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Feedback-Controlled MEMS Force Sensor for
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Abstract— This paper outlines the design and characterization
of a setup used to measure the stiffness of microcantilevers
and other small mechanical devices. Due to the simplicity of
fabrication, microcantilevers are used as the basis for a variety of
mechanical sensor designs. In a range of applications, knowledge
of the stiffness of microcantilevers is essential for the accurate
calibration of the sensors in which they are used. Stiffness is
most commonly identified through measurement of the microcantilever’s resonance frequency, which is applied to an empirically
derived model. This paper uses a microelectromechanical system (MEMS)-based force sensor to measure the forces produced
by a microcantilever when deformed and a piezoelectric tubebased nanopositioner to displace the microcantilever. A method
of calibrating the force sensor is presented that takes advantage of
the lumped nature of the mechanical system and the nonlinearity
of MEMS electrostatic drives.
[2014-0183]
Index Terms— Microelectromechanical systems, nanopositioning, microcantilevers, displacement measurement, force
measurement, stiffness identification.

I. I NTRODUCTION

T

HE DEVELOPMENT of microelectromechanical systems (MEMS) has seen mechanical phenomena used as
the basis for a wide range of sensing technologies [1], [2].
MEMS are miniature mechatronic systems produced using
microfabrication techniques [3]. One of the simplest
and most common MEMS structures in use is the
microcantilever [4]–[6].
In response to some input stimulus, changes in the properties or states of a microcantilever occur which can be
electronically sensed. Typically, it is the static deflection or
resonant frequency of the microcantilever that is of interest [7].
Piezoelectric transducers, piezoresistive transducers or optical
detectors are common technologies used to monitor the motion
of the microcantilever.
This work presents a setup to measure the stiffness of
microcantilevers. In cases where microcantilevers are used
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for force measurement, the stiffness of the microcantilever is
an important parameter to identify. An example of an area
where the calibration of microcantilevers is of benefit is force
microscopy [8], where the measurement of forces in micro and
nanoscale systems has become of increasing interest [9], [10].
While this setup is demonstrated on microcantilevers, the identification of stiffness has applications with other microscale
mechanical structures. For example stiffness measurements
could be used to determine the mechanical integrity of MEMS
devices [11] and there are a number of applications in the
biomedical field [9], [10], [12], [13]. In particular, cancer cells
have been shown to be significantly softer than the surrounding
tissue [9].
Numerous approaches have been develop to measure the
stiffness of microcantilevers. Sader’s method [14] uses the
identified resonance frequency and maps this to stiffness using
material density and microcantilever dimensions. The thermal tune method [15] identifies a number of microcantilever
parameters by analyzing the power spectral density at the
output of the displacement sensor while only thermal noise
is exciting the microcantilever. Many authors [11], [16], [17]
use a reference microcantilever whose stiffness is known
to identify the stiffness of an unknown microcantilever.
Grutzik et al. [18] provides a methodology that follows a
set of steps: calibration of a load cell using known weights,
calibration of an indenter using the load cell and then
the use of the indenter to characterize the microcantilever.
Miyamoto et al. [19] modified a macro sized load cell
to achieve force and displacement resolutions suitable for
micro-system testing.
In this work, a MEMS device is used to measure the
force imparted by the deflected microcantilever. The basic
principle used in many MEMS force sensors is to measure
the displacement of a mechanical structure and relate it to
force with an identified stiffness [17], [20]–[24]. Of issue with
this principle is the uncertainty in the stiffness identification
and the change in stiffness with large deflections. This work
utilizes feedback to keep the mechanical structure in its null
position [25]–[30] which avoids the nonlinearity and makes
the sensitivity of the force a function of actuator parameters.
This paper outlines a setup to measure the stiffness of
microcantilevers. It utilizes direct measurements of force generated by a microcantilever as it is deflected. Due to the
small size of the sample, two nanopositioning devices are used
to perform these measurements. A MEMS nanopositioner in
conjunction with feedback control is used to measure the force
applied to its stage. By keeping the stage in its null position,
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the action of the controller becomes proportional to the force
applied. A piezoelectric tube nanopositioner is used to displace
the microcantilever, and its displacement is sensed with a
capacitive sensor. This technique is such that it can be applied
to other structures to characterize its mechanical properties.
This work builds on the previous study by
Coskun et al. [31]. This paper provides a complete description
of the system and contains a number of refinements to the
force sensor. The original device exhibited a quadratic
nonlinearity in the force sensor sensitivity. In this paper,
an analog front end is presented as an effective solution to
linearize the sensor. The calibration method presented relies
on direct measurements of the MEMS device displacement
and capacitance. The original method was based on finite
element analysis which requires precise measurements of the
geometry of the manufactured device and is prone to errors
if the fabrication process is not ideal, for example, if finger
pairs are damaged or missing. Finally, the setup introduces a
piezoelectric tube nanopositioner to ramp the sample into the
force sensor which includes a capacitive sensor for accurate
displacement measurement. A combination of its accurate
real time displacement measurement and ramp characteristic
make the method faster and more robust in the presence of
noise and disturbances in comparison to the step responses
used in [31].
Section II introduces the MEMS nanopositioner and
describes its fabrication, actuation and sensing circuitry.
Section III outlines the identification of the MEMS nanopositioner. Section IV provides the control design, analysis
and implementation and presents the noise performance of
the force sensor in operation. Section V will outline the
methodology to combine the MEMS force sensor with a piezoelectric tube nanopositioner to make stiffness measurements
of a microcantilever. Section VI outlines the experimental
identification of one microcantilever using this methodology.
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Fig. 1. An image of the MEMS nanopositioner. The device consists of
a stage whose motion is constrained to one-degree-of-freedom with a set
of clamped-guided flexures. A set of comb drives are used to actuate the
nanopositioner. The force to be measured is applied to a flat tip on the edge
of the stage. Electrothermal sensors to the side of the stage are used to measure
displacement. The close up shows the structure of the comb drives. It consists
of an array of interwoven fingers that make a capacitive structure. The length
of each finger is 30 μm and the gap between them is 2 μm.

II. T HE D ESIGN OF THE MEMS F ORCE S ENSOR
The MEMS nanopositioner to be used as a force sensor
is shown in Figure 1. The device is fabricated in a 25 µm
layer of single-crystal-silicon resting on a silicon oxide coated
substrate. The substrate is etched through to release the
device. The fabrication is performed using the SOIMUMPS
fabrication process provided by MEMSCAP.
The device consists of a central stage whose motion is
constrained to one-degree-of-freedom by a set of clampedguided flexures on either side. This electromechanical system
can be considered as a lumped mass-spring-damper system.
There are two sources of input stimuli for this system. The
first comes from an external force applied to a small flat tip
on the edge of the stage. This is the force to be measured by
this force sensor. The second is the actuation force generated
by an electrostatic comb drive attached to the stage. The
displacement of the stage is captured using an electrothermal
position sensor. The schematic of the MEMS nanopositioner
is shown in Figure 2.
An electrostatic comb drive [2] is comprised of two
electrodes in close proximity to form a capacitive structure. Each electrode consists of an array of fingers that are

Fig. 2. The schematic of the MEMS nanopositioner. An actuation circuit
applies a voltage across the three comb drives in parallel. The actuation
circuit performs amplification and cancels the nonlinearity in the comb drives.
The displacement is readout using an electrothermal sensor that consists of
two resistive elements in a differential arrangement in close proximity to the
nanopositioner’s stage.

interwoven with the other. One electrode is typically fixed
while the other has its motion constrained to one-degree-offreedom. For the comb drive used in this work, the motion
of the drive is constrained such that the gap between the
fingers is constant and the electrode overlap can change. When
a voltage is applied across the electrodes an attractive force
develops. Using the definition of force as the rate of change of
energy with respect to displacement, the force as a function of
voltage can be derived and it is shown in Equation (1) below.
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Fig. 3. The actuation circuit implements a square root function to compensate
for the nonlinearity of the comb drive. The first op amp is configured as an
integrator to reduce the bandwidth of the system to keep the circuit stable.
The diode prevents the op amp from latching to a permanently unstable state
when the input goes negative.

A parameter known as the comb drive constant, η, is defined
to capture the combination of the constant terms in this
equation [2].
nεh 2
V
2g a
= ηVa2

fe =

(1)
(2)

In this device the electrode height h is 25 µm, the electrode
gap g is 2 µm, the number of overlapping faces n is 5832 and
ε is the permittivity of free space. The comb drive constant
η is 322.7 nN V−2 . Note that this value is determined based
on a simplified model and serves to aid the design of the
force sensor. A more accurate value is required to derive
the sensitivity of the force sensor. This can be determined
through finite element analysis factoring in the post-fabrication
dimensions of the device and the effects of fringing fields
as reported by Coskun et al. [31]. This, however, is potentially laborious. An experimental procedure to evaluate η is
presented in Section III.
Nonlinearity is an important sensor characteristic to
consider and the quadratic mapping from voltage to force
of the comb drive is the main source of nonlinearity in
this system. Removing this nonlinearity from a MEMS
nanopositioning system by inverting its characteristic has
been successfully demonstrated to linearize comb drives by
Mohammadi et al. [32]. In this work, to compensate for
the nonlinearity, the comb drive actuation circuit is instrumented with a square root characteristic. The circuit is shown
in Figure 3. The low frequency mapping from the input
voltage Vi to the actuation voltage Va is given in Equation (3)
below.

(3)
Va = 2.2 10Vi
Equation (1) and Equation (3) are combined and the result is
shown in Equation (4) below. It shows that the ideal system is
linear. The gain from the input voltage Vi to the comb drive
force f e is 15.62 µN V−1 .
fe = 48.4ηVi
= 15.62 × 10−6 Vi

(4)
(5)

Fig. 4. A photo of a resistive element in an electrothermal sensor used to
measure the displacement of the MEMS nanopositioner. When heated by a
bias current, the temperature is a function of the displacement of the stage that
can be seen in close proximity to it. The resistance of the element is a function
of its temperature. The length of the resistive element shown is 50 μm.

The sensor’s output is ideally proportional to the force and
nonlinearity represents a deviation from this. This compensation has the benefit of allowing the force to be read out
accurately without external compensation. The primary benefit
of the compensation is that it makes the device linear for
purposes of control. This allows for a powerful suite of techniques to analyze and design the force sensor’s characteristics.
In particular this makes the sensitivity and bandwidth constant
over the entire range of the force sensor.
The preceding analysis assumes the parameter η is constant.
This is based on the assumption that the electric field is
uniformly distributed between the fingers. The fringing fields
that exist in the electrostatic drive need to be considered for an
accurate determination of η. There exists two potential effects.
First is the case where η is still constant but is different from
the ideal value due to the fringing fields. The finite element
simulations in the work by Coskun et al. [31] or the measurements presented in this paper do not rely on any assumptions
about the distribution of the electric field and would detect
this discrepancy. The second effect is that the fringing fields
make η vary with displacement. This would exhibit itself as a
nonlinearity in the MEMS device. The proceeding results will
show that the nonlinearity is insignificant in this device.
The electrothermal position sensor [33], [34] consists of
a pair of resistive elements in close proximity to the stage.
An image of a resistive element is shown in Figure 4. A bias
voltage is placed across the resistive elements to raise their
temperature. The temperature of each sensor is a function of
the heat conduction between it and the stage. As the overlap
between the stage and the resistive elements changes, the
heat conduction, and thus the temperature of the resistive
elements changes. Being made of doped silicon, this change
of temperature leads to variations in the resistance of the
elements. This change in resistance can be read out electrically.
The shape of the resistive elements is based on the work
reported in Fowler et al. [34] in which the shape was
designed to achieve an even temperature distribution across the
resistive elements. When compared to the resistive elements
with a uniform cross section, these shaped resistive elements
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Fig. 5. The schematic of the electrothermal sensor readout circuit. To the
left of the schematic is the MEMS device with two resistive elements whose
resistance changes with displacement. A 5 V source is used to heat the resistive
elements. The current though the resistors is measured with transimpedance
amplifiers and the difference is taken using an instrumentation amplifier with
a gain of 1065. Filtering is performed at the output. The op amps and
instrumentation amplifier are from Texas Instruments.

Fig. 6. The capacitance of the MEMS comb drive as a function of the
comb drive voltage. This characteristic is measured using an LCR meter.
The equation of the fitted blue curve is C = 3.198 × 10−3 Va2 + 12.06 where
capacitance is in pF. The discrepancy between the two traces is attributed to
the imperfect decoupling between the LCR meter and the bias voltage source.

demonstrated a higher sensitivity, lower nonlinearity, lower
noise floor and lower bandwidth.
The read out circuit is shown in Figure 5. The simplicity
of the readout circuit is one of the main advantages of
electrothermal displacement sensors. The resistance is
measured by placing a constant voltage across the resistive
elements and measuring the current through them using transimpedance amplifiers. As the resistive elements are arranged
in a differential manner, an instrumentation amplifier is used
to take the difference between them. The potentiometer shown
in Figure 5 is used to zero the sensor. A low pass filter has
been appended to the output of the electrothermal sensor to
reduce the effect of the MEMS resonant motion on the force
sensor design.

be found with the chain rule. In this work, voltage is the
intermediate variable with C(V ) and x(V ) being measured
directly.
The following calculations of η rely on the assumption
that both η and device stiffness k are constant. When this is
the case both the displacement x and the capacitance C will
be quadratic functions of the actuation voltage squared Va .
Deviations from a quadratic characteristic would represent an
error in the assumptions and would ultimately be observable
as a nonlinearity in the sensor.
Therefore, to experimentally identify the parameter η, two
static mappings are considered. The first is the mapping from
the comb drive voltage Va to the displacement x as shown
in Equation (8) below.

III. T HE I DENTIFICATION OF THE F ORCE S ENSOR

kx = ηVa2

Due to the way the force sensor will be operated, the comb
drive constant η which maps the actuation voltage Va to the
comb drive force f e is key to identifying the sensitivity of
the force sensor. This parameter has been calculated from the
design parameters. However, simplifications in the modeling
and fabrication tolerances may lead to inaccuracies.
To identify η, the calibration method presented in this
work is a new approach for a MEMS force sensors. The
method is exploits the characteristics of the electrostatic drive
that actuates the force sensor. This ultimately allows the
calibration to be performed with a displacement and capacitive
measurement, both of which are more simply and accurately
preformed on microscale systems compared to producing an
accurate calibrating force.
The idea to identify the comb drive constant η comes from
the general expression for the force of a capacitive drive
in Equation (6) below.
1 ∂C 2
V
2 ∂x a
= ηVa2

fe =

(6)
(7)

In Equation (6), the comb drive constant η is half ∂C/∂ x.
If capacitance and displacement can be measured as a function
of some intermediate variable, then the partial derivate can

(8)

It is derived by equating the restoring force of the mechanical
system, due to the stiffness k, with the force produced by
the comb drive. The other is the mapping from displacement to capacitance as shown in Equation (9) below. The
constant terms in the capacitance expression can be written
in terms of η when Equation (8) is substituted in to remove
displacement from the expression. C p represents the parasitic
capacitances in the system.
nεh
x + Cp
(9)
g
2η2 2
V + Cp
=
(10)
k a
These two characteristics are measured to allow for the parameters η and k to be found. First, the comb drive of the
MEMS positioner is connected to an LCR meter and the
capacitance is measured. The result is shown in Figure 6.
A quadratic fit was made and the resulting equation is
C = 3.198 × 10−3 V 2 + 12.06 where capacitance is in pF.
Next the displacement was measured using a laser Doppler
vibrometer while the device was actuated with a 1 Hz triangle
wave. The result is shown in Figure 7. Another quadratic fit
was made and the resulting equation is x = 6.601 × 10−3 V 2
where displacement is in µm.
C =
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Fig. 7. The displacement of the MEMS device as a function of voltage.
This characteristic is measured using a laser Doppler vibrometer. The
equation of the fitted blue curve is x = 6.601 × 10−3 Va2 where x is in μm.

Fig. 9. The nonlinearity of the MEMS nanopositioner. It is defined as the
difference between the measured data and the linear model expressed as a
percentage of the full range. It shows there is no nonlinearity within the
saturation limits. The small deviations around the linear fit are attributed to
noise and disturbances.

Fig. 8. The mapping from input voltage Vi to the output voltage Vo . The
mapping is linear between the input voltage of 0 V and 4.1 V. A linear model
was fitted (blue) to this mapping and it has a gain of 0.5044.

The coefficients of Equation (8) and Equation (9) are
equated with the quadratic curves fitted to the measured
results. Solving these equations, the comb drive constant η is
242.2 nN V−2 and the stiffness k is 36.7 N m−1 . Considering the square root actuation circuit whose characteristic is
described in Equation (3) in Section II, the experimentally
identified gain from the input voltage Vi to the comb drive
force f e is 11.72 µN V−1 .
When powered up, the MEMS device and associated circuitry consumed 1.74 W. Approximately 1 W is associated
with the electrothermal sensor, its 5 V supply and the transimpedance amplifier feedback resistances. The rest is associated
with the power consumption of the ICs. Next the static
performance of the entire positioner was measured. The system
was actuated from −0.5 V to 4.5 V and the sensor output was
recorded. The result is shown in Figure 8. The nanopositioner
has a low frequency gain of 0.5044. The input range of the
nanopositioner was from 0 V to 4.1 V. The lower saturation
limit is due to the diode in the square root circuit and the
upper saturation limit is due to the saturation of the actuation
circuit with a 15 V supply.
Considering the identified stiffness k, the identified comb
drive constant η and the square root actuation circuit, the mapping from input voltage Vi to the displacement x has a gain
of 0.3195 µm V−1 . Therefore, when considering the gain of
the entire MEMS system, the sensitivity of the electrothermal
sensor is 1.579 V µm−1 .

Fig. 10. The frequency response of the MEMS nanopositioner from input
voltage to sensor output. The input voltage is biased at 1.5 V. The orange
trace is the measured response using a sine sweep and the blue trace is a
fitted linear model. A 4th order model was found to provide a good fit.

The nonlinearity, defined as the difference between the measured and fitted characteristics as a percentage of full range,
is shown in Figure 9. It can be observed that the actuation
circuit successfully eliminates the quadratic characteristic of
the comb drive from the system.
The entire system consists of a second order spring-massdamper system in series with a first order electrothermal
system. The electrothermal sensor readout circuit introduces
one additional pole due to the filter at the output. The
frequency response from the nanopositioner’s input voltage
to the displacement sensor output is shown in Figure 10.
The expected dynamics are present with two lightly damped
complex poles associated with the mechanical system and two
real poles associated with the electrothermal sensor and circuit.
A linear model is fitted and the transfer function is shown in
Equation (11) below. The analysis of the control in the next
section will be applied to this model.
G(s) =

6.947 × 1014
.
(s + 14820)(s + 1112)(s 2 + 98.01s + 7.398 × 107 )
(11)
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Fig. 11. [31] The topology of the control system. G is the MEMS device
with a voltage input Vi and electrothermal sensor output Vo . The controller K
is designed for disturbance rejection with the reference r = 0. As a sensor,
the input disturbance f is the input stimulus and the value of the control
action Vi is the output reading.

The dominant pole at 1112 rad s−1 is attributed to the filter
at the output of the sensor. The other real pole is attributed
to the electrothermal sensor system. The complex poles are
attributed to the mechanical structure. The bandwidth of the
system is 181.8 Hz.

Fig. 12. The complementary sensitivity function T of the system. It is the
mapping from the reference r to the electrothermal sensor output Vo . The
control system has reference tracking up to a bandwidth of 68.75 Hz. Letting
r = 0 will keep the stage still in response to low frequency disturbances.

IV. C ONTROL AND P ERFORMANCE OF THE F ORCE S ENSOR
The MEMS device is modeled as a second-order springmass-damper system as shown in Equation (12) below.
An electrostatic force f e is generated by the comb drives and
an input force f , that is to be sensed, is applied to the device
in the opposing direction.
m ẍ + c ẋ + kx = fe − f

(12)

A control system is designed to keep the stage in its null
position. In steady state this implies ẍ = ẋ = x = 0.
Substituting this condition into Equation (12), the resulting
equation relates the electrostatic force to the input force as
shown in Equation (15). The electrostatic force is generated
by a voltage placed across the comb drives. The comb drive
constant η and the square root actuation circuit map the input
voltage to the electrostatic force produced by comb drives.
In the force sensor design, the force disturbance f is the
input and MEMS input voltage Vi is the output. The parameter
α f = 1/(48.4η) is defined and it is the sensitivity of the force
sensor. Using the identified value of η, the sensitivity of this
force sensor is found to be α f = 85.32 kV N−1 .
fe = f
48.4ηVi = f
Vi = α f f

(13)
(14)
(15)

The design specification for the control system is to keep
the stage at its null position. With this specification and
the transfer function G in Equation (11) in Section III, an
integral controller seeks to keep the stage still. The transfer
function of the controller is given in Equation (16). The
integral controller has a gain of 555.6. Since the electrothermal
sensors filter the resonant motion of the MEMS device, it is
not critical to consider these dynamics in the design of the
controller given the design specifications. Figure 11 contains a
diagram of the control system. The complementary sensitivity
function T of this closed loop system is shown in Figure 12.
The complementary sensitivity function maps the reference r
to the electrothermal sensor output Vo . It shows the controller

Fig. 13. The implementation of the integral controller to maintain the null
position of the force sensor. The output of the electrothermal sensor is input
directly into the controller as the setpoint r = 0 and the controller has an
inverting characteristic.

will perform reference tracking up to 68.75 Hz. By letting
r = 0 the controller will act to keep the stage in its null
position.
555.6
(16)
K =
s
The controller is implemented with an op amp circuit as shown
in Figure 13.
With the control system in place the sensor operates as
follows. The input stimulus to the sensor appears as an input
disturbance. This is shown as the signal f in Figure 11. The
controller will act to keep the stage still. Therefore, the control
action Vi will compensate for the input disturbance. The
control action becomes the output of the sensor. The transfer
function S mapping the input disturbance to the control action
is described as
Vi
f
= −α f T.

S=

(17)
(18)

Here, T is the complementary sensitivity function whose magnitude response is shown in Figure 12. At low frequencies T
has a gain of 1, thus the gain of S at low frequencies is α f
as expected. Additionally the sensor will have a bandwidth
of 68.75 Hz. The range of the sensor is limited by the
input voltage range of the MEMS nanopositioner which is
from 0 V to 4.1 V. The voltage limit implies a force range
of 48.05 µN.
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Fig. 14. The spectral density at the output of the force sensor. The resolution
of the force sensor from 0.1 Hz to the sensor bandwidth of 68.75 Hz is
37.92 nN.

Fig. 15. Shown is the setup to measure the stiffness of a small sample. In this
photo, the sample is a microcantilever that has been glued to a plastic piece
fitted to a piezoelectric tube nanopositioner. The tube nanopositioner pushes
the microcantilever against the force sensor. Its displacement is measured by
a capacitive sensor.

The power spectral density at the output of the sensor
is shown in Figure 14. Integrating the power spectral
density from 0.1 Hz to the sensor bandwidth of 68.75 Hz, the
1σ resolution of the force sensor is 37.92 nN.
The nonlinearity of the sensor is inferred from the nonlinearity of the two systems it is composed of, that is the
MEMS device and the controller. The MEMS device was
shown to have minimal nonlinearity from the results shown
in Figure 8 and Figure 9. With the sensor composed of this
linear device and a linear controller in a feedback arrangement,
the sensor is expected to also be linear.
V. ROUTINE FOR S TIFFNESS C HARACTERIZATION
To measure stiffness, a piezoelectric tube nanopositioner [35] is used to push a small sample against the MEMS
force sensor. A capacitive sensor is used to measure the
displacement of the tube nanopositioner. The stiffness, as
the ratio of force over displacement, can be identified with
the simultaneous capture of the force and displacement signals.
A photo of the setup is shown in Figure 15 and a schematic
of the setup is shown in Figure 16.
The tube nanopositioner consists of a solid piezoceramic
tube with four electrodes on its outer surface spatially separated by 90◦ . The four electrodes share a common electrode

Fig. 16. This figure shows the schematic of the experimental setup used
to measure the stiffness of a microcantilever. In the center is the tube
nanopositioner upon which the microcantilever is mounted. To right is the
MEMS device that is used as a force sensor. It is mounted on a manual
positioner for coarse positioning. To the left is the capacitive sensor used to
sense the motion of the tube nanopositioner. The entire setup is encased in a
plastic box to isolate the exposed die from external air flows. An amplifier is
used to drive the tube nanopositioner.

Fig. 17.
Plotted is the output of the capacitive sensor on the tube
nanopositioner as a function of the displacement along the x-axis as measured
with a vibrometer. The fitted sensitivity (blue) of the capacitive sensor is
0.2384 MVm−1 .

on the inner surface of the tube. The inner electrode and
the two y-axis electrodes are grounded. The two electrodes
in the x-axis are excited with a differential voltage supplied
by an amplifier with a gain of 20. To measure displacement,
a capacitive sensor is placed in close proximity to a polished
Aluminum block attached to the top of the tube. The capacitive
sensor used is the model 8810 from Microsense.
It is important to identify the sensitivity of the capacitive
sensor to achieve an accurate displacement measurement.
In particular, the tube nanopositioner in this experiment was
constructed at an angle to the table it is bolted to. This
angle would introduce a scaling factor. The displacement is
measured along the axis normal to the force sensor to identify
the sensitivity of the capacitive sensor. This is performed with
a laser Doppler vibrometer. The output of the capacitive sensor
is plotted with respect to displacement in Figure 17. A linear
model was fitted and the sensitivity of the capacitive sensor is
determined as αx = 0.2384 MV m −1 .
To perform the stiffness measurement, first, the force sensor
is brought into close proximity with the sample mounted to
the tube nanopositioner. This is performed with a manual
positioner. A microscope is used to assist with the alignment

MOORE et al.: FEEDBACK-CONTROLLED MEMS FORCE SENSOR

of the sample. Once in place, a constant signal is applied to
the tube nanopositioner to push the sample into contact with
the force sensor. Then, a low frequency triangle wave is used
to drive the tube nanopositioner. This drives the sample back
and forth into the force sensor. The output of the MEMS force
sensor and the output of the displacement sensor on the tube
nanopositioner are captured with an oscilloscope.
Post processing is performed to extract the stiffness of the
cantilever. First, the force data is expressed as a function of the
displacement data. Assuming all the components in the system
are linear, this function will be linear with gradient m k . The
stiffness of the microcantilever kmc can then be expressed as a
function of the gradient m k , the sensitivity of the force sensor
α f and the sensitivity of the displacement sensor αx . This
expression is shown in Equation (19) below.
αx
(19)
kmc = m k
αf
The setup used by Coskun et al. [31] uses a stepper motor to
drive the microcantilever into the force sensor. In comparison,
the tube nanopositioner provides a number of benefits to
the experimental setup. It introduces a capacitive sensor to
accurately capture the microcantilever’s displacement which
can be captured simultaneously with the force measurement.
The ability to ramp the nanopositioner increases the speed of
measurements for the stiffness identification. Combining both
these features, the setup can capture a large number of data
points in a short time. This minimizes the effect of noise and
disturbances on the stiffness identification.
VI. T HE E XPERIMENT ON A M ICROCANTILEVER
The microcantilever upon which the experiment is
performed is the model NSG01 from NT-MDT. The microcantilever is 130 µm long and 35 µm wide. It is made of
silicon and its stiffness is specified to be within the range of
2.5 N m−1 to 10 N m−1 . The microcantilever is mounted onto
the tube nanopositioner, the force sensor is brought into close
proximity to it, the tube nanopositioner is biased to push the
microcantilever into contact with the force sensor and then the
tube nanopositioner is driven with a 1 Hz triangle wave.
With the tube nanopositioner oscillating back and forth
and the force sensor operating within its range, four signals
are captured with an oscilloscope. These signals are the
force sensor output (the MEMS device input voltage) Vi , the
output of the capacitive sensor measuring displacement Vd ,
the waveform actuating the tube nanopositioner Vt and the
output of the electrothermal sensors Vo . A capture of the
signals is shown in Figure 18.
Firstly, it can be seen that the force sensor controller is
operating correctly. The electrothermal sensor output is kept
near zero, but has a slight offset. This is the characteristic of an
integral controller in response to a ramp signal. The force and
displacement measurements appear to follow the characteristic
of the tube actuation voltage suggesting this experiment is
operating in a linear region.
The force signal is plotted as a function of the displacement signal as shown in Figure 19. The stiffness of the
microcantilever is assumed constant over the operating range
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Fig. 18. A capture of the system’s signals as the tube actuator is excited
with a 1 Hz triangle wave. Shown is the force sensor measurement Vi ,
the displacement measurement using the capacitive sensor Vd , the tube
nanopositioner actuation voltage Vt and the electrothermal sensor output Vo .

Fig. 19. Shown is the characteristic when the output of the force sensor
is plotted with respect to the displacement sensor output. This uses the
signals plotted in Figure 18. A linear model (blue) provides a good fit to
the data, and the gradient of this model will be proportional to stiffness of
the microcantilever. The gradient of the linear fit is 3.522.

of this experiment and thus a linear fit was made to this
plot. The gradient of the fit is 3.522. Using the mapping
between gradient and stiffness as outlined in Equation (19)
in Section V, the stiffness of this cantilever is identified
as 9.84 N m−1 .
VII. C ONCLUSION
Presented is a system for performing stiffness measurements on microscale systems. By utilizing nanopositioning
technology, forces and displacements in microscale systems
can clearly be captured.
The force sensor presented in this work is implemented
with MEMS technology. MEMS allows for the freedom to
implement more sophisticated mechanical designs. With the
appropriate lumped mechanical design and the application of
feedback control to keep the stage of the sensor in its null
position, the sensitivity of the force sensor becomes solely
dependent on the strength of the MEMS electrostatic actuator.
This allows for identification of the sensitivity of the force
sensor using capacitive and displacement measurements.
The accuracy of the stiffness measurement in this work
is dependent on the accuracy of the calibration of the
force sensor and the displacement sensor used with the tube
nanopositioner. The calibrations provide the primary area for
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improvement to the stiffness measurement performed in this
article. Particularly for the force sensor, higher quality and
more stringent measurement techniques would improve the
accuracy of the displacement and capacitance measurements
that are made in this article for calibration. Improvements
to the measurement techniques could involve, for example,
improved alignment of the vibrometer and better decoupling
of the LCR meter from the bias voltage source. With greater
attention paid to these measurements, the accuracy of the
calibration could be quantified. With a more precisely calibrated force sensor, bounds on the force measurements could
be specified and this would allow for a better determination
of the uncertainty in the stiffness measurement.
Furthermore, the LCR meter and vibrometer that were used
to perform these measurements may not be available in all
cases. Though many other techniques exist to measure these
quantities, an avenue to improve the device is the development
of simpler or more accurate calibration methods that can be
embedded into the circuitry or control of the force sensor.
With the demonstration of its suitability to measure stiffness
demonstrated on microcantilevers, this system can easily
be applied to measure the stiffness of other microscale
systems.
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