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This paper presents a novel one-degree-of-freedom microelectromechanical systems (MEMS) force sensor. The
high-bandwidth device contains on-chip sensing and actuation mechanisms, enabling open- and closed-loop
modalities. An active compliance mechanism is incorporated to render the device more conducive to characterization of soft samples. When operated in closed loop, the adjustable stiﬀness enables the sensor to attain a
larger dynamic range and minimize the nonlinearities originating from ﬂexures. Analytical models are employed
to design and calibrate the sensor. In open loop, the sensing resolution of 23.3 nN within a bandwidth of
2.35 kHz and a full-scale range of ± 42.6 µ N are experimentally obtained. The resolution is enhanced to 9.3 nN
by employing an active compliance mechanism. When operated in closed loop, a resolution of 12.9 nN is
achieved within a dynamic range of 71.2 dB and a sensing bandwidth of 3.6 kHz is demonstrated. The sensor
performance is tested by obtaining the stiﬀness of an atomic force microscope probe and measuring the force
produced by a self-actuated piezoelectric microcantilever.

1. Introduction
Force sensors play a pivotal role in a myriad of applications in science and technology. Development of high-precision force sensors can
lead to the development of novel methods for characterization of various samples and devices, with the potential to making a lasting impact
on a number of disciplines.
A powerful tool for measuring force in the range of pico- to nanonewtons is atomic force microscope (AFM) probe [1]. Measuring stiﬀness of diﬀerent types of cells and determining binding properties of
biomolecules [2] are among successful examples of employing these
force sensors.
AFM probes are fabricated using processes developed for microelectromechanical systems (MEMS). Highly-sensitive force sensors are
also realized by exploiting MEMS technology, which feature mechanical ﬂexures, on-chip displacement sensors, and in some cases on-chip
actuators [3,4]. These force sensors can be implemented either as standalone devices or integrated within other systems. Micro-grippers are a
prominent example of the latter which are used for manipulation and
characterization of small objects [5–7]. Due to the ﬂexibility in the
design of MEMS force sensors, a wide spectrum of measurement ranges,
degrees of freedom, and resolutions can be achieved, oﬀering more

versatility compared to AFM cantilevers. Thus, sensing properties offered by MEMS force sensors can potentially ﬁll the existing gap between AFM-based methods and macro-scale conventional sensors. Although, it should be pointed out that MEMS force sensors whose
measurement precision surpasses those of typical AFM probes have
been reported in the literature, e.g. the sensor with femtonewton resolution in [8].
Characterization of micron-sized samples is perhaps the main objective for developing MEMS force sensors. In [9], a dual-axis MEMS
force sensor with a range of 110 µ N and a resolution of 33.2 nN along
each axis is proposed for characterization of soft hydrogel microparticles. A MEMS device featuring both displacement and force sensing
is proposed in [10]. Stiﬀness measurement of AFM microcantilevers is
addressed by proposing a MEMS force sensor in [3,4]. In [11], a MEMS
force sensing array is used to characterize dynamics of cell membranes.
Measuring heart cell force[12], and obtaining mechanical properties of
mouse zona pellucida in [13] are also the other examples of these applications.
In characterization of delicate samples, the relative stiﬀness of
MEMS force sensor and samples plays a crucial role. Using a stiﬀ force
sensor can inﬂict a large deﬂection/deformation on the sample before
the interaction force becomes measurable. This may reduce the
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probe displacement range plays a pivotal role in sensor’s linearity.
As shown in Fig. 1b, for operations in closed loop, the displacement
sensor measures the initial displacement of the probe induced by the
external force. Then, the controller generates a command signal (u) to
move the actuator so as to nullifying the eﬀect of the external force.
Therefore, the command signal (u) is proportional to the external force
i.e. Fext = αu, where α is a function of the actuator’s properties. Here,
the force sensing resolution is determined in terms of the noise content
of u. Other characteristics such as sensor linearity and full-scale range
depend on the embedded actuator properties. Note that, on the contrary
to the open-loop modality, the resolution and full-scale range of the
force sensor can be independently tuned in closed loop.
In both open- and closed-loop modalities, mechanical stiﬀness of
force sensors signiﬁcantly aﬀects their properties. In particular, if a
sensor is designed for characterization of soft samples, its mechanical
stiﬀness turns out to have a more pronounced eﬀect. Fig. 1c is a schematic demonstration of a test set-up where a force sensor interacts with
a samples with a much smaller stiﬀness (i.e. ks ≪ k). Here, an external
positioner is used to push the force sensor toward the sample. The
smallest measurable displacement (xmin), and the corresponding sample
deformation (xs) are related according to:

measurement accuracy and increase the chance of damaging the
sample. Developing a force sensor much more compliant than the
sample may be a solution. However, several trade-oﬀs impose limitations on such a design, as the force sensor stiﬀness has a direct impact
on its sensing properties including dynamic range and resolution.
Mechanical ﬂexures in a compliant MEMS force sensor can endure a
relatively large deﬂection within a given external force range. However,
for large deﬂections they are known to behave nonlinearly [14–16],
ultimately degrading the force sensor linearity [4]. In [17], this issue is
addressed by implementing numerous mechanical frames in a MEMS
force sensor, leading to a full-scale range of 1 µ N and a dynamic range
of 86 dB. This approach, however, requires a complex mechanical
ﬂexure with a large on-chip footprint. More importantly, a large mechanical structure and a displacement of hundreds of micrometers make
the implementation of an on-chip sensing mechanism problematic. The
displacement measurement in [17] is performed using an optical system
and a separate ﬁxed beam as a reference structure, which restricts the
portability and versatility of the resulting sensor. Performing force
measurement in closed loop, is an alternative approach to mitigate
ﬂexural nonlinearity. This method was successfully implemented in [3]
to measure stiﬀness of AFM probes. There, a feedback controller is
implemented to maintain the null position of the mechanical ﬂexure by
applying a balancing force using an embedded actuator, and the control
signal is then used as a measure of the applied force. Closed-loop operation mitigates the nonlinearity, and to some extent decouples the
sensor sensitivity from full-scale range of the device [18]. Even though
the closed-loop operation can lead to a linear force sensor, the problem
of measuring the stiﬀness of soft samples still remains in [3] as the
sensor’s mechanical stiﬀness is relatively large compared to the soft
AFM probes.
To address the compliance mismatch, a force sensor featuring an onchip stiﬀness-adjusting mechanism is presented in this work. Similar
mechanisms were previously reported by others; for a review see [19].
By in-situ changing the system’s stiﬀness, this mechanism essentially
provides a “knob” to tune the force sensor characteristics according to
each sample’s properties. On-chip actuation and sensing mechanisms
are also incorporated to make the device portable and ready for control
implementation. While the novel concepts presented within this device
can be employed for implementing future MEMS force sensors, measuring the stiﬀness of AFM probes is the particular application that was
kept in mind during the design. In this work, by employing AFM probes,
the performance of the proposed MEMS force sensor is investigated.
The remainder of the paper continues as follows. In the next section,
force sensing concepts are brieﬂy explained. Design and fabrication of
the MEMS sensor are detailed in Section 3. Characterization of the
device is presented in Section 4. In Section 5, controller design and
implementation are reported. Performance of the force sensor in open
and closed loop are explored in Section 6. The results are further discussed and compared with prior works in Section 7, and the paper is
concluded in Section 8.

xs =

kx min
ks

(1)

Now, (1) implies that to reach a measurable displacement, the sample
should undergo a large deﬂection since k/ks ≫ 1. To address this issue,
either the resolution of the displacement sensor should be improved or
the stiﬀness of the sensor (k) should be reduced. In this work, we use a
displacement sensor with nanometer-range resolution and implement a
stiﬀness-adjusting mechanism.
3. Design and fabrication
The structure of the proposed force sensor is schematically shown in
Fig. 2. The device comprises a probe at the center featuring a sharp tip
at one end to interact with samples. Clamped-guided ﬂexures are implemented to serve as suspensions. In order to measure the probe bidirectional rectilinear displacement, a tilted-beam bulk piezoresistive
sensor is incorporated [22]. For actuation, an on-chip electrostatic
comb-drive structure is used [14]. The stiﬀness-adjustment mechanism
is the other crucial part of the device realized using parallel-plate capacitive structures for in-situ tuning of the sensor characteristics. The
design of the device components are further detailed next.
3.1. Piezoresisitve displacement sensor
Having an on-chip displacement sensing mechanism can render the
force sensor portable and thus adaptable for numerous measurement
applications. As explained in Section 2, a large dynamic range as well as
ﬁne resolution oﬀered by the embedded displacement sensor can also
translate directly to the same speciﬁcations in the force sensor.
Various on-chip sensing mechanisms, e.g. capacitive [23], electrothermal [24], and piezoresistive [25], can be exploited to fulﬁll such
requirements. Capacitive sensing typically renders a nanometer-range
resolution with a relatively large bandwidth. However, this mechanism
is prone to parasitic capacitance and may require a complex readout
circuitry. In addition, in order to realize on-chip sensing capacitors, a
large on-chip structure may be needed which in turn increases the size
and reduces the device’s mechanical bandwidth.
Electrothermal displacement sensors provide a resolution also in
nanometer range with a less-complex circuitry, while featuring a small
form-factor. However, these sensors typically suﬀer from a limited
bandwidth [26].
In [22,27], we proposed a bulk piezoresistive displacement sensor
with nanometer measurement resolution. This sensor does not require a
complex readout circuit, and may serve as a mechanical ﬂexure of the

2. Force sensing concept
The static-mode force sensing can be performed in open or closed
loop.1 Fig. 1a illustrates the concept of open-loop force sensing. Here,
the mechanical stiﬀness of the force sensor (k) is known, and the probe
displacement (x) induced by an external force (Fext) is measured using a
displacement sensor. The external force can then be obtained by using
Hook’s law as Fext = kx . In this case, the resolution of the force sensor is
directly proportional to that of the displacement sensor. In addition, the
mechanical stiﬀness directly aﬀects the force sensor resolution, bandwidth, and its full-scale range, while k being constant throughout the
1
The dynamic-mode force sensing (such as in [20,21]) is beyond the scope of
this paper.
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Fig. 1. (a) open-loop and (b) closed-loop sensing modalities. The sensor stiﬀness is designated by k and symbolically shown by a spring. (c) schematically shows a soft
sample interacting with the force probe. Here, x p = x + xs , and the force (F) is the interaction force between the sample and the force sensor.

3.2. Flexures
Mechanical stiﬀness of the force sensor is due to the combined effects of clamped-guided ﬂexures and the bulk piezoresistive sensor.
Referring to Fig. 2, the total mechanical stiﬀnesses along the x and y
axes are designated by Kx, and Ky, respectively. The force sensor
characteristics depend on Kx, while Ky is required to protect the combdrive actuators against snapping-in [14,30]. The stiﬀnesses of clampedguided beams as well as bulk piezoresistive sensors are analytically
investigated in [14] and [22], respectively.
A ﬁnite element model (FEM) of the device is constructed in
CoventorWare software. Using FEM and analytical models, the ﬂexures
are designed to ultimately tune the stiﬀness, mode shapes, and resonant
frequencies of the device. The structural parameters are reported in
Table 1, and the stiﬀness of Kx = 25.17 N/m is obtained for the force
sensor using FEM. With characterization of AFM probes being the primary application, stiﬀness of the force sensor is designed to be comparable to that of commercially-available tapping-mode AFM cantilevers. The ﬁrst in-plane resonance frequency of the device is obtained
at 5.6 kHz, while its out-of-plane modes occur at higher frequencies.
This enables the force sensor to be used in potential sensing applications where a high-bandwidth is required.
3.3. Stiﬀness-adjustment mechanism
The stiﬀness-adjustment unit is designed using a parallel-plate capacitive conﬁguration. To reduce the added mass of the structure, and
consequently increase the achievable bandwidth, trapezoidal-shaped
beams are chosen [31]. The moving beams are connected to the probe
and are interlaced with the stationary beams. In Fig. 2b, one moving
beam is schematically shown. The overlapped length of the beams is
designated by L, while the probe undergoes a displacement of x in one
direction. The initial air gap between the beams at the null position of the
probe is denoted by d0. Ignoring fringing ﬁelds and assuming a thickness
of t, the total capacitance between the moving and stationary beams is:

Fig. 2. (a) Schematic of the force sensor, including the readout circuit for the
bulk piezoresistive displacement sensor. (b) A moving beam in the stiﬀnessadjustment structure as the probe moves by x. (c) Schematic of the actuation
circuit. The moving beams in (b) and the moving comb ﬁngers in (c) are
electrically grounded via the probe.

device reducing the sensor’s footprint to be practically zero. For realization, only standard microfabrication process is required with no need
for extra masking and doping. This compares positively with conventional piezoresistive displacement sensors where the selective implementation of highly-doped regions is a must. On the contrary to the
electrothermal sensors, bulk piezoresistive sensors also demonstrates a
superior sensing bandwidth, much smaller drift, and more linearity
[28]. These advantages motivated us to use the bulk piezoresistive
method within the proposed force sensor.
The structure of the bulk piezoresistive sensor is schematically
shown in Fig. 2a. The sensor consists of two pairs of slanted beams in a
V-shaped conﬁguration. One pair is used for sensing, while the other is
coated with aluminum and electrically grounded. Since prior to the
fabrication, the entire top surface of the silicon is heavily doped [29],
the bulk piezoresistivity of the sensing beams is used for displacement
measurement [22]. As the probe moves, electrical resistances of the
sensing beams oppositely change due to their piezoresistivity and the
generation of axial forces, which is compressive in one and tensile along
the other [22]. An external Wheatstone bridge in a half-bridge conﬁguration then converts the resistance change to a voltage which is further
ampliﬁed using a diﬀerential ampliﬁer.

C=

2nϵ 0 Lt
.
d

(2)

Here, n is the number of moving beams, ϵ0 is the vacuum permittivity,
and d denotes the air gap distance. Considering the geometry of the
beams in Fig. 2b, we may write d = d 0 ± x cos(θ) . By applying Vb to the
stationary beams, magnitude of the attraction force between each stationary and moving beams along x axis is:
Table 1
The dimensional properties of the force sensor.

200

Stiﬀness

L ≃ 705 µ m, n = 18, d 0 = 10.5 μm, θ = 1. 19∘

Adj. structure

Trapezoidal: Length: 725 µ m, Bases: 60 µ m, 30 µ m

Electrostatic
Actuators
Clamped-guided
Flexures

Engagement: 3 µ m
Air gap: g = 2 μm
Trapezoidal: Length: 510 µ m, Bases: 20 µ m, 48.5 µ m
Length: 862 µ m
Width: 4.5 µ m
Length: 450 µ m
Width: 3 µ m
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F =

cos(θ) ∂C 2
∂U
=
Vb .
∂x
2
∂d

(3)

The electrostatic forces acting on each moving beam are in opposite directions. In addition, since the stiﬀness-adjustment unit is symmetrically
designed, these forces are equal in magnitude as long as the moving
beams are positioned at the center of the air gap. However, as the probe
moves by x, the net force on these beams is no longer zero and can be
stated as:

1
1
⎞ V2
−
Fnet = Z cos(θ) ⎛
b
2
−
+
[
d
x
cos(
θ
)]
[
d
x
cos(θ)]2 ⎠
0
0
⎝
⎜

⎟

(4)

where Z = nϵ 0 Lt . As shown in (4), the net electrostatic force is displacement dependent and always acts to repel the moving beams further
away from their center position. This results in a negative mechanical
∂F
stiﬀness (Kn =- ∂net
) that can be described as:
x

Kn = −Z cos(θ) ⎡
⎢
⎣

4d 0 cos(θ)
16d 0 x 2 cos3 (θ) ⎤ 2
+
Vb .
⎥
A2
A3
⎦

(5)

where

A = d 02 − x 2 cos2 (θ).

(6)

For a small displacement range, i.e. x ≪ d0, (5) is simpliﬁed as:

Kn = −

4Z

cos2 (θ)
d 03

Vb2.

Fig. 3. (a) shows the change in the absolute value of the negative stiﬀness with
respect to the probe displacement at various stiﬀness-adjusting voltages. (b)
The probe displacement versus exerted force at various stiﬀness adjusting
voltages, assuming the initial stiﬀness to be 25.17 N/m.

(7)

Here, Kn is independent of the probe displacement (x) and is only a
function of Vb. This implies that a reversible and controllable stiﬀness
variation can be achieved in the force sensor by using Vb.
This analytical model is employed to determine various structural
parameters of the stiﬀness-adjusting mechanism. The design objective
is to achieve a wide stiﬀness manipulation range compared to the device’s initial stiﬀness. By employing FEM together with this analytical
model, we were able to explore how various parameters aﬀected modeshapes and resonant frequencies of the device.
Using the tuned parameters in Table 1, properties of the stiﬀnessadjusting mechanism are further explored in Fig. 3. The absolute value
of Kn, obtained from (5), is presented in Fig. 3a as a function of the
probe displacement for various Vb. As is clear, the magnitude of the
negative stiﬀness increases nonlinearly with the probe displacement,
while the deviation from the linear remains below 10% for displacements up to ± 1.4 µ m at all adjusting voltages. Moreover, the stiﬀness
can be tuned in a wide range by varying Vb compared to its initial
calculated value of 25.17 N/m.
Using the analytical model, the external force (Fext) required to induce a linearly increasing displacement in the probe is also calculated.
For the probe displacement we have:

x=

Fext
[Kx − Kn (x ) ]

3.4. Electrostatic actuators
Electrostatic and electrothermal actuators are widely used in MEMS
[14]. In this design, electrostatic actuators are selected over electrothermal due to their high-bandwidth and low-temperature properties,
as well as their low-power requirements.
A schematic of the actuation circuit is depicted in Fig. 2c. The force
produced by the electrostatic actuator on each side with the capacitance of C and the actuation voltage of V is:

Fact = −

∂U
1 ∂C 2
=−
V .
∂x
2 ∂x

(9)

Here, diﬀerential actuation voltages (i.e. ± va) plus a bias voltage (Vq)
are applied to the stationary combs and the moving combs are electrically grounded. As shown in Fig. 2a, the capacitance between moving
and stationary combs on opposite sides are identiﬁed by C1 and C2.
Each capacitance is a function of the number of moving comb ﬁngers,
the air gap distance between the ﬁngers, and the vacuum permittivity
[14]. The force exerted by the stationary combs to the moving ones are
in opposite directions. Hence, using (9), the net actuation force on the
moving combs is:

(8)

Fact =

where, Kx = 25.17 N/m is the stiﬀness at Vb = 0 V . In Fig. 3b, the probe
displacement is shown as a function of the exerted force, where a linear
behavior is observable at Vb = 0 V as expected. However, by increasing
Vb, the linear region shrinks. Here, a turning point can be identiﬁed for
adjusting voltages above 40 V, (i.e. Vb ≥ 40 V), beyond which larger
displacements can be only obtained by reducing the force. This point
identiﬁed as “A” in Fig. 3b for Vb = 60 V . Exerting a larger force beyond
this point leads to uncontrolled large displacements of the probe,
causing it to ultimately hit the on-chip mechanical stopper. This was
experimentally observed during sensor characterization (Section 4.1).
Regarding the result presented in Fig. 3b, the displacement range of
± 2 μm and the stiﬀness-adjusting voltages up to 60 V are considered
for the device. Importantly, beyond Vb = 70 V, the use of the force
sensor becomes impractical as its displacement range becomes signiﬁcantly restricted.

∂C2
1 ⎡ ∂C1
(Vq + va)2 −
(Vq − va)2⎤.
⎥
∂
∂x
2⎢
x
⎣
⎦

Let us deﬁne the comb drive coeﬃcients as kc1 =
and thus (10) is rewritten as:

Fact =

(kc1 − kc 2) Vq2
(kc1 − kc 2) 2
va + (kc1 + kc 2) Vq va +
2
2

(10)
∂C1
∂x

and kc 2 =

∂C2
∂x

,

(11)

which is a nonlinear function of the actuation voltage (va). However,
since the actuators are symmetrically designed, we have kc1 = kc 2 = kc
provided that the fabrication tolerances remain negligible. In this case,
Fact is simpliﬁed to

Fact = 2kc Vq va

(12)

indicating that the net actuation force will be a linear function of va in
an accurately-fabricated device. The comb-drive coeﬃcients (kc1, 2) are
experimentally obtained in Section 4.2, and the linearity of the
201
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Fig. 4. SEM image of the force probe. The electrostatic actuators, piezoresistive displacement sensor, stiﬀnesses adjustment structure, and the probe tip are shown in
close-up views. The thickness of the device is 10 μm .

4. Characterization

stiﬀness. Based on the analytical model presented in Section 3.3, the
limited displacement range observable at Vb = 60 V is anticipated
(point A in Fig. 3b).
During the experiments, the output of the piezoresistive displacement sensor is simultaneously recorded. A linear mapping is observed
between the piezoresistive sensor output and the probe displacement.
Using the recorded data and the measured displacement, piezoresistive
sensor’s calibration factor is calculated as − 0.107 V/μm . The same calibration factor is obtained for various stiﬀness-adjustment voltage (Vb),
as expected.
Frequency response of the device from the actuation signal to the
output of the piezoresistive sensor is also obtained over a frequency
range of 10 kHz and is presented Fig. 6 for varying Vb values. As shown,
the resonant frequency shifts from 4.48 kHz for Vb = 0 V to 2.88 kHz for
Vb = 60 V . Correspondingly, the sensor stiﬀness decreases about 2.41
times from its original value, which is also observable as a rise of 7.6 dB
in the dc-gain. These results show that an increase in Vb renders the
device more compliant, indicating that the in-plane dynamics of the
device can be manipulated using the stiﬀness-adjustment mechanism.

4.1. Mechanical characterization

4.2. Comb-drive coeﬃcients and sensor stiﬀness

In-plane displacement of the probe is measured in time domain
using a Polytec Micro System Analyzer (MSA-100-3D). During the test,
the actuation is performed using the circuit schematically shown in
Fig. 2c while Vq is set to 45 V. In Fig. 5, the probe displacement is
presented as a function of the actuation voltage (va). To examine the
eﬀect of stiﬀness-adjustment voltages (Vb), the experiments are performed while this voltage is varied within the range of 0 V to 60 V. As
evident in Fig. 5, the probe undergoes a larger displacement for a given
actuation voltage by increasing Vb indicating a decrease in the device’s

From (11), we note that the actuation force is a function of the
comb-drive coeﬃcients (i.e. kc1, 2). Knowing these parameters enables
us to determine the force generated by the actuators, and consequently,
to calibrate the force sensor. These parameters plus the sensor stiﬀness
are three unknowns which are simultaneously determined through
experiments described next.

actuation force is also discussed.
The linearity obtained using this actuation mechanism can drastically mitigate the well-known quadratic behavior of the comb-drive
electrostatic actuators [14]. Compared to the nonlinear electrostatic
actuation employed in the MEMS force sensor reported in [3], this
actuation mechanism can reduce the complexity of the control system.
3.5. Fabrication
The scanning electron microscope (SEM) image of the force sensor is
shown in Fig. 4. The device is fabricated using MEMSCAP’s PiezoMUMPs standard microfabrication process [29]. The dimensional limitations imposed by this fabrication process are also considered during
the design. The fabrication is performed using a silicon-on-insulator
(SOI) wafer with a 10 µ m-thick device layer doped on the top surface.
Note that, we did not use the available piezoelectric layer for the realization of this device.

Fig. 6. Frequency response of the force sensor from its embedded actuation
input to the output of piezoresistive displacement sensor at various stiﬀnessadjustment voltages.

Fig. 5. Displacement of the probe versus actuation voltage (va) at diﬀerent
stiﬀness-adjustment voltages ranging from 0 V to 60 V.
202
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Fig. 7. The test set-up implemented to measure the comb-drive coeﬃcients of the electrostatic actuators. The force sensor’s probe is pushed by a cantilever to the
right to close the air gap (s). The output voltage of the MS3110 evaluation board is proportional to the capacitance change of the electrostatic actuators (i.e.
Vout [C1 − C2]).

The setup for the ﬁrst experiment is schematically shown in Fig. 7.
During the test, the probe is externally pushed until it comes into
contact with the mechanical stopper. This is done using an external
positioner and a high-stiﬀness AFM cantilever (Bruker RTESP-525).
Since the distance between the probe and the mechanical stopper (s in
Fig. 7) is fabricated to be 3.5 μm, the displacement of the probe is
known within the fabrication tolerances. Simultaneously, the diﬀerential variation in the comb ﬁngers capacitance (i.e. [C1 − C2]) is
measured to be 88.4 fF using an Irvine Sensors MS3110 evaluation
board. Using the deﬁnition of kc1, 2 while the displacement (3.5 µ m)
and the resulting capacitance change (88.4 fF) are being known, we
have:

kc1 + kc 2 = 2.562 × 10−8 F / m .

Table 2
The stiﬀness and the comb-drive coeﬃcients which are experimentally obtained.
Kx (N/m)
21.28

2

kc2 (F/m)

1.259 × 10−8

4.3. Piezoresistive sensor noise

(13)
To quantify sensor’s displacement measurement resolution, sensor
noise is recorded in time domain with the sampling rate of 25 kHz for
20 s. A low-pass ﬁlter (Stanford Research SR650 Low-noise Filter) with
a cutoﬀ frequency of 10 kHz and 115 dB/Octave roll-oﬀ is also incorporated in series with the sensor output. After removing the mean
value of the noise data, the 1σ-resolution of the sensor is calculated as
the root mean square (RMS) of the noise signal. By converting the noise
RMS to displacement using the piezoresistive sensor’s calibration factor
(reported in Section 4.1), the 1σ-resolution of 1.43 nm is obtained.
5. Controller design and implementation

= Kx x 0

(14)

Prior to controller design, frequency response of the force sensor in
Fig. 6 is used to identify its dynamics. A second-order model, G(s), is
identiﬁed for the system with the resonant frequency ωn being a function of the stiﬀness-adjustment voltage (Vb). For the sake of clarity, the
dc-gain is set to unity.

and therefore, for comb-drive coeﬃcients we have:

k c1 − k c 2 =

1.304 ×

10−8

and the stiﬀness obtained by FEM in Section 3.2 is most likely due the
microfabrication tolerances.

In a second experiment, the last term in the right-hand-side of (11)
is obtained by applying only the dc-bias voltage to the actuators (i.e.
Vq = 45 V, Vb = va = 0 V ) and recording the displacement sensor
output. Due to the symmetry, we expected that kc1 = kc 2, and therefore,
zero actuation force and probe displacement occur in this test. However, a probe displacement of x 0 = 21.4 nm is obtained by the piezoresistive sensor, indicating a mismatch between the actuators on each
side, most likely due to fabrication tolerances. With Kx denoting the
unknown stiﬀness of the force sensor at Vb = 0 V, Hook’s law can be
written using (11) as:

(kc1 − kc 2) Vq2

kc1 (F/m)

2Kx x 0
.
Vq2

(15)

The third equation is obtained by ﬁtting a line on the displacementactuation data reported in Fig. 5 at Vb = 0 V . The ﬁtting is performed
within a small displacement range of ± 0.268 µ m, ensuring that the
sensor stiﬀness (Kx) is constant. With p denoting the slope of the ﬁtted
line, Hook’s law is then written as:

Fact = Kx pva.

G (s ) =

ωn2
+ 2ζωn s + ωn2

(18)

Assuming a mass-spring-damper model, the resonant frequency (ωn)
is expected to be proportional to the square root of the device stiﬀness.
The device stiﬀness, on the other hand, is shown to be a quadratic
function of Vb based on the model presented in Section 3.3. The device
resonant frequency is plotted in Fig. 8 as a function of Vb. Eq. (19) is
ﬁtted to the experimental data showing the behavior predicted from the
analytical model.

(16)

Here, the actuation voltage of va = 4.85 V, corresponding to probe displacement of 0.268 µm, is considered. Replacing Fact from (11) in (16),
and solving (13), (15), and (16) simultaneously, the unknowns are
obtained and reported in Table 2. Replacing kc1 and kc2 in (11), the
actuation force is also obtained as a function of va as:

Fact = 2.247 × 10−10va2 + 1.153 × 10−6va + 4.549 × 10−7.

s2

ωn =

−3286Vb2 + 2.004 × 107

(19)

The damping ratio (ζ) is obtained for the system with various Vb
using the least squares method in the frequency domain. As is expected,
the change of this parameter is negligible with Vb, and thus, the average
value of 0.0058 is selected for the force sensor across all stiﬀness-adjustment voltages. The constant damping ratio plus the negligible error
of the ﬁtted curve in Fig. 8 enable us to substitute (19) in (18) to

(17)

The quadratic term in the actuation force is four orders of magnitude smaller than the linear term. This induces about 0.8% deviation
from linear within the range of 40V for va. The diﬀerence between the
force sensor stiﬀness (Kx = 21.28 N/m ) experimentally obtained here
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Fig. 8. Variation of the force sensor resonant frequency with respect to the
stiﬀness-adjustment voltage (Vb).

achieve a generalized transfer function valid for all Vb, which adequately models the system dynamics.
In Fig. 9, a schematic of the implemented control loop is shown. The
working condition of the force sensor can be closely approximated with
this model while the extraneous force is modeled as an input disturbance (w). Here, the control signal (u) is proportional to the extraneous force.
The under-damped nature of the force sensor (ζ = 0.0058) can lead
to instability or small stability margins. To alleviate this, a damping
controller [C1(s) in Fig. 9] is designed in an inner feedback loop. A
variety of methods such as positive position feedback (PPF) [32], velocity feedback [33], integral resonant controller (IRC) [34] and resonant controller [35], can be used for this purpose. Here, a resonant
controller is implemented due to its simple structure and guaranteed
closed-loop stability. Since we have obtained a generalized transfer
function in (18) for the entire variation range of stiﬀness-adjustment
voltages, a generalized resonant controller is also designed for all Vb as:

C1 (s ) =

1.2s 2
.
s 2 + 140(2ζωn ) s + 0.81ωn2

Fig. 10. The frequency response of the force sensor in open loop and closed
loop with the resonant controller for Vb = 0 V, 40 V, and 60 V.

Fig. 11. The step responses of the MEMS force sensor at Vb = 30 V in open loop
and with the damping loop. The overshoot and the settling time are signiﬁcantly improved, while the latter is decreased from 17 ms in open loop to
1.65 ms by using the resonant controller.

(20)

Controller parameters are selected by inspection and the frequency
response of the force sensor with the inner loop is obtained for various
stiﬀness-adjustment voltages as shown in Fig. 10. The resonant controller eﬀectively damps the oscillatory dynamics of the force sensor.
Here, the resonant peak is attenuated by more than 25 dB for all the
three stiﬀness-adjustment voltages. The same behavior is also observed
for other values of Vb ≤ 60 V. Damping eﬀect of the resonant controller
in time domain can also be seen on the step response of the system in
Fig. 11. Here, Vb is adjusted to 30 V. A similar response for all values
within the permissible range of Vb is observable. The settling time of 5%
of the ﬁnal value is approximately reduced from about 17 ms in the
open loop to 1.65 ms in the closed loop for all stiﬀness-adjustment
voltages. The control system can be augmented with additional compensators in an outer feedback loop. Two possibilities are described
next.

initially designed and implemented to track the zero reference signal.

C2 (s ) =

ki
.
s

(21)

Based on the gain and phase margins of the closed-loop system, the
integral gain (ki) is adjusted to 8000. Phase and gain margins of 35.5°
and 5.44 dB, are obtained for Vb = 60 V . Larger margins are achieved
for lower values of Vb.
Revisiting the closed-loop model of the force sensor in Fig. 9, performance of the force sensor can be assessed using the transfer function
from the input disturbance (w) to the output of the controller (u) as:

Tuw =
5.1. Integral controller

−G (s )[C1 (s ) + C2 (s )]
u
=
.
w
1 + G (s )[C1 (s ) + C2 (s )]

(22)

Tuw is experimentally obtained in the frequency domain and shown in
Fig. 12a for several values of Vb. Magnitude of the controller output
follows the input force signal over a wide range of frequencies. However, the delay in the phase response starts at much lower frequencies.
Force measurement bandwidth deﬁned as the ± 3 dB point of Tuw is
about 3.6 kHz for Vb = 60 V . This bandwidth slightly increases at lower
stiﬀness-adjustment voltages. In [36], we reported a relatively large
displacement error (designated by er. in Fig. 9) for repetitive disturbance signals (designated by w in Fig. 9) arising from the phase lag
of the integrator. To obtain a smaller phase lag, the design of an internal
model controller (IMC) is attempted next.

The primary control objective of the outer loop [C2(s)] is to keep the
probe at its null position. An integral controller presented in (21) is

5.2. Internal model control

Fig. 9. Block-diagram of the feedback control loop. The input actuation signal
to the force sensor is va, the external force is modeled as a disturbance (w), (u) is
a measure for the extraneous force, and (er.) is the tracking error.

The second controller which is considered for the C2(s) is an internal
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Fig. 12. Closed-loop frequency responses of (a) the integral controller and (b) IMC. The phase lag at e.g. f = 100 Hz with the integral controller decreases from 5° to
0.5° after using IMC at the same frequency.

system. Poles of Acl(s) are selected (in kHz) as follows:

model controller (IMC). This control design method can be employed to
compensate for certain classes of deterministic disturbances or to track
particular reference signals [37,38]. The plant, for which an IMC is
designed, is the damped force sensor described in the beginning of
Section 5 with its transfer function expressed as:

G (s ) =

B (s )
A (s )

{ −1.4 ± 0.75i, −2, −3.5, −5}.

Using (29), the unknown coeﬃcients α0, α1, α2, β0, β1 are then evaluated. Selection of these poles results in the desired stability margins,
closed loop bandwidth, and transient response of the system.
With this IMC, Tuw is experimentally obtained in the frequency
domain and shown in Fig. 12b. Compared with the integral controller,
phase responses are signiﬁcantly improved. However, magnitude of the
response deviates from 0 dB at lower frequencies for all stiﬀness adjustment voltages. The minimum force measurement bandwidth is deﬁned as ± 3 dB point of Tuw, approximately 800 Hz at Vb = 0V .
In order to evaluate the controller performance, a disturbance voltage (w) is applied to the force sensor to simulate the eﬀect of an external force. The force (F) is converted to a disturbance voltage signal
(w) using (17). In this experiment, controller output (u) and probe
displacement are simultaneously recorded. Even though the IMC controller is initially designed to track a ramp signal, 100 Hz sinusoidal and
triangular signals are chosen in this test to better demonstrate the
controller performance. Tracking a triangular setpoint, with sharp
turning points, is more demanding than a ramp [39]. Performance of
the IMC and integral controllers are compared in Fig. 13. An important
observation is that the phase shift at the output and consequently the
tracking error are signiﬁcantly reduced with the IMC, which improves
the tracking precision of the force sensor for measuring dynamic forces.

(23)

where

A (s ) = s 4 + 282ζωn s 3

(24)

+ (3.01 + 560ζ 2) ωn2 s 2 + 281.62ζωn3 s + 0.81ωn4
B (s ) = ωn2 (s 2 + 280ζωn s + 0.81ωn2).

(25)

For disturbances in a stable feedback loop, internal model principle
states that when the polynomial which generates the disturbance is
included in the controller denominator, the disturbance will be
asymptotically compensated. Here, the controller structure is as follows:

C2 (s ) =

A (s ) P (s )
,
Γ(s ) L (s )

(26)

where P(s) and L(s) are polynomials to be determined, Γ(s) is the disturbance generating polynomial, and A(s) is the plant denominator.
Note that, having A(s) in the numerator of C2(s) helps to reduce the
order of the forward transfer function by four. Here, the simpliﬁed
closed-loop characteristic polynomial is:

Acl (s ) = Γ(s ) L (s ) + B (s ) P (s ).

6. Force sensing performance

(27)

In order to investigate the force sensor performance in both open
and closed loop, an experimental testbed is constructed as described
next.

Ramp-like exogenous forces occur when the force sensor is steadily
pushed against a sample. The eﬀect of this disturbance vanishes
asymptotically if the IMC includes two poles at the origin (Γ(s ) = s 2 ).
Note that adding another pole to the integral controller (Section 5.1) is
not feasible as it renders the system unstable. Based on the pole placement method, the poles of closed-loop system can be arbitrarily
speciﬁed as long as the degree of biproper controller is at least ﬁve.
Hence, the controller is expressed as:

C2 (s ) =

A (s )(β1 s + β0)
.
s 2 (s 3 + α2 s 2 + α1 s + α 0)

6.1. Experimental setup
The force sensor is glued and wire-bonded to a custom-made printed
circuit board (PCB) as shown in Fig. 14. The readout circuit of the
piezoresistive sensor is implemented in a separate custom-made PCB
(not shown). The experimental test setup is built to physically apply
static and dynamic forces to the force sensor. The setup comprises a
microfabricated piezoelectric cantilever together with its driving PCB
which is attached to a XYZ positioning stage (Newport M-562-XYZ
ULTRAlign). The force sensor is mounted on a PCB holder which can be
positioned in front of the piezoelectric cantilever using an uni-axial
stage (Thorlabs PT1/M). Two microscopes are used to attain the top

(28)

This leads to the following pole assignment equation:

Acl (s ) = s 2 (s 3 + α2 s 2 + α1 s + α 0) + B (s )(β1 s + β0 ),

(30)

(29)

where Acl(s) is the desired characteristic polynomial of the closed-loop
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Microscope
Positioning
Knobs
PCB

XYZ Stage

PCB Holder
Microscope
(Isometric View)

Piezoelectric
Cantilever
Force Sensor

Fig. 14. The test setup for applying force to the force sensor using a microfabricated cantilever with a piezoelectric patch. The force sensor is glued and
wire bonded on a PCB. The close-up shows the interaction between the force
sensor and the cantilever.

Table 3
The 1σ-resolution of the force measurement at various stiﬀness-adjustment
voltages in the open loop (O.L.) and closed loop (C.L.). The range of the force
sensor in the open loop is also presented.

Fig. 13. Force sensing performance of the device using integral controller (I,II)
and IMC (III,IV) obtained at Vb = 0V . The same behavior is observed for different Vb values. The left-hand scale is for external force ( ) and measured
force ( ) in micronewton, and the right-hand scale is the stage displacement ( )
in nanometer. The error signal is obtained by subtracting the external and
measured forces.

and isometric views of the force sensor. The principle of operation of
the setup is based on bringing the microfabricated piezoelectric cantilever into contact with the force sensor tip using the positioning stages
and the microscopes. After the contact is established, piezoelectric
cantilever is actuated to dynamically load the force sensor.
Characterization tests are also performed with another contactmode AFM cantilever (App-Nano-SHOCON) which features no piezoelectric layer. This low-stiﬀness cantilever2 is also immobilized on the
PCB during the tests.

The full-scale range (FSR) of the force sensor in open loop can be
determined by knowing its ﬂexural stiﬀness and its maximum allowable
displacement range. Based on the analytical model presented in
Section 3.3, we expected that the minimum sensor displacement range,
occurring at Vb = 60 V, to be ± 2 µ m. However, as shown in Fig. 5,
this range is reduced at Vb = 60 V, which is most likely due to the
fabrication tolerances. Therefore, based on the experimental data, the
linear displacement range of ± 2 µ m is considered for the force sensor
across all Vb up to 50 V, while the displacement range at Vb = 60 V is
± 1.75 µ m. The force sensor’s stiﬀness, on the other hand, is experimentally obtained in Section 4.2 for Vb = 0 V . The variation of the
sensor resonant frequency with Vb, modeled in (19), is exploited in (31)
to determine the stiﬀness of the sensor across all stiﬀness-adjustment
voltages.

fb

=

Kb
K0

(31)

Here, fb and Kb respectively are the resonant frequency and stiﬀness
at Vb, and f0 and K0 are the corresponding values at Vb = 0 V . Knowing
2

0V

20 V

30 V

40 V

50 V

60 V

O.L. Res. (nN)
O.L. Range ( ± μN )
IMC. Res. (nN)
Integ. Res. (nN)

23.3
42.6
19.1
27.3

21.6
39.6
17.9
24.1

19.6
36.2
16.4
22.2

17.1
31.6
14.8
19.5

13.5
25.3
13.0
16.6

9.3
15.4
12.9
13.0

the stiﬀness and the displacement range, the FSR of the force sensor is
obtained at each Vb and presented in Table 3.
The bandwidth in open loop is deﬁned as the frequency where the
magnitude of the response shown in Fig. 6 varies by 3 dB with respect to
its dc-level. The open-loop sensing bandwidth of the device changes
from 2.35 kHz for Vb = 0 V to about 1.52 kHz for Vb = 60 V . Note that,
the under-damped behavior of the device in open loop can also lead to
oscillations and consequently a lower measurement bandwidth. This
occurs when the input force contains high-frequency components near
the resonant frequency of the force sensor. Triangular-shaped forces, for
instance, should have a frequency about hundred times less than the
resonance frequency to induce negligible oscillations on the force
sensor [39].
Knowing the stiﬀness of the force sensor, the resolution of the displacement sensor (see Section 4.3) is converted to the force resolution
and reported in Table 3. In order to obtain the force sensing resolution,
noise data is ﬁltered oﬀ-line according to the open-loop sensing bandwidth. The 1σ-resolution of 30.4 nN is obtained at Vb = 0 V, which is
improved at higher values of Vb as the stiﬀness decreases.
The linearity of the force sensor in the open loop is also explored by
employing the on-chip actuators. Using the data presented in Fig. 5, the
displacement of probe as a function of actuation force is obtained for
Vb = 0 V and depicted in Fig. 15. The conversion between the actuation
voltage and force is performed using (17). Based on the Hook’s law for
linear ﬂexures, the displacement and the force are proportional via the
constant sensor stiﬀness (i.e. Kx in Table 2). Assuming a linear ﬂexure,
the probe displacement is also presented in Fig. 15. As is clear, the
displacement of the probe, which is proportional to the output of the
force sensor in the open loop, deviates from the linear for larger forces.
The deviation remains within 10% in the input force range of

6.2. Open-loop characteristics

f0

Vb

The stiﬀness can vary from 0.01 N/m to 0.6 N/m as per the datasheet.
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Fig. 15. The displacement of the probe as a function of actuation force. The
dotted line shows the probe displacement assuming a linear stiﬀness of the
ﬂexures.

Fig. 16. A series of measurements performed to determine eﬀectiveness of the
two controllers in measuring the applied force. The stiﬀness-adjustment voltage
was set to zero volt.

± 18 µ N and increases to about 28% in the full-scale range. Since the
slight nonlinearity in the actuation force is already being accounted for
in the conversion of actuation voltage to force, this nonlinearity is believed to be originated from the ﬂexures. Even though this nonlinear
behavior reduces for larger stiﬀness adjustment voltages, it negatively
aﬀects the accuracy of the force sensor. This can further justify the use
of a feedback control system.

force sensor are brought into contact. Then, using the positioner shown
in Fig. 14, the displacements of 10 µ m, 20 µ m and 30 µ m are applied to
the base of the cantilever, and afterwards, the cantilever positioner is
moved back following similar displacement steps. The controller signal is
then converted to force using (17). As is clear from Fig. 16, both controllers preform well in maintaining the null position of the force sensor.
Cantilever stiﬀness is found to be approximately 0.3 N/m which is within
the range stated in the manufacturer data sheet.
The piezoelectric cantilever characterized in Section 6.1 is used in the
second experiment. Unlike the App-Nano-SHOCON, the piezoelectric
cantilever has a stiﬀness comparable to that of the force sensor. Note that
the feedback controllers are designed based on the assumption that a
pure external force is applied to the force sensor. In this test, however,
due to the comparable stiﬀness of the piezoelectric cantilever, the force
sensor dynamics are altered. To investigate this issue, the initial contact
is established between the sensor and the cantilever, and then the frequency response of the coupled system from the force sensor electrostatic
actuator to its piezoresistive displacement sensor output is obtained. The
response is compared with force sensor’s primary response (with no
contact) in Fig. 17, while the stiﬀness-adjustment voltage is set to 0 V. A
signiﬁcant deviation is noticeable between the response of the coupled
system and the force sensor. The increasing resonance frequency and
decreasing dc-gain are signs that the system is stiﬀening due to the
mechanical contact. Therefore, in order to use the closed-loop force
sensor, the controller should be retuned accordingly. This can be easily
performed in our controller through a gain adjustment.
Having retuned the controller gain, the closed-loop force sensor is
brought into contact with the cantilever. An initial force is established
to ensure that the sensor and the cantilever remain in contact
throughout the experiments. A step signal is applied to the piezoelectric
actuator of the cantilever, and response of the force sensor with the
integral controller and IMC are recorded and plotted in the Fig. 18 with
Vb = 0 V . The force sensor output perfectly tracks the input exogenous
force. The voltage applied to the piezoelectric cantilever is converted to
the input external force using the conversion factor of 0.925 μN/V . This
is about 8% larger than 0.8573 μN/V obtained in the open-loop test. The
diﬀerence can be attributed to the test condition variations as the
contact point of the force sensor and cantilever can be diﬀerent along
the cantilever length. Similar results are observed for other stiﬀnessadjustment voltages. Compared to the integral controller, the rise time
and the probe displacement are smaller under the IMC. However, this
controller response contains ringing and overshoot.
In another experiment, the piezoelectric cantilever is driven with a
5 Hz sinusoidal and triangular signals with the stiﬀness adjustment
voltages being adjusted to 0 V. As shown in Fig. 19, the implemented
controllers work to keep the probe at zero position. Using the integral
controller, however, the force sensor response to triangular external
force shows a small oﬀset as depicted in Fig. 19a (II) which is eliminated by IMC in Fig. 19b (II).
The highest RMS of the tracking error is about 102 nN occurred for
the integral controller with the sinusoidal input. With the IMC, a

6.3. Open-loop test
We operated the force sensor in open loop to determine the stiﬀness
of the piezoelectric cantilever. Using the test set up in Fig. 14, the force
sensor is initially brought into contact with the cantilever while
Vb = 0 V . Then, a triangular actuation signal (va) with the amplitude
and oﬀset of 5 V is applied to the electrostatic actuator of the force
sensor to push and bend the cantilever. In the test, the cantilever and
the force sensor remain in contact, and thus, they experience the same
displacement. This displacement is measured using the piezoresistive
sensor as a function of actuation voltage (va). Using (17), the actuation
force is then calculated, and knowing the stiﬀness of the force sensor,
the cantilever stiﬀness is easily determined as 33.5 N/m.
In the second test, we measured the force produced by the piezoelectric cantilever. The force sensor and the cantilever were brought
into contact, and an actuation voltage of 10 V was applied to the cantilever’s piezoelectric layer. The probe displacement was measured as
157 nm. Knowing the displacement and the stiﬀness of both force
sensor and the cantilever, 8.573 µ N is obtained as the generated force.
A conversion factor of 0.8573 µN/V is calculated between the produced
force of the piezoelectric cantilever and its actuation voltage. This
factor is used to perform further tests in closed loop.
6.4. Closed-loop characteristics
The closed-loop bandwidth of the force sensor was obtained as
3.6 kHz with an integral controller and 800 Hz with an IMC. To determine the sensor resolution, noise content of the control signal (u in
Fig. 9) for both controllers was recorded. The measurements are performed with a sampling frequency of 25 kHz while a low-pass ﬁlter
(Stanford Research SR 650) with a cutoﬀ frequency of 10 kHz is placed
in the path. The noise signal is then ﬁltered oﬀ-line based on the
bandwidth of the integral and internal model controllers and is converted to force using (17). The 1σ-resolution of the force sensor is
presented in Table 3. Better than 28 nN resolutions are obtained for
both controllers with the best value being 12.9 nN at Vb = 60 V for IMC.
The full-scale range (FSR) of the closed-loop force sensor depends
only on the electrostatic actuator’s characteristics. The FSR is obtained
from (17) to be − 45.31 μN to 46.9 µ N, where a maximum actuation
voltage of 85 V on the comb drive is allowed. This voltage is selected to
avoid snap-in instability [14].
6.5. Closed-loop test
Force measurement test in closed-loop is initially performed using the
compliant cantilever App-Nano-SHOCON. First, the cantilever tip and the
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Fig. 17. Coupled system frequency response from the force sensor actuation to
its piezoresistive sensor output compared with the response of the force sensor
at Vb = 0 V .

tracking error of 82 nN is obtained for both triangular and sinusoidal
inputs. Here, since the error appears to be completely stochastic, a RMS
value close to the resolution, reported for closed-loop in Table 3, was
expected. The larger RMS error is probably due to the re-tuning of the
controllers’ gains. In addition, the closed-loop noise is recorded in an
isolation box, whereas, the stiﬀness test is performed under normal
laboratory conditions.
Fig. 19. Cantilever force measurement using integral controller (a) and IMC (b)
obtained at stiﬀness-adjustment voltages of 0V. The left-hand axis is for external force ( ) and measured force ( ) in micronewton, and the right-hand
axis is for stage displacement ( ) in nanometer.

7. Discussion
To further explore the force sensor performance, we may deﬁne the
dynamic range (DNR) of the sensor (in dB) as [40]:

FSR ⎞
DNR = 20 × log ⎛
.
⎝ Resolution ⎠

In open loop, the 1σ-resolution of 30.4 nN and FSR of ± 42.6 µ N
are obtained for the force sensor with Vb = 0 V, which gives a DNR of
65 dB. Since both FSR and the sensing resolution in open loop are
proportional to the sensor stiﬀness, the force sensor DNR is obtained to
be fairly constant at 65 dB for all values of Vb. However, due to a
smaller achievable displacement range at Vb = 60 V, the DNR slightly
decreases to 64.3 dB.
The FSR in closed loop depends on the actuator properties and thus
remains constant across all values of Vb. Hence, the sensor dynamic
range can be modiﬁed here by manipulating the resolution using the
stiﬀness-adjusting voltage. Using the resolution values reported in
Table 3 for the integral controller, the sensor DNRs can be calculated.
The DNR increases from 64.7 dB at Vb = 0 V to about 71.1 dB for
Vb = 60 V . The same trend is observed for the force sensor with IMC, i.e.
the DNR is obtained to be 67.8 dB and 71.2 dB for Vb = 0 V and
Vb = 60 V, respectively. Note that in both open and closed loop, we have
only considered the positive side of the full-scale range to calculate
DNR. If we consider the push-pull measurement capability of the force
sensor, the FSR can be roughly doubled and the dynamic range increased by about 6 dB.
In Table 4, performances of a number of previously reported force
sensors are compared with the present work. The DNR obtained in this
work is comparable with previously reported sensors, proving that the
proposed closed-loop force sensor can oﬀer a similar performance.
However, this force sensor comes with a number of added advantages.
The closed-loop conﬁguration of the sensor removes the adverse aﬀect
of the ﬂexural nonlinearities at the output, while by adding more combdrive actuators the full-scale range and DNR can be easily increased.
Note that having a larger FSR in typical open-loop MEMS force sensors
(such as those in Table 4) can be directly translated to a larger displacement requirement for the micro-sized ﬂexures which adds more
complexity to their design and/or more measurement nonlinearity.

(32)

Fig. 18. Step response of (a) the integral controller and (b) IMC at Vb = 0 V . The
sensor output ( ), the input external force ( ), and the force sensor output ( )
are presented.
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Vb = 60 V . While the closed-loop MEMS force sensor operates as expected for soft samples such as a compliant AFM cantilever, the performance of the controllers and their stability are degraded throughout
the sensor interaction with a stiﬀ cantilever. Design of more robust
controllers is left as future work. Although the performance of the
proposed force sensor are comparable with the previously-reported
sensors, the added advantages of closed-loop operation and the stiﬀness-adjusting mechanism make this device a better candidate for use in
high-precision and high-bandwidth force measurement applications.

Table 4
Comparing the performance of this MEMS force sensor with previously reported
sensors. The designs are categorized based on whether the sensor functions in
the open loop (O.L.) and closed loop (C.L.)
Ref.

This work

[41]

[3]

[9]

[21]

[17]

FSR(µN)
Res.(nN)
DNR (dB)
Design

− 45.3 to 46.9
12.9
71.2
C.L.

360
70
74.2
O.L.

48
37.9
62.1
C.L.

110
33.2
70.4
O.L.

7.6
1.39
70.8
O.L.

1
0.05
86.0
O.L.
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and low-frequency force measurements, we have demonstrated a sensing bandwidth of 800 Hz and 3.6 kHz for the IMC, and the integral
controller, respectively.
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samples of a comparable and/or larger stiﬀness. Here, we were able to
address this issue by adjusting controller gains. Future attempts will
involve the design of controllers that oﬀer better robustness.
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