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Abstract 

We demonstrate a simple method to fabricate elastic magnetic membrane which could be used to 

enhance mixing in microwells of a microtitre plate. The magnetic membrane was fabricated using an 

off-the-shelf  fexible magnetic sheet and the elastomer polydimethylsiloxane (PDMS). In order to 15 

demonstrate the concept, the membrane was integrated in a single microwell to act as an actuator for 

improved mixing. A customized electromagnet was used to allow contactless and robust actuation. The 

membrane can achieve a unidirectional deflection of about 120 µm when a 3 A direct current (DC) is 

applied. Periodic deflection is achieved by applying a square wave alternating current (AC) of 100 Hz 

and ±3 A. In the dynamic case, the membrane follows the square wave with the same frequency and 20 

provides a peak-to-peak deflection of about 115 µm. The observed oscillation was able to mix the 

fluorescent dye and an aqueous solution within 18 seconds. The proposed method has the potential to be 

implemented in microtiter plate arrays to improve mixing. 
 
 25 

1. Introduction 

Magnetism presents a convenient and contactless way for manipulation in microfluidics [1]. 

Electromagnetic actuation has been used to induce mechanical motions in various devices such as 

valves, fuel injectors, relays and speakers [2]. Electromagnetic actuators are attractive design options as 

physical contacts are not required. This feature leads to their implementation in microfluidic components 30 

such as micropumps [3, 4], microvalves [5, 6] and microstirrers [7]. The magnetic moving parts of these 

microfluidic components can be in the form of a membrane [4, 8], a needle [9], a rotating bar [7] and a 

cantilever [6]. 

 

 The use of magnetic membranes as micro actuators have been reported in serveral works [10]. 35 

Membranes made of polydimethylsiloxane (PDMS) are attractive because of the large deflection 



 
achieved with its low Young's modulus [11]. Recently, we integrated a coil made of a metal with low 

melting temperature into a PDMS membrane and use it together with a permanent magnet as an 

electromagnetic actuator [12]. Since the current passes through the coil, induced Joule heating may 

increase the temperature of the membrane and its surrounding. A magnetic membrane and an external 

electromagnet is the alternative to avoid this heating problem. Magnetic membranes are commonly 5 

fabricated either by embedding permanent magnets [8, 13] within the PDMS elastomer or by using di 

erent types of magnetic nanoparticles [10]. Although the integration of permanent magnets allows for a 

much larger deflection, their implementation is often difficult. A major drawback is the dimensional 

constraint in size and shape of commercially available permanent magnets. This limitation impedes their 

integration in a micro device. Another way to make membranes susceptible to magnetism is to 10 

incorporate iron-based nanoparticles in the polymer matrix of the membrane [11, 14, 15, 16]. Although 

this method has the potential for fabricating magnetic membranes of different sizes and shapes, it is 

often challenging to produce membranes that are capable of a large deflection. Moreover, the 

concentration of the nanoparticles in the membrane is limited as agglomeration occurs. Agglomeration at 

high concentration deteriorates both the uniformity and the elasticity of the membrane [15]. Although 15 

efforts have been made to reduce the agglomeration [17, 18], time-consuming and complex fabrication 

processes are still needed before they can be successfully integrated into a device. These problems limit 

the widespread usage of magnetic membranes and also indicate the need for a simple and reliable 

method to fabricate magnetic membranes. 

 20 

 Mixing in microwells of a microlitre plate array has been a challenge due to both the small size 

of the fluid volume and the large numbers of wells to be handled. Magnetically actuated stirrer are not 

suitable because of the small size and the number of magnetic stirrers to be handled. The current practice 

for improve mixing is the use of a microtitre plate shaker where mixing is induced by inertia of the 

liquid volume. Since inertial force is negligible in microscale, mixing induced by shaking will be 25 

challenging if the size of the wells further reduces.  

 

  In this paper, we attempt to address the above problems by proposing a low-cost and easy-to-

implement method to fabricate magnetic membranes for mixing application in microwells. The magnetic 

core is made of a commercially available flexible magnetic sheet. This magnetic core is embedded in a 30 

PDMS membrane. The flexible magnetic sheets are usually used to make promotional refrigerator 

magnets for marketing purposes [19] and can be obtained off the shelf. As the magnetic sheets are made 

of elastomer containing ferrite powder, they can be easily cut into magnetic elements with variety of 

shapes and sizes. With that, magnetic membranes of various size and shape can be created. 

 35 

2. Materials and methods 



 

 

Figure 1: Device concept: (a) A magnetic membrane embedded with magnetic core extracted from  

flexible magnet sheet (not drawn to scale); (b) A microwell with the magnetic membrane; (c) An 

electromagnet assembly with a microwell placed on top. 

The core of the magnetic membrane was cut from a 500 µm thick  flexible magnetic sheet (060510U10/ 5 

W, Eclipse Magnetics, UK), using a 4 mm diameter puncher (Uni-Core Z708887, Harris). The magnetic  

flux concentrates only on one side of the sheet. Since the ferrite particles were magnetized using a 

rotating magnetic field during the manufacturing process, the particles are arranged in a Halbach array 

[20, 21]. As the magnetization method and manufacturing tolerance could make the magnetic flux vary 

from one location to the other, locations with high magnetic flux density were identified using an axial 10 

Hall probe (Hirst, AP002 standard axial probe, Hirst GM05 Gaussmeter, ±1% accuracy at 20ºC) to 

select the areas with high magnetic field strength. For this experiment, we selected two magnetic cores 

with respective magnetic flux densities of 40 mT and 38.5 mT. A 25-µm thick PDMS film was prepared 

on a 45-mm polymethyl methacrylate (PMMA) disc using a spin Coater (Laurell WS-400BZ-GNPP) at a 

speed of 3245 rpm for 30 seconds. The 4-mm magnetic core was then placed on top of the 25-µm PDMS 15 

layer. Subsequently, the core is covered by another PDMS layer using the same speed and time as for the 

first layer. The PDMS film with the embedded magnetic core was subsequently cured at 80 ºC for one 

hour. Figure 1(a) shows the schematics of the fabricated PDMS film. 

 
  A single well was made by pouring uncured PDMS polymer into a mold, resulting in a square 20 

slab with a 6 mm circular well, Figure 1(b). The casting process produces a smooth inner surface that is 

needed to later observe the mixing process. The microwell was then cured and removed from the mold. 

The magnetic membrane was then bonded onto the well using oxygen plasma treatment (Harrick Plasma 

PDC-32G, 45 seconds) [22]. 

 25 

  An electromagnet with 420 wire turns around a ferrite rod (Fair-Rite, 3061990911, 8 mm 

diameter, 45 mm length). The wire has a diameter of 1 mm. Minimal Joule heating was recorded using a 



 
Type K thermocouple when a 3 A current input was applied to the coil. The electromagnet was framed 

with PMMA sheets and cylinders to allow the microwell to be placed on top for actuation at a fixed 

distance of 2 mm, Figure 1(c). The ferrite rod was exposed at the top of the frame to minimize its 

distance to the magnetic membrane. 

 5 

3. Results and discussions 

The magnetic flux density generated by the electromagnet was measured using a transverse Hall probe at 

a distance of 2 mm away from the center of the top ferrite rod. As shown in Figure 2, magnetic flux 

density reaches 46.8 ±1.2 mT when 3 A of current was supplied to the electromagnet. 

The static deflections of the magnetic membranes under the influence of an electromagnetic force were 10 

measured using a microscope with digitally motorized XYZ stage system. The measurement was done 

by comparing the Z-axis positions of the microscope stage to focus the core of the magnetic membrane, 

before and after applying direct electric current to the electromagnet. As shown in Figure 2, the 

deflections of both specimens are similar under a wide range of magnetic flux density. The membrane in 

specimen 1 deflects 119.3 ±1.1 µm while specimen 2 deflected 121.3 ±0.9 µm when the electromagnet 15 

was supplied with 3 A of DC current. 

 
Figure 2: Static deflection of magnetic membranes in specimen 1 and specimen 2, magnetic  flux 

density of electromagnet at 2 mm away from the center of the top rod, when applied with variety of 

direct electric current.  20 



 
 

  Subsequently, we integrated the membrane into the well as described in Section 2 and measured 

the mixing efficiency. The magnetic membrane was actuated periodically to enhance mixing in the well. 

Actuation was done by applying a square wave signal to the electromagnet. The square wave signal was 

conditioned by a customized circuit board with an H-bridge IC (Texas Instruments, LMD18200T). The 5 

frequency of the AC is controlled by sending a square wave signal with the required frequency to the 

H-bridge IC using a function generator (Agilent, 33210A). Periodic deflection of the magnetic 

membrane was observed when the electromagnet was supplied with a 100 Hz, -3 A to +3A square wave 

signal. The membrane deflection was recorded using a high speed camera (Photron, Fastcam APX RS) 

at a frame rate of 1000 fps. The microwell was then filled with glycerol solutions to enhance the optical 10 

contrast of the process. Recorded videos were analyzed to study the deflection of membrane by tracing 

the movement of the magnetic core using a customized OpenCV (open source computer vision) based 

image processing software.  

 
Figure 3: Periodic deflection of magnetic membrane in specimen 2 over time when the electromagnet 15 

was supplied with 100 Hz, 3 Apk square wave AC. The figure takes the middle of the top and bottom of 

membrane position as the zero reference point for the deflection. 

 

  As shown in Figure 3, the membrane oscillates at the same frequency as the square wave signal. 

At a frequency of 100 Hz, the response of the membrane is adequate to demonstrate the reliability of the 20 



 
magnetic actuation. The peak-to-peak deflection of about 115 µm was measured. The ability of the 

actuated magnetic membrane to promote mixing of 20 µL of fluorescent dye (Polysciences, Fluoresbrite 

Carboxy #15702) with 60 µL of DI water was evaluated by recording fluorescent images from the 

sidewall. Without actuating the membrane, fluorescent dye diffused very slowly into the aqueous 

solution. As shown in Figure 4(a), a clear boundary between the two liquids can still be observed after 5 

18 seconds. This clear boundary was still observed after 10 minutes. The mixing process was 

significantly accelerated when the membrane was actuated by the electromagnet under a square wave of 

100 Hz, 3 Apk. Figure 4(b) shows the mixing at 18 seconds, where the degree of mixing starts to 

stabilize around this point of time. 

 10 

Figure 4: Mixing experiments: (a) Diffusion of fluorescent dye in microwell with DI water when 

magnetic membrane is not actuated; (b) Mixing process of  fluorescent dye and DI water when magnetic 

membrane of specimen 2 is actuated by electromagnet applied with 100 Hz, 3 Apk square wave. The 

white spots around the membrane are bubbles induced at the PDMS membrane during fabrication. 

 15 

  The mixing process was analyzed quantitatively using the customized OpenCV image processing 

software. The grayscale value (0 to 255) of the pixels in the region of interest were first extracted. For 

every frame, the standard deviation σ of the collected values was determined. The mixing efficiency η 

is: 

     (1) 20 

where σ0 is the initial standard deviation of the pixel grayscale values of the interested region in one 

frame, and σ∞=0 is the ideal final value for complete mixing [23]. The degree of mixing over time of 

specimen 2 is plotted in Figure 5 and compared with diffusion results. At 18 s, the mixing efficiency 

without the actuation is 0.022 while the actuation produces an efficiency of 0.81. This difference 

ascertained the superiority of the proposed actuation. 25 

 

  The membrane was able to react swiftly to the change of electromagnet polarity in a time interval 

of 5 ms. By alternating the attraction and repulsion forces, the peak-to-peak deflection reached about 

115 µm for a single cycle. This value is comparable to that achieved by membrane incorporated with 

iron nanopowders [16]. Rocking movements of the cores during the periodic deflection was observed 30 



 
and may be caused by the Halbach array in the magnetic sheets. The array results in an uneven magnetic 

distribution within the core which causes the observed uneven deflections. As the cores experience 

attraction and repulsion forces simultaneously at different locations, a torque was also created which 

pushed the core sideway. However, this observed rocking movement inherently improved the mixing 

process. In this experiment, the maximum mixing efficiency was about 0.81. The  value of η fluctuates 5 

around 0.8 after 18 seconds. We believe that the mixing efficiency is good enough for potential 

application in a well plate array. The mixing can be enhanced further if parameters such as magnetic 

field strength, frequency, shape and size of the embedding magnetic core are further optimized. 

 
Figure 5: Mixing efficiency over 22 seconds with and without actuation (Specimen 2, 100 Hz, 3 Apk) 10 

 
4. Conclusions 
 

We have demonstrated a low-cost and simple method to fabricate a magnetic membrane for mixing in 

microwells. A magnetic core made of flexible off-the-shelf magnetic sheet was embedded in a PDMS 15 

membrane. The fabricated membrane was attached to the bottom of a microwell. Actuation performance 

was evaluated using a customized electromagnet. When the electromagnet was supplied with 3 A of DC, 

the membrane deflected about 120 µm. Under 100 Hz, 3 Apk square wave AC, the membrane oscillated 

at the same frequency as the power source, with peak-to-peak deflection of about 115 µm. The 



 
deflection by the membrane, coupled with the rocking motion, induces mixing of the  fluorescent dye 

solution and the aqueous solution within 18 seconds. Besides mixing in microwell, we believe that our 

proposed method will be useful for a number of other low-cost magnetically actuated microfluidic 

devices. 
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