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	 The thermal stability of a micro-electromechanical system (MEMS) cantilever force sensor 
embedded in an elastomer was examined. When mounting the cantilever on an electronic 
substrate using solder reflow at 250 ℃, the elastomer expands against the back of the cantilever. 
The expansion often breaks the cantilever. The effects of the cantilever thickness and width 
on the breaking strength and the stress concentration points were simulated by finite element 
methods, and the results agreed well with experimental results. This work is expected to 
improve the thermal stability of MEMS cantilever force sensors by optimizing their design.

1.	 Introduction

	 In robotics, the demand for small devices such as displacement sensors,(1,2) micro-rotary 
encoders,(3,4) torque sensors,(5,6) and force sensors(7–14) has been increasing. In particular, for 
robots that must grasp objects, such as industrial and medical robots, a small force sensor is 
very important. This is because the objects grasped by the robotic hand can vary from hard 
objects such as machines and electrical components to soft objects such as food and tissue. For 
soft objects, the grasp must be controlled with optimal forces that prevent both destruction and 
slippage. Therefore, high accuracy, high resolution, and a small size are characteristics required 
of the force sensor.
	 A force sensor fabricated from a micro-electromechanical system (MEMS) cantilever 
and then embedded in an elastomer is expected to meet these requirements. Shimoyama 
and coworkers reported on a MEMS cantilever that enabled simultaneous measurements of 
pressure and shear forces. It was oriented vertically by a magnetic field and was embedded 
in poly(dimethylpolysiloxane) (PDMS).(10,11) Pressure force measurements were performed in 
three directions, while shear forces were measured along two axes. Sohgawa and coworkers also 
developed a force sensor that used a cantilever with a piezo-resistive layer and PDMS.(12,13) The 
5 × 5 mm2 sensor chip was sufficiently small to be attached to a robotic hand. Also reported 
was a force sensor made from a cantilever with a lead zirconate titanate (PZT) thin film and 



1074	 Sensors and Materials, Vol. 33, No. 3 (2021)

PDMS.(14) The PZT increased the sensitivity and reduced power consumption. In addition, the 
relationship between PDMS hardness and sensor sensitivity was evaluated.
	 However, a practical problem of a MEMS cantilever force sensor embedded in an elastomer 
is breakage during heat treatment. As shown in Fig. 1, after the force sensor is mounted on a 
package and then mounted on an electronic substrate with other components, solder reflow 
processing at 250 ℃ is performed. The heat causes the elastomer between the cantilever and 
the package to thermally expand and apply stress to the cantilever. As a result, the base of 
the MEMS cantilever is broken. The relationship between this breakage and the design of the 
MEMS cantilever has not been reported.
	 Here, the relationship between the MEMS cantilever design and the stress caused by thermal 
expansion of the elastomer was investigated. Specifically, the effect of cantilever thickness and 
width on the von Mises stress induced by thermal expansion was simulated by finite element 
methods (FEM) using ANSYS software. Experimental test samples were fabricated from 
MEMS cantilever chips embedded in PDMS. Fracture tests were then performed to compare the 
simulated and experimental results.

2.	 Materials and Methods

2.1	 Simulation

	 The effect of elastomer thermal expansion on the induced stress of the MEMS cantilever 
was examined with FEM simulations. Figure 2 shows the simulation model. The cantilever 
was composed of a 400-µm-thick handle Si layer and a device Si layer with thickness t. The 
cantilever had a 1300 × w µm2 connection structure and a 1000 × 1000 µm2 force-sensing 
structure. R structures with a radius of curvature of 200 μm were placed at the connection 
points between the connection and pedestal structures of the cantilever, which was then 

Fig. 1.	 (Color online) Schematic of breaking of 
MEMS cantilever device via thermal expansion of 
PDMS elastomer. 

Fig. 2.	 (Color online) Design of simulation model.
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embedded in elastomer. The size after embedding was 7000 × 5660 × 1080 µm3, which was 
determined by the experimental ceramic package. The handle Si layer and the active Si layer 
were single-crystal silicon, and the elastomer was PDMS; their mechanical properties used in 
this simulation(15–18) are given in Table 1. The MEMS cantilever and the material properties of 
PDMS were designed to detect the pushing force of a human fingertip (about 5 N).(14)

	 Figure 3(a) shows the cross-sectional view of the simulated deformation and von Mises stress 
for the T = 10 µm, w = 600 µm structure at T = 200 ℃. This result confirmed that the base 
of the cantilever connection structure was deformed and swelled upward because the PDMS 
thermally expanded and deformed. Figure 3(b) shows the simulated MEMS cantilever where 
the maximum von Mises stress of 7.19 GPa occurred on the edge of the R structure. Figure 4(a) 
plots the simulated maximum von Mises stress values for thickness T (5, 10 μm) and width w (400, 
600 μm) as a function of temperature T (50, 100, 150, 200, and 250 ℃). The stress increased 
linearly with temperature, and the maximum von Mises stresses at T = 150 ℃ were 5.85 GPa 
(t = 5 μm, w = 600 μm), 5.74 GPa (t = 5 μm, w = 400 μm), 4.90 GPa (t = 10 μm, w = 600 μm), 
and 4.47 GPa (t = 10 μm, w = 400 μm) as shown in Table 2. The von Mises stress maxima were 
smaller for the narrow (w = 400 µm) and thicker (t = 10 µm) cantilevers. Figure 4(b) shows the 
temperature when the maximum von Mises stress reached 6.2 GPa; this is discussed below. 
Overall, the simulations showed that the thickness and width of the cantilever affected the von 
Mises stress induced by the PDMS thermal expansion.

Fig. 3.	 (Color online) Cross-sectional simulations of (a) whole model and (b) MEMS cantilever.

(a) (b)

Table 1
Mechanical properties of single-crystal silicon and PDMS used in the simulations.
Materials Property Value

Si Elastic constant
C11 167.4 GPa
C12 65.2 GPa
C14 79.6 GPa

Thermal expansion coefficient 3.34 × 10−6/°C

PDMS
Elastic modules 4.0 MPa
Poisson’s ratio 0.499

Thermal expansion coefficient 3.00 × 10−4/°C
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2.2	 Experimental results

	 MEMS cantilever chips were fabricated to perform breaking tests. As shown in Fig. 5, the 
fabrication was as follows.(1) A 200-nm-thick Pt/Ti wiring film was sputter deposited on a 
silicon-on-insulator substrate (device Si layer thickness: 5, 10 µm). The Pt/Ti layer was used 
for breakage detection and was etched (2) via ion milling.(3) The device Si layer was subjected 
to reactive ion etching (RIE).(4) Etching of the handle Si layer was performed via deep RIE, 
followed by dry etching of the SiO2 layer.(5) The MEMS cantilever was mounted on a ceramic 
package with an adhesive paste applied to the bottom of the pedestal structure.(6) Au wire 
bonding connected the ceramic package to the Pt/Ti layer of the cantilever.(7) Finally, the 
MEMS cantilever chip was embedded in PDMS (KE-106, Shin-Etsu Chemical Co., Ltd., Japan) 
and cured at 100 ℃ for 1 h. The ratio of the PDMS base and curing agents was 10:1.
	 Figure 6(a) is a photograph of a test sample where a MEMS cantilever is fixed in the center 
of a ceramic package. The Pt/Ti wiring film was formed on the surface of the connection and 
force-sensing structure, and two electrode pads were formed on the surface of the pedestal 
structure. 

Table 2 
Components of stress tensor and von Mises stress at the point of the maximum von Mises stress (T = 150 ℃).

σxx
 (GPa) σyy (GPa) σzz (GPa) σxy (GPa) σyz (GPa) σxz

 (GPa) von Mises 
stress (GPa)

t = 5 µm, 
w = 600 µm 0.71 0.20 0.06 −0.66 −1.54 2.91 5.85

t = 5 µm, 
w = 400 µm 0.75 0.21 0.05 −0.52 −1.61 2.82 5.74

t = 10 µm, 
w = 600 µm 0.40 0.11 0.01 −0.28 −0.68 2.73 4.90

t = 10 µm, 
w = 400 µm 0.36 0.10 0.01 −0.25 −0.61 2.49 4.47

(a)

Fig. 4.	 (Color online) (a) Simulated maximum von Mises stress vs temperature and (b) temperatures for various 
structures when the maximum von Mises stress was 6.2 GPa.

(b)
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	 These electrode pads and those on the ceramic package were connected by Au wire. Eight 
test samples with thicknesses T = 5 μm and T = 10 μm and widths w = 400 μm and w = 600 μm 
were prepared and heated. After 5 min at temperature T, the resistance of the Pt/Ti breakage 
detection wiring was measured. Once the cantilever broke, the resistance increased sharply, and 
the T was recorded. Figure 6(b) is a photograph of a MEMS cantilever chip after breaking. The 
fracture occurred at the base of the connection structure, as predicted by the simulations.
	 Figure 7(a) is a schematic of the experimental setup and Fig. 7(b) plots the average breaking 
temperature and standard deviation for the eight test samples. A higher breaking temperature 
indicated higher thermal stability. For the T = 5 µm samples, there was no significant difference 
between the w = 600 µm (166.3 ℃) and w = 400 µm (167.9 ℃) samples, whereas the T = 10 µm, 
w = 400 µm test sample had a higher breaking temperature (188.3 ℃) than did the t = 10 µm, 
w = 600 µm sample (174.1 ℃). Also, both the w = 600 μm and w = 400 μm samples with 
T = 10 μm had higher breaking temperatures than did the T = 5 µm samples. Hence, the thicker 
cantilevers had higher thermal stabilities.

Fig. 5.	 (Color online) Fabrication of MEMS cantilever and embedded test sample.

(a) (b)

Fig. 6.	 (Color online) Photographs of test sample (a) before and (b) after experiment.
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3.	 Discussion

	 The simulations indicated that thicker and narrower cantilevers reduced the von Mises stress. 
Thicker cantilevers had a larger area moment of inertia; specifically, the area moment of inertia 
for the t = 10 µm cantilever was eight times that of the T = 5 µm cantilever. Therefore, the 
thicker cantilevers were not greatly deformed when the PDMS expanded. Meanwhile, narrower 
widths reduced the stress-receiving area. Because the deformation of the cantilever was induced 
by the PDMS thermal expansion, the stress on the cantilever was caused by the displacement 
(not pressure) of the entire area of ​​its back surface. Figure 8 shows (a) an image of the deformed 
cantilever (z-direction, T = 150 ℃) and (b) the displacement of the cantilever root (100 µm from 
the pedestal structure, A–A’ cross-section). The deformation of the cantilever is mountain-
shaped, and the displacement at w = 600 µm is larger than the displacement at w = 400 µm. The 
reason for the mountain shape is that the ceramic package holds four sides of the PDMS, and 
the central part of the ceramic package (y = 0) rises. The shape depends on the cantilever width 
as shown in Fig. 8(b). Therefore, the wider cantilever (w = 600 µm) is displaced largely in the 
z-direction. This can be confirmed by the different σxy and σxz values between the cantilever 
(t = 5 µm, w = 600 µm) and the cantilever (t = 5 µm, w = 400 µm) as shown in Table 2. Also, the 
nonuniform deformation causes torsional stress around the x-axis. Because the torsional stress is 
dependent on the distance from the center of the cantilever (y = 0) to the R structure (y = w/2), 
larger stress is applied to the wider cantilever. This can also be confirmed by the different σyz 

values between the cantilever (t = 5 µm, w = 600 µm) and the cantilever (t = 5 µm, w = 400 µm) 
as shown in Table 2.
	 The experimental results for cantilevers with T = 5 µm and w = 600 µm indicated higher 
thermal stabilities than those with w = 400 µm, which did not agree with the simulations. 
However, the difference between the average breaking temperatures was only 1.6 ℃, which was 
within the standard deviation. Moreover, the effect of the width was small in the simulations 
for T = 5 µm. Therefore, this disagreement could be resolved with more experiments. When 
T = 10 μm and w = 400 μm, the breaking temperature was 188.3 ℃, which, when compared 

(a) (b)

Fig. 7.	 (Color online) Schematic of (a) experimental setup and (b) results.
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with the simulations [Fig. 4(b)], indicated a von Mises stress of 6.2 GPa. The theoretical 
breaking strength of single-crystal silicon is 30 GPa.(19) Hence, the breakage of the single-
crystal silicon occurred via a von Mises stress that was much smaller than the theoretical 
value because of defects that formed during the MEMS process. Surface defects reduce the 
breaking strength,(20) and, in particular, because the von Mises stress was concentrated on the R 
structures, the effects of surface defects cannot be ignored. Therefore, the breaking strength of 
the cantilever was less than the theoretical value.
	 Overall, the results indicated the following findings.
(1)	The design of the cantilever affects the thermal stability. Thicker and narrower cantilevers 

had higher thermal stabilities.
(2)	Stress was concentrated on the R structures.
(3)	The simulated and experimental results agreed for the most part. Increasing the number of 

test samples could improve the agreement.
(4)	To increase the breaking strength, it is important to reduce the number of surface defects 

formed in the MEMS process.
	 This work had limitations in the simulations, experiments, and practical applications. In 
the simulations, the thermal expansion coefficient and Young’s modulus for the single-crystal 
silicon and PDMS were constant. However, both are temperature-dependent. Thus, we could 
improve the simulation accuracy by using more accurate mechanical properties ​(including 
thermal dependence)​ of the materials. In the experiments, the standard deviations were not small 
because the breaking strength was greatly affected by the surface quality. Thus, the number of 
samples should be increased. Finally, when used as a force sensor, the thickness of a MEMS 
cantilever embedded in an elastomer greatly affects the force sensitivity. That is, the sensitivity 
increases with decreasing thickness. Therefore, cantilever design requires consideration of both 
thermal endurance and sensitivity.

(a) (b)

Fig. 8.	 (Color online) Image of (a) the deformed cantilever and (b) displacement at the root of the cantilever (A–A’ 
cross section).
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4.	 Conclusions

	 The relationship between the thermal expansion of the elastomer and the breaking 
temperature of an embedded MEMS cantilever was characterized. In particular, the effects 
of cantilever thickness and width on the thermal stability were determined. Simulation and 
experimental results both indicated that thicker and narrower cantilevers had higher thermal 
stabilities. In the future, the effects of the thermal expansion coefficient and Young’s modulus 
of the elastomer on thermal stability will be investigated. In addition, our goal is to design and 
fabricate a MEMS cantilever force sensor with a thermal stability above 250 ℃.
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