
 

 

 

Abstract—-A prototype polymethylmethacrylate (PMMA) 

micropump is fabricated and characterized that its piston and valving 

actuations rely on the magnetic properties of a ferrofluid. The 

microchannel consists of two bonded layers of PMMA which are 

produced by laser engraving technique. Two ferrofluid plugs are 

placed inside the microchannel, one ferrofluid plug acts as both inlet 

and outlet valves together and another ferrofluid plug serves as a 

reciprocating piston which actuates the working fluid. The ferrofluid 

plugs are externally actuated by motorized permanent magnets. 

Working at 1 cycle per second, water has been successfully pumped 

at flow rates of up to 135 µL/min and backpressures of up to 255 Pa. 
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I. INTRODUCTION 

DVANCES in MEMS technology over the past few 

decades have enabled the fabrication of microfluidic 

devices for use in a wide range of applications, such as 

chemical analysis systems, actuating systems in medicine and 

biology. The transport of precise volumes of fluidic samples 

remains an important challenge for these devices. Therefore, 

many micropumps with different effectiveness and complexity 

have been developed based on various pumping principles. 

Several actuation mechanisms have been investigated 

including electrostatic, piezoelectric, thermopneumatic, 

electromagnetic, shape memory alloy, bimetallic, ion 

conductive polymer film, and phase change based for 

accomplishing a pumping effect in mechanical micropumps 

[1]. The most popular non-mechanical micropumps include 

magnetohydrodynamic, electrohydrodynamic, electroosmotic, 

electrowetting, electrochemical, flexural planar wave, 

evaporation based, and bubble type [1]. Mechanical 

micropumps have the drawbacks of pulsatile flow and 

sensitivity to bubble generation. In non-mechanical 

micropumps, the sample fluid is often exposed to intense 

ultrasonic field, high temperatures which can degrade 

biological tissues and high voltage levels that might cause a 

safety problem. 

Most of investigated pumping and valving devices are 

relatively complex and need expensive micromachining 
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technologies. Among the microfabricated systems, ferrofluidic 

micropumps usually do not have moving parts and thereby 

increase the reliability. The use of ferrofluid is an innovative 

actuation method, since ferrofluids driven by magnetic fields 

can be used simultaneously for the actuation in pumping and 

valving functions in microchannels. The use of ferrofluid for 

micropump purposes has attracted the attention of a few 

researchers. Hatch et al. [2] designed a ferrofluidic 

micropump using rotating motion of ferrofluid in a circular 

channel where magnetically actuated plugs of ferrofluid 

served both for pumping and valving. Based on the foresaid 

idea, Kim et al. [3] proposed a peristaltic micropump using 

magnetic fluid without any contamination of the working 

fluid. Yamahata et al. [4] used a ferrofluidic plug as a piston 

in a micropump with two passive, normally closed check 

valves. Hartshorne et al [5] demonstrated the use of ferrofluid 

in two types of microvalves as Y-valve and Well-valve, also 

presented a ferrofluidic micropump with a ferrofluid plug as 

piston and two ferrofluidic Well valves controlled by two 

separate permanent magnets. 

In this study, the fabrication and characterization of a 

magnetically actuated ferrofluidic piston micropump is 

presented. It consists of a polymethylmethacrylate (PMMA) 

microchannel containing two ferrofluid plugs, one ferrofluidic 

plug acts as both inlet and outlet valves together and another 

ferrofluid plug serves as a reciprocating piston which actuates 

the working fluid. Therefore two external NdFeB permanent 

magnets driven by stepper motors are used as the actuators. 

The use of ferrofluid for both pumping and valving actions 

has the benefit of conform to the channel shape, which 

provides very good seals to the pumping/valving plugs and the 

channel walls. Thus the device does not require precise 

micromachined channels or microfabricated moving parts. 

Working at relatively low voltages, simple fabrication, and 

low cost manufacturing are the main advantages of this 

micropump. 

II. WORKING PRINCIPLE 

The pumping mechanism is based on the reciprocating 

motion of a ferrofluidic piston inside a microchannel with 

rectangular cross section while another ferrofluidic plug is 

used to keep one of the inlet or outlet ports closed at a time. A 

schematic of the micropump is given in Fig. 1. The 

micropump is consist of two ferrofluid plugs, one plug acts as 

both inlet and outlet valves together and another plug serves 

as a reciprocating piston which actuates the working fluid. 

Thus the device requires two external actuators for pumping 
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and valving actions by ferrofluid. 

 
Fig. 1 Schematic of the operating principle of the micropump 

 

In the suction half cycle, the route from the inlet port to the 

pumping cylinder is open while the outlet conduit is closed by 

the ferrofluid plug of the active valve. Thus, by the movement 

of the piston, the displaced volume of the working fluid will 

be pulled from the inlet port to the pumping cylinder. In the 

beginning of the pumping half cycle, simultaneously the 

active valve closes the inlet channel while the route from the 

pumping cylinder to the outlet channel is now open. In this 

situation, the ferrofluid plug resists the fluid flow to the inlet 

port and the displaced volume of the working fluid will be 

pushed out through the outlet channel. Therefore, in a 

complete cycle, a net fluid flow from the inlet into the outlet 

will be established which is in the order of displaced volume 

of the ferrofluidic piston. The reversal flow during the valve 

action is almost negligible in comparison with the total 

volume of the fluid pumped. It is noted that when the 

ferrofluidic piston is stopped (the pump is off), the ferrofluidic 

active valve prevents the flow reversal and maintains the 

pressure head. 

The two external actuators used to move or hold the 

ferrofluid plugs are permanent magnets which are driven by 

two stepper motors. If the force imposed by the pressure 

gradient does not exceed the force generated by the external 

magnetic field acting on each ferrofluidic plug, it will follow 

the path of the moving external magnetic field. 

The periodic linear motion of the permanent magnet 

corresponding to the ferrofluidic piston is produced by a 

stepper motor which uses a lead screw gear drive system to 

convert the rotary motion of the motor shaft into the linear 

motion. A similar stepper motor with linearized motion is used 

to provide the movements of the permanent magnet 

corresponding to the ferrofluidic valves, which also can be 

handled without the mechanism on the motor and defining a 

pendulous motion for that stepper motor. These stepper 

motors are driven via signals from the parallel port on a PC 

which is commanded by the software Visual Basic. 

III. DESIGN AND FABRICATION 

The presented micropump comprises a channel with two 

layers of 1 mm in thickness sheets, as illustrated in Fig. 2. The 

overall dimensions of the pump body are 35 mm × 25 mm × 2 

mm. The pumping rectangular cylinder has cross sectional 

area of 2×0.54 mm2 with a length of 24 mm. The inlet and the 

outlet ports have width of 0.75 mm and depth of about 0.54 

mm. It is noted that the depths of the channels were exactly 

determined later after the execution of the manufacturing 

process. The angle between the inlet and the outlet conduits is 

105º. The distance L between the inlet and the outlet ports is 5 

mm. There is an orifice with diameter of 1 mm in the bottom 

end of the actuation cylinder which is open to the atmosphere. 

 

 
Fig. 2 Schematic illustration of the microchannel 

 

In this research, the laser based cutting and engraving 

method was used as a fast prototyping and low cost CNC 

microfabrication technique. In this method, channels were 

produced as the result of a high power laser beam during the 

laser engraving process. 

The designed pump is composed of two joined PMMA 

plates of 1 mm in thickness. The channel was engraved on one 

of the sheets using CO2 laser engraving machine. The 

channels had been fabricated accurately to minimize the effect 

of the wall drag on the efficiency of the pump elements. In 

order to obtain a shiny surface with the least force against the 

movement of the working fluid, the ground surface of the 

engraved channel was required to be polished. 

The assembly procedure of the pump included bonding the 

PMMA plates together while the ferrofluid plugs would later 

been injected to the channels. The hot press machine was used 

for pressurized thermal bonding of PMMA plates. The 

temperatures of both jaws were set to 70 ºC and the plates 

were loaded to 10 MPa for almost 5 min. In order to have a 

better bonding, Chloroform as a chemical solvent was sprayed 

on the surfaces of the plates to be pressed. Chloroform did act 

as an adhesive and have assured the complete sealing at the 

edges of the channels and cavities. In the other words, 

chloroform played the role of both bonding and sealing, when 

hot press which simply expelled the trapped air between the 

surfaces of the layers, finalized the bonding procedure of the 

plates and made a unified body. A complete fabricated 
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microchannel is shown in Fig. 3. The fabricated channels have 

depth of 540 µm. 

 
Fig. 3 The fabricated microchannel of the present micropump 

 

In the presented micropump, external magnetic fields are 

used to induce the periodic linear movement to the ferrofluid 

plugs in the piston and the active valve. Therefore, two 3 V 

two phase stepper motors are employed which their rotational 

motions are converted to the linear movements using screw 

mechanisms. The external magnetic field used for the 

actuation of the ferrofluidic piston is provided by a 

rectangular permanent magnet with dimensions of 4 mm × 2 

mm × 6 mm located at a distance of about 1 mm under the 

pump body. By changing the speed and the displacement 

amplitude of the external magnet used to actuate the pumping 

piston, it is possible to vary the frequency and stroke volume 

of the pump. For the valve actuation, the external magnetic 

field is provided by a rectangular permanent magnet with 

dimensions of 2 mm × 4 mm × 6 mm located at a distance of 

about 1 mm under the pump body. Both permanent magnets 

are NdFeB 35 type and mounted on reciprocating mechanisms 

of stepper motors. Fig. 4 shows the final fabricated 

micropump together with the external actuators. After all, two 

graduated cylinders are mounted on the inlet and outlet ports 

of the pump to provide facilitation in conducting the 

experiments. 

After assembling the pump body, some magnetic liquid is 

injected inside the channel through the hole on the upper plate 

using a needle. The amount of the injected ferrofluid should 

be enough to cover the whole section of the channel. In order 

to fully retain the ferrofluid inside the channel, while the 

working fluid passes through the device during the operation 

of the pump, the ferrofluid must be immiscible with the fluid 

being pumped. The oil based EFH1 ferrofluid (saturation 

magnetization of about 400 Gauss), which can be considered 

as immiscible to water (as the working fluid in the tests) is 

utilized in the pump. The amounts of magnetic liquid injected 

inside the channel as the actuation piston and as the active 

valve are about 2 µL and 1 µL, respectively. 

IV. START UP AND TESTS 

As discussed earlier, during the suction half cycle, the 

outlet conduit should stay closed. Also in the pumping half 

cycle, simultaneously the active valve should keep the inlet 

port closed while the route from the pumping cylinder to the 

outlet channel should be opened. 

 
Fig. 4 The complete micropump including the external actuators 

 

In order to change the positions of the external magnetic 

fields for the actuations of the pumping piston and the active 

valve, a defined algorithm is implemented to control the 

movements of the stepper motors. In this regard, defined 

signals programmed by Visual Basic software are sent via 

parallel port of a PC to the commercial drivers of the motors. 

Regarding the use of the stepper motors to externally 

actuate the active valve, there is a restriction in the action 

time. The motor used to move the permanent magnet 

corresponding to the valve has the utmost linear speed of 5 

cm/s. Thus, a minimum of 100 milliseconds is needed to move 

the ferrofluid plug in the L= 5 mm distance between the inlet 

and the outlet. At the foresaid speed, the ferrofluid plug can be 

translated without any lagging trouble. 

Various timings for the valve action may be examined to 

find the optimum performance of the pump. The selected 

events sequence and timing for the tests is shown in Fig. 5 for 

a pumping frequency of 1 Hz. During the entire suction half 

cycle, the active valve keeps the outlet port closed. At the 

onset of beginning of pumping stroke, the valve does function 

and starts to open the outlet conduit. Simultaneously, the 

ferrofluidic plug will be directed to close the inlet port so that 

the piston could send the fluid just into the outlet channel. 

Before the completion of pumping stroke, the active valve 

moves back to close the outlet port and then the suction stroke 

reinitiates. It is noted that when the valve is under action, the 
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pump shut off command will be delayed till the valve stops at 

one of its positions to preserve the pressure head and prevent 

the flow reversal after the pump shut down. 

 
Fig. 5 The events sequence and timing for actuation signals of (a) the 

pumping piston and (b) the active valve 

 

To characterize the pump, water was used as the working 

fluid. Measurements of backpressure and flow rate were done 

by reading the deference in water levels and determining the 

changes in water volume (in the specified time intervals) on 

the two vertical glass tubes installed on the inlet and outlet of 

the pump, respectively. The images extracted from the 

captured video of the glass tubes using a high resolution CCD 

camera were processed to characterize the pump performance. 

For the accuracy assessment, the experimental test was 

repeated two times. The newly assembled pump was left 

running at zero backpressure for half an hour before recording 

the first data. Also, the second experiment was executed 1 

hours after finishing the first test while the pump was running 

all the time. 

The device has been tested at the pumping frequency of 1 

cycle/second and a piston stroke length of 10 mm. The piston 

translated with a linear velocity of 2 cm/s. Thus a pulsed flow 

was observed due to relatively low displacement speed; each 

pulse corresponded to a change in the direction of piston 

movement. The pressure-flow characteristic is shown in Fig. 6 

for the pumping frequency of 1 Hz. The maximum flow rate 

measured at zero backpressure was about 135 µL/min. A 

maximum backpressure of 26 mm of water was achieved. The 

flow rate decreased linearly with the backpressure, which is 

the expected behavior of a reciprocating pump. 

At the stroke length of 10 mm, the total displaced volume 

of the water in the pumping cylinder is approximately 11 µL 

per stroke. In order to have an estimation of the maximum 

flow rate at zero backpressure, the ferrofluidic valve may be 

assumed to have efficiencies of 0% and 100% when is 

translating and when is settled, respectively, for the outlet 

port. Thus, at the pumping frequency of 1 Hz, the route from 

the inlet conduit to the pumping cylinder can be considered to 

be completely closed at 60 % of the pumping stroke and be 

completely open at the remaining times. Therefore, about 6.5 

µL per cycle would be delivered to the outlet port, namely a 

theoretical flow rate of 390 µL/min. Although a technical 

problem for the presented prototype design was the leakage of 

water past the ferrofluidic piston at high backpressures, the 

ferrofluid valve inefficiency have led the significant 

difference between theoretical and experimental values for the 

maximum flow rate. 

 
Fig. 6 The characteristic curve at the pumping rate of 1 cycle/s 

V. CONCLUSION 

A simple and low-cost prototyping method for 

microfabrication of PMMA microchannel has been developed, 

based on laser engraving technology. A prototype piston 

micropump based on the magnetic actuation of a magnetic 

liquid has been presented. 

The pumping flow rate–backpressure performance has been 

characterized in a pumping frequency of 1 cycles per second 

which water was pumped at flow rates of up to 135 µL/min 

and at backpressures of up to 255 Pa. A maximum volumetric 

efficiency of 20 % was observed at the tested frequency of 1 

Hz. 
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