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A B S T R A C T   

In this paper we report on the optimization of an amplification mechanism to enable large displacements in 
microelectromechanical systems (MEMS). As a case study, we considered a MEMS-based platform for the me-
chanical testing of nanomaterials, but the results we obtained can be extended to other devices, too. The studied 
device consists of a couple of V-shaped thermal actuators, heat sink beams, comb drives for sensing the dis-
placements delivered by the actuators to the sample to be tested, and an amplification stage capable of ampli-
fying the produced displacements to tens of micrometers. Regarding the amplification stage, three different 
schemes were designed and simulated in order to identify the optimal solution. To this aim, static structural 
analyses have been carried out to predict the performance of the amplification mechanism with respect to 
geometrical parameters, such as inclination angle, length or width of the beams embedded in the amplification 
stage. An amplification factor as large as 50 is found. The numerical results show good agreement with those 
obtained from analytical models. The performance of the complete device is also evaluated through 3D steady- 
state static thermal-electrical analyses under variable voltage applied to the actuators.   

1. Introduction 

Two-dimensional (2D) materials are layers with one atom or a few 
atoms thickness, and they have been proved to possess a great potential 
for the development of a variety of devices, including flexible devices, 
photoelectronic or electromechanical devices [1]. Graphene was the 
first discovered 2D material, and after that many other 2D materials 
have become very attractive, such as transition metal dichalcogenides 
(TMDCs), black phosphorous (BP), 2D oxides, etc. [2]. In the case of 2D 
materials, unless they lay onto a substrate [3], it is very challenging to 
perform mechanical characterization tests. Indeed, it is not possible to 
apply strain directly by for example pulling or squeezing the material, as 
typically done for 3D structures, since traditional measurement methods 
are not suitable for handling 2D material samples due to their atom 
thickness [4]. In this regard, material testing platforms based on 
microelectromechanical systems (MEMS) technology resulted to be 
effective solutions. In general, MEMS include a family of micro-sized 
electromechanical devices and structures, such as sensors, actuators, 
energy harvesters, and microgrippers [5,6] which, owing to their small 
size, are capable of producing force and displacement with high reso-
lution and low power consumption. In the last decades, specific MEMS- 

based platforms have been proposed capable of applying displacements 
in a range compatible with nanomaterial sample size (i.e., typically, few 
micrometers) [7] with high-resolution load and displacement mea-
surement readouts (i.e., μN or nm, respectively) [8]. As small dis-
placements have generally to be delivered and measured, amplification 
mechanisms based on compliant structures are becoming attractive in 
MEMS devices, especially when precise motion, high reliability, and 
accuracy are needed for high sensitivity applications. In many cases, the 
displacement amplification mechanism uses micro flexures and hinges, 
as these joints do not have any backlash, and provide repeatable motion. 
However, these flexures have a limited range of motion [9]. 

In general, there are different types of amplification mechanisms that 
were reported in the literature like levers and bridge-type mechanisms 
[10], which consist of single axis-symmetric circular flexure hinges and 
V-beam amplification structures [11]. Lai and Zhu [12] designed a lever 
and bridge-type compliant amplification mechanism consisting of eight 
rigid bodies connected by ten flexure hinges for piezoelectric drives. In 
this case, all the flexure hinges were loaded in tension and bending in 
order to solve potential buckling issues. Ya’Akobovitz and Krylov [9] 
designed a mechanical amplification mechanism capable of a linear-to- 
angular motion conversion, which was used for acceleration 
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measurements. Their integrated compliant motion amplifier was able to 
transform small out-of-plane displacements of a proof mass under in-
ertial forces into significantly larger in-plane displacements. Also, hy-
draulic displacement amplification mechanisms (HDAMs) have been 
reported, as shown in [13], for application in tactile displays. In this 
case, small displacements (i.e., in the order of 10 μm) produced by a 
piezoelectric actuator are amplified by about 5 times by HDAM. Another 
type of amplification mechanism is based on the use of cascaded V- 
beams, as reported in [14] for safety and arming devices. In this case, 
two amplification stages were implemented. The first amplification 
stage amplifies the input displacement and pushes a connection mass 
forward. Simultaneously, the second amplification stage is compressed 
along the vertical direction while expanding in the horizontal direction. 
Three different configurations based on compliant-amplification mech-
anisms were presented by Iqbal et al. [15]. Each configuration consists 
of two sets of amplification mechanisms placed horizontally. Configu-
ration 1 amplifies the displacement by a factor 9, while in configuration 
2 and configuration 3 the displacement is amplified by a factor 17. Iqbal 
et al. [5] designed a thermally actuated displacement amplification 
mechanism capable of amplifying displacements by 20 times with comb 
drives for sensing the displacements. This mechanism operates with 
thermal actuators output displacements in the x-direction and expands 
in the y-direction. A mechanical amplification based on V-shaped beams 
was reported in [16]. In this amplification mechanism, there was neither 
micro hinges nor flexures involved. The linear behavior of such ampli-
fication mechanism was modeled by using the elementary bending 
theory and it was found as capable of an amplification factor as large as 
18.6. The above-described amplification mechanisms need an external 
force to operate, which can be provided by different types of actuators, 
such as electrothermal, magnetic, and piezoelectric actuators. Owing to 
their ease to control, microscale displacements, and forces, the electro-
thermal actuators are widely used in current MEMS devices, although, 
they operate at relatively high temperatures, which might limit their 
applications [17] as, for example, temperature can affect the mechanical 
properties of a sample to be tested. For this reason, they are often used in 
combination with heat sink beams, which can limit the temperature 
increase in the structure [18]. 

Here, we present the design and optimization of different types of 
MEMS-based displacement amplification mechanisms in order to enable 
large displacements in MEMS devices. These amplification mechanisms 
can potentially be used in platforms for the mechanical characterization 
of 2D nanomaterials as well in other devices requiring high displace-
ment measurement sensitivity. Our designed MEMS device consists of a 
pair of thermal actuators, heat sink beams, amplification mechanism, 
and comb drives for capacitive readout. The desired performance of the 
device has been considered as follows: maximum displacement 

delivered by the actuators equal to about 1 μm, temperature increases 
below 100 ◦C, capacitive readout sensitivity of about 5 fF/nm. As the 
MEMS device is intended to be fabricated via a silicon-on-insulator (SOI) 
fabrication process based on deep reactive ion etching (DRIE), the 
following design constraints were considered: minimum feature size of 
all the structures of the device is 4 μm, the minimum gap size is 2 μm, 
and the device layer thickness is 25 μm. 

2. Design of the MEMS platform 

All the structures of our MEMS device, namely the thermal actuators, 
the displacement amplification stage and the displacement capacitive 
sensor were designed through Solidworks, and finite element (FE) ana-
lyses were carried out using the software ANSYS™ Workbench. 

2.1. Thermal actuator 

The thermal actuator consists of a central shuttle and a number of V- 
shaped beams with a small flexible hinge at both ends to amplify [19] 
the delivered displacement (Fig. 1). When a voltage is applied between 
the anchors of the V-shaped beams, current flows and, by Joule effect, 
heat is generated causing a temperature increase in the structure, which 
makes the beams expanding and moving the central shuttle. As the 
temperature increase can be significant (Fig. 1b) and affect other parts of 
the MEMS device, like those where a sample will be placed, the thermal 
actuator temperature needs to be controlled and reduced out of the V- 
shaped beams. To this aim, we introduced heat sink beams (i.e., to 
promote heat dissipation by conduction through the substrate) between 
the V-shaped beams and the location where we expect to have the 
nanomaterial sample. The results of the electro-thermal analysis re-
ported in Fig. 1 shows that the thermal actuator causes the temperature 
to increase to 127 ◦C at the sample location when the actuator is biased 
with 4 V while delivering the desired displacement of 1 μm. 

In order to further decrease the temperature at the sample location 
while maintaining the delivered displacement of 1 μm, we considered to 
introduce two thermal actuators placed symmetrically with respect to 
the nanomaterial sample in a more optimized MEMS device configura-
tion. In this way, it is possible to reach an overall displacement of 1 μm 
(i.e., half of which delivered by each thermal actuator) while keeping 
the sample at a constant temperature of 81◦C. The possibility to avoid 
temperature gradients in the sample is also desirable when the MEMS 
platform is used for strain engineering studies of nanomaterials, thus in 
combination with other physical characterization techniques that can be 
very sensitive to temperature variation. 

The axial stiffness of each thermal actuator (KAC) can be calculated as 
reported in [20]: 

(a) (b)

Anchor Flexible hinge

Sample area Heat sink beams

Anchor

Fig. 1. (a) Thermal actuator maximum temperature when biased with 4 V and temperature variation at the sample location as a function of voltage (b).  
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KAC =
N sin2θ × (w1 + w2) × E × t

LAC
(1) 

Where E is the Young’s modulus, t is the thickness, LAC is the total 
length of the actuator beam, N is the number of beams, θ is the incli-
nation angle of the beams, and w1 and w2 are the widths of the beam in 
the thinnest and thickest regions, respectively. Considering the 
geometrical parameters reported in Table 1. The axial stiffness of our 
thermal actuators results to be 16,882 N/m. Regarding the heat sink 
beams, their total stiffness can be calculated as [20]: 

KS = 2×
N × E × b3 × t

Ls
(2) 

Where, the N is the number of heat sinks (6), Ls is the 200 μm, and 
width b is 8 μm. The calculated heat sink beam stiffness (KS) is 3244.8 N/ 
m according to eq. 2. 

2.2. Amplification mechanism 

In order to measure efficiently the displacements delivered to the 
sample, we introduced a capacitive sensor to our MEMS device. How-
ever, since the displacements involved are very small (up to ≈ 1 μm), we 
need to sense at least 100 nm. If we consider a standard capacitive 
measurement scheme, the sensitivity can be computed as [20]: 

S =
ΔC
D

(3) 

Where, D is the displacement delivered to the sample and ΔC is the 
capacitive variation produced in the sensor. This latter can be computed 
as ΔC = 2 N×ε×t×d

g , where N represents the number of movable comb 
drive fingers, t is the thickness of the comb-drive fingers, d is the 
displacement of a finger, g (2 μm) is the gap between fingers, ε is the 
permittivity of air. In order to achieve a minimum of 5 fF/nm sensitivity 
and keep a compact footprint, we designed an amplification mechanism 
able to convert the sub-micrometer displacements delivered to the 
sample in x50 magnified displacements available at the location where 
the comb-drive fingers of the capacitive sensor are placed. In order to 
design such displacement amplification stage two different mechanisms 
were studied, with the first being based on a V-beam structure and the 
second one provided with a sigmoidal shape, (Fig. 2). Based on these 
amplification mechanisms, three schemes of MEMS-based nanomaterial 
testing devices were considered. 

Scheme 1 and 3 devices are designed with a V-beam amplification 
mechanism, which consists of two flexible beams similar to the previous 
designs presented in [5,10,12,14,15,21], without the presence of micro 
hinges. In these schemes, the structure moves in the x-direction when 
the force is applied, and it expands in y-direction without any rotation to 
accommodate the x-direction compression (Fig. 3a, c). In scheme 1, the 
amplification mechanism was directly connected with the thermal 
actuator central shuttle while in scheme 3 we used elliptical proof 

masses to connect the amplification mechanism. 
In scheme 2 the amplification mechanism takes a sigmoidal shape 

that consists of thin curved hinges, which are similar to a previous 
design reported in [22]. In this case, the amplification mechanism is 
connected to the central shuttle of the thermal actuator by elliptical 
beams (Fig. 3b). The thin curved hinges (C1, C2) rotate in clockwise and 
counterclockwise directions to provide the rotational displacements. 
The thin curved beams deflect much more than pseudo rigid bodies S, 
shown in Fig. 2 (b). 

2.2.1. Static structural analysis 
3D static structural analyses were carried out to predict the perfor-

mance of the above-mentioned amplification mechanisms. All the an-
chor points were mechanically fixed during the simulations and, as 
constituent material, we considered silicon for all the structures. For 
silicon, we used the following parameters: Young’s modulus, E = 169 
GPa, Poisson’s ratio (ν) = 0.28, density (ρ) = 2330 kg/m3. 

2.2.1.1. Scheme 1. A static structural simulation was performed under 
unidirectional load conditions. An input displacement of 0.5 μm was 
applied to the central shuttle of the thermal actuator along the x-axis and 
the amplification mechanism resulted to move by 12.2 μm in the di-
rection perpendicular to the applied displacement, as shown in Fig. 3(a). 
This structure can be used for both in-plane and out-plane displacements 
in the y-direction. In the case of using it for in-plane displacement, it has 
some limitations (for example it cannot move more than ≈14 μm) due to 
the chosen angle of 1◦. The amplification mechanism was designed 13.9 
μm off from the sample location. A maximum stress of 356 MPa was 
obtained. 

2.2.1.2. Scheme 2. The sigmoidal shape amplification mechanism 
consists of thin curved hinges C1, C2 (shown in Fig. 3b), to reduce their 
stiffness and enable a rotational movement. When the displacement is 
delivered by the two symmetrical thermal actuators, forces FA and F B 
are transferred to the thin curved hinges C1 and C2, which then rotate 
around the center of rotation of the thin curved hinge in clockwise and 
counterclockwise directions, respectively. Meanwhile, the curved hinges 
C1 and C2 develop a rotational output displacement. When a unidirec-
tional input displacement of 0.5 μm is considered as applied by each 
thermal actuator in the x-direction, this results in an amplified 
displacement of 4.2 μm at the farthest comb-drive electrodes (shown in 
Fig. 3b). The total size of the thermal actuator central shuttle has been 
reduced by 1.5 times in comparison to scheme 1 and has the advantage 
of reading the displacement at a location much closer to the sample. 
Furthermore, the maximum stress decreases to 90 MPa. 

2.2.1.3. Scheme 3. As scheme 1 resulted as able to provide much higher 
amplification ratio than scheme 2, we further developed it. In this new 
configuration, an elliptical proof mass (shown in Fig. 3c) connects the 
thermal actuator central shuttle to the amplification mechanism. 
Compared to scheme 1, the use of the elliptical mass allows us to reduce 
the overall footprint of the device and to increase its stiffness. When an 
input displacement of 0.5 μm in the x-direction was considered as 
applied by the thermal actuators, the V-shaped beam experiences an 
elastic deformation which results in an amplified vertical displacement 
of 25 μm in the y-direction, as shown in Fig. 3(c); this result is about 2 
times higher than the results reported in previous designs [14]– 
[16,21,23]. A maximum stress of ≈340 MPa was obtained, which is 
below the usual silicon’s yield strength value, namely 7 GPa [24]. From 
Fig. 3(d), it results that the maximum amplification ratio can be 
observed in scheme 3, while scheme 2 minimizes the stress concentra-
tion with respect to the other schemes due to the presence of the curved 
hinges of C1, C2, as shown in Fig. 3(e). 

A parametric analysis was performed to understand the role played 
by different geometrical parameters on the amplification mechanism of 

Table 1 
Geometrical parameters of the device.  

Total length of the beam (LA) 350 μm 
Thin beam (hinge) region length 35 μm 
Thicker beam region length 280 μm 
Width of small beam region (w1) 6 μm 
Width of thicker beam region (w2) 10 μm 
Number of beams pairs 8 
Inclination angle 6◦

Thickness (t) 25 μm 
Heat sink beams (N = 6) width 8 μm 
Heat sink beam length (LS) 200 μm 
Amplification beams (N = 4) width 4 μm 
Amplification beam length (l) 800 μm 
Amplification beam angle (θ) 1◦

Curved hinges (C1, C2) radius (R) 50 μm 
Curved hinge (C1, C2,) width 4 μm  
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scheme 3. The simulation results show that by decreasing the angle of 
the V-shaped beam, the amplification factor (i.e., the ratio between the 
output and the input displacement) increases (Fig. 4(a)). Furthermore, a 
significant change in the amplification factor results when increasing the 
flexible beam length, as shown in Fig. 4(b). 

From an analytical point of view, the amplification mechanism can 
be modeled through the elementary theory of bending. By referring to 
the schematic of Fig. 2(a), which shows the simplified model of one-half 

of the amplification beam, the deflected amplification beam is subjected 
to equal and opposite end forces F, along with the couples that prevent 
the rotation motion. Based on these conditions, the displacement in the 
axial direction (uX) and lateral displacement (uY) can be calculated as 
[16]: 

uX =
F cos θ

kA
; uY =

F sin θ
kT

(4) 

Fig. 2. Schematic diagram of V-beam amplification mechanism (a) and sigmoidal shape amplification mechanism (b).  

Fig. 3. Displacement field of scheme 1 (a), scheme 2 (b), and scheme 3 (c) when the thermal actuators are moved by 0.5 μm, and performance analysis of the three 
schemes in terms of (d) output displacement and (e) maximum stress in the total device with respect to the input displacement. 
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Where kA =
E×w×h

l is the axial stiffness of the amplification beam and 
kT =

E×w3×h
l3 is stiffness in the transversal direction, E is the Young’s 

modulus, l is the length, w is the width, θ is the angle of beam, and h is 
the thickness (25 μm) of the amplification beam. Considering the values 
reported in Table 1, the axial stiffness of our amplification beam results 
to be 42,250 N/m. while the transversal stiffness results to be ≈1 N/m. 
The amplification ratio of the selected mechanism can be calculated as 
[16]: 

Am =
Δy
Δx

=

1 −
(w

l

)2

.

2 ×

⎛

⎜
⎝tan θ +

⎛

⎜
⎝

(
w/l

)2

tan θ

⎞

⎟
⎠

⎞

⎟
⎠

(5) 

Beyond Eq. (5), in the literature other formulas have been reported 
[14]–[16] to compute the amplification ratio and output displacements 
of the V-beam amplification mechanism. For example, in [14], the 
following model was proposed: 

Am =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

l2 − (l*cosθ − Δx)2
√

− l*sinθ
Δx

(6) 

Where, Δx and l are the input displacement and length of the beam. 
In [15] the following model was proposed: 

Am =
l (sin θ

′

− sin θ)
Uinput

(7) 

Where Uinput is the applied displacement, θ′

= cos− 1
(

cos θ −
Uinput

l

)

. 

Fig. 4(a) shows a comparison between the amplification ratio obtained 
through Eqs. 5–7 and the one obtained from our simulations. Regarding 
the geometrical parameters, we used the values listed in Table 1. From 
Fig. 4(a), it emerges that Eq. (5) proposed by [16] provides the best 
match with our simulation results with a ≈ 3% maximum difference. 

From a structural point of view, safe operation of the devices requires 
to reduce the magnitude of stresses experienced by all the involved 
structures, in order to avoid the formation of micro voids that can then 
result in micro-cracks. Thus, in order to get an insight into the structural 
integrity of all the three above mentioned device schemes [23], we also 
computed the safety factor, defined as the ratio between the yield stress 
and the maximum stress. The calculated safety factor of scheme 3 results 
to be 20 at the input displacement of 0.5 μm with a maximum stress of 
≈340 MPa was obtained. Such a stress level is significantly lower than 

the yield strength of silicon (7 GPa). According to the static structural 
results, scheme 3 can be operated safely until 10 μm of input displace-
ment, where the structure is characterized by a maximum displacement 
of 500 μm and a maximum stress of 6788 MPa. 

3. Overall performance of the MEMS device 

3.1. Steady state thermal analysis 

A multiphysics analysis of the final device configuration (Fig. 5a), 
consisting of two symmetrical thermal actuators, heat sink beams, 
elliptical poof mass, type 3 amplification mechanism, sample, and comb 
drives for displacement capacitive sensing was performed. The 
following electrical and thermal properties of silicon were considered: 
thermal conductivity (K) of 130 [W/m⋅K], coefficient of thermal 
expansion (α) of 2.6 × 10− 6 K− 1, and resistivity of 0.005 Ω⋅cm [25]. The 
device was actuated by providing a varying bias voltage between the 
anchor points of the thermal actuators. At 3 V, the displacement deliv-
ered at each side of the sample is 0.48 μm in the x-direction, an overall 
maximum displacement of 22.4 μm is achieved at the comb-drive fingers 
location (in the y-direction). A maximum temperature of 131 ◦C was 
obtained in the device, while a temperature of 81 ◦C was obtained at the 
sample location. If the voltage at the thermal actuators increases, this 
results in higher output displacement, as shown in Fig. 5(b). In the final 
MEMS device configuration, the displacement at the capacitive readout 
location was indeed enough to reach the targeted sensitivity of 5 fF/nm 
with around 1100 number of combs, as previously reported by us [20]. 

Finally, we performed a modal analysis of the whole MEMS device in 
order to predict the device natural frequencies, modes and to understand 
the dynamic response of the device during the excitation [23]. ANSYS 
Workbench was used to perform the modal analysis and the frequency 
associated to oscillation in y-direction was about 14.8 kHz, as shown in 
Fig. 5(c). 

4. Conclusions and future work 

In order to achieve a deep insight into the mechanical and strain 
engineering properties of nanomaterials, it is necessary to develop 
miniaturized testing stages able to apply and measure sub-micrometers 
displacements. One possibility to improve the resolution of the 
displacement measurement is to design an amplification mechanism 
able to magnify the displacements to be recorded. Herein this paper, we 
analyzed the performance of two different amplification mechanisms, 
based on either thin curved hinges or a V-shaped beam. As a result of an 

Fig. 4. Amplification ratio comparison with analytical formulas and simulation results with respect to the beam angle (a), and flexible beam length (b).  
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optimization process based on FEM analyses, the second mechanism 
provided the highest amplification ratio, while keeping a compact 
footprint. Such mechanism was then implemented in the design of a 
MEMS-based platform for the investigation of the strain engineering 
properties of nanomaterials. Such platform can deliver displacements to 
a nanomaterial sample as large as 0.96 μm, which can be magnified by 
50 times to improve the displacement measurement resolution, while 
not overcoming 81 ◦C at the sample location. The amplification mech-
anism we designed can in principle be used in other MEMS-based plat-
form for both high-resolution actuation and sensing applications. 

Future work will be concerned with the microfabrication of the 
proposed device by MEMS technology using SOI wafers and deep reac-
tive ion etching process. 
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