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ABSTRACT 
In this paper we present a method of reducing stress 

concentrations in serpentine beam structures to improve the 

fatigue life of RF MEMS switches. It was found that slight 

design modifications to the turning corners of serpentine 

springs can greatly improve the uniformity of stresses through 

the structure with minimal negative impact on the original 

spring constant. Before RF MEMS switches are widely adopted, 

they must achieve a low actuating voltage and working lives of 

greater than 10 billion cycles. The sharp turning corners of 

serpentine springs results in stress concentration creating an 

area prone to fatigue failure. In this paper, fillets of increasing 

radius were added to the inner and outer edges of a serpentine 

spring and the structure analyzed to determine their effect on 

global maximum stress and effective spring constant of the 

structure. It was found that adding fillets reduces maximum 

stress in the structure while redistributing the stress throughout 

the length of the meander. This results in a more uniform 

structure without significantly increasing the overall spring 

constant of the structure. 

 

 

INTRODUCTION 
 In the world of MEMS RF switches, low pull in 

voltage and high cycle lifetime will facilitate the integration of 

these devices into a larger array of applications. A widely 

implemented and researched beam design is the serpentine 

bridge structure consisting of an array of meanders to 

significantly lower effective spring constant without 

excessively increasing the required space [1].  

In order for a MEMS RF switch to be considered novel, it 

must be capable of enduring in excess of ten billion switching 

cycles at low actuation voltage. For this to occur, the design 

must minimize stress concentrations while maintaining the 

effective spring constant of the structure. A failure mode in RF 

MEMS is fatigue failure at discontinuities at the turning corners 

of serpentine spring structures [2,3,4]. It is purposed that these 

stress concentrations can be alleviated by adding fillets to the 

inner and outer turning corners of serpentine spring meanders 

without sacrificing the performance of the structure. 

In a review of literature on RF MEMS switch technology, 

it was seen that these methods are not widely implemented in 

the design of RF MEMS switches [1-24]. It is a basic principal 

of machine design that discontinuities present within a structure 

will facilitate stress concentrations at those points. Stress 

concentrations can be decreased by taking measures to reduce 

sharp edges and smooth hard transitions. While this design 

procedure is followed regularly for components on the 

macroscopic level, it has yet to be widely implemented on the 

micro scale. It was noted during this survey that only one pair 

of researchers, Su and Jiang, attempted to apply this technique 

to devices on the micro scale [4]. This paper aims to implement 

design methods to reduce stress concentrations in an existing 

novel low actuation voltage RF MEMS switch while 

maintaining the effective spring constant of the serpentine 

structure.  

This study demonstrates that stress concentrations in these 

areas can be minimized by adding material in the form of fillets 

to the inner and outer turning corners without detrimentally 

altering the performance of the original structure.  

It is necessary to not appreciably increase the spring 

constant of the system as low spring constants correspond to 

low the pull in voltages of the device. This has the beneficial 

consequence of increasing the lifetime of the RF switch. 

Decreasing the spring constant of a system will decrease the 

force necessary to achieve the same displacement. Few entities 

have reported on the life testing of RF MEMS technology [1,2]. 

However, their contributions are widely cited and utilized in RF 

MEMS design. It has been demonstrated that lifetime of RF 

MEMS improves by a decade for every 5-7 V decrease in 

applied voltage [1,2]. As such, decreasing pull in voltage of a 

system by manipulating the spring constant of the support 

structure is the driving factor in current RF MEMS research 

and design. 
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An article published by Su and Jiang in Optical Review 

demonstrates stress reducing fillets to increase the fatigue life 

of a device on the micro-scale [4]. The researchers rounded the 

corners of serpentine springs in order to improve the working 

life of optical switches. It was seen that adding fillets to the 

turning corners of serpentine springs significantly reduced 

stress concentrations in the structure. They did not however, 

comment on the impact their modifications made on the 

stiffness of their structure. This paper addresses both of these 

inquiries in relation to MEMs devices optimized for radio 

frequency operation. 

 Most interestingly, by adding these modifications, the new 

design not only reduces stress concentration at the turning 

corners, but redistributes the maximum stress from the turning 

corners to the straight part of the torsion bar. It was concluded 

at the end of their research that adding fillets reduced and 

redistributed stress throughout the serpentine structure.  

 

Table 1. MODEL GEOMETRY 

 

 

 

Model RF MEMS Switch 

 

An RF MEMS switch with an actuating voltage of less 

than 15 volts was constructed using four serpentine springs by 

researchers at the University of Illinois at Urbana-Champaign 

[2]. This structure has proven to be very successful as it 

features pull in voltages as low as 10 V and lifecycles nearing 

seven billion cycles.  

Sticking was the main failure mode plaguing this device. 

Researchers addressed this failure mode by introducing 

separation posts. This change allowed researcher to achieve 

their goal of seven billion cycles. However, as noted, RF 

MEMS switches will have to achieve switching lifecycles of 10 

billion cycles at actuating voltages of less than 10 V to be 

widely adopted by industry [6,7]. This article fails to address 

any failure mechanism associated with fatigue occurring at the 

turning corners of the serpentine structures. All images 

included show devices with sharp edges and discontinuities. It 

was surmised that adding fillets to the inner and outer turning 

corners of the serpentine spring would decrease stress 

concentrations and improve device design life. The impact of 

fillets on the spring constant of the serpentine structure was yet 

unknown. 

Serpentine springs are a useful design structure in RF 

MEMS as they offer low spring constants and a small footprint 

[1]. They are also useful since spring constant can be controlled 

by increasing or decreasing the number of meanders of the 

serpentine structure. This is a way of controlling the spring 

constant after stress-reducing fillets have been added to the 

micro bridge. While increasing the number of meanders does 

decrease spring constant, the effectiveness of the addition of a 

single meander decreases as the total number of meanders 

increases. A graphical depiction of this principal can be found 

in figure 1. 

 

 
 

Figure 1: SPRING CONSTANT VS. NUMBER OF MEANDERS [1] 

 

The dimensions used in this study are based upon an 

RF MEMS switch developed by researchers at the University of 

Illinois [2]. Model dimensions are summarized in Table 1 and a 

2D rendering is shown in figure 2. A nickel alloy was used in 

this study with properties consistent with the material used in 

the Illinois study. A table summarizing material properties is 

shown in table 2.  

The serpentine spring was fixed at one end while a 10 

μN static load was placed applied to the free end. These 

conditions simulate the forces experienced when pull in voltage 

is applied to the sensor.  

Table 2. MATERIAL PROPERTIES 

Figure**.  

 

 

ComSol Multi-Physics Simulation 

 

This study was performed using a ComSol 3D solid 

mechanics stationary study. The model is based off of a real 

novel RF MEMS serpentine structure using the dimensions 

shown in table 1. The simulation solved for global maximum 

von-Mises stress and tip displacement as a function of fillet 

radius. Fillet radius was swept from 0µm to 5.0µm in 

Geometric Parameter Dimensions 

Primary Meander Length (a) 20 μm 

Secondary Meander Length (b) 240 μm 

Switch Thickness (t) 2 μm 

Beam Width (both beams) (w) 5 μm 

Material Property Value 

Ni Young’s Modulus (E) 207GPa 

Ni Poisson’s Ratio (v) 0.31 

Shear Modulus (G) E/(2(1+v)) 

Density (ρ) 8900 kg/m3 
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increments of 0.25 µm. A fine meshing was applied to the 

turning corners and a course mesh was applied to the long 

straight sections of the meanders. It must be noted that an 

alternative method of meshing around the turning corners is 

being investigated to decrease the dependency of the result on 

the numerical method employed to compute von-Mises stress 

and tip displacement.  

Lastly, a study was performed to determine the impact the 

fillet modifications had on the eigen-frequencis of the structure.  

 

RESULTS 

Simulations ran on the model of a serpentine spring revealed 

two major trends. As filet radius increased, it was observed that 

on average maximum von-Mises stress seen in the structure 

decreased significantly with the addition of fillets. These 

findings are consistent with results obtained by Ju, Jai and Jiang 

[4]. In addition the spring constant of the structure increased 

only slightly as fillet radius increased. Figure 2 shows the stress 

distribution of the serpentine structure when subjected to a 10 

µN load at the tip. 

Table 3 VON MISES STRESS VS RADIUS OF CURVITURE 

Fillet Radius (μm) Stress (Pa) 

0.0 619.026 

0.5 691.263 

1.0 589.978 

1.5 611.157 

2.0 445.362 

2.5 405.315 

3.0 439.065 

3.5 429.055 

4.0 383.902 

4.5 395.019 

5.0 376.074 

 

 

Table 4: Displacement vs. Radius of Curvature at tip. 

Fillet Radius (μm) Spring Constant (N-m) 

0.0 43.44 

0.5 43.58 

1.0 43.34 

1.5 43.20 

2.0 43.01 

2.5 42.73 

3.0 42.97 

3.5 42.87 

4.0 42.77 

4.5 42.63 

5.0 42.38 

 

A negative relationship between tip displacement and 

spring constant in figure 3. As tip displacement and applied 

force are proportional to one another by the inverse of the 

spring constant, it is seen that adding fillets to the turning 

corners of serpentine springs increases the effective spring 

constant of the system. 

 

Figure. 2 VON-MISES STRESS DISTRIBUTION, 

5µm FILLET 

This can be attributed to the addition of bulk material to 

the springs thus stiffening the structure. The structure became 

approximately 5.0% stiffer as fillet radius changed from 0 µm 

to 5µm.  

 
 

Figure 3: TIP DISPLACEMENT VS RADIUS OF CURVATURE 

Although increase in stiffness is undesirable in RF MEMS 

applications, this figure must be presented in the context of 

stress concentration reduction. Figure 4 shows a bulk negative 

proportional relation between fillet radius and Von Mises stress. 

The maximum turning corner stress without a fillet was found 

to be 569.43 N m-2, while the maximum turning corner stress 

with a 5 µm radius was found to be 374.56N m-2. Thus, over 

the entire span of the study, increasing turning corner radius by 

5.0 µm decreased turning corner stress by 31.8% while 

increasing stiffness by 5.0%.  
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Figure 4: VON-MISES STRESS VS RADIUS OF 

CURVATURE  

These results are in agreement with findings by Su and 

Jiang presented in Optical Review [4]. Notable differences 

include structure material, dimensions and applied boundary 

load. Inner and outer fillet diameters were restrained to half the 

meander width resulting in a half circle when maximum fillet 

radius was applied. Su and Jiang did not place this constraint on 

their study and allowed the outer corner fillet to balloon 

outward resembling the head of a lollipop. Despite this 

difference decreased stress at turning corners with increasing 

fillet radius was observed in both studies. Su and Jiang saw a 

decrease in maximum turning corner stress of 30% - 80% as the 

outer radius was allowed to balloon. Results from this study fit 

within their range. 

In addition, an intriguing observation was made regarding 

the distribution of stress around the turning corners. The 

addition of fillets decreases the maximum stress at the turning 

corner and changes the distribution of stress within the 

structure. Turning corners with no fillet experience a dense 

concentrated stress distribution right at the inner corner 

discontinuity as shown in figure 6. It is in this region where the 

maximum stress occurs. This stress distribution can be seen in 

figure 5. The addition of fillets distributes and reduces the 

stress concentration in the turning corner. In agreement Su and 

Jiang, it was observed the addition of fillets moved 

redistributed the point of maximum stress from the corner and 

into the straight section of the meander. A detailed image of this 

distribution is shown in figure 6.  

 In practice, serpentine springs are dynamic structures. 

As such, the impact of adding fillets was evaluated additionally 

by studying the first three Eigen-frequencies of the structure. It 

was observed that the addition of a 5µm fillet increased the 

Eigen-frequency of the original structure by 1.5%. The results 

are summarized in table 5. This trend was present in the second 

and third frequency as well. This small increase in Eigen-

frequency is consistent with the small change in spring constant 

observed when increasing the radius of the fillet. 

 
 

Figure 5: DENSE STRESS CONCENTRATION AT TURNING CORNER 

 
 

Figure 6: STRESS DITRIBUTED THROUGH STRUCTURE 

The maximum stress present in figure 6 is 30% less than 

that found in figure 5. As can be seen, the stress is more diffuse 

and uniform through the entirety of the structure.  

Table 5: SUMMARY OF EIGENFREQUNCIES 

First Three Eigenfrequencies, hz 

Fillet 0.0 (μm) Fillet 5.0 (μm) 

3260.775 3312.316 

4663.098 4704.401 

7516.360 7640.023 

 This additional study verifies that the addition of stress 

reducing fillets has minimal negative impact on the 

performance of the original structure while reducing and 

redistributing stress through the structure. 

I. CONCLUSION 

Filleted corners were added to standard RF MEMS 

serpentine bridge design in order to determine their impact on 

the spring constant and stress distribution in the structure. This 

study was prompted by current research in RF MEMS switches 

aimed at extending the device life past 10 billion cycles. By 

adding fillets to the turning corners of the serpentine spring, a 

maximum stress was reduced by 30% while increasing the 

effective spring constant of the structure by 5.0%. Subtle design 

changes can be made to the structure in order to restore its 
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original stiffness. This study applies a basic stress-reducing 

principal of macroscopic machine design to micro scale devices 

in order to improve their fatigue life. The experiment shows 

that filleted turning corners can be added to existing serpentine 

RF MEMS switches to reduce and redistribute stress without 

significantly altering the characteristics of the original 

structure. 
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