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Abstract 

This article presents the design of a magnetic microactuator comprising soft magnetic material blocks and flexible 
beams. The modular layout of the proposed microactuator promotes scalability towards different microrobotic 

applications using low magnetic fields.  The presented microactuator consists of three soft magnetic material (Ni-Fe 

4750) blocks connected together via two Polydimethylsiloxane (PDMS) semi-circular beams. A detailed design 

approach is highlighted giving considerations toward compactness, range of motion and force characteristics of the 

actuator. The actuator displacement and force characteristics are approximately linear in the magnetic field strength 

range of 80-160 kA/m. It can achieve maximum displacements of 111.6 µm (at 160 kA/m) during extension and 10.7 µm 
(at 80 kA/m) during contraction under no-load condition. The maximum force output of the microactuator, computed 

through a contact simulation, was 404.3 nN at a magnetic field strength of 160 kA/m. The microactuator achieved stroke 

angles up to 18.4  in a study where the microactuator was integrated with a swimming microrobot executing rowing 

motion using an artificial appendage, providing insight into the capabilities of actuating untethered microrobots. 
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Introduction 

The use of microrobots for in vitro applications is becoming wider due to their capabilities of object 

transportation, manipulation and sensing. When we consider in vitro applications, lab-on-a-chip (LOC) is 

a type of device which integrates one or more laboratory functions into a single chip. In these types of on-

chip applications, microrobots can be incorporated to handle small objects with high accuracy and 

repeatability [1]. These microrobots are either tethered [2] or untethered [3, 4] depending on the actuation 

principle. It is beneficial if the microrobots can be actuated in an untethered manner, especially in LOC 

applications to achieve better mobility in the microfluidic environment [1, 5]. There are several actuation 

principles used in such untethered microrobots: photonic [6], magnetic [7, 8], electrostatic [9], acoustic [10], 

and combinations of actuation principles [11, 12]. Among these principles, using magnetic fields for 

actuation provides means for various actuation methods [13].  

Since magnetic fields can travel through water undisturbed, it is a suitable option of microfluidic on-chip 

applications. In addition, magnetic actuators are capable of producing larger forces along with larger 

strokes compared to other methods [14]. Due to these reasons, researchers have shown an interest in 

developing magnetically actuated microactuators. These research dates back to the 1990s with the 

fabrication of micromotors on silicon wafer [15, 16]. Chang et al. [14] and Judy et al. [17] were able to obtain 
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out-of-plain motions using electroplated permalloys at the initial stages of this research area, thus laying a 

solid foundation for further developments. The use of magnetic microactuators has evolved drastically 

since then due to their favorable characteristics in micron-scale. Liu et al. [18] has developed 

Polydimethylsiloxane artificial cilium doped with iron particles. They emphasize that the aforementioned 

cilia can be used for propulsion of microrobots and as a mixer in LOC applications.  Recently, magnetically 

actuated microactuator networks consisting of Janus microparticles and soft links have been proposed 

highlighting the versatile design possibilities [19]. In another research, Feng at al. [20] have proposed a 

microactuator which utilizes microcoils and microsprings that can be used in portable electronic equipment 

and microsatellites.  

Cugat et al. [21] highlight that scale reduction enables magnetic microactuators to perform well. According 

to them, the interaction between permanent magnets (or an external magnetic field) and soft magnetic 

materials is significantly improved due to scale reduction. Soft magnetic materials have very high 

permeability with low coercivity. Magnetization of these materials depends on the externally applied 

magnetic field. Permalloy is such a soft magnetic material which is a Nickel (Ni) and Iron (Fe) alloy. 

Permalloy shows excellent soft magnetic properties with near-zero magnetostriction, thus widely used in 

Micro Electro Mechanical Systems (MEMS) [22]. In the context of MEMS, soft magnetic materials are 

preferred over permanent magnets due to availability and manufacturability. Moreover, since soft 

magnetic materials do not require an initial magnetization, they are more stable for a longer period of time 

[23]. 

There are interesting applications of soft magnetic properties utilized in recent developments. The 

underlying actuation principle of most of the microrobots has been soft magnetism in both microfluidic 

and dry environments [8, 23-25]. Especially, a linear microactuator that can provide an untethered actuation 

scheme for swimming microrobots is an interesting route. In this research, we propose a design of a soft 

magnetic microactuator that can be used for actuating microrobots. It is a linear microactuator with soft 

magnetic blocks affixed to each other with semi-circular beams in a novel arrangement, paving the way for 

a compact design. The proposed microactuator was designed to operate in low magnetic fields (1-199 mT) 

in order to get the benefits of operating within this range such as low-cost implementation, simpler setups 

and increased adaptability [26]. This setup undergoes a linear motion when subjected to a spatially uniform 

external magnetic field. Depending on the direction of the external magnetic field, the soft magnetic blocks 

get magnetized as shown in Figure 1(a). The magnetic interaction forces between the soft magnetic blocks 

cause the setup to extend or contract. In the absence of an external magnetic field, the microactuator returns 

to its idle position Figure 1(b). The stroke length of the microactuator can be controlled by varying the 

external magnetic field strength. Here, we present the design methodology of the microactuator, giving 

emphasis to key aspects such as compactness, range of motion and force characteristics. After optimizing 

the actuator design parameters, the actuator displacement and force characteristics as well as the 

performance when integrated into a swimming microrobot are discussed. Furthermore, a fabrication 

methodology for the proposed actuator is presented. Finally, the conclusions about the work are given. 
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Figure 1. (a) Magnetization of the soft magnetic blocks according to the external magnetic field direction. (b) Extended, contracted 

and idle positions of the microactuator. 

Mechanical Design 

Some key advantages of the proposed microactuator design are its scalability and customizability. One can 

simply modify the actuator characteristics by adjusting the beam parameters (which corresponds to 

actuator stiffness) or parameters of the soft magnetic material. In the described design approach, we 

focused on the design of microactuator for a selected soft magnetic material; Nickel-Iron (Ni-Fe) 4750. As 

mentioned earlier, Ni-Fe alloys have excellent soft magnetic properties and low magnetostriction. A soft 

magnetic material block has a length of 25 µm and a width of 10 µm. All the numerical simulations were 

done using COMSOL Multiphysics. 

Since beams have a significant effect on the characteristics of the microactuator, it is of interest to determine 

suitable parameters for the beams. By using the Castiliano’s theorem, the deflection of a semi-circular beam 

where it is fixed at one end and load acting on the other end can be determined (see Figure 2). According 

to the theorem, the beam deflection δb is given by Equation 1. 
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where P is the load, E is the Young’s modulus, I is the second moment of area and rb is the radius of the 

semi-circular beam. From Equation 1, it can be seen that decreasing E and I would increase the deflection 

for a given force. Furthermore, it also suggests that increasing rb would result in higher beam deflections. 

However, since P is the magnetic force between soft magnetic blocks and increasing rb would mean that the 

gap between adjacent soft magnetic blocks would increase, resulting in a reduction in P. 
 

Beam Material Selection 

For this study, three materials were selected as candidates for the beam material: Polydimethylsiloxane 

(PDMS), Si and SiC. A microactuator model consisting of three soft magnetic material blocks and two 

beams as shown in Figure 3 was considered. Through numerical simulations, the displacement of the 

microactuator in the y-direction was calculated for different beam widths and external magnetic field 

strengths for each beam material. Figure 4 represents a comparison between the materials in terms of 

actuator displacement. The notations yPDMS, ySi and ySiC denote y-displacements of the PDMS, Si and SiC 

beam actuators respectively. The displacements achieved by the use of PDMS beams are significantly larger 

(in the magnitude of 105) than the displacements from Si and SiC beams. Among the considered 
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Figure 2. Schematic diagram for deflection of a curved beam. 

 
Figure 3. Model of the proposed microactuator. The soft magnetic material blocks are connected together with flexible curved 

beams. 

 
Figure 4. Performance comparison between PDMS, Si and SiC as beam material. The labels represent the displacement factor values. 
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three materials, SiC beams showed the least displacements. Therefore, PDMS beams are selected for the 

microactuator design. 
 
 

Effect of Beam Width and Radius on Microactuator Characteristics 

According to Equation 1, increasing the width wb of the beam decreases the actuator displacement ya. 

Meanwhile, since reducing the beam radius decreases the gap between two soft magnetic blocks, the 

magnetic interaction forces between the two blocks increase, thus improving the force output of the 

microactuator. Therefore, it is desirable to minimize both beam width and radius. Apart from that, it is of 

interest to investigate how increasing the number of soft magnetic blocks affects the microactuator 

characteristics. To this effect, two microactuator models having three and five soft magnetic material blocks 

(see Figure 5(a)) are used for the analysis. Here, the microactuator models having three and five soft 

magnetic blocks are addressed as model 1 and model 2 respectively. 

First, wb was varied from 3 µm to 10 µm while keeping the other parameters constant. The stress generated 

within the beams was numerically computed for each case. As it can be seen from Figure 5(b), the maximum 

stress within the beam has not reached the yield strength of PDMS only for wb = 9 µm and wb = 10 µm cases 

of model 1 and wb = 10 µm case of model 2. For the wb values above that do not result in yielding of the 

beam. As mentioned earlier, by changing the beam radius rb the force characteristics of the microactuator 

can be modified. Therefore, rb was varied to evaluate microactuator performance based on structural 

integrity and force output. With the constraint of keeping the microactuator length below 100 µm, the beam 

radius was varied from 6 µm to 20 µm for model 1, while it was varied from 6 µm to 10 µm for model 2. 

According to Figure 6, for model 1, the following beam parameter combinations do not result in yielding 

of the beams: (wb = 9 µm, rb = 10 µm), (wb = 9 µm, rb = 15 µm), (wb = 9 µm, rb = 20 µm), (wb = 10 µm, rb = 10 

µm), (wb = 10 µm, rb = 15 µm) and (wb = 10 µm, rb = 20 µm). For model 2, only (wb = 10 µm, rb = 10 µm) 

combination is possible. Then, the force outputs of the microactuators, having each of the parameter 

combinations selected above, were numerically computed using the contact simulation model presented in 

Figure 7(a). The force characteristic of model 1 is shown in Figure 7(b). It can be seen that (wb = 9 µm, rb = 

10 µm) combination generates the highest contact force. For (wb = 10 µm, rb = 10 µm) combination of model 

2, the force output was 553.16 nN. As expected, by observing Figure 7(b), it can be concluded that the force 

output increases as rb is reduced. Furthermore, comparing model 1 and model 2 with the available force 

outputs, it can be said that increasing the number of soft magnetic blocks can improve the force output of 

the microactuator. However, the microactuator length of model 1 with (wb = 9 µm, rb = 10 µm) is 41.67% 

lower than that of model 2 with (wb = 10 µm, rb = 10 µm). Furthermore, force densities (defined as amount 

of force generated per a unit length of the microactuator) of model 1 with (wb = 9 µm, rb = 10 µm) and model 

2 with (wb = 10 µm, rb = 10 µm) are 7.23 mN/m and 5.76 mN/m respectively. Therefore, considering both 

compactness and force characteristics, it can be determined that a microactuator having three soft magnetic 

material blocks, a beam width of 9 µm and beam radius of 10 µm is optimal within the considered design 

space. The designed microactuator has a length of 56 µm, allowing the microactuator to be used for 

actuating an untethered microrobot as presented in the next section. 
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Figure 5. (a) The two actuator models considered in the study having different number of soft magnetic material blocks. The 

magnetization of the soft magnetic blocks under a horizontal magnetic field and repulsive magnetic interaction force generation is 

also shown. (b) Maximum stress distribution for different beam width values in the operating region. 

 
Figure 6. Maximum stress distribution in model 1 for different beam radii values in the operating region. The red color boundary 

represents the yield strength of PDMS which is 700 kPa. 
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Figure 7. (a) Schematic diagram of the contact simulation model. (b) Force output variation of model 1 with beam width and radius. 

Microactuator Characteristics and Performance 

Actuator Displacement and Force  

The characteristics of the designed microactuator were analyzed using numerical simulations under no-

load condition. In terms of range of motion, the actuator displacement increases when the strength of the 

external magnetic field increases (see Figure 8(a)). Furthermore, it demonstrated a maximum displacement 

of 111.6 µm at 160 kA/m during extension mode, which is the primary operating mode. Apart from that, 

the microactuator is able to achieve a maximum displacement of 10.7 µm at 80 kA/m during contraction 

mode. Even though the relationship between actuator force FA and B is nonlinear in the considered 

complete B range in the extension mode, the relationship is approximately linear in the B region 80-160 

kA/m. This linear relationship can be expressed as given in Equation 2. 

 kA/m80,16059.871.05  −= BBdy      Equation (2) 

where dy is the actuator displacement in the yA-direction. 

As shown in Figure 8(b), the maximum actuator force computed according to the previously mentioned 

contact simulation model was 404.3 nN (at 160 kA/m). Similar to the case of the actuator displacement, 

despite the relationship between FA and B being nonlinear in the complete magnetic field strength region, 

the relationship is approximately linear in the B range 80-160 kA/m using Equation 3. 

     kA/m80,160199.403.72  −= BBFA
     Equation (3) 

represents this linear relationship. If the operating region is within this limit, then linear actuator 

displacement and force characteristics can be obtained. As a result, both position and force controlling 

would be relatively easier in the B  [80, 160] kA/m region. The details of the regression analysis for the 

two scenarios are presented in Table 1. 
 

Actuation of a Swimming Microrobot  

The designed microactuator was integrated into a swimming microrobot as shown in Figure 9(a), in order 

to evaluate the performance numerically. The microrobot executes time-asymmetric rowing motion using 

artificial appendages to propel in a non-Newtonian fluid.  One end of the microactuator was connected to 

the artificial appendage and the other end was connected to the microrobot’s body, with an angle of 30 
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from the horizontal. A resistive force of 250 nN/m was applied as a uniformly distributed load, which 

corresponds to the resistive forces generated due to a swimming motion. The computation method of the 

  
Figure 8. (a) Actuator displacement variation with external magnetic field strength. The black line indicates the linear regression fit. 

(b) Actuator force output variation with external magnetic field strength. The red dash line indicates the linear regression fit. 

Table 1. Analysis of Variance for Actuator Displacement and Force Regression 

dy and B FA and B 
ANOVA ANOVA 

Source df SS MS F p Source df SS MS F p 

Regression 1 6565.75 6565.75 783.46 0.000 Regression 1 82942.2 82942.2 1554.9 0.000 

Error 7 58.66 8.38   Error 7 373.5 53.4   

Total 8 6624.41    Total 8 83315.6    

Pearson correlation 0.996 Pearson correlation 0.998 

R2 0.991 R2 0.996 
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Figure 9. (a) Schematic diagram of the microactuator integrated with a swimming microrobot. The artificial appendage should 

undergo rowing motion. (b) Displacement profile of the artificial appendage in y-direction. The black lines represent the magnetic 

flux. (c) Relationship between θA and B. 

  

 
Figure 10. Dimensions and fabrication methodology of the proposed magnetic microactuator. 

force magnitude (of 250 nN/m) and details of the swimming microrobot with artificial appendage are 

presented in our previous work [27]. The material of the artificial appendage was low-density polyethylene 

(LDPE). When an external magnetic field along the longitudinal direction of microrobot as shown in Figure 

9(a), the artificial appendage is actuated by a stroke angle of θA. Figure 9(b) shows the displacement (y-

component) profile of the artificial appendage at the magnetic field strength of 160 kA/m. The relationship 

between θA and B is nonlinear (see Figure 9(c)). Using the microactuator, a maximum stroke angle of 18.4 
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is achievable for the considered configuration, highlighting its capability of untethered actuation of a 

swimming microrobot. 

Apart from the highlighted integration into a swimming microrobot, the designed actuator can be used to 

actuate other types of micron scale devices (that require linear actuation) such as microgrippers [28-30].  
 

Fabrication Method 

The microactuator is almost a 2.5D structure with constant thickness. However, either end has out-of-plane 

extensions to elevate the rest of the structure, thus reducing stiction and friction effects when the actuator 

is in motion. Taking these conditions and the materials into consideration, a simple microfabrication 

method is proposed as shown in Figure 10. The sectional views illustrate the microfabrication steps in 

detail. In step 1, holes are created to facilitate the out-of-plane extrusions. After etching out the holes in the 

Silicon wafer using isotropic wet/dry etching, a positive photoresist (PR) layer is applied. Then, a 10 µm 

PDMS layer is coated on the substrate by spin coating method [31] after exposing the semi-circular beams 

and the end attachments areas as shown in step 2. After cleaning the photoresist, all the required PDMS 

layers are on the substrate (step 3). Then a positive photoresist is applied, defining only the locations of the 

soft magnetic material blocks. After that, in step 4, Ni-Fe is electrodeposited [32] to a thickness of 10 µm. 

Finally, the microactuator can be removed from the Si wafer in step 5. A sacrificial layer can be introduced 

underneath the microactuator element for easy removal if it is integrated into another structure such as a 

microrobot body. 
 

Conclusion 

The proposed magnetically actuated microactuator primarily consists of three soft magnetic material (Ni-

Fe 4750) blocks which are connected together by two Polydimethylsiloxane (PDMS) semi-circular beams. 

In the presence of an external magnetic field, Ni-Fe blocks get magnetized and the generated magnetic 

interaction forces actuate the end effector of the microactuator. The microactuator was designed to operate 

in low-intensity magnetic fields up to 160 kA/m (or approximately 200 mT). A comparison between two 

microactuator models consisting of three and five Ni-Fe blocks showed that the model with three Ni-Fe 

blocks is better in terms of compactness and force characteristics. The optimal beam width and radius 

values were 9 µm and 10 µm respectively. Under no-load condition, the microactuator demonstrated a 

maximum displacement of 111.6 µm at 160 kA/m during extension mode and 10.7 µm at 80 kA/m during 

contraction mode. The relationship between actuator force and magnetic field strength is nonlinear, but it 

is approximately linear in the 80-160 kA/m region. This is also valid for the actuator displacement 

characteristic as well. Furthermore, the maximum force that can be exerted by the microactuator is 404.3 

nN at 160 kA/m. An analysis done by integrating the microactuator with a swimming microrobot showed 

that it could achieve stroke angles up to 18.4 in the considered configuration, demonstrating the capability 

of the microactuator to be used in microrobotic applications. 
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