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Simultaneous tip force and displacement sensing for AFM cantilevers with 
on-chip actuation: Design and characterization for off-resonance 
tapping mode 
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A B S T R A C T   

The use of integrated on-chip actuation simplifies the identification of a cantilever resonance, can improve 
imaging speed, and enables the use of smaller cantilevers, which is required for low-force imaging at high speed. 
This article describes a cantilever with on-chip actuation and novel dual-sensing capabilities for AFM. The dual- 
sensing configuration allows for tip displacement and tip force to be measured simultaneously. A mathematical 
model is developed and validated with finite element analysis. A physical prototype is presented, and its cali-
bration and validation are presented. The cantilever is optimized for use in off-resonance tapping modes. 
Experimental results demonstrate an agreement between the on-chip sensors and external force and displacement 
measurements.   

1. Introduction 

The atomic force microscope (AFM) [1] provides unique capabilities 
for imaging the structure and physical properties of surfaces, such as 
chemical composition [2], electrical characteristics [3], stiffness [4], 
and topography [5,6]. 

The operating mode of an AFM describes the conditions which are 
held constant, e.g. the contact force; the measured signal, e.g. the 
deflection; and the cantilever excitation that may exist in dynamic 
modes such as intermittent contact mode. The most commonly used 
modes include constant-force contact mode [7], and constant-amplitude 
intermittent-contact mode [7–9]. More recently, the demand for low 
tip-sample interaction forces has motivated the development of 
off-resonance tapping (ORT) modes [7,8,10]. 

Unlike the constant-amplitude intermittent contact mode, ORT ex-
cites the cantilever at a frequency well below its resonance [11–14], 
which eliminates the complexities of working at the resonance fre-
quency [15]. Due to the low frequency of cantilever excitation in ORT 
modes, the cantilever can be modeled as quasistatic, where the stiffness 
rather than the mass dominates its response [13]. 

In ORT, force-distance curves are generated at each cycle as the tip 
approaches and retracts from the sample. Typically, the maximum 
interaction force is the controlled parameter, which allows direct 

limitation of the forces acting between the tip and sample [15]. The 
capability to directly limit the tip-sample force is particularly advanta-
geous when imaging soft and fragile samples [10–12], including in 
liquid environments [13]. 

The concept of the atomic force microscope has been largely unal-
tered since it was conceived. The AFM is composed of a microcantilever 
with a sharp tip that is moved over the sample by a vertical nano-
positioner [16–19]. The cantilever undergoes deflections due to the 
interatomic forces acting on its tip. These deflections can be related to 
the characteristics of the sample, such as its topography. An optical 
beam deflection (OBD) system is used to identify the deflection [5,20]. 
The OBD system is composed of a light beam focused on the cantilever’s 
free-end and reflected onto a photodiode [16,19]. The OBD system is 
calibrated such that the motion of the cantilever’s tip causes the beam to 
change its position on the photodiode [5,9,21–23]. 

In all of the imaging modes discussed thus far, where the cantilever 
deflection is controlled, the imaging speed is typically limited by the 
bandwidth of the vertical nanopositioner, which moves the vertical 
position of the cantilever relative to the sample [8,39–41]. This vertical 
positioning bandwidth is typically a few hundred Hertz in microscopes 
with a vertical range on the order of 50μm (Table 1). This limitation 
restricts the scanning rate to approximately 1–10 lines per second, and 
the imaging period to 25–250 s (for a 256×256 pixel image). However, 
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there is significant demand for faster imaging speeds to enable the study 
of rapidly-changing phenomena, especially in living organisms and 
bio-molecular imaging [42–45]. 

An alternative to the low bandwidth of the vertical nanopositioner is 
base excitation. In this method, a piezoelectric chip (piezo shaker) ex-
cites the cantilever [46–48]. As the name suggests, the excitation occurs 
at the base of the cantilever chip. Base excitation is used for imaging 
modes modes that operate at, or near, the resonance frequency of the 
cantilever. Since the travel range of the base excitation chip is usually 
less than ± 10 nm for low frequencies, this cannot be used for ORT. 

Direct actuation of the cantilever is an alternative method that 
minimizes the coupling between the cantilever and structural reso-
nances of the scanner and microscope. The most studied methods for 
direct cantilever actuation are piezoelectric actuation [35], photo-
thermal excitation using a focused laser beam [32,49,50], magnetic 
[28], and electrothermal actuation [26,27]. Table 2 shows a summary of 
each technique. All four techniques can be used for on-resonance or 
off-resonance modes. Electrothermal excitation (AN200, Anasys In-
struments), magnetically driven cantilevers (iDrive, Asylum In-
struments), and photothermal excitation (CleanDrive, Nanosurf) are 
available commercially [28,51,52]. However, only electrothermal and 
piezoelectric cantilevers are compatible with MEMS integration. Both 
photothermal and magnetic drive require an external source to drive the 
cantilever (a laser or a coil for photothermal and magnetic driven can-
tilevers). With the exception of electrothermal actuation, the other three 
methods display a fast response time [36,38,53,54], making them suit-
able for high-speed microscopy. 

In photothermal excitation, the laser beam is focused onto a location 
near the base of the cantilever to induce bending due the temperature 
difference between the top and bottom surfaces [11,14,32–34]. How-
ever, similar to base excitation, photothermal actuation is best suited to 
excitation of the resonance due to the small actuation force [55]. 
Furthermore, the induced heat on the cantilever can damage sensitive 
samples [55] and causes this technique to be incompatible with inte-
grated sensing. 

Electrothermal actuation uses a microheater on a bimorph or tri-
morph cantilever [25,25,26]. As the heat dissipates, it induces me-
chanical stress in the cantilever, leading to bending [25,26,56]. Similar 
to photothermal actuation, the induced high temperature tends to 
damage sensitive samples [57]. While it shows a large displacement 
with low applied voltages, the response is slow compared to photo-
thermal, piezoelectric and magnetic driven cantilevers [53]. 

Magnetically-driven cantilevers for AFM typically consist of a mag-
netic bead or particle attached to the top surface close to its free-end [30, 
31,58]. The bead or particle is exposed to a magnetic field, generated by 
a coil or a magnet, which causes the cantilever to undergo a displace-
ment [28,29]. However, magnetically-driven cantilever faces 

limitations such as stability issues recurring from the demanding sta-
bility control and output voltage range in the coil. These limitations 
become more severe as the cantilever size is reduced [29]. 
Magnetically-driven cantilevers also have reproducibility limitations 
related to the varying geometry and magnetic properties of the magnets 
used in the cantilevers [59]. 

Piezoelectric on-chip cantilever actuation is an alternative to pho-
tothermal and electrothermal actuation that does not result in heating 
[15,37] or requires a magnetic cantilever, with speeds that surpass the 
standard piezotube [36]. Piezoelectric on-cip actuation also allows for 
parallel scanning [35]. This technique can be used at the resonance 
frequency or outside it, as large deflections are possible by increasing the 
applied voltage at the actuator (Table 1). Direct piezoelectric on-chip 
actuation also offers the benefit of being compatible with MEMS 
(microelectromechanical systems) fabrication processes. 

Smaller cantilevers provide the advantage of faster scans and higher 
force sensitivity [60,61], meaning that softer samples and less invasive 
imaging is performed in conjunction with higher scanning rates [62]. 

Aside from the issues with cantilever excitation, there are also lim-
itations on the minimum cantilever width, which arise from the optical 
beam deflection (OBD) system. Since the OBD system uses a collimated 
laser beam, the cantilever area must be large enough to deflect a sig-
nificant percentage of the beam. To reduce the beam diameter, focusing 
lenses can be employed, but this significantly increases complexity [23] 
and complicates the beam alignment. 

Integrated sensing has been reported as a substitute for the OBD 
system [5]. Piezoelectric [63,64] and piezoresistive [35,49,65] sensors 
have been shown to be suitable for integrated sensing, with the latter 
being commercially available [35]. Currently, integrated sensing has a 
higher noise density compared to the best OBD systems [66]. Still, it 
offers the possibility of parallel imaging, and imaging in environments 
with low or varying light conditions and light-sensitive samples [5]. 
Alike piezoelectric actuation, integrated piezoelectric sensors are 
compatible with MEMS fabrication processes, can be made of the same 
material as the actuator [63], and are also compatible with the minia-
turization of the cantilever [37]. 

The inclusion of both on-chip actuation and sensing combines the 
advantages of both techniques, allowing smaller cantilevers and higher 
operating frequencies. However, due to the close proximity of the 
actuator and sensor, cross-coupling arises in the sensor’s response [67, 
68]. A major disadvantage is that the measured deflection now includes 
both the deflection due to actuation, and the deflection resulting from 
tip-sample interaction. 

This article presents a cantilever system composed of on-chip actu-
ation and dual on-chip sensors. The second sensor allows both the total 
deflection of the cantilever and the tip-sample interaction force to be 
directly measured. The proposed sensors are piezoelectric which are not 
suited to static contact modes but are ideal for off-resonance dynamic 
modes, such as ORT. To the authors knowledge, this is the first reported 
cantilever with on-chip actuation that provides a direct measurement of 
tip-sample interaction force. This development creates the opportunity 
for high-speed off-resonance imaging and force spectroscopy with 
miniaturized cantilevers. 

In the following, Section 2 introduces a mathematical model of the 
cantilever deflection and predicts the sensitivity of the actuator and 
sensor. Section 3 presents a comparison between the mathematical 
model described and finite element analysis. In Section 4, the cantilever 

Table 1 
Comparison of travel range and resonance frequency for different motion 
techniques commonly used in AFMs. The vertical positioner and piezo shaker 
were measured from the Nanosurf AFM [24], while the direct actuation was 
measured from the cantilever showed in this work.  

Motion method Range Res. Frequency 

Vertical positioner ±50μ m 200 Hz 
Piezo shaker ±2 nm 10 kHz 
Direct actuation ±150 nm < 15 kHz  

Table 2 
Comparison of common cantilever actuation techniques for AFM.  

Technique Commercial Sample exceptions Response time MEMS compatible References 

Electrothermal Yes Temperature sensitive Slow Yes [25–27] 
Magnetic driven Yes Magnetic sample Fast No [28–31] 
Photothermal Yes Temperature/light sensitive Fast No [11,32-34] 
Piezoelectric No – Fast Yes [35–38]  
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instrumentation is detailed, including the MEMS fabrication process and 
read-out circuit. Section 5 introduces the experimental setup used to 
calibrate the system. Section 6 presents the results obtained and dis-
cussion. Section 7 presents the conclusions and future work. 

2. Mathematical modeling 

A mathematical model is presented to aid in the positioning of the 
sensors and actuator. The tip displacement equations presented offer 
insights into the required dimensions of the sensors, actuator, and 
cantilever to obtain a system with specified stiffness and free-air 
amplitude. Throughout the text, tip force and tip displacement refer to 
a measurement taken close to the free-end of the cantilever, where a tip 
is traditionally placed. The detailed derivation of the equations is pre-
sented in A. 

In cantilevers with integrated sensing and actuation, the sensor is 
positioned parallel to the actuator. The latter is usually located at the 
base for maximum tip displacement and maximum strain induced at the 
sensors. Positioning one sensor far away from the actuator allows it to be 
most sensitive to tip force, as described in the mathematical model. 

2.1. Piezoelectric equations 

Consider a homogeneous, isotropic, rectangular cantilever system 
with a piezoelectric actuator and two sensors, S1 and S2, as shown in  
Fig. 1. 

Following the IEEE standard, the piezoelectric materials are modeled 
as [69]. 

D3 = d31σ1 + ξσ
13EF3, (1)  

ϵ1 = SE
13σ3 + d31EF3, (2)  

where (1) is used for sensing and (2) is used for a piezoelectric actuation. 
The variable D3 is the electric displacement vector along the z-axis, ξ is 
the permittivity constant, σ1 is the applied stress along the x-axis, d31 is 
the strain constant of the sensor, EF3 is the applied electric field, ϵ1 is the 
strain induced on the x-axis, SE

13 is the compliance coefficients constant, 
and σ3 is the stress applied to the actuator along the z-axis. 

Using Eq. (1), the charge on a piezoelectric sensor when no external 
electrical field applied is [69]. 

q = d31wsEs

∫ x2

x1

ϵ(z)dx, (3)  

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

and ϵ(z) is the induced surface strain. The generated charge depends 
directly on the induced strain on the sensor. 

2.2. Charge and tip displacement induced by piezoelectric actuation 

The tip displacement uz along the x-axis induced by a piezoelectric 
actuator is 

uz(x) =

⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

kαd31

2tp
⋅Vact⋅

wp

wc
⋅x2, for0 ≤ x ≤ Lp

kαd31

2tp
⋅Vact⋅

wp

wc
⋅Lp⋅(2x − Lp), forLp < x ≤ Lc

⎫
⎪⎪⎪⎬

⎪⎪⎪⎭

. (4)  

where Lp is the actuator’s length and Lc is the cantilever’s length. 
Evaluating the displacement at x = Lc yields the tip displacement, 

dV = γactVact, (5)  

where the actuator gain γact is 

γact =
kαd31

2tp

wp

wc
Lp
(
2Lc − Lp

)
, (6)  

in units of [m/V]. 
The induced charge on sensors S1 and S2 due to the piezoelectric 

actuation are 
⎧
⎪⎨

⎪⎩

qS1,V = d2
31w1Es(kαz + kϵ)

1
tp

wp

wc
(a2 − a1)Vact

qS2,V = 0,

⎫
⎪⎬

⎪⎭
(7)  

where the points a1 and a2 are the starting and finishing position of 
sensor S1. Note that the charge is zero for a sensor placed outside the 
area where the actuator is positioned. 

2.2.1. Feedthrough in the generated charge 
Due to the piezoelectric actuator and small distance between actu-

ator and sensors [70], an electric feedthrough charge is induced on each 
sensor in response to the voltage applied at the actuator. Electric feed-
through is a well-known phenomenon with piezoelectric actuators for 
MEMS devices [71]. The parasitic capacitance dominates the signal 
generated by the piezoelectric sensors given the micro dimensions of the 
devices, which have sensing capacitance comparable to the parasitic 
capacitance [64]. When measuring the charge for each sensor generated 
due to the piezoelectric actuation, the component related to the electric 
feedthrough is mixed with the generated charge from the actual tip 

Fig. 1. Cantilever system with dual sensing and integrated actuation. (a) Two-dimensional view highlighting the variables used in the mathematical model. Sensor 1 
is parallel to the actuator, at the base, whereas sensor 2 is placed close to the cantilever free-end. (b) Dimensions for the cantilever used for the mathematical model 
and finite element analysis. 
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displacement. As such, both parts are not separable unless one knows 
either the parasitic capacitance or the sensitivity to the tip displacement. 
However, a precise estimate of the parasitic capacitance can be 
cumbersome to find. 

The approach chosen is to model the feedthrough and include it in 
the charge model. This charge can be modeled as a capacitor, and the 
feedthrough charge is obtained by multiplying the feedthrough capaci-
tance by the applied voltage on the piezoelectric actuator [46]. The 
generated charge in each sensor, then, becomes 
⎧
⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

qS1,V =

(

d2
31w1Es(kαz + kϵ)

1
tp

wp

wc
(a2 − a1)

)

Vact

+(c1FT)Vact,

qS2,V = c2FT Vact,

⎫
⎪⎪⎪⎪⎪⎬

⎪⎪⎪⎪⎪⎭

(8)  

where c1FT and c2FT are the feedthrough capacitance of each sensor, in 
units of [C/V]. 

As the tip displacement is of interest, one can rewrite the generated 
charge equations to relate to it. Rewriting the charge equation for a 
piezoelectric actuation in terms of tip displacement by substituting (5) 
into (8) yields 
⎧
⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

qS1,V =

(

d2
31w1Es(kαz + kϵ)

1
tp

wp

wc
(a2 − a1)

)

γactdV

+(c1FT)γactdV

qS2,V = c2FT kactdV .

⎫
⎪⎪⎪⎪⎪⎬

⎪⎪⎪⎪⎪⎭

(9)  

2.3. Charge and tip displacement induced by tip force 

The tip displacement of a cantilever due to a tip force, (see detailed 
derivation in A) in terms of the cantilever’s stiffness kc, is 

dF =
Ftip

ksys
, (10)  

and kc is expressed as, 

kc = 3
ErIr

L3
c
. (11) 

The induced charge for sensors S1 and S2 for a tip force is 
⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

qS1,F = −
zd31w1

2Ir

Es

Er

(
−
(
a2

2 − a2
1

)
+ 2Lc(a2 − a1)

)
Ftip,

qS2,F = −
zd31w2

2Ir

Es

Er

(
−
(
b2

2 − b2
1

)
+ 2Lc(b2 − b1)

)
Ftip,

⎫
⎪⎪⎪⎬

⎪⎪⎪⎭

(12)  

where a1 and a2, b1 and b2 are the starting and finishing position of 
sensor S1 and S2. 

Similar to the piezoelectric actuation, it is possible to rewrite the 
charges based on tip displacement by a tip force as 
⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

qS1,F = −
zd31w1

2Ir

Es

Er

(
−
(
a2

2 − a2
1

)
+ 2Lc(a2 − a1)

) dF

kc

qS2,F = −
zd31w2

2Ir

Es

Er

(
−
(
b2

2 − b2
1

)
+ 2Lc(b2 − b1)

) dF

kc
.

⎫
⎪⎪⎪⎬

⎪⎪⎪⎭

(13)  

2.4. Simultaneous displacement from tip force and piezoelectric actuation 

For a linear system, when the cantilever is under both a tip force and 
a piezoelectric actuation voltage, the total tip displacement dT is ob-
tained by adding the displacements as 

dT = dV + dF . (14) 

For the charges of the sensors, the total generated charge qS1,T and 
qS2,T are 

{
qS1,T = qS1,V + qS1,F
qS2,T = qS2,V + qS2,F .

}

(15) 

Expressing the charges in terms of displacements yields 
{

qS1,T = λ1dV + λ3dF,

qS2,T = λ2dV + λ4dF,

}

(16) 

where the constants λ1 to λ4 are 
⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

λ1 =

(

d2
31w1Es(kαz + kϵ)

1
tp

wp

wc
(a2 − a1)

)

γact

+(c1FT)γact,

λ2 = c2FT γact,

λ3 = −
zd31w1

2Ir

Es

Er

(
−
(
a2

2 − a2
1

)
+ 2Lc(a2 − a1)

) 1
kc
,

λ4 = −
zd31w2

2Ir

Es

Er

(
−
(
b2

2 − b2
1

)
+ 2Lc(b2 − b1)

) 1
kc
.

⎫
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎬

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎭

(17) 

Eq. (16) can be expressed in a matrix form, 
[

qS1,T
qS2,T

]

=

[
λ1 λ3
λ2 λ4

]

⋅
[

dV
dF

]

, (18) 

Inverting matrix (18) so that one can recover the displacements 
yields 
[

dV
dF

]

=

[
ψ1 ψ3
ψ2 ψ4

]

⋅
[

qS1,T
qS2,T

]

(19) 

For an AFM, the total tip displacement and tip force are of interest. 
Using (14) and adding row one with row two and multiplying the second 
row by the stiffness defined in (A.11) yields 
[

dT
Ftip

]

=

[
ψ1 + ψ2 ψ3 + ψ4
ψ2⋅kc ψ4⋅kc

]

⋅
[

qS1,T
qS2,T

]

, (20)  

Eq. (20) allows one to recover the tip displacement and tip force 
simultaneously on a cantilever. 

3. Finite element analysis 

A finite element analysis (FEA) was carried to validate the mathe-
matical model. The FEA was modeled using ANSYS Workbench and the 
PiezoAndMEMS extension. The dimensions are shown in Fig. 1 (b) and 
Table 4. Table 3 shows the material properties used in ANSYS.Table 4. 

The input voltage applied is 5 V, and the tip displacement is 1 μ N.  
Fig. 2 shows the induced surface strain on the cantilever for a tip force 
and a piezoelectric actuation, respectively. For piezoelectric actuation, 
the strain is concentrated where the actuator is located. The induced 
strain where the actuator is not located corresponds to less than 1% of 
the strain where the piezoelectric actuator is located. The strain is 
highest at the base for the tip force and linearly reduces along the x-axis 
to zero at the tip. 

Sensor S2 is placed close to the free-end of the cantilever to be more 
sensitive to tip force. Although S2 still generates charge for a piezo-
electric voltage applied on the actuator, this charge is only due to the 
intrinsic electric feedthrough. Table 5 summarizes the FEA for tip 
displacement and the generated charges of each sensor, induced by 

Table 3 
Material properties for silicon and aluminum nitride used in ANSYS.  

Parameter Silicon Aluminum Nitride 

Young’s modulus [GPa] 169 396 
Density [kg∕m− 3] 2500 3260 
Poisson’s ratio 0.30 0.30 
Strain constant - d31[m∕V] – 2.0 ⋅ 10− 12[72–74] 
Dielectric constant – 10.2[75,76]  
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piezoelectric actuation and tip force, with feedthrough included. Eqs. (8) 
and (12) were used to calculate the charge and Eq. (5) and (A.11) were 
used to calculate the tip displacement. For the mathematical model, the 
parasitic capacitance for sensors S1 and S2 were obtained through 
ANSYS Maxwell. 

The absolute difference in charge for sensors 1 and 2 for a piezo-
electric actuation is 0.61 fC and 0.33 fC, respectively. For a tip force 
acting on the cantilever, the difference is 4.22 fC and 4.32 fC. 

The tip displacement is 121.7 nm for the mathematical model and 
125.5 nm for the FEA model, with a difference of 3.8 nm. The tip 
displacement resultant of a tip force is 60.04 nm and 60.23 nm for the 
mathematical and FEA models, respectively. The difference is 0.19 nm 
between the models. Fig. 3 shows the normalized displacement profile 
along the x-axis for the cantilever system for a piezoelectric actuation 
and tip force. The displacements behave differently from each other, 
shown in Eqs. (A.5) and (A.9). As seen in Fig. 3, the mathematical model 
describes the displacements in accordance with the FEA. 

As described in the mathematical model and validated by the FEA, 
the strain for a piezoelectric actuator is concentrated at the region where 
the actuator is placed and insignificant elsewhere. For a tip force, the 
strain is highest at the base and zero at the free-end. The findings 
confirm the guidelines used to place the sensors on the cantilever, i.e., 
one sensor parallel to the actuator and one closer to the free-end. By 
placing sensor S2 close to the free-end of the cantilever, one can obtain 
two independents measurements, since piezoelectric actuator and tip 
force lead to different bending shapes. 

The mathematical model describes the system on one dimension, 
whereas ANSYS Workbench allows for a three- dimensional analysis. As 
such, the difference between the values obtained by the two models can 
be attributed to simplifications on the mathematical model. Layer 

Table 4 
Cantilever’s parameters for the mathematical 
model and FEA.  

Parameter Value [nm] 

Lc 1000 
wc 300 
tc 10 
Lp 400 
wp 122 
tp 0.5 
w1 100 
a1 0 
a2 400 
w2 290 
b1 600 
b2 900  

Fig. 2. Strain distribution at the surface of the cantilever for (a) a piezoelectric actuation with Vact = 5V and (b) a tip force of 1μN.  

Table 5 
Tip displacement and generated charge comparison between FEA and analytical 
models for (a) a piezoelectric actuation and (b) a tip force. The results include 
feedthrough.  

Parameter AN Model FEA Error (%) 

(a) Piezoelectric actuation 
Tip displacement [nm] 121.7 125.5 3.12 
Charge at Sensor 1 [fC] 51.61 52.12 0.99 
Charge at Sensor 2 [fC] 1.98 2.31 16.66  

(b) Tip force 
Tip displacement [nm] 60.04 60.23 0.31 
Charge at Sensor 1 [fC] 21.27 17.05 19.8 
Charge at Sensor 2 [fC] 14.45 10.13 29.9    

Fig. 3. Cantilever tip displacements due to a tip force and piezoelectric actu-
ation along the cantilever beam obtained from the mathematical model and 
finite element analysis. The displacement has been normalized to detail the 
difference in the displacement profiles induced by tip force and piezoelec-
tric actuation. 
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modeling and three-dimensional analysis can be integrated within the 
mathematical model at the cost of simplicity. 

4. Cantilever instrumentation 

4.1. Cantilever 

The cantilever used in this work is shown in Fig. 4. The dimensions of 
the cantilever and the piezoelectric actuator and sensors are detailed in 
Fig. 1 (b). The piezoelectric regions are electrically connected to the 
read-out circuit via the bonding pads at the chip base, as can be seen in 
Fig. 4 (b). A guard trace is placed around the actuator to mitigate the 
feedthrough from the piezoelectric actuators to the two sensors [63]. 
The base of the chip measures 3.7 mm by 1.6 mm. 

4.2. MEMS fabrication 

The microcantilever chip is fabricated by MEMSCAP using the Pie-
zoMUMPS process. It allows the fabrication of MEMS devices with 
piezoelectric regions using a 5-mask level Silicon-On-Insulator (SOI) 
patterning and etching process [77]. In the PiezoMUMPS fabrication 
process, a 400 μ m SOI wafer is used as the substrate. Mechanical 
structures, such as suspended cantilevers, are obtained by etching the 
backside of the substrate layer followed by an oxide etch. The thickness 
of the silicon after the etch is 10 μ m. A 0.5 μ m thick piezoelectric layer 
of aluminum nitride is deposited on top of the silicon layer. Subse-
quently, a 0.2 μ m thick layer of oxide is placed. Finally, a 1 μ m 
aluminum and 0.2 μ m chrome layer is deposited and used for electrical 
connections. The layer stack up is shown in Fig. 5 (a). 

4.3. Charge amplifier read-out circuit 

A charge amplifier circuit topology is used to convert the piezo-
electric charge generated from deflections to a voltage level suitable for 
interfacing with a data acquisition system. The schematic of the readout 
circuit is shown in Fig. 5 (a). It comprises of three amplification stages. 
The first stage is a charge to voltage amplifier and the second and third 
are voltage amplifiers with a passive high pass filter between the first 
and second stages. 

The input of the circuit is the generated charge of the two piezo-
electric sensors. The transfer function of the circuit for the first stage is 
given by [37]. 

Hf (s) =
Y(s)
U(s)

= −
Rf s

Rf Cf s + 1
. (21)  

The charge amplifier acts as a high-pass filter with a cut-off frequency of 
ωc =

(
RfCf

)− 1. For frequencies where ω ≫ ωc, the transfer function can 
be simplified to a static gain and be written as 

Fig. 4. (a) PiezoMUMPS layer stack fabrication process. (b) Rendering of the microcantilever and chip base where the bonding pads are located. (c) Detail of the 
cantilever rendering, highlighting the sensors and actuator. A guard trace is placed around the actuator to reduce electric feedthrough. 

Fig. 5. (a) Charge amplifier circuit showing the first (red), second (green) and 
third (blue) stages and the passive high-pass filter (black). (b) Photo of the 
fabricated charge amplifier read-out circuit. Inset A shows the cantilever 
bonding interface on the backside of the PCB. Inset B shows the manufactured 
cantilever in detail. 
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A1 = −
1
Cf

. (22)  

The passive high pass filter can be stated as 

H1(s) =
s

s + ωc1
, (23)  

where ωc1 = (C(R1∕∕R2))
− 1. Similarly, away from the cut-off frequency 

of the filter, the transfer function can be simplified to a gain of one. 
The second and third stages are voltage amplifiers and their gains can 

be expressed together as 

A23 = −
R3

R2

(

1 +
R5

R4

)

. (24) 

For frequencies ω ≫ ωc and ω ≫ ωc1, the total gain of the circuit is 
given by 

Atotal =

(
1
Cf

)(
R3

R2

)(

1 +
R5

R4

)

. (25) 

The gain of the charge amplifier circuit is in units of [V/C]. The gain 
of the first stage is 3.03 ⋅ 1010, the gain of the second stage is 5, and the 
third stage is 24, with a total gain of 3.636 ⋅ 1012 V∕C. The cut-off fre-
quency of the first stage is 48 Hz, and the passive high-pass filter is 
10 Hz. Fig. 5 (b) shows a photo of the fabricated PCB and interface with 
the microcantilever. The inset in Fig. 5 (b) shows the wire-bonded chip. 
The PCB has an ENEPIG (Electroless Nickel Electroless Palladium Im-
mersion Gold) finish to improve the wire-bonding process. 

The matrix system in (18) can be rewritten to yield output voltage by 
multiplying by the total circuit gain of the PCB (25) 
[

VS1T
VS2T

]

=

[
Λ1 Λ3
Λ2 Λ4

]

⋅
[

dV
dF

]

, (26)  

where the Λ-matrix is equivalent to the λ-matrix multiplied by the total 
circuit gain Atotal. The experimental inverse matrix for tip displacement 
and tip force can now be stated as 
[

dT
Ftip

]

=

[
Ψ1 + Ψ2 Ψ3 + Ψ4
Ψ2⋅ksys Ψ4⋅ksys

]

⋅
[

VS1T
VS2T

]

, (27)  

where the Ψ-matrix is the inverse of the Λ-matrix and ksys is the exper-
imentally obtained cantilever spring constant from Section 5.4. In the 
following section, the matrices from (26) and (27) will be used for th 
experimental calibration. 

5. System calibration 

5.1. Experimental setup 

The experimental setup to calibrate the integrated force and 
displacement sensors of the active cantilever is shown in the schematic 
in Fig. 6 (a), and a photo of the setup is shown in Fig. 6 (b). The active 
cantilever is mounted on it’s read-out circuit and a coarse positioning 
stage with an opening in the middle. The opening allows a Polytec 
Scanning Vibrometer (PSV-500) to be focused on the active cantilever to 
provide an accurate displacement reference measurement. A Tap190Al- 
G reference cantilever inside a Nanosurf (EasyScan 2) AFM is mounted 
on top of the active cantilever. The Nanosurf cantilever is aligned so that 
its tip touches the top of the free end of the active cantilever when 
landed. 

5.2. Piezoelectric actuator calibration 

The piezoelectric actuator was calibrated by driving it with a 200 mV 
chirp signal with the Nanosurf cantilever retracted and recording the 
displacement using the PSV-500. Fig. 7 shows the frequency response 

from integrated actuation to tip displacement and as measured with the 
integrated sensors. The cantilever actuation gain at the intended fre-
quency of operation of 500 Hz can be found by evaluating the frequency 
response at that frequency and is given in Table 6. 

5.3. Piezoelectric sensor calibration 

The measurements with the integrated sensors exhibit electrical 

Fig. 6. (a) Schematic for the experimental setup. (b) Experimental setup 
showing the Nanosurf AFM landed on the active cantilever mounted on the 
read-out circuit. 

Fig. 7. Frequency responses of the active cantilever measured with the PSV 500 
Vibrometer and the integrated sensors. 
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feedthrough originating from parasitic capacitances between the actu-
ator and sensors. As a result, the frequency response contains an extra 
complex zero pair near the resonance and the low frequency range 
shows a significant higher gain due to the additional feedthrough 
component. As can be seen from Fig. 7, the feedthrough from the 
actuator to sensor S1 is higher than to sensor S2. This is due to sensor S2 
having a higher sensing capacitance and being located further away 
from the actuator. With the assumption that the electrical feedthrough is 
minimized at the resonance frequency, the piezoelectric sensors are 
calibrated for displacement by aligning the magnitude of the frequency 
responses of each sensor and the tip displacement. The sensor sensitiv-
ities at the intended frequency of operation of 500 Hz can be found by 
evaluating the frequency response at that frequency and are given in 
table 3. Since the sensitivities contain the feedthrough component, its 
effect is mitigated when the model is inverted. Note, the static model 
(Eqs. (5) and (8)) is only valid for frequencies sufficiently lower than the 
resonant frequency. The calibration constants (Λ1 and Λ2) are obtained 
by dividing the voltage of each sensor by the tip displacement and are 
stated in Table 6. 

5.4. Stiffness calibration 

The stiffness of each cantilever is needed to calibrate the system for a 
displacement induced by a tip force. The calibration of AFM cantilevers 
is usually performed using the thermal noise method [78]. The thermal 
method uses the vibrations caused in the cantilever due to the Brownian 
motion. When the thermal noise method is implemented using Laser 
Doppler Vibrometry [20], the stiffness of the cantilever is given by 

k = (2πf )2kBT
v2 , (28)  

where f is the first resonance frequency, kB is the Boltzmann constant, T 
is the equilibrium temperature, and v is the mean velocity obtained from 
a Lorentzian fit to the velocity power spectrum. 

The velocity of the thermal noise motion was measured with a 
vibrometer (Micro System Analyzer vibrometer - Polytec MSA-100–3D) 
in the time domain. Fig. 8 shows the thermal noise of the Nanosurf 
cantilever and the active cantilever around their respective first reso-
nance frequencies. The spectra are obtained from the power spectrum 
density estimates using Welch’s method with 64 averages, no overlap, 
and Hanning window. The measured stiffness of the Nanosurf cantilever 
is 54.63 N∕m, and the active cantilever is 13.71 N∕m. 

5.5. Tip force calibration 

For the tip force calibration, the Nanosurf cantilever was landed on 
the active cantilever, and the piezoelectric actuator was grounded. The 
Nanosurf cantilever was landed using a setpoint of 50 nN. After the 
landing procedure is completed, the z-axis controller output was frozen 
such that it maintains its current output. With both cantilevers in con-
tact, the vertical positioner was excited with a 250 mV signal at 500 Hz. 
The resulting movement of the connected cantilever system was 
measured with the piezoelectric sensors, with the OBD and with the 
vibrometer. The constants from each sensor (Λ3 and Λ4) are obtained by 

Table 6 
Summary of the calibrated sensor parameters for displacement from a piezo-
electric actuator.  

Parameter Units Value 

Actuation frequency Hz 500 
Piezoelectric actuator V 5 
Tip displacement m − 1.22 ⋅ 10− 7 

Sensor 1 V 4.64 
Sensor 2 V 0.18 
γact m/V − 2.44 ⋅ 10− 8 

Λ1 V/m − 3.83 ⋅ 107 

Λ2 V/m − 0.15 ⋅ 107  

Fig. 8. Thermal noise measurement of (a) Nanosurf cantilever and (b) active cantilever.  
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dividing the voltage of each sensor by the tip displacement obtained 
from the vibrometer measurements. cOBD is the constant used to cali-
brate the OBD signal to displacement and, using its stiffness from Section 
5.4, to tip force. The experimentally obtained parameters are stated in  
Table 7. 

5.6. Experimental calibration matrix 

From the experiments described in Sections 5 and 5.4 (Tables 6 and 
7), the calibration matrix of the system is 

[Λ ] =

[
Λ1 Λ2
Λ3 Λ4

]

=

[
− 3.83⋅107 1.34⋅106

− 1.48⋅106 4.59⋅105

]

. (29) 

Inverting the Λ-matrix yields the experimental Ψ-matrix 

[Ψ ] =

[
Ψ1 Ψ2
Ψ3 Ψ4

]

=

[
− 2.944⋅10− 8 8.606⋅10− 8

− 9.491⋅10− 8 2.457⋅10− 6

]

. (30) 

Using the transformation from (27) and the stiffness found in Section 
5.4, the experimental matrix for tip force and tip displacement becomes 
[

dT
Ftip

]

=

[
− 1.243⋅10− 7 2.543⋅10− 6

− 5.505⋅10− 6 1.425⋅10− 4

]

⋅
[

VS1T
VS2T

]

. (31) 

Eq. 31 is used to recover the tip displacement and tip force using the 
measured voltages of sensors S1 and S2. The stiffness of the system ksys is 
the sum of the stiffness of both cantilevers obtained through the thermal 
noise method. 

6. Simultaneous tip displacement and tip force measurement 

After calibration, the active cantilever is used for simultaneous force 
and displacement sensing. First, the Nanosurf cantilever was landed on 
top of the active cantilever using a setpoint of 50 nN. After the landing 
procedure is completed, the z-axis controller output was frozen such that 
it maintains its current output. After landing is complete, the nanosurf 
cantilever was retracted slightly using the stepper motor and the active 
cantilever was excited by a sinusoidal waveform of 500 Hz and ampli-
tude of 5 V, which translates to a free-air amplitude of 122 nm. 
Retracting the cantilever allows the active cantilever to approach, 
engage and retract from the Nanosurf cantilever which simulates an off- 
resonance tapping-mode AFM operation. 

The tip displacement, voltage of the piezoelectric sensors and OBD 
system were measured with a sample frequency of 250 kHz, and post- 
processed offline using MATLAB. The post-processing steps in MAT-
LAB include the integration of the displacement since the vibrometer 
naturally captures velocity information in the time-domain. Addition-
ally, the signals of each sensor were filtered to eliminate a small noise 
component at 50 Hz originating from electric grid noise. The results 
shown in Fig. 9 were obtained multiplying the voltage of each sensor in 
the time-domain by the matrix in Eq. (31). 

The results comparing the displacement obtained from the vibr-
ometer and the integrated sensor are shown in Fig. 9 (a). The mea-
surement curves are characterized by two distinctive regimes: during the 
contact phase the two cantilevers move simultaneously and follow the 

sinusoidal excitation. When the contact is broken, the active cantilever 
shows transient oscillations at the resonance frequency of 14.88 kHz. It 
can be seen that the integrated sensor output follows the reference 
measurement from the vibrometer accurately. When the contact is 
broken, the transient oscillations at the resonance frequency are 
superimposed on the sinusoidal motion of the active cantilever. Once the 
two cantilevers are in contact, the ringing dies down quickly. This is 

Table 7 
Summary of the calibrated sensor parameters for displacement from a tip force.  

Parameter Units Value 

Actuation frequency Hz 500 
Vertical positioner V 0.250 
Tip displacement m 3.56 ⋅ 10− 8 

Sensor 1 V 0.048 
Sensor 2 V 0.016 
OBD V − 0.05 
Λ3 V/m 0.134 ⋅ 107 

Λ4 V/m 0.046 ⋅ 107 

cOBD m/V − 6.61 ⋅ 10− 7  

Fig. 9. Simultaneous displacement and force sensing with the active cantilever. 
(a) shows the tip displacement compared with the vibrometer and (b) presents 
the tip force compared with the OBD system. Both insets in (a) and (b) show the 
ringing effect after the snap-off between the cantilevers. 

Table 8 
Sensitivity to displacement of each sensor and actuator gain for (a) a piezo-
electric actuation and (b) a tip force.  

Parameter AN Model FEA Experimental 

(a) Piezoelectric actuation 
Actuator gain [nm/V] 24.34 25.1 24.4 
S1 [fC/nm] 0.42 0.415 10.53 
S2 [fC/nm] 0.016 0.018 0.412  

(b) Tip force 
S1 [fC/nm] 0.354 0.283 0.368 
S2 [fC/nm] 0.16 0.240 0.126    
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expected, as the system mechanic properties change once in contact, 
acquiring a different combined Q-factor, stiffness, and resonance fre-
quency, all of which determine the transient response. 

During the measurement, the OBD sensor is used as a reference 
measurement for tip force which is plotted in Fig. 9 (b) and compared 
with the recovered force by the sensors. The tip force follows a sinu-
soidal shape, originating from the excitation of the piezoelectric actu-
ator. After contact is lost, the active cantilever shows transient 
oscillations at the resonance frequency. The inset details the snap-off 
moment between the cantilevers. Table 8 presents a comparison be-
tween the analytical model, FEA and the experimental results obtained. 
The experimental sensitivities were obtained by dividing the Λ values by 
the gain of read-out circuit and the analytical and FEA sensitivities are 
based from the results shown in Table 5. Sensor S1 generates charge from 
the induced strain from the actuator and the electric feedthrough, 
whereas sensor S2 is only affected by electric feedthrough. However, 
sensor S2 displays a sensitivity to tip force 3.27 times lower than to 
piezoelectric actuation. In reducing the feedthrough, the sensitivity of 
sensor S2 can be further improved to detect tip force only. Note that 
sensor S2 is placed very close to the free-end, where the strain is almost 
zero. 

The actuator gain for the analytical model, FEA and the experimental 
results are similar. The higher sensitivity displayed by the sensors 
experimentally for a piezoelectric actuation is due to the higher exper-
imental feedthrough. 

For a tip force, the experimental sensitivity is similar for sensor S1. 
Sensor S2 displays a lower sensitivity and that is explained by the point 
of application of force. Experimentally, the force applied is not at the tip, 
rather it is close to it. As the strain along the cantilever reduces to zero 
where the force is applied, a reduction on the strain for sensor S2 affects 
it more proportionally than sensor S1. 

7. Conclusions 

The article describes a new cantilever system with on-chip actuation 
and dual sensors capable of independently measuring the tip displace-
ment and tip force acting on the cantilever. The approach reduces 
problems with on-chip actuation and sensing where the measured 
deflection includes contributions from both the tip force and actuation 
signal. In this work, piezoelectric layers are used for both the actuators 
and sensors which does not allow detection of static deflections, which is 

required for contact modes. However, these sensors are ideal for off- 
resonance tapping mode, which is the focus of this work. 

Despite the large reduction in mechanical cross-coupling between 
the actuator and force sensor, electrical cross-coupling was still observed 
to be significant. This required the use of a calibration process to identify 
the electrical cross-coupling terms and cancel them during operation. 

To validate the proposed cantilever, a test system was constructed 
that uses a second AFM to apply a known force, while an interferometer 
is used to directly measure the true displacement. Experimental results 
show a close correlation between the force and displacement measured 
by the on-chip sensors, and the external reference sensors. The most 
significant disagreement was due to oscillation of the integrated canti-
lever that is induced at the moment of detachment during force 
spectroscopy. 

Future work aims to reduce issues with oscillation during detach-
ment by actively reducing the Q-factor. This is expected to significantly 
reduce oscillation while the cantilever is detached from the sample and 
will increase the rate of force spectroscopy. AFM tips will also be added 
to the cantilevers using a standard MEMs post-processing method, which 
will enable imaging experiments using an off-resonance tapping mode, 
or force spectroscopy. 
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Appendix A. Mathematical model 

A.1. Piezoelectric equations 

Eq. (2) is used to model the piezoelectric actuator [69]. When no external stress is applied, the surface strain induced by a voltage Vact applied to a 
piezoelectric actuator is given by [15,69]. 

ϵ = kαz
wp

wc
⋅
d31Vact

tp
, (A.1)  

where z is the position along the z-axis, tp is the actuator thickness, wc is the cantilever width, wp is the actuator width, and kα is a constant that is 
related to the thickness and Young’s modulus of the cantilever and defined as [69]. 

kα =
6EcEptctp(tc + tp)

E2
c t4

c + EcEp(4t3
c tp + 6t2

c t2
p + 4tct3

p) + E2
pt4

p
, (A.2)  

with Ec and Ep being the Young’s modulus of the cantilever and actuator, respectively, and tc and tp are the cantilever’s thickness and the actuator’s 
thickness, respectively. 

A.2. Charge and tip displacement induced by piezoelectric actuation 

Euler-Bernoulli equations are used to model the tip displacement of the cantilever. It can be written as 
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[

ErIr
d2uz

dx2

]

= Fz(x), (A.3) 

where Er and Ir are the Young’s modulus and second moment of area of the system, respectively and Fz(x) is the applied force along the x-axis in the z- 
direction. 

To solve (A.3), the following boundary conditions are applied. The displacement and slope at the base and the shear force at the tip are zero. The 
moment 

M = − ErIr
ϵ
z
, (A.4)  

is constant where the actuator is located (0 ≤ x ≤ Lp) and zero elsewhere (Lp < x ≤ Lc). The induced strain is given by Eq. (A.1). 
Solving Eq. A.3 using the above boundary conditions and Eq. (A.1) leads to the displacement uz along the x-axis, 

uz(x) =

⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

kαd31

2tp
⋅Vact⋅

wp

wc
⋅x2, for0 ≤ x ≤ Lp

kαd31

2tp
⋅Vact⋅

wp

wc
⋅Lp⋅(2x − Lp), forLp < x ≤ Lc

⎫
⎪⎪⎪⎬

⎪⎪⎪⎭

. (A.5)  

where Lp is the actuator’s length and Lc is the cantilever’s length. 
The strain can be related to the displacement as 

ϵ =
d2uz(x)

dx2 . (A.6) 

From Eq. (A.6) and (A.5), the strain is [15], 

ϵ(z) =

⎧
⎪⎪⎨

⎪⎪⎩

(kαz)
d31Vact

tp

(
wp

wc

)

, for0 ≤ x ≤ Lp

0, forLp < x ≤ Lc

⎫
⎪⎪⎬

⎪⎪⎭

, (A.7)  

where Lp is the actuator’s length. 
Substituting (A.7) into (3), the charge can be expressed as [15]. 

q =

⎧
⎪⎪⎨

⎪⎪⎩

d2
31wsEs(kαz)

1
tp

wp

wc
Vact(x)∣x2

x1
, for0 ≤ x ≤ Lp

0, forLp < x ≤ Lc

⎫
⎪⎪⎬

⎪⎪⎭

, (A.8)  

where the points a1 and a2 are the starting and finishing position of sensor S1. Note that the charge is zero for a sensor placed outside the area where the 
actuator is positioned. 

A.3. Charge and tip displacement induced by tip force 

The cantilever displacement due to tip force is derived following similar procedure. By using Euler-Bernoulli equations in (A.3) with boundaries 
conditions where the displacement and slope at the base are zero, the shear force at the tip is the force applied and the moment at the tip is zero, the 
displacement along the x-axis is, 

uz(x) =
1

6ErIr

(
− x3 + 3Lcx2)Ftip, for0 ≤ x ≤ Lc, (A.9)  

where, Ftip is the applied tip force in the z-axis. 
The tip displacement dF due to a tip force can be evaluated at x = Lc and, from (A.9), yields 

dF =
L3

cFtip

3ErIr
, (A.10) 

Expressing Eq. (A.10) in terms of the cantilever’s stiffness kc, yields 

dF =
Ftip

ksys
, (A.11)  

and kc is expressed as, 

kc = 3
ErIr

L3
c
. (A.12) 

The strain can be obtained by taking the second derivative of the displacement in (A.9). The surface strain on the cantilever displays a first-order 
behavior along the x-axis, expressed as, 
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ϵ(x) =
Ftip

ErIr
( − x + Lc), for0 ≤ x ≤ L. (A.13) 

By substituting (A.13) into (3), the general equation for surface charge induced by tip force is [15]. 

q = −
zd31bs

2Ir

Es

Er
Ftip

(
− x2 + 2Lcx

)
∣x2
x1
. (A.14)  

where x1 and x2 are the starting and finishing positions of the sensor. 
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