tability of the co nanoparticle-loaded membranes was 
studied as a function of rF power (10–50 W) and exposure 
time (5–30 min) at a constant gas flow rate (10 cc/min). 
The wettability of the composite PDMS surfaces is found 
to increase with increasing rF power and exposure time as 
shown in Fig. 5 for the 50-wt% co-PDMS membrane.

at a certain optimum value of power and time, the sur-
face becomes super-hydrophilic (contact angle ~5°). as 
the exposure time to O2 increases, the carrier molecules 
become active and the charged particles formed near the 
electrode move closer to the substrate. So, there is for-
mation of silanol group (–Oh) on the surface, making it 
hydrophilic. a low rF power leads to a reduced kinetic 
energy of ions incident on the substrate and a lower plasma 
density. Thus, less active sites form on the sample sur-
face, leading to a reduction in Si–Oh groups available for 
surface bondage. The reverse behavior observed at high 
rF power suggests an increase in the ion bombardment. 
It is also observed that the contact angle becomes almost 
constant when the exposure time to O2 varies from 15 to 
20 min (Fig. 5). But after that there is a sudden fall in the 
contact angle. The surface becomes super-hydrophilic 
when the exposure time increases to 30 min. For com-
parison, bare PDMS membrane is also exposed to oxygen 
plasma with rF power varying from 10 to 40 W for a fixed 

period of time (30 min) while keeping the oxygen flow rate 
at 10 cc/min and its wettability is found to increase with an 
increase in rF power (contact angle varying between 120° 

Table 1  comparison of PDMS membrane roughness from surface 
profiler (a) 15 wt%, (b) 25 wt%, (c) 50 wt% and (d) 75 wt%

co-membrane 15 wt% 25 wt% 50 wt% 75 wt%

ra (arithmetic roughness) 0.040 0.116 0.014 0.17

rq (root mean square rough-
ness)

0.050 0.144 0.022 0.21

rt (peak to valley roughness) 0.313 1.4 0.325 2.30

Table 2  comparison of surface hardness of membranes using 
durometer pristine PDMS; loaded PDMS with (a) 15 wt%, (b) 
25 wt%, (c) 50 wt% and (d) 75 wt%

Membrane hardness (Shore a)

Virgin PDMS 54

PDMS-co-15 wt% 60

PDMS-co-25 wt% 65

PDMS-co-50 wt% 72

PDMS-co-75 wt% 41
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and 25°), rendering the treated surface hydrophilic. how-
ever, this hydrophilic PDMS surface reverses to its initial 
hydrophobic nature in about a few minutes, as reported in 
the literature.

In the second set of experiments, the composite 50-wt% 
co-PDMS membrane surface was treated with 20 W rF 
power under 10 cc/min O2 for 10 min. We observed that 
with this set of parameters, it remained hydrophilic after 
exposure in air for more than 1 day (Fig. 6). The contact 
angle increases from 18° to 60° as a function of exposure 
time in air but maintains its hydrophilic nature.

Figure 7 shows the FTIr spectra of plasma-treated 
50-wt% co-loaded PDMS membrane and important char-
acteristic peaks are assigned in the spectra. The absorp-
tion peaks of c–h in methyl groups (ch3), Si–ch3 (side 
chain of PDMS) and Si–O–Si (main chain) occur at 2,960, 
1,270 and 1,020 cm−1, respectively. The spectrum of 
plasma-treated composite membrane is compared with that 
of plasma-treated bare PDMS (native bare PDMS being 
defined as the reference). It is observed that the absorptions 
due to c=O bonding and that due to O–h in h2O appear 
while those due to c–h in ch3 and that due to Si–ch3 
decrease with the O2 plasma treatment power. This analy-
sis is consistent with the more hydrophilic behavior of the 
PDMS loaded with co nanoparticles.

DMa tests were carried out on composite PDMS slabs 
with varying concentration of cobalt nanoparticles to study 
the magneto-mechanical properties of the PDMS/co nano-
particle composite elastomeric membrane. Samples made 
of pristine PDMS have been characterized to give a refer-
ence. Figure 8 shows DMa measurements of the elastic 
modulus (or the Young’s modulus) as a function of the 

applied frequency that is varied between 0.1 and 56 hz. 
error bars are used to indicate the storage modulus vari-
ation due to the fabrication process fluctuation in pristine 
PDMS membrane. We can observe the highest storage 
modulus of 6.5–11 MPa for the 0.1–56 hz excitation fre-
quencies for cobalt nP composite slab with the concentra-
tion of 50-wt% of nanoparticles. This modulus is increased 
by 3–4 times in comparison with the membranes loaded 
with a lower concentration of co nanoparticles. With a con-
centration beyond 50-wt% of nanoparticles in PDMS, we 
could not fabricate homogenous membranes. Moreover, the 
surface of the composite piece is not smooth and includes 
lots of air bubbles. The presence of air bubbles decreases 
the real section of the sample and the apparent modulus is 
reduced as we have seen in Fig. 1 with 75-wt% of co.

nano-indentation tests have been carried out to verify this 
hypothesis and the results, Young’s modulus as a function 
of the co percentage, is reported in Fig. 9. Indeed, for wt% 
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Fig. 8  Dynamical Mechanical analysis (DMa): elastic (or Young’s) 
modulus versus frequency for PDMS and PDMS loaded with co nan-
oparticles at different weight %
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(co) <50 % the values obtained by DMa and nano-inden-
tation procedure are close to each other (specimens without 
bubble) but for wt% = 75 %, the values greatly diverge. In 
fact nano-indentation tests are performed at a micro scale 
(maximal indentation depth of 4 μm) and consequently the 
bubbles have no effect on the results. On the contrary, DMa 
tests are performed at a macro scale and the presence of bub-
bles greatly affects the mean value of the measured Young’s 
modulus. The true Young’s modulus of the material is an 
increasing function of the nanoparticles content.

The fluidic device was placed on one side of the elec-
tromagnet with the magnetic membrane facing the elec-
tromagnet gap. In this place near the magnetic poles edge, 
the magnetic field is non-uniform and causes the magnetic 
membrane to deflect. Under no magnetic field, the default 
mode for the membrane is the rest mode. When the mag-
netic field is increased between the electromagnet, the 
magnetic membrane is actuated and deflects outward lead-
ing to a decrease in the water level (Fig. 10). Membrane 
displacement is caused by the attraction between magnetic 
nanomaterial (embedded within the PDMS membrane) and 
the poles of the electromagnet. The experiment started with 
nearly zero magnetic field (i.e. 0.012 T) between the elec-
tromagnet. It can be observe that at this stage, the water 
level is at 7 cm on the scale (Fig. 10). after that we start the 
magnetic field inside the magnetic poles up to 1.94 T and 
at the final stage, the water level decreases down to nearly 
4 cm. Testing of our device was done up to 2 T magnetic 
field, which is sufficient in producing the large displace-
ment of the membrane. The magnetic field in device cor-
responds to the one measured inside the magnetic poles. 
To obtain the true value that is applied to the membrane, it 
needs to divide it by about a factor 2.

Figure 10 shows the hysteresis plot of the data collected 
by following the liquid level in the device during the increas-
ing and decreasing magnetic field. The maximum deflections 
were observed when the valve with the tube was set in the 

horizontal plane to avoid the effect of gravity on water. If 
the valve and the tube are set vertically with the membrane 
facing the electromagnet downwards, the fluid mass via the 
pressure constrained the membrane with a value that can 
be more important than the magnetic pressure. In this case, 
the magnetic field is not sufficient to deform the membrane 
and to push the liquid in the tube. The same thing happens 
when the membrane is put under tensile strength during the 
assembly step of the valve. Indeed, a large tensile strength 
of the membrane reduces the effect of the magnetic pressure 
and decreases the membrane deflection. Some hysteresis 
of the membrane deflection under magnetic field could be 
observed, even at very low frequency (<1 hz). The hysteresis 
observed with membrane deflection could be due to several 
factors: visco-elastic properties of the membrane material, 
of the tensile strength of the membrane (drum effect), of 
the viscosity of the liquid (in our case water + liquid soap). 
however, the DMa measurements (Fig. 8) show a small 
variation of the elastic modulus as a function of mechanical 
excitation frequency. This means that the visco-elastic prop-
erties of the membrane material should not be the most sig-
nificant factor contributing to the hysteresis.

as a first approximation, considering that the shape of 
the deformed membrane looks like a spherical cap (this is 
true for large deflections) and knowing the inner diameter 
a1 of the tube (a1 = 1.92 mm) and the radius a of the mem-
brane (a = 9 mm), it is easy to calculate from the liquid 
level h1 in the tube (Fig. 10), the maximum deflection h2 
of the center of the membrane. h2 is the real root of the fol-
lowing relationship:

Figure 11 gives the magnetic field as the function of the 
deflection h2 of the membrane. The maximum deflection 
obtained was about 0.682 mm for h = 1 Tesla. The differ-
ence in the response between the magnetic loading and the 
unloading is certainly due to the visco-elastic behavior of the 
material (the unloading rate is slow compared to the loading 
rate) and of the viscosity of the liquid in the tube. The general 
relationship between the magnetic pressure and the maximum 
deflection hm of a circular isotropic membrane is given by:

In this relation a is the membrane radius, e the mem-
brane thickness, e the Young modulus of the tested mate-
rial, ν the Poisson ratio, σ0 the mean residual stress in 
the membrane, f the content of magnetic particles, χp the 
magnetic susceptibility of the particles, μ0 the magnetic 
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permeability and grad (h2) the gradient of the square of the 
magnetic field h. c1 and c2 are two constants which are 
respectively close to c1 ~ 2.88(1 − ν) and c2 ~ 4. Two dif-
ferent cases have to be considered:

 – linear case when the deflections are small (hm < 0.3e). 
The second term of the right member of the previous 
relation is negligible, thus: 

hm is proportional to grad (h2) and inversely pro-
portional to the mean stress value σ0. Thus, from a 

(3)hm =

µ0

2
fχp grad(H2)

( 16
3

E(f)

1−v2(f)
e2

a4 + C2
σ0

a2 )

technological point of view, to maximize hm, σ0 should 
be equal to zero or slightly negative, in any case 
smaller than the compressive buckling stress. When σ0 
is equal to zero, then: 

 – non linear case when the defections are high 
(hm ≫ 0.3e). The linear part of the general equation is 
negligible and if σ0 is equal to zero, thus: 

 hm varies as (grad(h2))1/3 and is proportional to f1/3 
and a4/3. This domain is very different to the previous 
one due to the exponent 1/3 and generally applicable to 
the experimental data as hm/e ≫ 1.

To compare our results with those of the literature 
(Table 3) and where a, e, hm, f and h are accessible, 
according to the last equation the ratio h3

mE/fa4 has been 
plotted as a function of the square of the magnetic field H2

0. 
This representation is given in Fig. 12. although χp (f) and 
g(r) are unknown a general trend is observed over 5 dec-
ades on the Y axis for a h0 variation of about two decades. 
This tendency follows the relation: Y = α(H2

0)
1.5

= αH3
0 

(thus n = 1.5) which is to be compared to the last relation: 
Y ≈ H2n

0 grad (g2(r)), with r being the distance of the con-
sidered point with respect to the origin. The translations 
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2C1(v)

(1 − v(f ))a4

E(f )
grad(H2)

]1/3

.

If H(r) = Hn
0 g(r) then:

h3
m

fa4
=

µ0χp(1 − υ(f ))

2C1(υ)E(f )
H2n

0 grad(g2(r)).
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Fig. 11  Behavior of the membrane: applied magnetic field as a func-
tion of the maximum deflection of the membrane. The loading rate is 
about five times the unloading rate (0.4 T/s for the loading and 0.08 
T/s for the unloading). The maximum value is about 0.68 mm for 
h = 1 T

Table 3  comparison of magnetic membranes for actuation in microfluidic devices

NP nanoparticle

* Values calculated from the graph of Fig. 12 for the two extreme values of the magnetic field

Magnetic membrane Diameter  
2a (mm)

Thickness  
e (μm)

Displacement  
hm (μm)

external  
magnetic field

references

PDMS + small magnets (ni80Fe20) 2 40 80 0.356 T Bohm et al. 2001

PDMS + ndFeB/n48 10 500 – – evans et al. 2007

PDMS + permalloy, ni80Fe20 – 40 37.5 12.25 μn Fahrni et al. 2009

PDMS + ferrite grains, carbonyl iron 
particles and magnetic nPs extracted 
from ferrofluids

– 110–160 180 450 Pa magnetic pressure d'agostino(1990)

PDMS + iron-oxide nPs 5 300 – 10 mT to 0.4 T Oh and ahn 2006

PDMS + iron-oxide nPs 4–7 35.5 135–625 0.416 T Pirmoradi et al. 2010

PDMS with coil-shaped electrical path 3 11 51 0.09 T Jackson et al. 2001

PDMS + co nPs (16 % and 25 %) 50 250 400 (16 % co)
800 (25 % co)

0.04 T
0.04 T

Singh et al. 2013

Our results: PDMS + co nPs (50 %) 18 400 ~92*
612–682*

0.14 T
0.98 T

This study



435Microsyst Technol (2014) 20:427–436 

1 3

between the different straight lines representative of the dif-
ferent works can be attributed to the values of the gradient 
(grad (g2(r)) and of the value of the residual stress σ0 inside 
the membrane (see the general eq.(2)).

4  Conclusion and perspectives

The novel aspect of this work concerns the use of mag-
netically responsive elastomer material based on lab-
synthesized magnetic co nanoparticles as membrane for 
magnetically-actuated valve. nanocomposite co/PDMS 
membranes can be easily integrated in a PDMS device, 
using the same microfabrication technologies as for vir-
gin PDMS, which allows manufacturing small valve with 
a large opening while reducing fabrication complexity 
and cost. The technology presented above can be advan-
tageously applied to applications where simple and low-
cost fabrication process for membrane-based fluidic 
actuator is required, such as disposable fluidic devices. 
Magnetic actuation is favorable as it generates large and 
long-range forces. It therefore allows for remote operation 
of the micro valve without any external or internal wire 
connection and makes the operation simple, as no precise 
alignment is required between the external magnet and the 
valve.

The main results of this work are summarized below:

1. co-PDMS nano-composite magnetic membranes were 
fabricated with varying concentration of cobalt nano-
particles in PDMS matrix from 15-wt% to 75-wt% and 
characterized in term of mechanical and visco-elastic 
properties using DMa method. The best membrane 
was obtained with 50-wt% co loaded in the PDMS 
matrix.

2. loading of PDMS with cobalt nanoparticles allowed 
a wider range of control of the wetting properties of 
PDMS surfaces under oxygen plasma treatment, from 
hydrophobic to hydrophilic to super-hydrophilic. a 
contact angle down to 5° could be obtained for 50-wt% 
cobalt nanoparticles-embedded PDMS membrane 
treated for 30 min at high power (50 W).

3. a simple flow-through valve has been designed to 
demonstrate the feasibility of magnetic actuation with 
the 50-wt% co PDMS membrane.

4. no deflection of the valve membrane was obtained in 
the area where the magnetic field inside the electro-
magnet is uniform.

5. In the region where the magnetic field gradient is 
the highest (up to 7.3 10−2 T/mm), high deflec-
tion of the composite membrane could be obtained 
(up to 0.68 mm for 1 Tesla). This result is very com-
petitive with other work from the literature. however 
some hysteresis of the membrane defection could be 
observed, even at very low frequency.

6. It is of course important to reduce this hysteresis, 
which is energy not used in the actuation of the device. 
Taking into account that fluid composition is often 
imposed by the experiment and cannot be changed at 
will, possible ways to reduce the hysteresis include 
increasing the tensile strength of the membrane. In this 
case, a compromise must be found for efficient mag-
netic actuation and low hysteresis value.

7. another origin of this hysteresis can be a phase differ-
ence between the applied magnetic field and its gradient. 
This hypothesis must be supplemented by other experi-
ments and/or by a more accurate modeling of the mag-
netic effort that act on this membrane. This latter can be 
useful in order to understand and optimize the magnetic 
field action and its gradient on magnetic membrane.
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