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This paper proposes the design of MEMS accelerometers, which include hardware to perform testing in a relatively simple
way, with different manufacturing processes, PolyMUMPs™ and SUMMIT V™ of MEMSCAP and Sandia Labs
respectively, using a methodology that allows them to be adapted to any of these technologies. This method was created to
provide the basis to the designing of micro electromechanical devices, optimizing the learning time. The sensors are one-
axis transversal comb accelerometers which use an interdigital capacitors array to measure the capacitance change among
three independent comb arrays when the system is exposed to positive or negative G forces. In addition, it includes
another set of combs which interact as test devices, due to the fact that a voltage can be applied, which will create an
electric field in the electrodes of these combs, producing an attraction force that will shift the mobile mass of the sensor,
emulating an acceleration to which the device is exposed.

Some physical parameters and dimensions proposed for this accelerometer are presented to show the design methodology
of such devices. The accelerometers were designed under constraints set by the manufacturing regulations of
PolyMUMPS and SUMMIT V™ The accelerometer layouts were designed using MEMS PRO v4.0™ and AutoCAD®
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and both were simulated with ANSYS Workbench®.

Keywords: Micro-electromechanical systems (MEMS), accelerometer, capacitive, transverse comb.

1. Introduction

The use and inclusion of inertial sensors, such as
accelerometers and gyroscopes, has expanded significantly
in recent years in automotive applications, mobile devices,
computers, global positioning systems (GPS), video games,
aerospace equipment, and biomedical sensors, among
many other applications. In the automotive area, the best
example of the use of these devices is the sensor that
detects a deceleration caused by a crash, which activates
the ejection system of air bags in order to save the lives of
passengers [1]. In smart phones (Smart Phones) and GPS,
the use of these sensors has become very popular for
detecting the rotation of the device, adjusting the screen for
better viewing, and also to turn the device off when it is
dropped, protecting the internal components [2]. For video
games, these devices are used as proximity or motion
sensors such as in the case of the Wii™ console remote
control. In the biomedical field, accelerometers and
gyroscopes have been used to measure the ability of motion
or rotation of a joint [3], among other important
applications [4].

The contribution of this project is the proposal of a
methodology for MEMS accelerometer design adaptable to
any manufacturing process and the inclusion of test
hardware to perform the verification of the sensor [5].

2. Description

The transverse comb accelerometer with test system
consists of a set of electrodes, which function as capacitors
(sensor electrodes), and another set that operates as
actuators to emulate the acceleration (testing electrodes)
[6]. A common pattern is to put three sets of combs, even
for the sensor part and the testing part. One of those combs
is mobile and the other two are fixed so that the capacitors
are placed in an interdigital array [7]. In addition, the
movable mass has two springs on each side to allow
flexibility and stability to the system (Figure 1).

If there is acceleration in the axis to measure, the
movable mass will move and the movable comb electrodes
will be close to the electrodes of one of the fixed combs,
while removed from the other fixed comb. This causes the
capacitance to increase between the movable comb and the
first fixed comb while decreasing with the second one [8].
This change in capacitance can be measured and converted
into an electrical signal, representative of the acceleration to
which the system is exposed. The acceleration can be
emulated through the testing combs that actuate, moving the
central plate and the movable electrodes in one direction as if
the accelerometer were under acceleration. The testing
combs will allow us to perform the characterization of the
accelerometer with much less sophisticated equipment than
if they were not available.
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Figure 6. Springs Model.
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3. Design Methodology

This design method can be used with any manufacturing
technology, taking into account the constraints that each
presents [9]. The method begins by proposing the desired
capacitance for each pair of electrodes and the separation
between them (Figure 2). This is in order to calculate the
length of the electrodes (/,) from the equation of the
capacitance (Equation 1), where the area (4) is directly
proportional to the product of the length by the height (%,) of
the electrodes. The height depends on the layer width with
which the electrodes are constructed, according to the
manufacturing process. The separation between the
electrodes (d) must also be proposed, following the
constraints dictated by the selected MEMS technology. The
vacuum permittivity is used as an absolute, as the dielectric
material between the electrodes is air and its absolute
permittivity is practically the same as its vacuum permittivity
(e=8.85x10-12 F/m).

4_ W) (G

C=¢ o,
d " d ()(h.) W

The capacitance between a movable electrode and two of
the fixed electrodes is the same when the system is at
resting state. Then the total system capacitance between the
movable comb and each of the fixed combs arrays is
calculated by multiplying the capacitance of one capacitor
by the number of electrodes held by each comb (N,)
(Equation 2).

CT = (C1 )(Ne) (2)

When the accelerometer is designed, it is useful to
indicate at the beginning what is the maximum distance
that the movable mass will move. When the mass moves
over the axis to be measured, one of the capacitors
increases its capacitance while the other one decreases.
This change in capacitance is what should be measured by
some method to get a signal which is proportional to the
acceleration to which the system is exposed. The difference
between these capacitances (ACy) can be determined from
Equation 3, where Ad is the displacement of the movable
mass.

AC, =Nl ——— 1 _
d-Ad d+Ad 3)

The next step is to calculate the proportions of the central
plate of the movable mass. The length of this central plate
(L,) can be calculated with Equation 4, which was obtained
specifically for this accelerometer model, where w, is the
width of the electrodes and must be proposed by the
designer, taking into account the design rules of the
manufacturing process and N, is the number of testing
electrodes. The separation between the sensors and test
combs (As) must be proposed.
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MATLAB® code:

o

% Electrodes characteristics:

Ne=60; %$Sensor electrodes

Nep=20; $Testing electrodes

We=2e-6; %Electrodes width
Le=113e-6+2e-6; %Electrodes length + gap
He=2e-6; %Electrodes Thickness
d=2e-6; %Distance between electrodes
E=169e9; $Young’s Modulus

Wr=2e-6; $Width of the springs
Hr=2e-6; $Thickness of the springs
x=1.85e-6; $Maximum displacement

density=2330;
densityG=19300;

$Polysilicon density
$Gold density

%Length of the central plate:
Lp=3* ( (Ne+Nep) /2) * (We+d) -2*d+ (20e-6) ;

Hp=3.5e-6; $Thickness of the central plate
HpGold=0.5e-6; $Thickness of gold layer
gl=9.81; %1 G force = 9.81 m/s"2
a=30*gl; $Acceleration to be measured

Ve= (Ne+Nep) *We*Le*He; %Volume of the electrodes
%Volume of the junctions:
Vu=(100e-6) * (20e-6) * (2e-6) *2;
Wp=1e-06:1e-6:600e-6; $Width of the central plate

%Length of each part of the springs

Lr=((((pi”4)/96)* (2*x*E*Hr* (Wr"3)))./...
((densitySilicon*a* (Ve+Vu+Lp*Hp.*Wp) +. . .
densityG*a* (Lp*HpGold.*Wp)))) .~ (1/3);

La=Lr.*2+104e-6; %Total opening of the springs
%$Total width of the accelerometer:
Wa=Wp+ (Le+40e-6) *2;

plot (Wp,Wa,'--',Wp,La,':"',Wp,Lr, 'linewidth',1.5), ...
xlabel ({'Central plate width';'(m)'}),...
ylabel ({'Dimensions';"'(m)'}), ...

legend('Total accelerometer width', ...
'Total magnitude of the springs',...
'Length of each part of the springs'

L, =3((N, + N,)/2)(w, +d)—2d + (As) @)

In the last equation the number of electrodes (N, +N,,)
must be multiplied by three, because there are three combs
per side with the same number of electrodes. Furthermore,
the total number of electrodes must be divided by two
because these are equally distributed on both sides of the
central plate. The total number of electrodes per side is
multiplied by its width (w,) and by the separation between
them (d). To this magnitude is subtracted two times the
separation between electrodes (d) because the last
electrodes of the sensing and testing combs are not
separated from another one. Finally, the separation between
sensing combs and test combs (As) is added to obtain the
total length of the central plate (L,) (Figure 3).

The width of the central plate (/) must also be proposed
by the designer. However, this variable affects the final
magnitudes of the springs and the total width of the
accelerometer (Figure 4). The larger the width of the
central plate the larger the total width of the accelerometer
and the smaller the magnitude of the springs.
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Table 1. Summary of the accelerometer dimensions (PolyMUMPS™).

Characteristic Size
(um)
Length 113
Electrodes Width 2
Thickness 2
Length 496
Central plate Width 272
Thickness 4
Length of each part 239.5
Springs Width 2
Thickness 2
Length 20
Anchors Width 100
Length 20
Junctions Width 100
Thickness 2
Total width of the accelerometer 583
Total length of the accelerometer 624
Total opening of the springs 583

After that, the spring constant (k) of the system must be
calculated (Equation 5), so that according to a given
acceleration (@), a proportional movement on the mass
exists, which will result in a difference in capacitance. The
acceleration that these devices can measure is given in G-
forces.

o _ma _6Vya
X X X
k:5~a-(Ve+Vu +7,)
X
k=5~a-(Ve+Vu +L,-W,-H),)
X )

where F is the force that the movable mass (m) receives
due to acceleration (a). The constant J is the density of the
material from which the accelerometer will be built
(2330kg/m’ for polysilicon and 19300 kg/m® for gold). The
variable x is the maximum displacement of the movable
mass. V), is the volume of the movable mass, which is
composed of the volume of the electrodes (V,), the volume
of the junctions between the springs and the movable mass
(V,), and the volume of the central plate (V) (Figure 5). L,
W, and H, are the dimensions (length, width and thickness,
respectively) of the central plate.

The spring constant has to be divided by the two springs

that contain the model of the transverse comb
accelerometer (Equation 6).
f :EZ S-a(V,+V,+L,-W,-H,)

) 2x (6)

The model of the springs used in this accelerometer
consists of four parts for each one, L,;, L,5, L,; and L,
(Figure 6) [10].
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Figure 12. PolyMUMPs™ MEMS accelerometer built.
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Table 2. Modal analysis of the PolyMUMPs™ MEMS accelerometer.

Mode

1 1.855
1.946
3.683
4.135
12.206
19.833

Frequency (kHz)

A B A W N

If the four sides of each spring were designed so that they
had the same length (L,; = L,, = L,; = L,; = L,), the lengths
of the four parts of the spring are calculated using the
following equation [10]:

EH,W;
k,
%)

By obtaining the lengths of each of the four parts of both
springs, the physical design of the accelerometer
concludes. Other dimensions needed for the accelerometer
will be based on the constraints set by the design guides of
the manufacturing processes PolyMUMPs™ [11] and
SUMMIT V™ [12], according to the requirements of the
designer.

Another important aspect of the sensor is its resonance
frequency and sensitivity. The resonance frequency (f;) is a
function that depends on the movable mass (m) and the
spring constant of the system (k) (Equation 8) [13].

f=t |k ®)

"2z \m

The sensitivity of the accelerometer (S) is defined as the
ratio between the displacement of mass and acceleration
that the system can measure (Equation 9) [14].

SZEZ%:
)

4. Design of a transverse comb accelerometer with
PolyMUMPS™

This accelerometer is designed as explained above and
following the design rules. The combs, and the springs will
be built from a 2pm-thickness polysilicon layer (Polyl)
and the movable mass from three layers that will have an
overall thickness of 4um (Polyl, Poly2 and Metal) [15].
The main design specifications are:

* Acceleration to be measured: 0 -30G (1G=9.81m/s2)

* Required capacitance for each pair of electrodes: 1{F

* Distance between electrodes: 2pm

* Number of electrodes per sensor comb: 60 (30 per side)
* Number of electrodes per test comb: 20 (10 per side)
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* Maximum displacement of the movable mass (x): 1.85um
The length of the electrodes necessary to obtain a
capacitance of 1fF is calculated from Equation 1:

, _(Cd) _
7 (eh,)

(L/F)(2 pum)
(8.85 pF / m)(2 um)

=112.994 um =~ 113 um

If every pair of electrodes has a capacitance of 1fF, then
each complete fixed comb has a capacitance of 60fF
(Equation 2) with respect to the movable comb when the
system is resting, because they have 60 electrodes each.
When the system is exposed to the maximum acceleration
to be measured, the movable mass will move the maximum
distance, producing a difference in capacitance of 80fF
(Equation 3).

The width of the electrodes is proposed to be 2um and
the separation between the sensors and test combs is 20
pm. The length of the central plate is calculated from
Equation 4:

L,=3((N,+N,)/2)(w, +d)-2d +(As)
L, =3((60 +20)/2)(2um + 2 um) = 2(2 pm) + (20 pim)
L, =496um

To obtain the width of the central plate and the length of
each part of the springs, a program made in MATLAB® from
equations 4, 5, 6 and 7 was designed to calculate and graph
these dimensions (Figure 7).

According to the graph in Figure 7, which was generated
from the MATLAB® code above, the smaller size of the
accelerometer can be obtained if the width of the central
plate is proposed to be 272um. This would ensure that the
total width of the accelerometer and total opening of the
springs is 583um. Each part of the springs will be 239.5
pm. Taking into account the length of the central plate, the
springs and the anchors necessary to support the moving
mass, the final device will have a length of 624pum.

The total width of the accelerometer (583um) considers

the anchors to support the fixed electrodes and the gap
between them that is 40pm per side (Figure 8), the width of
the central plate and the length of the movable electrodes
(115pm including a gap of 2um).
Table 1 shows a summary of calculations and proposed
dimensions of each part of the accelerometer, so that it may
achieve the specifications listed at the beginning of this
section.

The elastic constant of the spring system (k), which was
obtained using Equation 5, is 398.74x107kg/s>. The total
mass of the movable mass (m) is 2.506x107kg and it was
calculated taking into account the volume of the
polysilicon parts, the volume of the metal layer in the
central plate and the density of polisylicon and gold.

The resonance frequency and the sensitivity of this
accelerometer can be calculated from equations 8 and 9
respectively.
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~2.007kHz

P \/398.74x103kg/s2

" 272\ 2.506x10 kg

s L8mm _ o 66nmiG

30G

4.1. Simulation of the PolyMUMPs™ accelerometer

The accelerometer designed above was modeled and
simulated using ANSYS Workbench software. The first
simulation shows the total deformation when an
acceleration of 30G is applied along the axis to be
measured (Figure 9). The simulation shows that the
maximum movement of the accelerometer is 1.964um,
which is a valid result within the range of movement that
can make the device, as the distance between electrodes is
2um.

In the next simulation (Figure 10), the locations where the
maximum stress is present when an acceleration is applied to
the device, can be clearly identified. The maximum stress,
according to the simulation, is 19.071MPa, which is under
the fracture strength of polysilicon with which the system
will be built. That is approximately 1.21 +0.8 to 1.65
+0.28GPa according to the PolyMUMPs™ design handbook
[11].

The highest stress occurs at the junctions of the springs
with the anchors and the moving mass and the endpoints of
both springs.

The last simulation performed to this accelerometer is a
modal analysis. This simulation evaluates the response of
the structure when it is subjected to vibrations on different
directions.

The modal analysis simulation provides the resonant

frequencies depending on the direction of vibration.
Results of the modal analysis are shown in Table 2. The
lowest resonant frequency, according to the results of this
simulation, is 1.855kHz. This resonant frequency is
approximately equal to the previously calculated
(2.007kHz).

4.2. Layout

Figure 11 shows the layout of the accelerometer, which
will be built from a top metal layer of 0.5um thick, two
polysilicon layers, POLY1 and POLY2, with 2um-
thickness and 1.5pum-thickness respectively, on another
polysilicon layer (POLY 0) which serves as ground plane
as well as to interconnect the fixed electrodes and for
transmitting electrical signals. This layout was drawn using
MEMS PRO v4.0™ software.

This accelerometer was sent to be built by with the
company MEMSCAP. Figure 12 shows the final version of
the accelerometer. Pads to connect the accelerometer to a
package and to perform tests at the accelerometer are found
around the device.
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Table 31. Summary of the accelerometer dimensions (SUMMIT V).

Characteristic Size (um)
Length 45.2
Electrodes Width 1
Thickness 2.5
Length 258
Central plate Width 115
Thickness 7
Length of each part 102.5
Springs Width 1
Thickness 1
Length 20
Anchors Width 50
Length 10
Junctions Width 50
Thickness 2.5
Total width of the accelerometer 257
Total length of the accelerometer 342
Total opening of the springs 257

5. Design of a transverse comb accelerometer with

SUMMIT viM

This accelerometer was also designed like the previous
one, but according to the design rules of SUMMIT V™™
manufacturing process. The combs will be built from two
polysilicon layers with a total thickness of 2.5um
(MMPOLY 1 and MMPOLY?2) and the movable mass from
four polysilicon layers that will have an overall thickness
of 7um (MMPOLY1, MMPOLY2, MMPOLY3 and
MMPOLY4). The main design specifications are almost
the same as the last accelerometer, except for the distance
between electrodes and the maximum displacement of the
movable mass:

* Acceleration to be measured: 0 -30G (1G=9.81m/s2)

* Required capacitance for each pair of electrodes: 1{F

* Distance between electrodes: 1pm

* Number of electrodes per sensor comb: 60 (30 per side)

* Number of electrodes per test comb: 20 (10 per side)

* Maximum displacement of the movable mass (x): 0.5um
Equation 1 is used to get the length of the electrodes
necessary to obtain a capacitance of 1{F:

(A/F)Apm)
(8.85pF | m)(2.5 m)

_(Cd)
< (eh)

=45.197 um = 45.2 um

Table 4. Modal analysis of the SUMMIT V™ MEMS accelerometer

Mode Frequency (kHz)

1 3.496
3.62
6.832
8.089

20.366

34.725

A B A W N
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The complete fixed combs have a capacitance of 60fF
with respect to the movable comb when the system is at
resting state, because each has 30 electrodes per side
(Equation 2). When the system is exposed to an
acceleration and the movable mass moves 0.5um, the
difference in capacitance is 80fF (Equation 3).

For this accelerometer, the width of the electrodes is
proposed to be lpm, that is because the manufacturing
process allows it, and the separation between the sensors
and test combs is also 20um. Equation 4 is used to
calculate the length of the central plate:

L,=3((N,+N,)/2)(w,+d)—2d +(As)
L, =3((60 +20)/2)(1gem + 1pm) = 2(1pm) + (20 im)
L, =258 um

The program in MATLAB" is also used to get the width of
the central plate and the length of each part of the springs.
Figure 13 shows that the width of the central plate should
be 115um in order to obtain the smaller size of the
accelerometer. With this value, the total width of the
accelerometer and total opening of the springs is 257um
and each part of the springs will be 102.5um.

The total length of the device is 524um, which includes
the length of the central plate, the springs and the anchors
necessary to support the moving mass.

The anchors to support the fixed electrodes and the gap
between them have a width of 24um (Figure 14).

A summary of all dimensions of each part of the
accelerometer is shown in Table 3.

The mass of the movable bodies was obtained by
multiplying the density of the polysilicon by the volume of
the movable mass:

m=6-V,=6-(V,+V,+V,)
m=(2330kg /m’)-(9.44 fin> + 2.5 fin’ + 207.69 fin*)
m=511.7379 x10 2 kg

The elastic constant of the spring system can be
calculated from Equation 5, using the mass multiplied by
the acceleration and divided by the maximum displacement
of the movable mass, as shown as follow:

poma
X

_ (511.7379x10 % kg) - (294.3m / 5%)

0.5um
k=301.209 x10 kg /s*

k

Equation 8 can be used to calculate the resonance
frequency of the accelerometer and its sensitivity from
Equation 9.

~3.861kHz

P L\/301.209x10"3kg/s2

" 27\ 511.7379x10 kg

10
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MATLAB® code:

% Electrodes characteristics:

Ne=60; %Sensor electrodes

Nep=20; $Testing electrodes

We=1le-6; $Electrodes width
Le=45.2e-6+2e-6; %Electrodes length
He=2.5e-6; $Electrodes Thickness
d=le-6; $Distance between electrodes
E=160e9; %$Young’s Modulus

Wr=le-6; $Width of the springs
Hr=1le-6; %$Thickness of the springs
x=0.5e-6; $Maximum displacement

density=2330; %$Polysilicon density
%$Length of the central plate
Lp=3* ( (Ne+Nep) /2) * (We+d) —2*d+ (20e-6) ;

Hp=7e-6; $Thickness of the central plate
gl=9.81; %1 G force = 9.81 m/s"2
a=30*gl; $Acceleration to be measured

Ve= (Net+Nep) *We*Le*He;
$Volume of the junctions
Vu=(50e-6) * (10e-6) * (2.5e-6) *2;

%Volume of the electrodes

Wp=1le-06:1e-6:300e-6; %Width of the central plate

$Length of each part of the springs

Lr=((((pi”4)/96)* (2*x*E*Hr* (Wr"3)))./...
(density*a* (Ve+Vu+Lp*Hp.*Wp))) .~ (1/3);

La=Lr.*2+52e-6; $Total opening of the springs
%Total width of the accelerometer
Wa=Wp+ (Le+24e-6) *2;

plot (Wp,Wa, '--',Wp,La,':"',Wp,Lr, 'linewidth',1.5), ...
xlabel ({'Central plate width';'(m)'}),...
ylabel ({'Dimensions'; "' (m)'}), ...

legend('Total accelerometer width', ...
'Total magnitude of the springs',...
'Length of each part of the springs')

5.1. Simulation of the SUMMIT V™ qgccelerometer

Similar to the previous accelerometer, the SUMMIT V™
accelerometer was also modeled and simulated using
ANSYS Workbench® software. When an acceleration of
30G is applied along the axis to be measured, the total
deformation of the device is 0.5687um (Figure 15). This
deformation represents the maximum movement of the
accelerometer at that acceleration. The result is valid
because it is in the range that the device can move because
the distance between electrodes is 1pum.

The stress simulation shows that the maximum stress to
which the device is subjected is 12.203MPa, which is under
the fracture strength of polysilicon (Figure 16).

Finally, the results of the modal analysis, which are
presented in Table 4, show that the lowest resonant
frequency is about 3.496kHz and it is very similar to the
frequency calculated for this device (3.861kHz).

5.2. Layout

The layout of the accelerometer is shown in Figure 17.
This layout was drawn in AutoCAD. The central plate will
be built with polysilicon layers 1, 2, 3 and 4 with a
thickness of 1lpum, 1.5 pm, 225um and 2.25pm
respectively. Electrodes will be built with polisilicon layers
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1 and 2, and the springs only with polysilicon layer 1,
allowing them to have more flexibility.

6. Conclusions

The accelerometers designed in this paper were simulated
in ANSYS Workbench® software. The results of these
simulations have been very satisfactory according to
mathematical calculations, so it is considered that the
design methodology proposed in section 0 is feasible to
develop this type of MEMS devices, simplifying their
design.

The manufacturing processes used in this work have their
own advantages and disadvantages in the design of MEMS
devices. PolyMUMPs™ is a 2um, 3-level, surface
micromachining technology. This process turns out to be of
the cheapest compared to other technologies since it is
focused on the area of research in universities, industry and
government. A major disadvantage of this technology is
that it relies on the restrictions to add or implement
different layers or fabrication steps along the construction
of the accelerometer structure, so different results can be
obtained in the characteristics of the material used in the
fabrication line.

SUMMIT V™ process is a lum, 5-level, surface
micromachining technology. This process has a better
resolution and more mechanical layers than
PolyMUMPs™, which allows one to obtain smaller
devices. Moreover, this number of mechanical layers
allows build more complex structures. One disadvantage of
this technology is that it is slightly more expensive than
that previously described. However, its resolution and
construction quality ensure that devices have better
performance.
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