
HAL Id: hal-00753183
https://hal.science/hal-00753183

Submitted on 18 Nov 2012

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Embedding versus adhesive bonding of adapted
piezoceramic modules for function-integrative

thermoplastic composite structures
Werner Hufenbach, Maik Gude, Thomas Heber

To cite this version:
Werner Hufenbach, Maik Gude, Thomas Heber. Embedding versus adhesive bonding of adapted
piezoceramic modules for function-integrative thermoplastic composite structures. Composites Science
and Technology, 2011, 71 (8), pp.1132. �10.1016/j.compscitech.2011.03.019�. �hal-00753183�

https://hal.science/hal-00753183
https://hal.archives-ouvertes.fr


Accepted Manuscript

Embedding versus adhesive bonding of adapted piezoceramic modules for func‐

tion-integrative thermoplastic composite structures

Werner Hufenbach, Maik Gude, Thomas Heber

PII: S0266-3538(11)00133-3

DOI: 10.1016/j.compscitech.2011.03.019

Reference: CSTE 4961

To appear in: Composites Science and Technology

Received Date: 7 October 2010

Revised Date: 14 March 2011

Accepted Date: 17 March 2011

Please cite this article as: Hufenbach, W., Gude, M., Heber, T., Embedding versus adhesive bonding of adapted

piezoceramic modules for function-integrative thermoplastic composite structures, Composites Science and

Technology (2011), doi: 10.1016/j.compscitech.2011.03.019

This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our customers

we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and

review of the resulting proof before it is published in its final form. Please note that during the production process

errors may be discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

http://dx.doi.org/10.1016/j.compscitech.2011.03.019
http://dx.doi.org/10.1016/j.compscitech.2011.03.019


  

  1 

 

Embedding versus adhesive bonding of adapted piezoceramic modules 

for function-integrative thermoplastic composite structures 
 

Werner Hufenbach, Maik Gude and Thomas Heber* 

 

Technische Universität Dresden, Institute of Lightweight Engineering and Polymer 

Technology (ILK), Holbeinstraße 3, 01307 Dresden, Germany 

* E-mail: thomas.heber@ilk.mw.tu-dresden.de, Tel.: +49 351 463 38594, Fax: +49 351 

463 38143 

 

Abstract  

Against the background of an integration of piezoceramic modules into thermoplastic 

composite structures the development of thermoplastic-compatible piezoceramic 

modules (TPM) requires the consideration of the type of module-structure-connection 

and module position for an optimal strain transmission. While commercially available 

low profile transducers are applied predominantly by adhesive bonding, TPM with 

thermoplastic carrier films identical to the thermoplastic matrix of the composite 

structure offer the possibility for a material-homogeneous integration by a hot-pressing 

process. The aim of the presented work is to examine the influence of an adhesive layer 

as well as the comparison of adhesive bonding and module integration by a hot-pressing 

process. Therefore a common analytic model and the Finite Element Method (FEM) is 

used. Particular regard is given to a maximum strain transmission between the 

functional module and the composite structure.  For pure bending as well as for pure 

linear expansion the studies show the advantages of a material-homogeneous integration 

of function modules. 

 

Keywords: Smart materials (A), Functional composites (A), Polymer-matrix 

composites (A), Isostatic pressing (E), Welding/joining (E) 

 

1. Introduction 

Fibre-reinforced composites with thermoplastic matrix systems provide a high 

application potential for series production because of high specific mechanical 

properties as well as high design freedom combined with reproducible and efficient 
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manufacture processes. Furthermore, the integration of additional functional 

components, like piezoceramic actuators or sensors, in thermoplastic composite 

lightweight structures enables the purposeful monitoring and manipulation of the 

structural behaviour. For example these function-integrative thermoplastic composites 

exhibit the ability for quality monitoring or active vibration and noise control 

applications [1-3] but also for structural applications e. g. in morphing structures and 

compliant mechanisms [4-7].  

Previously developed plane function modules are for example the Active Fiber 

Composite (AFC) developed at the Massachusetts Institute of Technology (MIT) by 

Bent and Hagood and further developed by Continuum Photonics [8, 9], the Macro 

Fiber Composite (MFC) developed at NASA Langley Research Center by Wilkie, 

Bryant, et al [10-14] and the DuraAct, which was originally developed by the German 

Aerospace Center (DLR) [15-17]. These modules, whose manufacture is characterized 

by a high manual application effort, are typically bonded to the composite by an 

additional adhesive in the case of using the modules in function-integrative composite 

structures [12, 13, 15, 18-21]. Especially for composites with a thermoplastic matrix 

system the module connection by an adhesive layer can likely cause delaminations and 

losses in strain transfer due to compatibility problems of the connected components and 

a relatively low material stiffness of the adhesive.  

 

2. Thermoplastic-compatible piezoceramic modules 

With regard to a high volume production of function-integrative composite structures a 

transition from the above mentioned assembly-oriented to a novel technology-oriented 

actuator integration is necessary. Therefore thermoplastic-compatible piezoceramic 

modules (TPM) and dedicated manufacture and integration processes are developed, 

which are specially adapted for a material-homogeneous embedding of the module in 

the composite structure and which are suitable for a series production of function-

integrative thermoplastic composites [22-24]. Fig. 1 shows the typical structure of TPM 

with longitudinal (d33) and lateral (d31) active principle.  

 

Fig. 1. Schematic build-up of TPM with d33- and d31-active principle 
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The TPM permit the substantially coherent and homogeneous embedding in the fibre-

reinforced composite by a welding technology during a hot-pressing process and thus 

without additional bonding efforts. Therefore the TPM contains carrier films made of 

thermoplastics such as polyetheretherketone (PEEK) or polyamide (PA), respectively. 

Consequently, the thermoplastic carrier film and the matrix material of the fibre-

reinforced thermoplastic composite are from the same material. As an active layer a 

piezoceramic wafer or piezoceramic fibres, also embedded in the respective 

thermoplastic matrix system, are used. When using the d33-active principle, similar to 

the MFC concept the active layer is provided with interdigitated electrodes (IDE) to 

supply an electric voltage. In the case of the d31-active principle a piezoceramic layer 

with plane electrodes in combination with a contacting interface, applied to the carrier 

films, is used. The main difference of the TPM in comparison to the MFC is its process 

adapted material design and its manufacture by use of an adapted hot pressing 

technique, which is suitable for series production and exhibits a material homogeneous 

bonding of the novel TPM to a thermoplastic composite structure without an interfering 

adhesive layer. Thus a very close hot melt bonding of structure and active piezoceramic 

layer is generated (Fig. 2).   

 

Fig. 2. Cross section comparison of fibre-reinforced polymer structure with bonded 

MFC and TPM applied by hot pressing technique (s - structure, p - active piezoceramic 

layer, a - adhesive layer, c - polyimide film, t - thermoplastic film) 

 

Subsequently, the difference between the connection by an adhesive layer and the 

material-homogeneous connection of TPM and structure with regard to the strain 

transmission is investigated by means of analytical and numerical calculations. 

 

3. Comparison of material-homogeneous embedded and adhesive bonded TPM 

For the investigation of the adhesive layer influence at first a geometry model of a 

structural beam with TPM positioned on the top and on the bottom is used as shown in 

Fig. 3. In reality an adhesive layer is only used in the case of incompatibility of the 

composite structure matrix with the thermoplastic TPM carrier film, e. g. the composite 

structure matrix consists of thermosetting polymers.  
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The analytic calculation of the induced strains takes place predominantly on the basis of 

the Bernoulli-Euler model, which emanates from constant strains Tε  and Sε  over TPM 

thickness Td  and structure thickness Sd  for the case of the linear expansion and from a 

linear variable strain of the structure Sε  over the structure thickness for the bending 

case. The load application is effected by inducing an electric field in the TPM and a 

resulting constant actuation strain Aε  for free TPM. It is assumed that the TPM react to 

the admission of a positive and/or negative electrical operating voltage with a constant 

positive and/or negative actuation strain of the same absolute value. Consequently for 

inducing a pure linear expansion the TPM strains Tε  are equal in absolute value and 

algebraic sign, whereas the signs are different for the bending case. 

 

Fig. 3. Beam model with adhesive bonded or material-homogeneous connected TPM for 

inducing of linear expansion (a) and bending (b) 

 

The structure consists of fibre-reinforced thermoplastic polymer with quasi-isotropic 

material behaviour. It is assumed that structure and TPM are of the same thermoplastic 

matrix system, whereby for the case of an infinitesimal adhesive layer thickness 

( mm0=Kd ) a material-homogeneous connection of the TPM to the structure is 

possible, in the following called as „perfect connection“. 

 

The induced strain for the case of linear expansion and perfect connection follows 

according to the Bernoulli-Euler model [25] as 
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consisting of the modules of elasticity SE , TE  and the cross sectional areas SA , TA  of 

structure and TPM, where the particular cross sectional area is calculated from width b  

and thickness d .  

The induced strain in the bending case for perfect connection is calculated as 
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with the moment of inertia for a TPM  
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Under consideration of a finite adhesive layer thickness the induced strains in the TPM 

and the structure result in the case of linear expansion according to the Bernoulli-Euler 

model as 
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where x  is a dimensionless coordinate ( 11 ≤≤− x ) along the TPM length Tl  (compare 

Fig. 4) and KG  the shear modulus of the adhesive layer. By integration of equation (6) 

over 1−=x  to 1=x  the entire deformation u  induced into the structure results as 
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With this equation the evaluation of the shear loss caused by the adhesive layer in 

comparison to the perfect connection ( ∞=dτ ) is possible. 

The fraction of the adhesive layer in the total flexural rigidity is neglected for the 

bending case; the adhesive layer supplies only an additional strain fraction. Furthermore 

the adhesive layer is assumed as infinitely thin, so that the distance between TPM and 

structure is equal to zero, similar to the perfect connection. For the bending case the 

TPM and structural strains are expressed as 

 

( )
( )

( )
( ) A

b

b

b

b

S
T

x

DD

Dx
y

d
y� ε

τ
τ

ψτ
τψ ��

�

�
��
�

�
−

+++

+
��
�

�
��
�

�
+=

cosh
cosh

1
812

6

1
1

cosh
cosh12

)(

2

, (9) 

 

( )
( ) A

b

b

S
S

x

DD

Dy
d

y� ε
τ

τ

ψ
��
�

�
��
�

�
−

+++

+
=

cosh
cosh

1
812

6

1
112

)(

2

 (10) 

 

with the shear parameter for bending 
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and the thickness ratio between structure and TPM 
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In the bending case the structure’s curvature  
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induced by the actuation strain serves for the evaluation of shear loss caused by the 

adhesive layer, similar to the induced strain for the expansion case.  

For the numeric verification of the analytic results a two-dimensional FE-model adapted 

to the analytic model was designed considering existing symmetries with regard to the 

y-coordinate with the help of ANSYS. The model, consisting of plane elements of type 

223, was developed on the assumption of a plane stress state (Fig. 4). The adhesive 

layer was modelled with elastic properties. In order to investigate the structural 

influence of the adhesive layer, its thickness Kd  can be specifically adapted. In case of 

perfect connection mm 0=Kd  is valid (e.g. in Fig. 5). Fig. 4 is presented with 

mm 1.0=Kd , whereupon four elements are utilized over the thickness so that shear-

locking effects caused by an insufficient mesh density are excluded and the model 

exhibits the ability to reproduce spatial shear stress states.  

 

Fig. 4. FE-model (half-model) for the investigation of the actuator-induced strain and 

bending of a structural beam 

 

The solution of the model is made by a thermomechanical approach under utilization of 

the analogy between piezoelectric and thermal strains, whereas for the respective 

direction the coefficient of thermal expansion is replaced by the piezoelectric load 

constant and the temperature change is replaced by the electrical field for inducing a 

defined actuation strain. 

Fig. 5 shows the strain of the structure Sε  normalized to the actuation strain Aε  at the 

structure surface under perfect connection of the TPM for linear expansion and bending 

as a function of the thickness ratio D . As input parameters for the computation a 

constant actuation strain  0015.0=Aε  and TPM thickness mm2.0=Td  as well as 
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constant Young’s moduli ( GPa 30=TE , GPa 60=SE ) and widths ( mm 20== ST bb ) 

of structure and TPM are assumed. 

 

Fig. 5. Structural strain as a function of the thickness ratio 

 

With decreasing structure thickness the strain converges to the actuation strain in the 

case of expansion, since the structure rigidity draws near zero and the TPM can expand 

unhindered. In the case of induced bending however the contrary actuation strains of the 

TPM cancel each other when the structure thickness becomes zero. By reason that the 

represented analytically and numerically determined curves show a very good 

agreement, a sufficiently exact map of both load cases on the basis of the Bernoulli-

Euler model can be assumed. 

Under consideration of an adhesive layer thickness of mm 2.0=Kd  and an adhesive 

Young’s modulus of GPa1=KE  as well as a constant thickness ratio of 5=D  the 

normalized strain for structure and TPM is illustrated as a function of x  (Fig. 6). In the 

centre of the TPM ( 0=x ) no strain loss caused by the adhesive layer can be seen for 

both load cases in comparison to the perfect connection. However the strain loss 

increases progressively with approaching the TPM edge, so that at 1=x  no more 

actuation strain can be transferred to the structure. The analytical calculation of the 

TPM strain is only limited valid for the bending case, since the strain at the TPM edge 

converges to the actuation strain in reality and not to zero (see FE result in Fig. 6).  

 

Fig. 6. Strain as a function of x  along the TPM length for linear expansion (a) and 

bending (b) 

 

For better evaluation of the shear loss caused by the adhesive layer, Fig. 7 shows the 

induced total deformation for the expansion case and the structure’s curvature for the 

bending case, respectively, as a function of the adhesive layer thickness for varying 

Young’s modulus of the adhesive.  The presentation of the bending results is regarded 

on the position 8.0=x  for a TPM length mm 30=Tl . In comparison to the optimal 

case of perfect connection, for both load cases an increasing adhesive layer thickness 

and a decreasing adhesive stiffness result in a reduction of the induced deformation and 

curvature, respectively. 
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Fig. 7. Induced deformation for pure expansion (a) and induced curvature for bending 

(b) as a function of adhesive layer thickness and stiffness 

 

4. Embedding of TPM 

Resulting from the hot-pressing manufacture process of function-integrative 

thermoplastic composites, TPM offer the possibility for material-homogeneous 

embedding in almost any position over the composite thickness beside the possibility of 

perfect connection. For the calculation of this integration case the TPM at the top and 

bottom of the structure will offset in the direction of the neutral plane by the TPM 

thickness Td  plus the embedding depth h  (Fig. 8). The previously considered adhesive 

layer is not applicable in this case.  

 

Fig. 8. Beam model with embedded TPM for induced expansion (a) and bending (b) 

 

With integrated TPM the determination of the induced strain and deformation for linear 

expansion, respectively, is calculated by equation (1) analogue to the case of perfect 

connection, whereas the reduction of the structure rigidity due to the embedded TPM 

has to be considered. Thus the strain follows as 
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with the adapted relative stiffness ratio according to equation (2)  
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For the calculation of the induced strain in the bending case the moment of inertia of the 

structure in equation (3) has to be reduced by the moment of inertia TI  of the TPM, 

which are located with the distance a  to the neutral plane, so that 
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where a  is calculated from the structure and TPM thickness as well as the embedding 

depth h  as 
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Under linear expansion the induced strains and deformations, respectively, are 

independent from the embedding depth of the TPM. Fig. 9 a compares the induced 

deformation of embedded TPM in the structure with the deformation in the case of 

perfect connection as functions of the thickness ratio of structure and TPM. The 

difference between the curves only results from the theoretical reduced structure rigidity 

due to the module cavities in integration case. If no module cavities are provided in 

reality, no significant reduction of the structure rigidity is observed and the 

deformations of the integration case converge to the deformations of perfect connection. 

Furthermore for the bending case Fig. 9 b shows the run of the structure curvature 

against the thickness ratio and embedding depth, where an embedding depth of 

mm 0=h  considers the congruent position of TPM and structure outer surface. Because 

of a constant TPM thickness of mm2,0=Td  the case of perfect connection, shown for 

comparison, results in an embedding depth of mm2,0−=h . 

 

Fig. 9. Induced deformation for linear expansion (a) and induced structure curvature for 

bending (b) as a function of thickness ratio and embedding depth 

 

With an increasing thickness ratio the induced structure curvature decreases. The 

maximum curvature can be reached by integrating the TPM right under the structure 

surface, proven by the comparison between embedding and perfect connection at a 

constant thickness ratio of 5=D . However analogue to the expansion case a reduced 

structure rigidity due to module cavities has to be considered.  
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5. Deformation energy transmission 

An additional method for comparison of different TPM-structure-combinations for the 

considered load cases is the evaluation of the deformation energy induced in the 

structure. The efficiency of the deformation energy transmission 
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is an adequate evaluation criterion and is defined as the ratio of the deformation energy 

induced in the structure SU  and the maximum existent energy in the structure maxU . 

The relative stiffness ratio ψ  is calculated by equation (2). 

On the basis of a perfect connection of structure and TPM, in Fig. 10 the efficiency of 

the deformation energy transmission for expansion and bending is shown under 

variation of the thickness ratio D  and the ratio of Young’s moduli E of structure and 

TPM. Under both load cases the increase of the Young’s modulus ratio causes a shifting 

of the maximum deformation energy transmission to decreasing thickness ratios.  

 

Fig. 10. Efficiency of the deformation energy transmission for linear expansion (a) and 

bending (b) as a function of thickness ratio and ratio of Young’s moduli 

 

6. Conclusions 

Novel piezoceramic modules with adapted thermoplastic carrier films offer the 

advantage of a material homogeneous integration into fibre-reinforced thermoplastic 

composites using a welding process. For the case of bending as well as of pure linear 

expansion the presented calculative studies show the advantages of a material-

homogeneous integration of function modules in relation to adhesive bonded modules. 

Due to the reduced material stiffness of an additional adhesive compared to the 

composite structure and the TPM, the module connection by an adhesive layer comes 

along with a shear loss between TPM and structure. Additionally it is to be noticed that 

in reality occurring adhesion problems because of the material-inhomogenously 
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connection of the components were not considered. Furthermore the efficiency of the 

deformation energy transmission can be increased for certain applications by connecting 

the TPM not to the outer surface, but inside the structure. Thus e. g. for the induction of 

a preferable large bending deformation, it is advantageous to integrate the TPM direct 

under the surface of the composite structure.  
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Figure captions 

Fig. 1. Schematic build-up of TPM with d33- and d31-active principle 

Fig. 2. Cross section comparison of fibre-reinforced polymer structure with bonded 

MFC and TPM applied by hot pressing technique (s - structure, p - active 

piezoceramic layer, a - adhesive layer, c - polyimide film, t - thermoplastic film) 

Fig. 3. Beam model with adhesive bonded or material-homogeneous connected TPM for 

inducing of linear expansion (a) and bending (b) 

Fig. 4. FE-model (half-model) for the investigation of the actuator-induced strain and 

bending of a structural beam 

Fig. 5. Structural strain as a function of the thickness ratio 

Fig. 6. Strain as a function of x  along the TPM length for linear expansion (a) and 

bending (b) 

Fig. 7. Induced deformation for pure expansion (a) and induced curvature for bending 

(b) as a function of adhesive layer thickness and stiffness 

Fig. 8. Beam model with embedded TPM for induced expansion (a) and bending (b) 

Fig. 9. Induced deformation for linear expansion (a) and induced structure curvature for 

bending (b) as a function of thickness ratio and embedding depth 

Fig. 10. Efficiency of the deformation energy transmission for linear expansion (a) and 

bending (b) as a function of thickness ratio and ratio of Young’s moduli 
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