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In this paper we present the development of electromagnetic (EM) microfluidic 
pumps incorporating the magnetic polymer composite for the transport of 
microfluidic bio-sample. The pump system includes the electromagnetic field 
generator, a flexible actuator membrane made of polymer material with embedded 
magnetic particles and valve-less microfluidic channel and chamber. The micropump 
is fabricated using a MEMS process with additional bonding process. Various types of 
the magnetic membrane as well as electromagnetic coils were fabricated and 
characterized to find optimum pump performance. As the results, it is found that the 
fabricated pump systems were able to deliver fluidic sample within a large flow-rate 

range from 6 l/min down to several nl/min which can be adjusted by setting the 
input electrical current parameters, such as intensity, frequency and type of the 
current signal. 
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1. Introduction 
 

The microfluidic platform has been playing important role in the sustainable development of 
MEMS device, especially for various biomedical applications. Several essential elements of 
biomedical instrumentations, such as HPLC (High Precision Liquid Chromatography), PCR 
(polymerized Chain Reaction), DNA Analysis, virus and bacterial detection system, drug delivery and 
lab on chip (LoC), have been built incorporating MEMS microfluidic devices that enable the devices 
to function with low sample volume, low power consumption, rapid and precise sample analysis as 
well [1-4].  

A specific fluid handling in micro-scale channel is necessary, which is due to its specific 
characteristics of laminar flow property [5-9]. Therefore, the delivery of the microfluidic bio-sample 
requires the precision in sample injection which is mainly done through a controlled fluids pump 
from the reservoir into the microfluidic system.  
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Various microfluidic pumping systems, such as piezoelectric pump [10], electrostatic pump [11] 
and thermal pneumatic pump system [12] have been reported previously. Meanwhile, some 
actuator membrane materials including metal, silicon, rubber etc., have been implemented to drive 
the fluid pumping which were unfortunately very robust and less flexible, hence reducing its 
pumping performance [13].  

To overcome the problem, an electromagnetic (EM) micropump installed with more flexible 
actuator membrane would be the alternative choice to achieve an accurate and controlled dose of 
sample. Here, the polymer-based actuator has been found as the most suitable material due to its 
high flexibility and strong mechanical property [14].  

The development history of the actuator for pumping purpose refers to the development of the 
actuator membrane material. Initially a thin silicon-based membrane with attached bulk permanent 
magnet was used as the actuating diaphragm [15]. Then, an electroplated magnetic material was 
deposited on a polymer membrane to replace the bulk magnet [16]. The disadvantage of the 
electroplated magnet is that the membrane system lost its flexible property. Therefore, an 
embedded magnetic particle had been found as the best alternative way to create a flexible 
membrane, which revealed good mechanical property and high magnetic property [17].  

In this paper we discuss in detail the development of the microfluidic pump system 
incorporating of magnetic polymer composite-based actuator membrane. The magnetic membrane 
was synthesized by mixing the PDMS (Polydimethylsiloxane) with NdFeB magnetic particles which 
were then printed using soft lithography micro-molding process. The polymer composite 
membrane was combined with PDMS micro-channel and chamber to complete the microfluidic part 
of the pump system.  
 
2. Methodology 
2.1 Design of the EM Micropump Structure 
 

The complete system of the EM micropump can be seen in Figure 1. It consists of PDMS based 
microfluidic parts (inlet/outlet tubing connection, micro channel with valve-less diffuser elements 
and pump chamber), the magneto-mechanical actuator system (including a thin film magnetic 
polymer membrane, magnetic chamber and NdFeB permanent magnet) and the electromagnetic 
field generator with a current carrying planar micro-coil on PCB lying perpendicular to the 
permanent magnet. 
 

 
Fig. 1. The schematic of the polymer based electromagnetically driven 
microfluidic pump system 
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The fluid pumping is happened due to the periodically membrane actuation in the pump 
chamber. For EM pump system, the theoretical actuation mechanism is referred to the Maxwell 
theory. When electrical alternating current flows through the micro-coils, magnetic field will be 
generated and interacts with the permanent magnet and produces magnetic force (Fz) that finally 
causes the thin membrane to deform periodically. 
 

 𝐹𝑧 =  𝐵𝑟 𝐴𝑔  ∫
𝜕𝐻𝑧

𝜕𝑧

𝑧+ℎ𝑔

𝑧
𝑑𝑧            (1) 

 
where, Br is the magnetic induction, Ag is the surface area of the permanent magnet, hg is the 
height of the permanent magnet, while Hz is the magnetic field in z-direction. The height of the 
center deflection (dz) of the membrane is given as follow, 
 

𝑑𝑧 = 𝑐 
𝐹𝑧 𝑙𝑚

2

ℎ2  (
12 (1−𝑣2)

𝐸 ℎ2 )            (2) 

 
where, Fz is the magnetic force, lm is the membrane size, h is the membrane thickness and v is the 
Poisson’s Ratio, while E is the Young’s Modulus 
 
2.2 Fabrication of the Micropump 
 

As shown in Figure 2, the microfluidic pump system is separately fabricated in 3 main steps, 
namely the fabrication of the electromagnetic coil part, the fabrication of the magneto-mechanical 
actuator parts and the fabrication of the microfluidic part. (see Figure 1).  

The electromagnetic coil part is fabricated by electroplating the copper layer on PCB followed 
by the patterning the planar coil structure and etching the copper layer to form the spiral structure 
as shown in Figure 3(a).  

The second step is the fabrication of the electromechanical actuator. The PDMS material is the 
basic material which is printed using molding process on an SU8 based mold master. The process is 
called as soft-lithography. The process is started with the synthesis of the magnetic membrane by 
mixing the PDMS with magnetic particles having the particle size of maximum 50 µm with matrix 
pattern, followed by placing the thin magnetic PDMS membrane onto a silicon-based spacer (Figure 
3(b)). Finally, a permanent magnet is attached to the magnetic membrane  

In the third step, the microfluidic part of the pump system is fabricated using micro-molding 
process. The molded PDMS structure is then transferred and bonded on to the pre-fabricated 
magneto-mechanical part. The tubing connections are also established at this step. To ensure the 
bonding quality, a corona discharge is applied. Figure 4(a) and (b) shows the results of the molding 
and bonding process. 
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Fig. 2. Schematically process step for the fabrication of mechanical membrane and 
electromagnetic part 

 

 

 
 
 

 
(a) (b) 

Fig. 3. (a) The schematic of the planar electromagnetic microcoil structure, and 
(b) the photograph of the fabricated matrix magnetic membrane 
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Fig. 4. (a) The molded PDMS ready for transfer, and 
(b) the transfer of molded microfluidic layer onto the 
pre-fabricated actuator part (right) 

 
The final step of the fabrication process is the integration of all parts. This step includes the 

bonding between the electromagnetic part and the pre-bonded magnetic actuator with microfluidic 
part. Figure 5 shows the final form of the micropump system. 
 

 
Fig. 5. The fabricated micropump system 

 
3. Results and Discussions 
3.1 Actuator Test and Measurement Setup 
 

Our preliminary test was done on the actuator, as the functionality of the pump is strongly 
depending on the actuator performance. As shown in Figure 6, the measurement set up consists of 
a stabilized measurement stage, Gauss meter to see the intensity of magnetic field, Keyence LC-
2400 displacement meter with the laser probe, to see the height of membrane deformation, Ohm 
meter to measure the power consumption and power supply with function generator. 
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Fig. 6. (a) Schematic of the measurement setup for the actuator performance, and (b) the photograph of 
the setup 

 
The planar coil parameters as the EM generator are based on the dimension of the 

electromagnetic coil and the type of the coil structure, such as planar spiral coil and planar parallel 
coil. As Shown in Table 1, the coil is made of electroplated spiral cooper having fix distance (space) 
between the winding and the varied coil width. 
 

Table 1 
The planar coil specification and its geometry 

Sample Number Dimension 
[um] 

Micro-coils Type 

Planar Parallel Planar spiral 

width space R [ohm] R[Ohm] 

Coil1 200 100 0.4 1 
Coil2 150 100 0.7 1.1 
Coil3 100 100 0.8 1 

 
Our preliminary measurement was done on silicon based magnetic membrane. The result 

showed that the electromagnetic coil was able to interact with the permanent magnet on silicon 
membrane and obtained a maximum membrane displacement of approximately 4.6 µm for a 
power consumption of approximately 0.8 watt. This indicates that the coil is functioning properly 
and able to deform a flexible membrane with power as low as 1 watt. In Figure 7(a), it is shown that 
the deformation capability of EM membrane can be increased by increasing the electrical power.  

After replacing the silicon membrane with polymer composite the membrane deflection 
obtained almost 20 times higher than that based of silicon for the same input power (Figure 7(b)). 
The functionality test of polymer membrane using pulsatile input current shows that the membrane 
actuator is able to deform periodically at low power consumption which is required for a compact 
peristaltic fluids pump application. 
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Fig. 7. Displacement characteristics of EM actuator having planar spiral type at various coil geometry 
and input power, (a) test on silicon membrane (b) test on polymer membrane with pulsatile input 
currents 

 
3.2 Pump Test and Measurement Set Up 
 

The functionality of the fabricated micro-pump was tested by observing the fluid flow from the 
reservoir to the observation tube channel in response to the membrane deformation, as shown in 
Figure 8. The fluid flow-rate is calculated as the length of fluid movements in the tube channel at 
certain observation time.  
 

 
Fig. 8. The functionality test setup of the fabricated micro-actuator 

 
The test parameter includes the input current amplitude of 500 mA with various current pulse, 

frequency and the polymer membrane types (matrix with and without attached permanent 
magnet). To improve the magnetic field generation, spiral coil with double layer was also 
experimented.  

The fluid flow was initially tested on the pump with matrix patterned magnetic polymer 
composites membrane (Figure 9). The actuator functionality was tested for 120 seconds. The 
actuator square wave input current is able to drive the pump with maximum flow-rate of 6.5 
nL/min. It can be seen that a slow pump rate was obtained at pump using a 2x2 matrix patterned 
magnetic polymer actuator membrane. A double electromagnetic coil can significantly increase 
flow-rate, as higher magnetic field intensity is generated. 
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Fig. 9. The functionality test results of the fabricated 
micro-pump incorporating matrix magnetic polymer 
composite actuator membrane 

 
The second attempts were done by implementing a bulk permanent magnet attached to the 

matrix magnetic polymer composite (hybrid type). As shown in Figure 10(a), a significant increase of 
the flowrate was achieved. It can be seen that the flow-rate of 48 nL/min at the frequency of 1 kHz 
was achieved. The flow-rate can be increased if higher pulse frequency of input current is used.  

The next measurement was conducted by varying the signal type. It is shown that pulse type of 
the input current to drive the pump has significant influence to the pump performance. It is shown 
in Figure 10(b), a square pulse of current signal achieved the highest flow-rate compared to other 
pulse type. The microfluidic pump driven by electromagnetic coil with square wave input signal 
shows the highest flow-rate of approximately 6.6 µL/min. 
 

  
(a) (b) 

Fig. 10. The functionality test results of the fabricated micro-pump incorporating matrix magnetic 
polymer composite actuator membrane and attached permanent magnets. (a) the pump flow-rate at 
various frequency, (b) the pump flow-rate at various pulse type 

 
4. Conclusions 
 

A polymer based micropump for microfluidic delivery system was successfully fabricated using 
MEMS technique. The pump system includes the electromagnetic filed generator, mechanical 
flexible actuator membrane parts and the microfluidic part. The system can be fabricated 
separately with additional bonding. The initial measurement on the silicon based actuator 
membrane achieved a membrane deflection as high as only 4.6 µm for only 1 W power 
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consumption. The membrane deformation was improved by implementing a magnetic polymer 
composite membrane. The functionality test showed that the fabricated micropump with polymer 
magnetic composite membrane able to inject the fluid sample with the flow-rate within the range 
from 2.8 nL/min to 6.6 µL/min. The height of the flow-rate can be set by varying the input current 
amplitude, frequency and pulse type. The pump system will have its potential application to 
precisely deliver bio-sample in lab on chip, drugs delivery (such as for continuous insulin delivery), 
and injection of dialysate solution in Artificial kidney. 
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