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1. Introduction 

Insulin disorder in a human organism is the reason 

causing diabetes - the disease one of the most spread in the 

world. The diabetes is distinguished as type 1 and type 2 [1]. 

Autoimmune attack which destroys beta cells of pancreas 

results is diabetes of type 1, while metabolic disorder in the 

form of high level of glucose in the blood, insulin resistance 

and relative deficiency of insulin is a is defined as the dia-

betes of type 2 The Type 2 diabetes, according WHO, co-

vers about 90% of all the diabetes cases [2]. Therefore, early 

detection technology convenient and affordable for millions 

of people suffering from diabetes worldwide is of special 

need.  

Different glucose detection techniques have been 

developed up to now [3]. Blood glucose (BG) monitoring is 

the most reliable and highest precision method also called 

as gold standard method. But the main shortcoming of BG 

method is the fact that it is invasive method what causes se-

rious discomfort for a patient who needs its frequent appli-

cation as this is inevitable for glucose level monitoring in 

case of diabetes diseases [4]. The situation stimulates the 

searches for more comfortable – non-invasive methods. 

Therefore, numerous research efforts aimed at the develop-

ment of non-invasive methods are being made [5, 6]. Tech-

niques of glucose detection in other human serums such as 

saliva, sweat, tears, urine or even exhaled breath (gas) have 

been developed or currently are under development. They 

still lack confidence of the obtained results as great number 

of facts makes impact on biochemical composition of the 

mentioned serums and response time constant is not yet suf-

ficient if compared to BG method. Nevertheless, the latest 

achievements in biotechnologies, micro and nano technolo-

gies allow promising expectations for convenient non-inva-

sive glucose level monitoring techniques development [7].  

Development of glucose level monitoring tech-

niques evolves by two major paths – electrochemical sens-

ing technology and physical properties changing of a sens-

ing fluid due to affinity binding principles, e.g. in solution 

of dextran concavalin A (con A) [2, 5]. An electromechani-

cal sensor consists of the basic part bio receptor – in the most 

cases it is glucose oxidace (GOx) enzyme which in reaction 

with glucose generates electron transport signal that is con-

verted into measurable electric signal by second basic part 

of the sensor – transducer. Nevertheless, electrochemical 

sensors still feature drawbacks such as accumulation of re-

action products, non-sufficient stability and response time. 

Typical technologies developed according the second path 

can be represented by viscometric sensors [8]. The basic 

functional part of the sensor is micro cantilever immersed 

into a fluid the viscosity of which is changed due to binding 

of glucose to con A. The increase of glucose level results in 

decrease of the solution what in turn results in the change of 

response characteristics of the micro cantilever when it is 

excited by periodical or discrete signal. Vibration character-

istics of the cantilever are detected using optical lever sys-

tem with the help of light beam reflected from its surface or 

using indirect capacity measurement method [9]. Neverthe-

less, the applied principles of vibration measurements are 

inconvenient for practical (clinical) application cases. 

In order to make measurement system more con-

venient, increase measurement accuracy and get the sensor 

that can be manufactured applying cheap manufacture pro-

cesses a novel structure glucose sensor is proposed in the 

paper. The main focus is made on the design of viscoelastic 

cantilever type sensors with the embedded piezo-active 

functional element to drive micro cantilever in order to de-

tect concentration of glucose in the physiological liquid. An-

alytical, numerical and experimental methods for design and 

analysis of viscoelastic sensor are presented. 

2. Design 

Micro cantilever design as shown in Fig.1, is par-

ticular in that it has the electrical contacts which are fixed 

onto the novel nano composite piezoelectric polymer. Nano 

composite piezoelectric polymer was developed by mixing 

PZT powder with 20% solution of polyvinyl butyral in ben-

zyl alcohol. For the numerical and theoretical analysis nano 

composite material with 80% concentration of PZT powder 

was selected. It ensures the higher sensitivity at lower reso-

nant frequency as this composite material has lower stiff-

ness than PZT ceramics. This piezoelectric material was 

screen printed on an Al coated polyvinyl chloride (Al-PVC) 

using 325 mesh stainless steel screen, dried for 30 min at 

100oC and poled using electrical field of 5kV. Moreover, 

periodic microstructure can be embedded in order to in-

crease the functionality of the electro-optic active element 

[10]. 

The schematic representation of the principle de-

sign of the proposed sensing element for glucose detection 
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is shown in Fig. 1. Its main structural unit consist from Al-

PVC beam as the base and PZT nano composite layer at the 

end covered by Al (electrical contact). When applying volt-

age onto the contacts, the material due to its piezoelectric 

properties excites the end of cantilever and in case of the 

glucose concentration change in the liquid where it is im-

mersed the feedback in the form of frequency shift of micro 

cantilever response is obtained. The effective usage of such 

type sensing element requires to perform analytical, numer-

ical and experimental investigations. Therefore, the analyti-

cal equation of motion and finite element analysis are pre-

sented in the next chapter. 

 

Fig. 1 Cantilever beam design with the electrical elements 

3. Mathematical modelling 

Mathematical modelling as a method of structural 

analysis, is particularly suitable for computer automated 

analysis of complex structural models. In the analysed struc-

ture, the cantilever beam is permanently fixed at one end and 

the other end is free to deflect under the effect of gravity.  

The piezoelectric and other functioning together 

layers can be represented as single two dimensional hori-

zontally oriented finite beam element with concentrated 

mass as shown in Fig. 2. 

 
 

Fig. 2 Schematic representation of the cantilever with its es-

sential geometrical parameters [9] 

They are approximated as a plate of mass m and 

length a ; attached to elastic beam which under the effect of 

electrical torque deflects by 
yd  from the centre of mass 

along the y -axis and deviates by the angle  in plane xy [9]. 

In elastic metal beam which serves as the base ele-

ment of the sensor under the effect of transversal loads 

bending, twisting and axial deformations can be observed. 

Transversal and rotational displacements are the character-

istics of bending deformation. Therefore mobility at a node 

of a beam element are expressed as a transversal displace-

ment and rotation. Stiffness matrix is formed for each node 

using the same sign reference system as follows: 

 Counter-clockwise direction is an assumed to be pos-

itive for Moments and rotations. 

 Positive direction of Y axis is assumed as positive for 

Displacements and Forces  

Taking into account that the plate has 2 DOF its 

displacement vector is  T
ydu , , where L is length of the 

beam not covered by the piezoelectric material plate. 

The cantilever mass is negligible insignificant if 

compared to the plate mass m, therefore it is modelled as 

ideal elastic element. Form the theory of elastic beams elas-

ticity force is:  
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and torque: 
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yd is the displacement of free end of can-

tilever beam. Spring vector of Elasticity force is:  
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Using beam theory, the shear force of the beam is 

calculated as: 
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Similarly, the bending moment is obtained using: 
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where   is transverse displacement function: 
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Writing above in matrix form we get: 
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where: 
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 is stiffness matrix of 

the beam and 
3

L

EI
k  . Here E is Young’s modulus of the 

beam material. We know that KuR
elect

 , where K is stiff-

ness matrix of the cantilever. Here 
fF  and torque 

f
M  are 

the forces acting on the plate due to fluid – plate interaction 

and can be obtained from the solution of adequately formu-

lated problem in fluid dynamics. Due to viscous and inertia 

properties of the fluid they can be considered as dependant 

on motion parameters (velocity and acceleration) of the 

plate [9]. Applying vector notation, the fluid force can be 

expressed as follows: 
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But the force is:  
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where: 
f

M  and 
fD  is the mass and fluid damping matrixes 

accordingly. Then oscillatory motion of the plate can be ex-

pressed: 
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According to Newton’s second law, the equation of 

motion of the damped system damping is given as: 

 

.Mu Cu Ku F    (11) 

 

For our case, the acceleration is in direction and the 

damping, as well as spring force, is zero. In matrix form, it 

is given as: 
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where the mass matrix, stiffness matrix, and electric force 

vector are as follows [9]: 
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4. Numerical analysis 

In order to know the modes of vibration of micro 

cantilever FEM model is build (Fig. 3). The model provides 

investigation of transient processes as well (Fig. 4-Fig. 5). 

The modelling of vibrating micro cantilever is done with the 

help of COSMOL MULTIPHYSICS. The results of calcu-

lations are useful for design or manufacture of the micro 

cantilever. FEM mesh analysis model and simulation pa-

rameters are presented in Fig. 3(b) and Table 1. 

  
a b 

Fig. 3 (a) Transient analysis point location, (b) Meshed analysis model 

Table 1 

Microcantilever parametric table 

Name  Expressions Value 

Tmax 50/freq 0.010960 

Tstep Tmax*1e-2 1.0960E-4 

Freq 4562 Hz 4562.0 Hz 

Amp 40 V 40 V 
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a b 

Fig. 4 (a) Transient analysis model without damping, (b) Graph for Transient analysis model without damping 

  
a b 

Fig. 5 (a) Transient analysis model with damping, (b) Graph for Transient analysis model with damping 

The results of simulation were useful for determin-

ing the main geometric parameters of viscoelastic micro 

sensor and the main optimal working regimes of the canti-

lever. It was shown that the theoretically determined fre-

quency of the proposed cantilever is 1.6 kHz, when cantile-

vers dimensions are: length - 50*10-4m, width - 15*10-4m, 

thickness - 2*10-4m. Dimensions of piezoelectric element 

are: length - 20*10-4m, width - 15*10-4m, thickness - 

1*10- 4m. 

5. Experimental results 

Model of the cantilever Manufactured from poly-

vinyl chloride (PVC) material is used in this experiment. 

One side of the cantilever is anchored with help of unmov-

ably fixing bracket and the other side is suspended to the 

gravity. The plate of piezoelectric composite material with 

electrical contacts is attached to the open end of cantilever. 

The contacts are connected to the vibration parameter meas-

urement system Pico Scope the data from which is trans-

ferred to computer, processed by the Pico Scope software 

and outputted in the form of graphs (variation of amplitude 

and time are presented in the graph) (Fig. 6). The bump-test 

was made three times and the best results are shown in 

Fig. 7. 

 

Fig. 6 Experimental setup of cantilever vibration analysis 
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a b 

Fig. 7 Bump-test results: a-test 1; b- test 2 

 

a 

 

b 

Fig. 8 Holographic interferogram of vibrating micro cantilever in liquid: a-liquid without glucose; b-liquid with glucose 

The frequency response interval is 1.5 kHz to 

1.7 kHz. The theoretical value is comparatively equal to the 

experimental frequency value. 

To verify created FEM model and for visualization 

of mode vibration of cantilever the method of holographic 

interferometry was used [11]. The holographic interfero-

grams of working viscometric sensor in the liquid without 

glucose and with glucose are presented in Fig. 8. They show 

that amplitude of cantilever vibrating in liquid with glucose 

and excited at 1.6 kHz was decreased about 30% in compar-

ison with vibrations in liquid without glucose. The described 

phenomena allow to create noninvasive sensor for glucose 

level detection in various physiological liquids. 

5. Conclusions 

The cantilever activated by electrical elements in-

stead of using magnetic excitation was designed and ana-

lyzed. As in the known models some difficulties to place 

magnet in the sensor exist, the magnet was replaced by thin 

piezoelectrical element used to excite the micro cantilever; 

together the possibility to variate easily the size of cantilever 

appeared. 

FEM analysis of vibration forms of the cantilever 

enabled to determine appropriate operation frequency which 

in the case of analysis was equal to1.6 kHz. 

The obtained results of experimental analysis are 

in agreement with the results of FEM analysis what proves 

adequacy of FEM model. The main suitable experimentally 

determined operation frequency be used in sensors for glu-

cose detection is in the range between 1.5 kHz to 1.7 kHz. 
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and gets the sensor that can be manufactured applying cheap 
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