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Abstract. The idea of mixing optical and magnetic properties in an only device has 
been the seed of this MSc Thesis. As a result of all the work done a Magnetically-
actuated Variable Optical Attenuator (M-VOA) has been developed. Ferrofluid and 
poly(Dimethylsiloxane) (PDMS) are the raw and unique material needed for the 
manufacturing of the M-VOA. The experimental results of the precalibation of the Hall 
probe and the output voltage in function of the distance between the magnet and the M-
VOA’s are shown in this MSc Thesis and they are in agreement with the theory.  
 
Keywords: Variable Optical Attenuator (VOA), poly(dimethylsiloxane) (PDMS), 
ferrofluid, magnetic field. 

1. Introduction 
 
The micro-electro-mechanical systems (MEMS) were developed in the 1970s as a form the 
advances in the semiconductors integrated circuits technologies to create miniature sensors and 
actuators. During the last decade, physical sensors have been the object of great interest thanks 
to the development of accurate silicon micromachining. This topic is related to the selective 
removal of bulk silicon from a selective area to build a mechanical structure having at least one 
dimension on the micron scale. This process has allowed the fabrication of physical sensors to 
measure a variety of physical parameters, including temperature, pressure and acceleration. 
Recent industrial needs for commercial research and development in optical systems demand 
device miniaturization that has led to the merging of two major technologies: micro-optics and 
MEMS. These technologies combined with microelectronics create the rich enabling technology 
of micro-opto-electro-mechanical systems (MOEMS) [1]. The predominant substrate material 
has been silicon for ages. From 1990s polymer materials have gain ground to silicon in the 
fabrication of MEMS. Among the reasons for incorporating polymers the most significant are: 
the great majority of polymer materials provide bigger mechanical yield strain than silicon, 
these kind of materials have a low cost, the silicon microfabrication toolbox is relatively limited 
but microfabrication process of polymer MEMS has been increased with novel fabrication 
process (casting, modelling, embossing, spraying...) and polymers provide unique chemical, 
structural and biological functionalities not available in any other materials systems[2]. 
Polymer materials have been used for a large myriad of MEMS-applications. For microfluidic 
channels, pumps and valves the representative polymer is Polydimethylsiloxane (PDMS) [2]. It 
is a commercial available silicone rubber with high physical and chemical stability. Due to its 
very unique properties including very low Young’s modulus 360-870 Kpa [3], optically 
transparent in the UV-VIS range, fabrication easiness, low cost and biocompatibility for 
biological assays [4], it has been widely used for fabrication of several microsystems such as 
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analytical systems incorporating microfluidic device, known as lab-on-a-chip (LOC) or micro 
total analysis systems (μTAS) [5-7] or microelectromechanical systems (MEMS) [8]. 
Ferrofluid is a liquid which becomes strongly polarised in the presence of a magnetic field. 
Ferrofluids contain nanoscale particles (diameter usually 10 nanometers or less) of magnetite 
(Fe3O4) or some other compound containing iron. These particles are coated with a surfactant to 
prevent their agglomeration. Engineering application of ferrofluids rely upon their basic 
properties such as retention in magnetic field, levitation of magnetic and non-magnetic objects, 
mircromagnetics and catalysis associated with small particles, magnetic shielding and effect on 
electrical parameters. Industries that most commonly use ferrofluids are computers, 
loudspeakers, semiconductors, motion control, sensors and petrochemicals. Advancement in 
ferrofluids has mostly occurred along the lines of new carriers achieving specific combinations 
of magnetization and viscosity. Commercial magnetic fluids are predominantly based on 
magnetite (Fe3O4) particles: however, MnFe2O4 has also been used as an alternative material [9]. 
As mentioned, the most usually particles of ferrofluids are made from Fe3O4 and have mean 
diameter of about 10 nm. The behaviour of such ferrofluids is mainly determined by their 
magnetic properties. In the presence of magnetic field

→

H , the magnetic moment 
→

m of the 
particles will try to align with the magnetic field direction leading to a macroscopic 
magnetization of the liquid [10].  
The combination of polymers with magnetic materials as ferrofluids displays novel and often 
enhanced properties.  Ferrofluids are recently been presented for medical purposes, for example 
as an electromagnetically induced hyperthermia for cancer therapy [11-13], control of enzyme 
reaction [14], controlled of drugs [15] and construction of artificial muscles [16, 17].  
The device presented in this MSc Thesis is a MOEMS consists of a Variable Optical Attenuator 
with magnetic actuation (M-VOA). The ferrofluid used in the fabrication of the M-VOA 
contains magnetite particles dispersed in iso-paraffin, their mean magnetic diameter is around 
10 nm, it is largely insoluble in water and the saturation magnetisation is 400 Gauss. 
     
                                                                                                                                                                                          
2. Design 
 
The proposed optical-magnetic waveguide microcantilever acting as a M-VOA. It consists on a 
bilayer device ‘figure 1(a)’. One of the layers is made of unaltered PDMS. This layer plays the 
role of the waveguide thanks to the optical properties of the PDMS [2].  The other layer is made 
of doped PDMS with a ferrofluid and it plays the role of magnetic part of the device due to the 
magnetic properties of the magnetite particles in the ferrofluid.  
The integration of a self-alignment system is done for achieving a good positioning between the 
input fiber and the VOA and as a result of that an improvement of the injected beam into the 
cantilever, which acts as a waveguide, is obtained. It consists on a microchannel with 
dimensions smaller than the optical fiber. This system of self-alignment works well due to the 
flexibility of PDMS. This property allows the fiber to be inserted in the microchannel without 
damaging its facet end while keeping it at a centred position. The light is guided into the 
waveguide cantilever and finally it reaches the cylindrical microlens integrated in the device 
focusing the light in the read out system, ‘figure 1(b)’. Its purpose is to increase the sensitivity 
in the readout system: if light travels through a cylindrical lens it will be focused onto a line 
instead onto a point, being then possible to detect the variations of this focal plane, ‘figure 2’. In 
addition a set of air gaps has been design at both sides of the waveguide cantilever located in the 
seismic mass. These air gaps have the mission of keeping the light confined. When light reaches 
this seismic mass, it tends to broaden, being then not collected by the microlenses, and 
straightforwardly hampering the overall performance of the proposed system. The tackling of 
this issue is done by using such air gaps. Which assures to have total internal reflection at them, 
and hence light can only diverge at the small regions between these gaps. 
Three M-VOA’s have been design, ‘figure 3’, with different geometries, ‘table 1’, for the study 
of magnetic behaviour.   
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(a)                                                            (b) 
Figure 1. (a) Lateral view of the M-VOA (b) Scheme of the fabricated M-VOA with all of its components. 
Moreover, the fiber optics placed on the self-alignment structure, directly coupling the light to the optical 
cantilever and the output fiber for the readout system. 
 

 
Figure 2. A sketch of the light travelling inside the waveguide (a) in the case of air gaps in the seismic 
mass and (b) without them. 
 

 
 

 
 
3. Materials 
 
Ferrofluid contains ferrimagnetic particles called magnetite. Ferrimagnetism is a particular case 
of antiferromagnetism.  They have one common characteristic, the magnetic moments are 
aligned antiparallel but the main difference is the different magnitudes of the magnetic moments 
in the ferrimagnetism. They exhibit hysteresis, or rather, anhysteretic magnetization. 
Ferromagnetic materials have a representation of the magnetic field n function of the magnetic 
field applied called hysteresis loop [18] but the curve of ferrimagnetic materials has not 
hysteresis and is completely reversible. In this work PDMS has been doped with ferrofluid. Six 
samples have been prepared with the same base of the PDMS (1:10) and with different 
concentrations of ferrofluid and the curve of anhysteresis have been achieving, ‘figure 4’. 
 

 VOA1 VOA2  VOA3 
a (μm) 400 500 600 
b (μm) 250 250 250 
c (μm) 160 160 160 
d (μm) 250 250 250 
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         Figure 3. Geometry of the M-OVA 

Table 1: Values of the parameters that defined the 
geometry of the three M-VOA   

d 

(a) 

(b) 
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Figure 4. Anhysteretic magnetization curve. This is antysimmetric with respect to the magnetic field. Six 
curves corresponding to six different concentrations of the PDMS doped with the following 
PDMS:ferrofluid ratio: M2B) 0.9:5 (v:v), M3B) 0.7:5 (v:v), M4B) 0.5:5  (v:v), M5B) 0.5:5 (v:v), M6B) 
0.1:5 (v:v), M7B) 0.05:5 (v:v).  
 
Knowing the magnetically properties and the tunability of the magnetic PDMS, together with its 
low cost and production easiness, it seems to be the optimal candidate for developing a new 
generation of PDMS magnetic variable actuators. 
 
 
 
4. Fabrication Technologies 
 
Fabrication of the M-VOA starts with the development of the SU-8 (MicroChem, Corp., 
Newton, MA, USA) master ‘figure 5(a)’. The process begins with a low cost 700 μm thick 
soda-lime glass, which is used as a substrate. Over it in a single spin-on process, a 250mm thick 
SU-8 layer is deposited. Then, it is baked and exposed to UV light using the appropriate mask. 
After that, a postexposure bake is followed by the development of structures in propylene glycol 
methyl ether acetate (PGMEA, MicroChem, Corp., Newton, MA, USA), finishing the definition 
of the master. Once the SU-8 master is built two steps are still needed for obtaining the M-
VOA. 
A mixture of PDMS (Sylgard 184 elastomer kit, Dow Corning, Midland, MI, USA) prepolymer 
and ferrofluid (iso-paraffin based ferrofluid) Liquids Research, Bangor, Gwynedd, UK) is 
obtained for filling the SU-8 master by capillarity ‘figure 5(b)’. This first layer will be at the 
bottom of the master and it will have magnetic properties. This layer is formed by the PDMS 
pre-polymer obtaining by mixing the curing agent with the elastomer base in 1:10 ratio (v:v) 
and 0.05 ml. of ferrofluid and it is cured for 1 hour at room temperature. The majority of the 
magnetite particles are laying out in the waveguide cantilever and in the seismic mass as a result 
of a magnet placed below the seismic mass ‘figure 5 (c)’. Then, a second mixture of PDMS pre-
polymer is degassed to remove the air bubbles and all the structure is filled by capillarity 
without having overflow. The prepolymer is cured for 20 minutes at 80ºC ‘figure 5(d) and (e)’. 
Finally, the device is peeled off from the master ‘figure 5(f)’. After that, the master can be re-
used several times to develop more PDMS-ferromagnetic devices. The resultant bilayer device 
has the magnetic properties of the magnetite particles and the optical properties of PDMS. 

           
    (a)                                (b) 
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                (c)                                                (d) 

 

           
                    (e)                                                   (f) 

 
Figure 5. Scheme of the VOA fabrication: (a) The SU-8 master is developed. (b) The ferromagnetic gel is 
placed on the filling regions of the master.  (c) After VOA is filled by capillarity a magnetic is placed 
below the seismic mass and the ferromagnetic gel is cured. (d) The pre-polymer is placed on the filling 
regions of the master above the ferrofluid gel layer. (e) After the VOA structure is filled by capillarity the 
prepolymer is cured. (f) When the PDMS is solid the device are peeled off from the master. 
 
 
 
5. Results 
 
A previous measurement has been done for choosing the appropriate concentration of the 
ferrofluid in PDMS. The necessary equipment consists in a 125 μm diameter core input fiber 
optic connected to the white light source (Mikropack, Halogen light source), a 200 μm diameter 
core output fiber connects to the spectrometer (High Resolution Spectrometer, Ocean Optics 
Inc.) and different samples corresponds to different concentrations of ferrofluid into PDMS, 
‘figure 6’. These samples are placed on a substrate. Then, in one side of the sample the input 
fiber is placed really near of it, in the other face of the substrate, the output fiber is placed for 
recollecting the output light. This fiber is connected into the spectrometer. Four samples have 
been studied and the sample with a 0.05 concentration of ferrofluid shown the maximum 
intensity in the spectrum of the white light, ‘figure 6’, so the PDMS used for the measurement 
presented in work have been doped with a 0.05 concentration  of ferrofluid. 
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Figure 6. Intensity curves for different concentrations of ferrofluid in PDMS. Line green has the 
maximum intensity and it corresponds to the sample with 0.05 concentration  of the ferrofluid in PDMS. 
 
The dynamic range is a term used in numerous fields to describe the ratio between the smallest 
and largest possible values of a changeable quantity, in our case the detected power. So the 
dynamic range is the ratio of the overload level (the maximum signal power that the system can 
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tolerate without distortion of the signal) to the noise level of the system. The dynamic range (1) 
is calculated for three different geometries ‘figure 3’ of the M-VOA studied and the resultant 
values are in the ‘table 2’.  
                         

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−=

fibersalignmentofcasetheinpowercollected
fibersntdisalignmeofcasetheinpowercollected

DR log10                   (1) 

Table 2: Values for DR corresponding to different geometries of the three M-VOA studied 

 
 
 
The Hall effect is used to measure the magnetic fields with a Hall probe, ‘figure 7(a)’. The Hall 
probe has been fed with 5mA (2430 1KW Pulse Source Meter, Keithley). The magnet has been 
placed below of it and the voltage detected by the Hall probe is collected by a multimeter (2100 
6 ½ Digit Multimeter, Keithley), ‘figure 7(b)’, for different distances between the magnet and 
the Hall probe, for both faces of the magnet, ‘figure 7(c)’. In this last ‘figure 7(c)’ both curves  
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  (b)                                                                                   (c) 

Figure7. (a) Hall probe used in these measurements, (b) electrical equipment and (c) experimental results 
of the Voltage of the Hall probe in function of the distance between the magnet and the Hall probe and for 
both faces of the magnet,  + and – faces. 
 
are representing the Hall effect. The Hall effect is the production of a voltage difference (Hall 
voltage) across an electrical conductor (Hall probe), transverse to an electric current in the 
conductor and a magnetic field perpendicular to the current. In these conditions the moving 
charges, in the Hall probe, experience a force, called the Lorentz Force (2), and the result is a 
separation of the moving charges. With the movement to the upper zone of the positive charges  

                                                                 
→→→

×= BvqF d                                                                (2) 
in the Hall probe, an excess of negative charge is produced in the lower zone of the Hall probe. 
As a consequence, an electrostatic filed is generated in the Hall probe opposed to the magnetic 
field over the moving charges. When the magnetic field and the electrostatic field are in balance 
the carriers will not move. In this situation the upper zone is positive charged and this zone has 
a voltage bigger than in the lower zone (this corresponds to the “+ face” of the magnet). If the 
lines of the magnetic field are perpendicular but on the other direction the situation will be the 
other way round: the upper zone is negative charged and it has a voltage smaller than in the 
lower zone (this corresponds to the “– face” of the magnet) [19]. 
The Hall probe generates the Hall voltage when a magnetic field is detected. When the magnet 
is out of the detection range of the Hall probe the voltage Hall is 0.0668 V and the magnetic 
field detected is 0T and when the magnet is in the detection range of the of the Hall probe the 
maximum voltage Hall is 0.44158 V and the tabulated magnetic field is 0.1 T. A linear fit has 
been done, ‘figure 8(a)’, for achieving the expression (3) so as to determine the magnetic field 
in function of distance, ‘figure 8(b)’. These measurements are a precalibration of the Hall probe 
for knowing how it works. A future work will be the calibration of it with an electromagnet and 
a gaussimeter. 

                             

 M-VOA1 M-VOA2  M-VOA3 
DR (dB) 36.35 37.62 39.95 

 

(a) 
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(a)                                                              (b) 

Figure 8. (a) The linear fit on the experimental results of the magnetic field applied in function of the 
voltage Hall and (b) Magnetic field in function of the distance between the magnet and the Hall probe 
applying the function (2) for  + face and  - face. 
 
When the distance between the magnet and the voltage Hall is increased the value of the 
magnetic field decreases and when the distance is decreased the value of the magnetic field 
increases, ‘table 3’. A negative value for the “– face” could be observed. This is due to the Hall 
effect discussed before.  
 
Table 3: Values for distances (d) and magnetic field (B) corresponding to both faces of the 
magnet. 
 

 
Once the representation of the magnetic field in function of the distance is done, the magnetic 
force could be calculated. The magnetic force on a magnetisable body induced by a magnetic 
field is expressed by (4). Where 0M  is the magnetization of the body, 0μ the permeability of 
vacuum and 

0H the magnetic field in absence of the body [20]. The gradient of the magnetic 
field is obtaining by the derivative of functions corresponding to ‘figure 8(b)’. The 
magnetisation of the M-VOA’s is unknown: the concentration of ferrofluid into the PDMS is 
completely known but the quantity of PDMS doped filling the master is difficult to fix, for this 
reason the development of the new master is carried out. With this new master the quantity of 
the ferrofluid added on it could be perfectly determine and the gradient of the magnetic field fix. 
                                                000

→→→→

⎟
⎠
⎞

⎜
⎝
⎛ ∇⋅= HMF mag μ                              (4) 

For the study of the oscillations of the M-VOA, a power meter (Newport Power Meter, model 
1930 F-SL), a power generator (Power supply Fac-662B, Promax), an oscilloscope (Agilent 
Technologies, DSO5054A, Oscilloscope, LXI Mega Zoom) and a rotating magnet (0.1T, 
length=25 mm, width=5 mm, thickness=18 mm) ‘figure 9 (a)’ are needed. The input fiber is 
collocated inside the M-VOA and is aligned with the output fiber. Then, the magnet is placed 
below the M-VOA, ‘figure 9(b), so it undergoes a deflection and if the magnet is connected to 
the power generator a rotating movement is achieving and the M-VOA starts to oscillate due to 
the time-dependent gradient of the applied magnetic field . The rotating magnet is placed at 
different distances in the y-axis respect to the M-VOA. These oscillations are collected by the 
oscilloscope as voltage in function of time. A sinusoidal function is expected owing to the 
magnetic field applied as the ‘figure 10(a)’ shown.  

d(mm) B(G) +face B(G) - face d(mm) B(G) +face B(G) - face 
22.4 6.439·10-4 -6.368·10-4 16.4 9.641·10-4 -9.036·10-4 
21.4 6.973·10-4 -6.635·10-4 15.4 0.00107 -9.569·10-4 
20.4 7.507·10-4 -6.901·10-4 14.4 0.00115 -0.00106 
19.4 7.773·10-4 -7.168·10-4 13.4 0.00128 -0.00117 
18.4 8.574·10-4 -7.702·10-4 12.4 0.00136 -0.00125 
17.4 9.107·10-4 -8.502·10-4    
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(a)                                                              (b) 
Figure 9. (a) Electrical equipment used for the measurement and (b) a detail of the input and output fiber, 
the magnet and the M-VOA. 
 
The three M-VOA studied has three different lengths, ‘table 1’.  As a consequence of this each 
of them has different quantities of ferrofluid; the shortest one has less ferrofluid than the longest 
one. Moreover, the longer the M-VOA length, the higher the deflection due to its mass is 
observed. The deflection of the M-VOA’s, ‘table 4’, has been calculated by comparing the 
initial and final position of the M-VOA’s. The initial position has been considered when the M-
VOA is out of the range of the magnet. When the magnet is placed under the M-VOA it has a 
movement in the y-axis and the M-VOA undergoes a displacement, which is a deflection.  
  

Table 4: Deflection values for M-VOA’s 

 
 
 
Usually, the deflection of a cantilever is modeled as the deformation of a spring with an elastic 
constant k given by (5). Where E is the Young’s modulus of the cantilever, L is the length, w is 
the width and t is the thickness.  
                                                              

4

3

4L
Ewtk =                                                                         (5) 

In this kind of devices, gravity effects can be considered as an initial deformation of the spring 
[21]. Elastic constant k could not be calculated because the Young’s modulus of doped PDMS is 
not known at this moment. Establish the Young’s modulus of doped PDMS will be a future 
work. Then, once the deflection has been calculated and the Young’s modulus of doped PDMS 
would be establish the mechanical force will be calculated by (6), where mechF

→
is the force due to 

the own mass of the M-VOA. 
                    δδ k

L
EwtF mech ==

→

4

3

4
                                                             (6)                      

So, the expected results are in agreement with the minus length of the cantilever of the M-VOA 
less oscillation will be observed. If the maximum of each oscillation is taken for each of the 
distances between the magnet and the M-VOA a representation of the output voltage in function 
of the distance is obtained, ‘figure10 (b)’. This figure shown the dependence between the output 
voltage with the distance and it is in agreement with the expression (7). The relation between 
the output voltage, the magnetic field and the distance for each of the M-VOA’s are collected in 
‘table 4’. 
                                                                dV 1∝                                                                          (7) 
 
 

 M-VOA1 M-VOA2 M-VOA3 

Deflection (μm) 187.5 312.5 562.5 
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Figure 10. (a) Experimental results of the voltage in function of time for M-VOA 3 for d=20.4 between 
the magnet and the M-VOA. (b) Experimental results of the output voltage in function of different 
distances between the rotating magnet and the M-VOA for the M-VOA1 (a = 400 μm), for M-VOA2 ( a = 
500 μm) and for M-VOA3 ( a = 600 μm).   
 
Table 4: Values for distances (d), the output voltage (Vout) and magnetic field (B) 
corresponding to each of the M-VOA’ designed. 
 
 
 
 
 
 

 
 
 
6. Conclusions 
 
We have produced a magnetically-acutated variable optical attenuator made from commercially 
available ferrofluid and low cost polymer (PDMS). The little magnetic material volume up to 
5% is enough for observing an actuation of the M-VOA’s. The fabrication technology allows 
defined the self-alignment structure for accurate fiber optics positioning, air gaps for light 
confinement and cylindrical microlens.  
The experimental results have shown the behavior of the Hall probe, which are in agreement 
with the results that we expected as a linear relation between the magnetic field applied and the 
Hall probe voltage. Once the precalibration of the Hall probe has been obtained, it has been used 
for determining the magnetic response of the proposed the M-VOA’s. The behavior of the 
curves of the magnetic field in function the distance is linear and the maximum value for the 
magnetic field is 0.00136 T. The curves corresponding with the output voltage in function of the 
distance between the magnet and the M-VOA’s shows on one hand the relation between the 
length of the waveguide-cantilever and the deflection of them due to their mass, and on the 
other hand the relation between the contents of ferrofluid and the magnetic field applied on 
them. So, for the same distance between the magnet and the actuator,  M-VOA1 has a Vout equal 
to 0.015 u.a., for M-VOA2 Vout is equal to 0.119u.a. and for M-VOA3 Vout is equal to 0.154 u.a, 
obtaining the expected increase of the sensitivity as the length of the cantilever is enlarged  
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d(mm) VoutVOA1 VoutVOA2 VoutVOA3 B(T) 
22.4 0 0 0 0.3261 
20.4 0.015 0.119 0.154 0.3270 
18.4 0.050 0.227 0.538 0.3276 
16.4 0.172 0.498 0.692 0.3280 
14.4 1 1 1 0.3295 

M-VOA 
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