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ABSTRACT 
 
The mass sensor based on a microcantilever is 

considered. The mass loading on a sensor-microcantilever 
is computed by aligning a position of the sensor 
microcantilever with a reference one. The control function 
contains information about the loading mass. The problem 
is reduced to a time varying parameter identification in 
microcantilever sensors that is addressed via higher order 
sliding mode control, in particular a super twist controller. 
The numerical example illustrates the effectiveness of the 
loading mass estimation based on the proposed second 
order sliding mode control algorithm. 
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1 INTRODUCTION 
 
Improved sensor measurements using second-order 

sliding mode control of a mass sensor based on a 
microcantilever is considered.  The microcantilever-based 
mass sensor (Fig. 1) detects mass loading via deflections in 
nanometer scale.  

 

 
Figure 1 A microcantilever sensor with polymer coating 
 
The polymer-coated cantilever is exposed to a chemical 

species, where the polymer layer attracts molecules of 
interest, which deposit on the microcantilever structure. 
Hence, mass loading in the structure occurs, modulating the 
resonant frequency [1]-[3], which, being measured, gives a 
tool for the mass loading computation. Resonant frequency 
measurements often suffer from low accuracy due to 

insufficient sensitivity of a microcantilever quality factor to 
the mass loading [2], [3]. In order to improve the accuracy 
of measurement the alternative method based on higher 
order sliding mode control is developed and presented in 
this work. The sensor system with feedback and control 
allows measurement of the mass loading on the sensor 
microcantilever by aligning the position of the sensor 
microcantilever with a reference one. Both microcantilevers 
are affected by the same environmental conditions. The 
sensor microcantilever, coated with a polymer layer, is 
exposed to the chemical species. The control force that 
aligns the sensor microcantilever with a reference one 
contains information about the loading mass. The controller 
generates the control force, which, after a finite-time 
transient, is proportional to the mass loading. The problem 
is reduced to a time varying parameter identification in 
microcantilever sensors that is addressed via higher order 
sliding mode control [4], [5], in particular a super twist 
controller [4]. The mass loading is estimated with a very 
high accuracy in a current time based on the control 
function, which is actuated by an electrostatic devise and is 
measuring accessible. The newly developed sensor will 
facilitate the micro-systems, for instance the one presented 
in Fig. 2, with a high accuracy sensed data, improving the 
overall system performance. 

 
Figure 2 General setup of a microcantilever system with 

excitation and detection 
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The numerical example illustrates the effectiveness 
(accuracy improvement) of the loading mass estimation 
based on the microcantilever sensor stabilized by the 
second order sliding mode control (SOSM) algorithm.  

 
2 MATHEMATCAL MODEL 

 
The reference microcantilever can be described as the 

motion of a one-dimensional oscillator and is modeled by 
the following second order differential equation [2] 
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Also, force acting on the cantilever from outside and 
caused by environmental conditions such as varying 
temperature, humidity, etc., is denoted as )(tξ .  Usually, 
this force is unknown, but can be estimated (observed) in a 
finite time using sliding mode observers [4], [6]. In this 
work it is assumed that )(tξ  is known and has a harmonic 
nature: tft ωξ sin)( = , ;  = a drive 
force;

*/0 mFf = 0F
ω  = a drive frequency.  

Equation (1) becomes 
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After exposing the sensor cantilever to the analyte, a 
small mass loading occurs and hence, the sensor 
cantilever’s controlled behavior can be expressed from (2) 
as follows 
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where, 
y =deflection of the sensor cantilever after analyte 

exposure, mδ = time-varying mass loading, )( mG δ  is a 
forces contraction force that depends on the mass mδ of the 
loading analyte and some parameters of the sensor 
microcantilever,  is a control function that is supposed to 
align a sensor microcantilever to a reference one. 

u

 
3 OBJECTIVE AND METHODOLOGY 

3.1 Objective 

The objective is to estimate the mass loaded on the sensor 

cantilever mδ  by means of controlling the sensor 
cantilever’s deflection, y , to follow that of the reference 
cantilever, y. The mass loading parameter mδ  is to be 
estimated analyzing control u . 

The methodology involves, first, designing the sliding 
variable in terms of the error parameter. For simplicity the 
effect of the term )( mG δ  on the microcantilever sensor 
deflection y  us assumed negligible with respect to the 
other terms in (3). 

The error in the system is expressed as 
 yy - e =  (4) 

The sliding variable σ  can now be defined in terms of 
the error as follows 

eceσ += &  (5) 
In order to stabilize σ  at zero the σ -dynamics is derived 
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Equations (6) and (7) can be rewritten of the form 
uFσ −= (.)&  (8) 

where 
eyby∆kebekωt∆fF &&& +∆++−−= 00sin(.)   (9) 

The sliding variable σ  is to be stabilized at zero by 
means of SMC. The intrinsic difficulties of the traditional 
SMC, including chattering and applicability to systems with 
relative degree 1, are mitigated by the high-order sliding 
mode control (HOSM) that stabilizes at zero not only the 
sliding variable, but also its  successive derivatives (k1−k th 
order HOSM). The approach is effective for arbitrary 
relative degrees, and the well-known chattering effect is 
significantly reduced, since the high frequency switching is 
hidden in the higher derivative of the sliding variable. 
Being implemented in discrete time, HOSM provides for 
the sliding accuracy proportional to kth power of time 
increment, which makes HOSM an enhanced-accuracy 
robust control technique. The second order sliding mode 
control (SOSM), in particular a super-twisting algorithm is 
used to robustly stabilize σ  in equation (8) at zero in a 
finite time in the presence of a bounded disturbance 

[4]. (.)F

3.2 Super-twisting Control 

The super-twisting (SOSM) control is based on the 
analysis of the perturbed nonlinear differential equation  
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C(t)ξξ(t)dτsign(q)βsign(q)qαq / ≤=++ ∫ && ,21   (10) 

It is well known that a solution  of equation (10) and 
its derivative  converge to zero in a finite time if 

q(t)
(t)q&
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Substituting following super twist control  

∫+= dt)σ(signβ)σ(signσαu / 21   (11) 
into (8) the σ  compensated dynamics are achieved 
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Comparing equations (10) and (12) one can conclude 

that selecting parameters of the super-twist controller (11) 
satisfying the inequalities L.α 50≥ ,  Lβ 4≥ )(.) LF( ≤& , 

the sliding variable and its derivative  in a finite 
time via control (11). It is worth noting that the control 
function  in (11) is continuous, since the discontinuous 
high frequency portion, , is integrated. Therefore, 
based on equation (8), the super-twisting control  exactly 
estimates the disturbance  as soon as  reach zero 
[4], i.e.,  
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4 TIME VARYING MASS 
IDENTIFICATION 

After the transient is over, the error becomes zero and 
hence from equation (6) we have, 

ut∆f)y∆kyb (∆ −=+ ωsin&   (14) 
Hence, from equation (14), the control ‘ u ’ can be 

expressed as 
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Finally, we arrive at the equation for the mass loading in 

terms of the control parameter ‘ ’ as follows u

-uy-kybtωf
m*umδ
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=   (19) 

It is assumed that the polymer-coated microcantilever 
does not have significant changes in the spring constant  
(after exposure to the analyte molecules). The control 
design is based on the fact that the resonance frequency 
change is only due to the time-varying mass loading in the 
structure. 

δk

 

5 IMPLEMENTATION OF THE SENSOR 
MICROCANTILEVER 

MEMS-based microcantilevers have been extensively 
studied resulting in a large design, fabrication, and 
implementation infrastructure [7-10].  An experimental 
proof-of-concept device may be readily selected from the 
existing technology.  Two requirements of the device are 
(1) a mechanism to sense the mass loading and (2) an 
actuation mechanism for applying the control.  The sensing 
mechanism could be piezoresistive, piezoelectric, or 
capacitive, while the actuation mechanism could be 
electrostatic, magnetic, thermal, or piezoelectric. 

A piezoresistive sensing element integrated with a 
piezoelectric actuator is one possible design for 
experimental proof-of-concept.  Using standard MEMS 
fabrication techniques, sensor cantilever would be 
fabricated from polysilicon with deposited piezoresistors.  
A piezoelectric layer is then deposited on the surface, 
followed by the analyte.  As mass loading occurs, the 
piezoresistance of the cantilever changes under 
stress/deflection.  When this is compared to the reference 
cantilever, a control law (i.e. voltage) is computed.  This 
voltage is applied to the piezoelectric layer to bring the 
sensor cantilever back to the zero-bias state. 

6 SIMULATIONS 

An experimental data was chosen where the 
measurements were the resonant frequency change and the 
deflection change. Proper excitation was assumed for 
simulation purposes. The microcantilever used for this 
experiment has the following physical parameters  
 Length of the structure=300 µm, thickness of the 
structure=35 µm, width of the structure=1 µm, mass of the 
structure = 24.36 ng, (for rectangular cantilever) = 0.24, 

 = 5.8464 ng, =4455 Hz, 

= , =0.04523809765 N/m, 

n
*m γ

b kg/s  10  1.63650035 7× k
kHz1420 ×= πω .  

 The plots are shown in the Figures 3 - 5. Figure 3 
shows that the sliding variable is very near to zero (of the 
order of ), which means that the sliding mode exists 
and eq. (19) can be used for the loaded mass estimation.  

1610−

 Figure 4 shows that control designed using the sliding 
variable is continuous and that its amplitude increases with 
time due to the increase of the unknown disturbance (mass 
loading) with time. 

Figure 5 shows a plot of the mass loading estimation 
using eq. (19) that practically overlaps the actual mass 
loading.  
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Figure 3. Sliding Variable ‘ σ ’ vs. ‘time’ 
 

It is seen that the continuous control exactly estimates the 
disturbances as soon as  reached zero. Also it is 
demonstrated that the estimate of mass loading using super 
twisting control and the actual mass loading (which is 
assumed ahead of time as 2 ng/s) practically coincide that 
confirms the effectiveness and high accuracy of the 
suggested method.  

(.)F σσ, &

 

 
Figure 4. Continuous Sliding Mode Control ‘ ’ vs. ‘time’ u

 
 

 
Figure 5. Mass Loading Estimation ‘ ’ vs. ‘time’ mδ

 

7 CONCLUSION 
The mass sensor based on a microcantilever is 

considered. The mass loading on a sensor-microcantilever 
is computed by aligning a position of the sensor 
microcantilever with a reference one. The control function 
contains information about the loading mass. The problem 
is reduced to a time varying parameter identification in 
microcantilever sensors that is addressed via higher order 
sliding mode control, in particular a super twist controller. 
The numerical example illustrates the effectiveness of the 
loading mass estimation based on second order sliding 
mode control (SOSM) algorithm. Further extension on this 
work can be to design a suitable controller using electronic 
circuitry and to integrate this controller with the 
microcantilever system for mass loading estimation. As the 
fundamental resonant frequency changes are not significant, 
higher order frequency shifts can be considered as 
measurements and mass loading estimation can be done 
with the algorithm presented in this paper. 
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