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Abstract— Integrated on-chip actuation and sensing in mi-
crocantilevers for atomic force microscopy (AFM) allows faster
scanning speeds, cleaner frequency responses and smaller can-
tilevers. However, a single integrated sensor suffers from cross-
coupling between displacements originating from tip-sample
forces and direct actuation. This paper addresses this issue
by presenting a novel microcantilever with on-chip actuation
and integrated dual sensing for AFM with application to off-
resonance tapping modes in AFM. The proposed system is
able to measure tip force and deflection simultaneously. A
mathematical model is developed for a rectangular cantilever to
describe the system and is validated with finite element analysis.

I. INTRODUCTION

Since its invention, the atomic force microscope has been
an indispensable tool for the investigation of small features.
The atomic force microscope first generated topographic
images [1] but later progressed to include mechanical prop-
erties [2] and chemical composition [3] which have found
application in chemistry [4] and nanomanipulation [5]. Dur-
ing imaging, the microcantilever tip is positioned in close
proximity to the sample which results in an interaction force
that proportionally deflects the cantilever [6]. The sample is
moved by a nanopositioner in patterns, such as raster or other
trajectories [7]–[9].

The atomic force microscope has several modes of op-
eration, with constant-amplitude intermittent-contact mode
(also called Tapping ModeTM) being the most widely used
for interrogating soft samples [10]. A recent development
for atomic force microscopy (AFM) is the so called off-
resonance tapping (ORT) mode [11], introduced by Su et al.
[12]. In this mode, the cantilever is excited at a frequency
well below its resonance frequency [13]–[15], where the
cantilever response is dominated by the static stiffness [15].

As the cantilever oscillates in ORT mode, it approaches
and withdraws from the sample, generating force-distance
curves at each cycle of interaction [14], [15]. Using the
force-distance curves obtained at every cycle, a maximum
interaction force is set as the control parameter for ORT,
thus limiting the peak force between tip and sample [13].
Limiting the maximum interaction force makes ORT suitable
for imaging soft, fragile samples, such as living cells or
organisms [13], [14].

The common instrumentation interface for dynamic and
ORT AFM consists of a piezoelectric shaker and/or a three
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(a) Conventional off-resonance AFM

(b) Proposed off-resonance AFM system

Fig. 1: Schematic setup of an AFM operating in off-
resonance tapping mode. (a) Conventional setup where the
tapping motion is achieved by moving the entire cantilever
head or sample using the nanopoisitioner and an OBD system
is used to detect displacement. (b) Proposed setup for off-
resonance tapping where the tapping motion is achieved with
integrated actuation and a dual arrangement of integrated
sensors measure the displacement and tip force.

degree-of-freedom nanopositioner and an optical beam de-
flection (OBD) system. Conventional methods either move
the scan head or the sample using the nanospositioner in
the vertical direction [16], [17] (Fig. 1 (a)). Due to the
low resonance frequency of the nanopositioner, the vertical
positioning bandwidth is limited to tens of Hertz [18]. Base
excitation is yet another technique used in AFM, typically
for dynamic modes. However, base excitation 1) introduces
additional structural modes ("forest of peaks") that temper
with the task of identifying the cantilever’s flexural modes
and 2) display low gain at low frequencies (Fig. 2 (a)) [16],
[20]. Additionally, the motion of the cantilever base is not
negligible at frequencies away from its resonance frequency
[21] and, therefore, base excitation is not commonly used
in ORT. Direct excitation of the cantilever is an alternative
method that bypasses the slow mechanical bandwidth of the
nanopositioner while being compatible with ORT. Several
direct actuation techniques have been developed, including
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(a) Base excitation frequency response

(b) Integrated on-chip actuation frequency response

Fig. 2: Frequency response of a cantilever driven at its (a)
base and (b) self-excited using piezoelectric actuation [22].

photothermal [13] and piezoelectric [16]. Photothermal exci-
tation has been reported [13], [17] in conjunction with ORT
mode. This direct excitation method allows force-distance
curves to be obtained up to two orders of magnitude faster
than conventional methods [17]. However, photothermal ex-
citation requires an additional laser beam, and the induced
heat at the cantilever can damage sensitive samples [23].
Piezoelectric cantilevers are an alternative to the previous
methods, providing benefits such as a smaller footprint and
compatibility with off-the-shelf micro fabrication processes.

Almost all commercial AFM systems employ an OBD
sensor to measure the displacement of the cantilever [16],
with a resolution down to subnanometers [24]. However, the
full width of the focused spot is typically a few micrometers,
which limits the minimum width of the cantilever to tens of
micrometers [25]. It has been shown that smaller cantilevers
display higher resonance frequencies, which translates to a
higher scanning speed, and increased sensitivity to smaller
forces compared to larger cantilevers with the same stiffness
[26]. Integrated sensing is an alternative to the traditional
OBD method as it allows for the miniaturization of the
cantilever. It exhibits a higher noise density compared to
the OBD system [27], but it allows for parallel imaging, and
for imaging light-sensitive samples under environments with
low or varying optical transparency [25]. Integrated sensing
mechanisms include: piezoelectric [22], capacitive [28], and
piezoresistive [29].

The use of integrated on-chip actuation alongside inte-
grated sensing offers the advantages of both techniques,
i.e., faster scanning speed and smaller cantilevers [27], [30].
The main drawback of cantilevers with integrated on-chip
actuation and sensing is the cross-coupling between displace-
ments induced by direct actuation and tip-sample forces [31],
[32]. This article describes a novel cantilever with on-chip
actuation and two integrated sensors for use in ORT mode.
The dual configuration of the sensors allows for the dis-
placement and tip force to be measured, therefore addressing
the cross-coupling issue of single integrated sensors. The
cantilever has two piezoelectric sensors and a piezoelectric
actuator. Piezoelectric material was chosen as it naturally
generates charge under strain which is useful for sensing
and it generates bending when a voltage is applied, which
enables integrated actuation [33]; piezoelectric materials are
also compatible with MEMS devices for silicon cantilevers
[34].

II. MATHEMATICAL MODELING

Consider a rectangular cantilever made of a homoge-
neous, isotropic material with two piezoelectric sensors and
one actuator, as shown in Figure 3. The thickness of the
piezoelectric sensors are negligible. The actuator is at the
base to maximize bending. The displacements along the x-
and y-axes are small and are neglected in the model. The
piezoelectric actuator generates bending due to the strain
induced when a voltage is applied at its electrodes and the
sensors generate a surface charge when a strain is induced in
the cantilever when it is displaced. To minimize feedthrough
between the sensor at the base and the actuator, a guard
trace is placed around the piezoelectric actuator [35]. The
cantilever is excited by a voltage applied at the piezoelectric
actuator as well as a tip force acting on the free-end of the
cantilever, generating bending. The charge generated by both
sensors are the outputs of the system.

A. Piezoelectric Equations

Piezoelectric materials can be modeled following the IEEE
Standard on Piezoelectricity as [33]

ε1 = SE
13σ3 +d31E3, (1)

D3 = d31σ1 +ξ σ
13E3, (2)

where (1) is used for actuation and (2) for sensing. The
variables ε is the strain vector [m/m], S is the compliance
coefficients matrix [m2/N], σ is applied stress [N/m2], d

is the piezoelectric strain constants [m/V ], E is the applied
electric field [V/m], D is the electric displacement vector
[C/m2] and ξ is the permittivity matrix [F/m].

For a piezoelectric actuator, the surface strain due to a
voltage Vp applied is [33],

ε(z) = (kα z)
d31Vp

tp

, (3)

where z is the position along the z-axis, d31 is the strain
constant of the actuator and kα is a constant that is related to
the thickness and Young’s modulus of the cantilever (tc and

Authorized licensed use limited to: University of Newcastle. Downloaded on January 29,2021 at 06:52:55 UTC from IEEE Xplore.  Restrictions apply. 



wc

Lc

w2

w1/2

w1/2

wp
Lp

Tip force

q2
q1

a1 a2 b1
b2

y

x

z

x hc

S1

S2

Act

(a)

10 m

150 m

500 m

200 m

100 m

500 nm

38 m

20 m

20 m

130 m

z

x

y

(b)

Fig. 3: (a) Schematic of the proposed cantilever design. The actuator has a fixed start position at the base (x = 0), while the
sensors can be placed anywhere along the x-axis. (b) Proposed cantilever system. Due to manufacturing constraints, a space
is required between the piezoelectric actuator and sensor. The actuator is centered to generate a symmetric bending.

Ec, respectively) and the actuator (tp and Ep, respectively)
by

kα =
6EcEptctp (tc + tp)

E2
c t4

c +EcEp

(

4t3
c tp +6t2

c t2
p +4tct3

p

)

+E2
pt4

p

. (4)

If the width of the actuator is not the same as the cantilever,
(3) can be modified to

ε(z) = (kα z)
d31Vp

tp

(

wp

wc

)

, (5)

where wp/wc represents the ratio between the width of the
actuator and the cantilever.

For a piezoelectric sensor, the charge generated on its
surface can be written as

q = d31wsEs

∫ x2

x1

ε(z)dx, (6)

where ws is the width of the sensor and Es is the Young’s
modulus of the sensor.

B. Piezoelectric Actuation Induced Bending

Considering the Euler-Bernoulli equation for a static can-
tilever

d2

dx2

[

ErIr

d2uz

dx2

]

= Fz(x), (7)

where Er and Ir are the Young’s modulus and second moment
of area of the cantilever, respectively, uz is the displacement
along the z-axis and Fz is a force applied along the z-axis.
One can solve (7) based on the boundary conditions of the
system. The displacement and slope at the base and the shear
force at the tip are zero. The moment

M =−ErIr

ε

z
, (8)

is constant where the actuator is located (0 ≤ x ≤ Lp) and
zero elsewhere (Lp < x ≤ Lc).
Solving the Euler-Bernoulli equation for the aforementioned
boundary conditions and using (5) and (7) results in

uz(x) =

{

kα d31
2tp

wp

wc
Vpx2, for 0 ≤ x ≤ Lp

kα d31
2tp

wp

wc
VpLp (2x−Lp) , for Lp < x ≤ L

, (9)

where Lp is the length of the actuator, starting at x = 0.
The displacement for the cantilever due to a piezoelectric
actuation is composed of a set of two equations that de-
scribe the displacement where the piezoelectric actuator is
located (0 ≤ x ≤ Lp) and elsewhere (Lp < x ≤ Lc). The tip
displacement of the cantilever due to a voltage applied at the
actuator, dV , can be stated as

dV =
kα d31

2tp

wp

wc

VpLp (2Lc −Lp) . (10)

The generated surface charge on the sensor depends on
the induced surface strain as shown in (6), which can be
expressed as

ε =
d2uz

dx2 . (11)

Because the equation that describes the displacement of the
cantilever is of first order for Lp < x ≤ Lc, the strain and
hence charge generated by the sensor will be zero. For 0 ≤

x ≤ Lp, a second order equation describes the displacement
of the cantilever, which results in a constant strain and the
charge can be stated as

q = d2
31bsEs(kα z)

1
tp

wp

wc

Vp(x)

∣

∣

∣

∣

x2

x1

(12)

where the actuator is located and depends directly on the
length of the sensor. Therefore,

q1V = d2
31w1Es (kα z+ kε)

Vp

tp

wp

wc

(a2 −a1) (13)

and

q2V = 0. (14)

C. Tip Force Induced Bending

The tip displacement in response to an applied tip force
can be derived similarly using (7). For the case of a tip
force acting on the cantilever, the displacement and slope
at its base are zero, as well as the moment on its free-end.
The shear force at the tip is equal to the tip force applied.
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Solving for these boundary conditions, the displacement of
the cantilever can be stated as

uz(x) =
1

6ErIr

Ft

(

−x3 +3Lcx2) . (15)

The tip displacement can be expressed as

dF =
L3

c

3ErIr

Ft , (16)

where dF is the tip displacement due to a tip force, Ft .
Based on (6) and (15), the surface charge of a sensor due

to a tip force is

q =−
zd31bs

2Ir

Es

Er

Ft

(

−x2 +2Lcx
)

∣

∣

∣

∣

x2

x1

. (17)

Therefore,

q1F =−
zd31w1

2Ir

Es

Er

Ft

(

−
(

a2
2 −a2

1)+2Lc(a2 −a1
))

(18)

and

q2F =−
zd31w2

2Ir

Es

Er

Ft

(

−
(

b2
2 −b2

1

)

+2Lc (b2 −b1)
)

. (19)

The highest strain is at the base (x = 0) and its value
decreases up to the tip (x = L), where it is zero. As shown
by (17), the generated charge depends on the integral of the
induced strain at the piezoelectric layer, therefore, the sensor
should be placed as close to the base and be chosen as long
as possible. The sensor located parallel to the piezoelectric
actuator generates charge due to both inputs, i.e. actuation
and tip force, while the sensor placed away from the actuator
has its generated charge dependent only on the tip force.

D. Surface Charge as a function of Tip Displacement and

Tip Force

The total tip displacement, dT , is defined as the sum of
the displacement due to the tip force and the piezoelectric
actuator and using (10) and (16) is given by

dT =
kα d31p

2tp

Vp

wp

wc

Lp (2Lc −Lp)+
L3

3ErIr

Ft , (20)

The total charge generated by sensor 1 is given by the
charge generated due to the piezoelectric actuator, q1V , and
tip force, q1F . Therefore,

q1 = d2
31w1Es (kα z+ kε)

Vp

tp

wp

wc

(a2 −a1)

−
zd31w1

2Ir

Es

Er

Ft

(

−
(

a2
2 −a2

1

)

+2Lc (a2 −a1)
)

.

(21)

The total charge at sensor 2 due to the piezoelectric actuator,
q2V and tip force, q2F , is

q2 =−
zd31w2

2Ir

Es

Er

Ft

(

−
(

b2
2 −b2

1

)

+2Lc (b2 −b1)
)

. (22)

(20) shows the total tip displacement of a cantilever due
to a piezoelectric actuator and tip force and replacing it in
(21), results in

q1 =
2d31w1Esz

Lp (2L−Lp)
·

(

dT −
L3

3ErIr

Ft

)

(a2 −a1)

−
zd31w1

2Ir

Es

Er

Ft

(

−
(

a2
2 −a2

1

)

+2L(a2 −a1)
)

, (23)

which relates the charge generated at sensor 1 to tip displace-
ment and tip force. Using (22) and (23) for the generated
charge for both sensors and inverting them so that the outputs
are tip force and tip displacement, yields

Ft =−
2ErIr

Esw2d31z(b1 −b2)(b1 +b2 −2Lc)
q2 , (24)

and

dT =

(

Lp (2Lc −Lp)

2Esw1d31 (a1 −a2)

)

q1

+

(

2L3
c −3zLp (2Lc −Lp)(a1 +a2 −2Lc)

3Esw2d31z(b1 −b2)(b1 +b2 −2Lc)

)

q2

. (25)

Rewriting Equations (24) and (25) in matrix form results in
[

dT

Ft

]

=

[

k11 k12

0 k22

]

·

[

q1

q2

]

, (26)

where the constants k11, k12 and k22 depend only on physical
parameters. (26) introduces a matrix to calculate a tip dis-
placement and force knowing the generated charge from the
two piezoelectric sensors, taking into account the influence
of a piezoelectric actuator.

III. FINITE ELEMENT ANALYSIS

Finite element analysis (FEA) was used to validate the
mathematical model. The FEA was modeled using ANSYS
Workbench and the PiezoAndMEMS extension. The dimen-
sions of the cantilever system are shown in Fig. 3. All
piezoelectric transducers are 500 nm thick. A voltage of 10
V is applied at the actuator and a tip force of 100 nN is
applied on the free-end of the cantilever.

The strain is concentrated where the actuator is located
(Fig. 4 (a)), and when a tip force is applied, the strain
gradually decreases along the x-axis (Fig. 4 (b)). Figure
5 shows the strain along the x-axis of the surface of the
cantilever for the finite element (FE) model, in blue, and the
mathematical model, in red. In (a), the cantilever is under a
piezoelectric actuation and in (b), under a tip force. Points A-
G are computational errors due to differentiation at disconti-
nuities [36]. In the mathematical model, the strain induced by
the actuator is zero outside of the piezoelectric boundaries.
However, the FEA results indicate that the induced strain in
sensor 2 due to the piezoelectric actuator is equivalent to
0.5% of the strain in sensor 1 (Table I (a)). This small cross-
coupling induces a strain at sensor 2 of the same order of
magnitude as the strain due to a tip force due to the small
forces being detected (100 nN). Therefore, in the scope of
the defined mathematical model, the previous assumption
is plausible. The inset C (Fig. 5 (a)) shows that there is
an induced strain in the cantilever in the areas outside the
piezoelectric actuator boundaries, but its magnitude is much
lower than the strain in the region between points A and
B. In real devices, the strain will not instantaneously cease,
and thus a small remaining strain is expected [37] and can
be minimized by placing sensor 2 further from the actuator.
Although the charges generated by sensors 1 and 2 due to
a tip force display higher difference comparing FEA and
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(a) Surface strain due to piezoelectric actuation (b) Surface strain due to a tip force

Fig. 4: Strain distribution at the surface of the cantilever under (a) piezoelectric actuation of 10 V and (b) tip force of 100
nN.
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Fig. 5: Surface strain profile along the x-axis for the can-
tilever system for (a) piezoelectric actuation and (b) tip force.

the mathematical model, it should be noted that the absolute
difference is ∼ 0.1 fC for both sensors. Another factor that
can influence the generated charge are the singularities at the
boundary of the piezoelectric regions (Fig. 5).

IV. CONCLUSIONS

Integrated on-chip actuation allows a much faster verti-
cal positioning bandwidth in off-resonance tapping modes,

TABLE I: Tip displacement, induced strain and generated
charge comparison between FE Model and analytical (AN)
model for a rectangular cantilever due to (a) piezoelectric
actuation and (b) tip force.

(a)

Measurement AN Model FE Model Error (%)

Tip displacement [nm] 37.915 42.23 11.38
Avg strain Sensor 1 [µm/m] -2.606 -3.04 16.65
Avg strain Sensor 2 [µm/m] 0.00 0.015 -
Charge at Sensor 1 [fC] -15.39 -15.95 3.64
Charge at Sensor 2 [fC] 0.00 -0.386 -

(b)

Measurement AN Model FE Model Error (%)

Tip displacement [nm] 1.613 1.742 8.00
Avg strain Sensor 1 [µm/m] -0.085 -0.077 9.41
Avg strain Sensor 2 [µm/m] -0.032 -0.024 25.00
Charge at Sensor 1 [fC] -0.503 -0.422 16.10
Charge at Sensor 2 [fC] -0.306 -0.190 37.91

while integrated sensing makes smaller cantilevers feasible.
Smaller cantilevers are of particular interest as they allow for
faster scanning speed due to their higher resonant frequen-
cies, whilst maintaining relatively low stiffness. Improving
the scanning speed in AFM allows rapidly changing samples
and processes to be recorded, while a higher sensitivity to
interatomic forces can reduce damage during the scan. The
proposed system is capable of acquiring both, an estimate
for the tip force and deflection simultaneously. Moreover, the
dual sensing configuration allows the cross-coupling between
actuator and sensors to be identified and compensated.

Placing sensor 2 further from the actuator diminishes
this discrepancy at the cost of sensitivity to tip forces.
Moreover, the mathematical model simplifies the system to
one dimension, which results in straightforward equations.
An improved mathematical model will be investigated to
account for the piezoelectric layer and the other dimensions
and the hysteresis effect in order to mitigate the difference
on the generated charges between the two models.
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Currently, four different designs of the cantilever system
are being manufactured by MEMSCAP R©. These designs
display different characteristics such as stiffness, resonance
frequency and sensor size. Future work includes the charac-
terization of the manufactured devices, including their force
and displacement sensitivity. Based on the mathematical
model presented, the position and shape of the sensors will
be further optimized.
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