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Abstract
This work consists of a design and simulation of a structure composed by an aluminum structural layer whose purpose is to

act as an angular electrostatic micromotor. The structure of the micromotor is defined using the layers available from a

0.5 lm CMOS technology used for integrated circuit fabrication. In this proposal, a digital circuit is configured for the

generation of the three phases needed for proper operation of the micromotor. The phases and poles of the stator are biased

in an alternating sequence, thus, when there is a potential difference between the misaligned poles of the rotor and stator, an

electrostatic force is generated that causes the motor to advance one step. If this sequence is performed correctly and

periodically, the rotor reaches a set speed in a clockwise direction. As a novel contribution to the presented design, an

FGMOS transistor is used as an auxiliary element to measure the rotating speed of the micromotor and whose control gate

is a structure mechanically coupled to the rotor. The elements of the system are proposed for being monolithically

integrated: the rotation control circuit, the micromotor, and the speed sensor. This work also shows a static simulation and a

time-dependent simulation that allows predicting the behavior over time and the torque generated by the micro-actuator.

1 Introduction

Micromotors are actuators that generate movement due to

some micro-activation force and can be fabricated based on

MEMS dedicated technologies, like POLYMUMPS or

METALMUMPS. The design of such MEMS micromotors

has been explored for several years now (Fan et al. 1989;

Mehregany et al. 1990), where the step-by-step motor

configuration is preferred.

Several designs for MEMS micromotors have been

proposed, based on different actuation principles such as

piezoelectric (Srinivasa Rao et al. 2020), electromagnetic

(Merzaghi et al. 2011; Chan et al. 2012; Getpreecharsawas

et al. 2006; Frechette et al. 2001; Livermore et al. 2004),

thermal (Khiat, et al. 2012) or ultrasound (Kaajakari and

Lal 2007), however electrostatics has been the preferred

method for MEMS micromotor actuation (Fan et al. 1989;

Mehregany et al. 1990; Uranga et al. 2005; Tian et al.

2016; The 4th Annual IEEE International Conference on

Nano/Micro Engineered and Molecular Systems; Basha

et al. 2007; Zhang et al. 2005; Singh et al. 2006; Computer

et al. 2013; Baginsky and Kostsov 2004; Favrat’), perhaps

as it only needs an energy difference in pairs of misaligned

and electrically energized plates in order to generate the

motion of the rotor, which makes it easy to apply in the

context of microelectronics, as the insertion of materials

foreign to the processes of microelectronics is not neces-

sary, as in the case of electromagnetically actuated motors

where ferromagnetic materials are needed.

The design of electrostatically actuated MEMS micro-

motors allows the monolithic integration of the micromotor

structure and the drive circuit, as both can be built in the

same substrate (Horstmann and Goser 2003; Ericsson et al.
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2023). Such monolithic MEMS are known as CMOS-

MEMS and constitutes a basis for the development of

intelligent sensors and actuators systems (Horstmann and

Goser 2003), while reducing the setbacks of a hybrid

integration of the micromotor structure and its drive circuit.

In working with CMOS-MEMS the use of an FGMOS

transistor as a transducer between an inertial parameter of a

microstructure and an electrical signal has been demon-

strated in Abarca-Jiménez et al. (2018); Abarca-Jiménez

et al. 2019).

In this work, the design and simulation of an CMOS

MEMS micromotor with electrostatic actuation is pre-

sented. The main goal of the design is to integrate mono-

lithically the structure of the micromotor, along with a

speed sensor based on a FGMOS transistor and the control

circuit and lay the foundation for the development of

monolithic closed-loop controlled micromotors.

2 Micromotor design

There are two types of micromotors: linear and angular or

rotary (Khiat et al. 2012). This work concentrates on

angular motors based on electrostatic actuation. Figure 1

shows the top view of an angular micromotor, the rotor

(made up of a single piece), and the stator comprised of a

conductive material.

The main parts that compose the proposed micromotor

are the rotor, stator, bearing, shield, shaft, and cover gen-

erally made up of conductive materials, as shown in Fig. 2.

To optimize the performance of the micromotor, the

geometric parameters considered were (see Fig. 3):

• Number of rotor poles (Nr)

• Number of stator poles (Ns)

• Rotor radius (r0)

• Rotor tooth height (Dr)
• Rotor tooth shape

• Bearing radius (rShaft)

• The gap between rotor and stator (d)

• The gap between bearing and rotor (rer)

• Rotor thickness (t)

• Shield radius (rShield)

• Bearing diameter (dc)

Since micromotors that work under the principle of

electrostatic forces generally require an operating voltage

greater than 15 V, as shown in Basha et al. 2007 and

(Sarajlic et al. 2010), it is necessary to consider that their

control circuit requires a type of power transistor to prevent

p–n junction breakdown. Contrary to the previous point,

this work proposes the design of a micromotor that allows

operating at low voltages and, in turn, being compatible

with CMOS-MEMS (Complementary Metal Oxide Semi-

conductor-Micro Electromechanical Systems) technology.

The system is composed of an electrostatic motor and a

transistor; the element that makes electromechanical

interaction possible is the FGMOS.

3 The FGMOS

Figure 4 shows the structure of a floating gate MOS tran-

sistor (FGMOS). This is a conventional MOS transistor

made up of the drain (D), the source (S), the substrate (B),

and the gate (G). A second gate (CG) is added, making the

gate electrically isolated. Thus, it is possible to assume that

the gate remains floating, giving the floating gate (FG) its

name.

Figure 5 represents the equivalent circuit of the parasitic

capacitances of the FGMOS transistor. Cc is the capaci-

tance formed by the control gate and the floating gate. This

capacitor will be used for the mechanical coupling between

the control circuit and the micromotor; for this reason, it

will be called the sensing capacitor from now on. CD is the

parasitic capacitance due to the overlap between the

floating gate and the drain; CS is the parasitic capacitance

due to the overlap between the floating gate and the source;

finally, COX is the capacitance between the floating gate

and the substrate.

For the analysis of the operation of the FGMOS, con-

sider Vo and VDS as the voltage source connected to control

gate and drain, respectively, assuming an N-type transistor,Fig. 1 The top view of an angular micromotor, the rotor (made up of

a single piece), and the stator comprised of a conductive material
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with the substrate and the source both connected to ground.

The equivalent circuit remains as show in Fig. 6.

Denote the voltage across the floating gate VFG as fol-

lows (see Eq. 1 and Eq. 2):

VFG ¼ CC

CTOT
Vo þ

CD

CTOT
VDS ð1Þ

CTOT ¼ CC þ CD þ CS þ COX ð2Þ

A minimal value is assumed for CD

CTOT
, resulting in an

approximate value of VFG as (see Eq. 3):

VFG � Cc

CTOT
Vo ¼ KCGVo ð3Þ

The term KCG ¼ Cc=CTOT is denoted as a variable

coupling coefficient and will be the parameter controlling

the current in the drain IDS of the transistor since CC can be

mechanically modulated while all the other terms are fixed.

Thus, the drain current of the FGMOS can be expressed as

follows (see Eq. 4):

Fig. 2 Cross-section of a

micromotor, the main parts are

shown

Fig. 3 View of a section of a

micromotor, a Cross section and

b Flat view

Fig. 4 Cross section of a

FGMOS transistor
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IDS ¼
lnCOXW

L
VFG � VFB � 2£F � VDS

2

� �
VDS

þ� 2

3
ln

W

L

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2esqNa

p

2£F þ VDBð Þ2=3 � 2£F þ VSBð Þ2=3
� �

ð4Þ

where ln is the carrier mobility, W and L are the drawn

channel width and length of the transistor, respectively,

VFB the flat–band voltage, 2/F is the surface potential, VDS

is the drain–source voltage, es is the semiconductor per-

mittivity, q is the electron charge, Na is the substrate

impurity concentration, VDB is the drain–bulk voltage and

VSB is the source–bulk voltage.

The sensing capacitor that makes up the coupling

coefficient is a parallel plate capacitor present between the

rotor and the stator, and it will be changing as the micro-

motor rotates, so it can be configured as a speed sensor.

4 General description of developing
methodology

As already mentioned, this work follows the design based

on design rules dictated by a CMOS silicon foundry to

configure an FGMOS device. The variable capacitor (Cc)

was included in the same chip. Also, as this technology

offers neither bulk nor surface micromachining like that

provided by MEMS dedicated technologies (like MEMS-

CAP, for instance), a post-process micromachining step

can be added after the IC chip is received from MOSIS the

same way it was done in Frechette et al. 2001. The sys-

tem’s design is at the core of this idea, so its shape and size

follow the On-Semi design rules.

On the other side, from the electrical and mechanical

point of view, the mass and shape of the micromotor and

the electrical and inertial forces present are closely related.

Friction force and electrostatic force must be unbalanced

for the micromotor to move or stay stationary. For exam-

ple, if you want the micromotor to move, the electrostatic

force generated must be greater than the friction force;

otherwise, if you want the micromotor to be static, the

friction force must be more significant.

For this proposal, the rotor is made of aluminum and

consists of two structural metal layers, together with the

interconnection between them, called via layer. Besides,

the stator comprises 5 layers: three structural metal layers,

and two intermediates via layers (the technology here

considered offers three metal layers and their respective

interconnections). The central element is manufactured

with five layers like the stator and fulfills the function of

limiting unwanted rotor movements, considering the post-

processing of surface micromachining required. Figure 7

and Fig. 8 show a micromotor cross-section.

Considering that Nr is the number of the poles of the

motor, the volume is (see Eq. 5):

Vol ¼ p r21 � r22
� �

þ Nr Dr
Bþ b

2

� �	 

t þ p r22 � r23

� �� �
to

ð5Þ

The morphological parameters listed in Table 1 opti-

mally relate electromechanical performance and On-Semi

manufacturing rules.

If the rotor is moving around the z-axis, then the friction

force Ff is calculated as (see Eq. 6):

Ff ¼ lqgVol ð6Þ

Fig. 5 Simplified equivalent circuit of the capacitance of an FGMOS

Fig. 6 FGMOS a DC biasing of

the transistor, b equivalent

circuit
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Considering that g is the gravitational acceleration, q the

density of material and l is the static friction coefficient.

On the other hand, the electrostatic force on the rotor is

(see Eq. 7):

Fe ¼ Nsereo
t

2d
V2
o ð7Þ

Considering that Ns is the number of active stator poles,

er relative permittivity of the medium, eo is the permittivity

of vacuum and Vo is the micromotor driving voltage. The

stator has 75 poles, which are activated only in groups of

50 at a time, to establish a geometric relationship between

rotor and stator poles of 2/3 as shown in Basha et al. 2007

and (Otani et al. 2006).

Considering the metrics in Table 1 and that the mech-

anism is composed of layers of aluminum surrounded by

Fig. 7 Morphological

parameters of the micromotor

a a cross-section view, b rotor

seen in detail

Fig. 8 Micromotor structure:

a A1 y A3 has a toroid form, b a

cross-section view

Table 1 Morphological parameters of the micromotor

Morphological parameter Metrics

t 2.31 lm

r1 200 lm

r2 180 lm

Nr 50

Dr 18 lm

B 15 lm

b 9 lm

r3 53 lm

to 0.57 lm

d 3.6 lm
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air, the relationship between the inertial force and the

electrostatic force is as follows (see Eq. 8):

A

B
l\V2

o ð8Þ

Considering A ¼ qgVol and B ¼ Nsereo t
2d. Then, for the

motor to move, the friction force Ff must be less than the

electrostatic forceFe. The unknown variables are the

coefficient of static friction l and the activation voltage Vo

because the On-Semi rules and the designer determine the

morphology. In this case, the coefficient of static friction to

consider is the one present between the upper aluminum

layer and the lower aluminum layer, which is the area

where the rotor bearings and the rotor base come into

contact (see Fig. 8). However, the value to be considered is

uncertain for several reasons: the post-micromachining

process, the possible drop effect, the roughness of the

resulting surface, and the scarce experimental data are very

difficult to be known and measured. However, to take this

coefficient into account, it is suggested to give the static

friction coefficient a value between 1 and 3 because, as

reported in Vinhais et al. (2006) and (Reddy et al. 2018), it

is sufficient to establish a high friction coefficient. On the

other hand, under the previous considerations, the voltage

necessary to drive the micromotor satisfies the condition

that:

Fig. 9 a Capacitor Cc b Metal

contacts between CG y FG

(Metal1) c The CG plate

connected through the metal

contacts to the rotor (Metal2)
d the FG plate extends and

forms the floating gate of the

FGMOS

Fig. 10 a Turning the

micromotor clockwise

b Variation of the capacitance

when the motor is turning

clockwise

Fig. 11 Schematic circuit of the FGMOS connections
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l ¼ 1;Vo [ 4:98V

l ¼ 2;Vo [ 7:04V

l ¼ 3;Vo [ 8:63V

ð9Þ

5 The speed sensor and the FGMOS

Next, an explanation of the way the sensor is configured

based on the FGMOS, follows. As was explained before,

there is a fixed plate being part of the sensing capacitor CC,

which corresponds to the floating gate (FG) of the FGMOS

transistor, and a moving plate mechanically coupled to the

rotor, whose node corresponds to the control gate (CG).

The first plate of the capacitor is made of polysilicon

(Poly1), and the second plate is made of metal (Metal1).

Both layers are available in On-Semi 0.5 lm technology.

The shape of the proposed capacitor plates is that of a flat

semi toroid since it does not interfere with the rotation. An

angle value of 180� is proposed for the FG plate, while for

the CG plate, an angle of 300� is established. With these

defined angles, no matter how much the rotor turns, the

capacitors are always overlapping by at least 120� (see

Fig. 9).

.

Fig. 12 a Turning the

micromotor clockwise. b
Variation of the current drain

IDS when the motor is turning

clockwise

Fig. 13 Diagram of the cross-

section of the micromotor and

the structure of the capacitor Cc

coupled to the rotor, formed

with the layers of On-Semi

0.5micron CMOS technology

Fig. 14 Signals applied to the

stator, considering a period T,

each signal duration 1/3 of a

period
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If the rotor turns, plates CG and FG overlap differently

for different situations, causing the capacitance CC to

change, as shown in Fig. 10.

Ccm �ax�min ¼
Am �ax�mineaireo

d
¼

hm �ax�min

2
r21 � r22
� �

eaireo
d

ð10Þ

Figure 11 shows the equivalent circuit of the FGMOS,

the speed sensor, and the micromotor.

If the value of CC changes, the coupling coefficient KCG

changes, which in turn changes the drain current IDS (see

Fig. 12).

Figure 13 shows a cross-section of the structure of the

micromotor, detailing each of the layers of On-Semi’s

CMOS technology. Furthermore, it is possible to observe

the activation voltage (V0) of the rotor and stator, the

activation voltage of the drain (VD), and their variation in

Fig. 15 Simulated micromotor model in multiphysics software to determine axial torque

Fig. 16 Simulation results, applying a variable voltage on the stator

and rotor at the same time

Fig. 17 Voltage applied to the micromotor; example is shown when using a maximum voltage signal of 5 V
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current (IDS). The layers of Poly2, Metal 1, Metal 2, and

Metal 3, with their respective trajectory between layer and

layer, make up the stator and the central body. While the

rotor only requires metal 1 and 2. The layer of Poly 1 is

used only for the sensor, which is, in turn, the floating gate

of the transistor. The stator must be wider than the rotor to

avoid that the effective area of overlap decreases due to

misalignments when rotating.

To drive the motor, it is necessary to generate the

alternating signals applied to the stator; in general, keeping

the stator in a high state except for the set that drives the

rotor through electrostatic force. To advance clockwise, the

order of the signals /1, /2 and /3 are followed, Fig. 14,

considering that the stator is divided into three sets as was

shown in Fig. 1, and the voltage signals are associated E1-

/1, E2-/2, and E3-/3.

6 Simulations and results

Static and time-dependent simulations were made in

COMSOL Multiphysics. For both simulations there are 2

physics to be solved for: Solid mechanics and Electro-

statics along with a Multiphysics coupling for the elec-

tromechanical forces. The rotor has a continuous signal,

while the stator is powered, as shown in Fig. 15; the

voltage for all terminals varies from 1 to 18 V, and the

purpose is to calculate the axial torque. The theoretical

axial torque is compared with the simulated to verify the

design. The friction force is obtained using the rotor’s

mass, the value of the coefficient of friction, and the

gravitational acceleration. A parametric sweep on the

voltage is made to calculate the axial torque and compare it

against the friction force in the static simulation.

The static simulation considers the following factors,

Fig. 15 and Fig. 16:

• There is a contact pair between the elements that

support the rotor and the substrate on which it lies.

• The voltage ranges from 1 to 18 V.

• The rotor of the micromotor is limited to rotate only

about the z-axis by adding a rigid connector that

determines the degrees of freedom.

• The gravitational acceleration is parallel to the axis of

the motor, whose direction is towards the substrate.

• The rotor has a positive voltage applied all the time.

Fig. 18 Angular displacement of the rotor over 3 ms, with a positive

18 V voltage applied

Fig. 19 Curve fit over the steady part of the response of the

micromotor

Fig. 20 Electrostatic force on the rotor, with a positive 18 V voltage

applied
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• The multiphysics coupling of the system is achieved by

adding electromechanical force calculation.

The expected axial torque for different values of friction

coefficients coincides with the simulated axial torque val-

ues, see Fig. 16. Note that the simulation results depend

only on the applied voltage values.

For the time dependent simulation, in addition to the

Solid mechanics, Electrostatics and the Multiphysics cou-

pling, the Events and Moving Mesh interfaces are also

solved. This simulation allows observing the dynamics of

the micromotor and has the following conditions (some

guidelines used are based on (Meng et al. Apr. 2009) and

(Yang et al. 2004)):

• The stator is fed with three signals, as shown in Fig. 15

and Fig. 16, with a frequency of 500 Hz.

• Applied voltage is 18 V.

• Total time of the simulation is 3 ms.

• The mesh of the air domain surrounding the rotor and

the stator, is defined as a moving mesh.

• A stop condition based on the distortion of the mobile

mesh is used.

• The study consists of several solution steps, where the

number of steps depends on the tightness of the stop

condition.

• When the stop condition is reached, the domains are

remeshed based on the spatial displacement calculated

for the moving mesh. The remeshing allows keeping

good quality elements and avoiding convergence issues

(Fig. 17).

The results obtained include angular displacement of the

rotor and the electrostatic force necessary to carry out the

movement of the micromotor. The rotation of the micro-

motor reaches 28� in 0.003 s. From Fig. 18, it is possible to

observe that the movement of the micromotor is nonlinear

from 0 s to 0.001 s this is attributed to the fact that the

simulation starts from an initial state of rest, consequently

it can be concluded that the behavior of the micromotor

during this period can be interpreted as the transient of the

response.

In the time from 0.001 s to 0.003 s the response is

almost linear (Fig. 18), and it can be regarded as the steady

state of the response. Over the steady part of the response a

curve fit was made (Fig. 19), from which a linear function

(Eq. 11) was obtained.

From Eq. 11, it can be computed the expected time for

the rotor to complete a full revolution which is 0.0311 s,

given this time the angular velocity of the micromotor will

be 64.32 rad/s at 500 Hz of input frequency.

y ¼ 11848:801x� 8:416 ð11Þ

In Fig. 20 the graph of the magnitude of the elec-

tromechanical force in the XY plane is shown, proving that

the electrostatic force maintains sufficient magnitude in

order to produce the angular movement of the rotor. It is

essential to highlight that the lack of smoothness of the

force graph obtained is due to the limited number of points

taken from the solver during the solution and because of

the nature of the micromotor, as the exerted electrome-

chanical force depends on the relative movement between

the rotor and stator.

7 Conclusions

The designed micromotor is compatible with CMOS

technology and with the operating voltage of embedded

systems technology because the voltages necessary to

break the inertia of the micromotor are reached from 4.8 V

considering values of unit friction coefficients, reaching up

to 8.63 V with friction coefficient 3. These values can be

considered manageable in embedded systems such as

MEMS since power elements are not required to design

digital circuits to control them. The linear movement of the

micromotor allows establishing a quadratic relationship in

the change of the electric current of the FGMOS transistor

since the capacitance generated between the rotor and the

moving sensor changes concerning the overlap area. Since

the micromotor is surrounded by air, the time-dependent

simulations of the system require long computation times.

There are four physics involved: Solid Mechanics, Elec-

trostatics, Events, and Moving mesh in addition to the

electromechanical forces coupling. Finally, the angular

displacement obtained from the simulation shows a linear

behavior as expected from the design.
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