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Modeling and Design of Polymer-Based Tunneling
Accelerometers by ANSYS/MATLAB
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Fig. 2.

Current inputs.

q3 (0) = π/2 (rad), and q̇i (0) = 0 (rad/s), ψi j (0) = 0 (wb),
i ∈ {1, 2, 3}, j ∈ {2, 3}. The value of design parameters was shown
in Table I. The initial conditions of the adaptive decentralized control
scheme were ψ̂i j (0) = 1 (wb), θ̂i 1 (0) = 1, âi (0) = 11, m̂i (0) =
0.095, ηi (0) = 5, εi (0) = 0.5, i ∈ {1, 2, 3}, and j ∈ {1, 2}. Fig. 1
indicates that all of the tracking errors converge to a residual set,
centered at the origin. Fig. 2 displays that all the currents inputs are
bounded.
V. CONCLUSION
This paper proposed an adaptive decentralized control scheme with
a rotor-ﬂux observer for tracking control of robot manipulators actuated
by current-fed induction motors was proposed. Due to the decentralized manner, it can be implemented with simple hardware. To handle
parametric uncertainty in the electromechanical systems, an adaptive
law was designed such that all of the signals are bounded and the tracking errors of position, velocity, and rotor ﬂuxes converge to a residual
set, centered at the origin, whose size can be reduced by using proper
value of design parameters. A satisfactory numerical study of a robot,
PUMA 560, driven by current-fed induction motors was provided to
verify the effectiveness of the proposed scheme.
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Abstract—A prototype design of an inexpensive polymer-based tunneling accelerometer is described in this paper. Instead of silicon, polymethyl
methacrylate (PMMA) is used as the mechanical material. By using silicon
molds fabricated by conventional lithography and wet-etching techniques
in hot embossing, PMMA structures can be replicated within 20 min. The
performance of the tunneling sensor can be estimated and improved based
on mechanical-level analysis by ANSYS and system-level analysis by MATLAB. The nonlinear tunneling mechanism and electrostatic actuation are
linearized using small-signal approximation. To enhance the stability and
broaden the bandwidth of the tunneling accelerometer system, a feedback
control system with one zero and two poles is designed. The dynamic range
of the system is greatly enhanced. The bandwidth of the closed-loop system
is approximately 15 kHz.
Index Terms—Feedback control system, hot embossing, polymer, tunneling accelerometer.

I. INTRODUCTION
Electron tunneling effect has been extensively investigated, developed, and used in many applications, since Binning and Rohrer were
awarded the Nobel Prize for their original design of the scanning tunneling microscope (STM) in 1986 [1]–[4]. High-performance accelerometers are in great demand in many applications such as acoustic measurement, seismology, and navigation. Considerable research work on
accelerometers has been reported by several groups [5]–[8]. Compared
to other common and well-developed accelerometers such as capacitive, piezoresistive, piezoelectric accelerometers, tunneling accelerometers may easily achieve higher sensitivity and higher resolution with
smaller size due to the exponential relationship between the tunneling
current and the tunneling gap. However, tunneling sensors are usually
more difﬁcult to be fabricated than others. Since tunneling current can
only be observed when the gap between the tunneling tip electrode and
its counter electrode is in the range of 10 Å, tunneling sensors normally operate in closed-loop mode. Several models and systems were
developed for tunneling accelerometers [6]–[8].
Polymer-based microelectromechanical systems (MEMS) have
gained a broad theoretical interest and practical applications in the
past 10 years [9]–[13]. Polymers offer many advantages for sensor
technology. They are low cost, ﬂexible, chemically and biologically
compatible, and easy to be processed. Polymer microsensors are becoming more and more important, and can be low-cost alternatives to
the silicon-based or glass-based microsensors.
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Fig. 1.
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Schematic diagram of a polymer-based tunneling accelerometer.

Our objective is to design and fabricate polymer-based tunneling
accelerometers. Polymethyl methacrylate(PMMA) is used as the mechanical material. Hot embossing technique is used to transfer the
patterns from the silicon molds to PMMA. Since new polymer material is used, simulation works can be helpful to estimate the static and
dynamic properties of the device. ANSYS and MATLAB are utilized
as the computer-aided tools to make mechanical and system-level analyses, which can beneﬁt the design and development of the tunneling
accelerometer. Based on ﬁnite element model (FEM) and a linearized
mathematical model, the mechanical properties, performance, stability,
responsibility, and dynamic range of the system can be estimated. In
addition, the fabrication and the measurement of the device are brieﬂy
introduced.

Fig. 2.

Fabrication process of silicon mold and PMMA structure.

Fig. 3.

SEM image of a PMMA pyramid tip fabricated by hot embossing.

II. SENSOR STRUCTURE AND FABRICATION
To explore the tunneling sensor technology, polymers, and hot embossing technique, all polymer-based vertical tunneling accelerometers
have been developed in our lab. As shown in Fig. 1, a typical tunneling
accelerometer consists of two mechanical components and three gold
electrodes. The mechanical components comprise a substrate with a
tunneling tip and a membrane with a proof mass. The electrodes include a tunneling tip electrode, a membrane electrode, and a deﬂection
electrode. By applying a high-deﬂection voltage on the bottom deﬂection electrode, the electrostatic force attracting the top membrane to
bend downward can be established, and the tunneling gap can be controlled. The tunneling current can be generated when the gap between
the tunneling tip and its counter electrode is in the range of 10 Å, and
the current will remain constant if the gap keeps unchanged. In the low
bias region, the tunneling current It is linearly proportional to the applied junction bias VB , and exponentially proportional to the distance
of the tunneling gap.
Instead of silicon, an amorphous polymer material, PMMA (Cyro
Industries ROHAGLAS 99530), is chosen as the mechanical material.
Hot embossing technique is used to fabricate all the PMMA mechanical
microstructures. PMMA has unique thermal and mechanical properties
which make it behave ideally in hot embossing process. The glass transition temperature Tg and the melting temperature Tm of the PMMA
are 98 ◦ C and 170 ◦ C, respectively. By using well-developed silicon
molds with sharp angles and smooth surfaces, the PMMA structures
can be easily replicated within 20 min [14]. The silicon molds are fabricated using conventional silicon bulk-micromachining techniques, as
shown in Fig. 2(a)–(e). The fabrication process for the PMMA structures using hot embossing is shown in Fig. 2(f)–(h). The silicon mold
was lowered to such an extent that it just touched the surface [see
Fig. 2(f)]. The mold and PMMA were heated at the same time above
Tg to ensure sufﬁcient ﬂow ability of the PMMA. The silicon mold was
pressed into the PMMA under a controlled force [see Fig. 2(g)]. After
ﬁlling the microcavities of the silicon mold, the PMMA was cooled
down and the patterned PMMA was demolded [see Fig. 2(h)]. Fig. 3

shows a replicated PMMA pyramid tip with smooth surfaces, sharp tip
point, and steep edges.
III. MECHANICAL-LEVEL ANALYSIS
ANSYS, an engineering package for general purpose ﬁnite element
analysis, is used to simulate the mechanical properties of the device.
A number of structures have been simulated by ANSYS. A squareshaped membrane structure (4 × 4 mm × 30 µm) without proof mass
is described here for its simplicity. ANSYS is helpful in handling
complex structures, which are difﬁcult to calculate analytically.
The spring constant of the membrane, with all edges ﬁxed, can be
expressed as [15]:
E · t3
(1)
k=
α · l2
where E is the Young’s Modulus of PMMA (2 GPa), α = 0.0135, t =
30 µm, and l = 4 mm. Therefore, the spring constant k is 250 N/m. By
static analysis, the displacement of the membrane can be estimated by
ANSYS, and the corresponding spring constant k can be calculated as
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276 N/m. The difference between the simulated result and the calculated
result comes from the high-aspect-ratio membrane structure. Compared
with silicon, PMMA is “soft” material. The Young’s Moduli of PMMA
and silicon are 2 GPa and 165 GPa, respectively. From (1), the spring
constant of membrane is proportional to E and t3 . For structures with
same dimension, the spring constant of PMMA is much smaller than
silicon. In other words, to obtain the same spring constant, a PMMAbased structure can be much thicker than a silicon-based structure. This
will beneﬁt the design and the fabrication process.
Modal analysis and Harmonic analysis are used to determine the
frequency response of the membrane structure. Damping ratio is required in the analysis. In air environment, the damping coefﬁcient of
the membrane can be calculated as b = 1.96 × 10−3 Ns/m. The damping ratio is calculated as ξ = 0.0833. Therefore, the mechanical quality
factor Q = 0.5/ξ = 6. As estimated in ANSYS, the membrane has the
largest displacement at 4518 Hz, which is very close to the theoretical
natural frequency (4462 Hz) of the square-shaped membrane structure.
The static sensitivity of the structure is deﬁned as S = ∆z/a =
m/k, where ∆z is the maximum displacement of the membrane, and
a is the external acceleration applied on the structure surface. The total
noise equivalent acceleration (TNEA) of thermal-mechanical noise is
given by [2]

4kB T ω
(2)
TNEA =
mQ
where kB is the Boltzmann constant, T is the temperature, and ω
is the natural frequency of the membrane. The static sensitivity of
the PMMA membrane is calculated as 22 nm/g; and the TNEA (at
√
room temperature) is 12.8 mg/ Hz. For silicon structure with the same
dimension, the static sensitivity and the TNEA are approximately 5.3
√
Å/g, and 5.72 mg/ Hz, respectively. Therefore, compared to silicon
structures, PMMA structures have much higher static sensitivity but
relatively lower resolution. The lower resolution is because of the lower
quality factor Q of the PMMA structures.
IV. MATHEMATICAL MODEL AND SYSTEM-LEVEL ANALYSIS
MATLAB is used to build the mathematical model of the tunneling
accelerometer. The model is composed of different function blocks
based on Laplace transforms. In general, tunneling sensor with the
feedback control system is not a linear system. Assumptions and approximations are used to linearize the system.
The membrane is the sensing part of the accelerometer. It can be
considered as a suspended mass-spring-damping system [16]. Using
Laplace transforms, the dynamic performance of the membrane can be
expressed as
1
∆x
= 2
(3)
b
aext
S + m S + mk
where m, b, and k represent the mass, damping coefﬁcient, and spring
constant of the membrane, respectively, aext is external acceleration,
∆x is the center point displacement of the membrane.
For tunneling accelerometers, the tunneling current is exponentially
proportional to the change of the tunneling gap, which is given by
√
(4)
I = I0 · exp(−α Φ∆x)
−1

where I0 is the operation tunneling current, α = 1.025 Å eV−0. 5 , Φ
is the effective tunneling barrier height or the effective work function
of the electrode material, and ∆x is the change of the tunneling gap
between two electrodes. Since ∆x
10 Å, the tunneling current can
be developed by Taylor series as [17]
√
(5)
I = I0 (1 − α Φ∆x)

Fig. 4.

Mathematical model of the tunneling accelerometer.

TABLE I
NOMINAL DESIGN PARAMETERS OF THE TUNNELING ACCELEROMETER

The change of the output voltage ∆V can be presented by
√
∆V = (I − I0 ) · R · A = I0 · α Φ · R · A · ∆x

(6)

where R is the resistance of a high value resistor, and A is the amplitude
of the ampliﬁer. Therefore, based on the small displacement of the
membrane, the nonlinear tunneling mechanism can be linearized.
For the actuator, the electrostatic force is proportional to the square
of the applied voltage, which is composed of a dc constant voltage Vdc
and the feedback voltage Vfb . Since Vdc (∼100 V) is much higher than
Vfb (several millivolts), the electrostatic force can be given by
2
+ 2Vdc Vfb .
Fes ∝ Va2 = (Vdc + Vfb )2 ≈ Vdc

(7)

The ﬁrst item is used to set the operation point, and the second item
is related to the feedback force applied to the membrane. The feedback
force can be simpliﬁed as
Ffb = K · Vfb

(8)

where K is the feedback constant. A possible value of K is 5.7 × 10−6
N/V with an overlapped area of 4 × 4 mm, a nominal gap of 50 µm,
and a high dc voltage of 100 V.
Based on all the approximations above, the whole system can be
linearized and modeled. The detailed function block diagram is shown
in Fig. 4. The transfer function of the whole system can be expressed
as
m · H1 (S)
∆V
=
a
1 + K · H1 (S)H2 (S)

√
m · I0 · α Φ · RA
√
=
(mS 2 + bS + k) + ·K · I0 · α Φ · RA · H2 (S)

(9)

H1 (S) represents the mechanism of the suspended membrane/proof
mass and the electron tunneling mechanism. H2 (S) is the feedback
control system to transfer the output voltage ∆V to the feedback voltage
Vfb , which can be optimized by MATLAB simulation. The objective
of this feedback control system is to enhance the system stability and
responsibility while broadening the bandwidth.
Based on the linearized model, the system can be simulated and the
characteristics of the tunneling accelerometer can be evaluated. Table I
lists the nominal design parameters of the tunneling accelerometer.
H1 (S) has two complex poles at −1.78 × 103 ± j · 2.23 × 104 . To
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Fig. 5.

Root locus of the tunneling accelerometer system.

meet the requirements of the system stability, time responsibility, and
bandwidth, there are inﬁnite numbers of H2 (S) can be used. In order to
simplify the system, a well designed transfer function H2 (S) with one
zero and two poles is enough to meet the requirements. The feedback
control system H2 (S) is designed to have one zero at −3.4 × 104 ,
and two poles at −2.9 × 105 and −1.3 × 105 . H2 (S) can be easily
realized by a simple circuit using several electronic components such
as resistors, capacitors, and ampliﬁers, etc.
The stability of the accelerometer system can be predicted by checking its root locus. Root locus is a powerful graphic method to determine
the poles of a closed-loop system. For a stable system, all the poles
are required to stay on the left side of the s-plane. The root locus of
the system is shown in Fig. 5. All the poles can locate on the left side
of the s-plane by adjusting the loop gain. The step response analysis
of the closed-loop system shows that the settling time can be less than
0.25 ms.
To maintain the constant tunneling current, tunneling accelerometers
are operated in closed-loop mode. The bandwidth of the system can be
extended due to the feedback control system. The sensitivity magnitude
frequency responses of the open-loop (solid line) and the closed-loop
(dashed line) systems are plotted in Fig. 6. Though the sensitivity of
the closed-loop system is decreased in the low frequency region, the
dynamic range of the system is greatly enhanced. The bandwidth of
the closed-loop accelerometer system is approximately 15 kHz.
V. MEASUREMENT
After assembling of the polymer sensor, the frequency response
of the membrane can be easily measured. The membrane electrode
is connected to ground and an ac voltage (with amplitude 7 V) is
applied on the deﬂection electrode. Therefore, electrostatic force is
generated between two electrodes. The membrane will oscillate due
to the applied force. A laser interferometer is used to detect the small
displacement of the membrane. The open-loop frequency response
of the sensor is shown in Fig. 7. The natural frequency of the polymer sensor is approximately 4500 Hz, and the highest displacement is
260 nm. The displacement amplitude is higher than 210 nm at frequencies up to 5500 Hz. The value of the natural frequency and the shape
of the plot are close to the simulation result of the open-loop system as
shown in Fig. 6.
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Fig. 6. Magnitude frequency response of the open-loop and closed-loop accelerometer systems.

Fig. 7.

Open-loop frequency response of the polymer structure.

VI. CONCLUSION
In this brief, modeling and design of polymer-based tunneling accelerometers are described. ANSYS is used for mechanical-level analysis. Mechanical properties and frequency response of the structure
can be obtained from the simulation results. For a simple membrane
structure with dimension of 4 × 4 mm×30 µm, the static sensitivity
√
and the resolution can be calculated as 22 nm/g and 12.8 mg/ Hz,
respectively. MATLAB is used for the system-level analysis. A simple
but effective mathematic model is built. Based on small signal variation
of the sensor, the system can be linearized. A feedback control system
with one zero and two poles can stabilize the system and broaden
the bandwidth. Simulation results including root locus, step response,
open-loop and closed-loop frequency responses are described and discussed. Frequency response of a polymer accelerometer is shown in
the paper. The value of the natural frequency and the shape of the plot
are close to the simulation results.
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