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1 State-of-the-art on embedded piezo-electric elements in composite structures  
 
The idea of active controllable aircraft structures is going along with the development of novel 
actuator materials allowing either a bonding onto or an embedding into typical aircraft materials 
like carbon fiber reinforced composites. 

For this background the major requirements for such actuator materials can be defined as follows: 
- Conformity to composite materials 
- Good surface adhesion to structural epoxy systems 
- Temperature stability in accordance to composite curing cycles 
- Anisotropic strain generation 
- Usage of the bigger d33 effect in-plane 
- Reliability in accordance to aircraft component requirements 
- Suitable electrical wiring and easy to control 

With respect to this especially thin piezoelectric actuators have been identified for the use in 
controllable aircraft structures. Based on the general need the development of novel types of piezo 
actuators started more than 20 years ago as shown in Figure 1. 
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Figure 1: History of thin piezo-actuators 

Due to their thin structure the most of them are generally useable in thin walled composite aircraft 
components. Nowadays are only the QuickPack (Midé), the Active Fiber Composites-AFC or 
Piezofiber Composites-PFC (ACI), the Macro Fiber Composite-MFC (Smart Material) and the 
DuraAct (PI) commercially available on the market.  
To compare their specific properties a benchmark test has been done in a way that their behavior 
has been reflected on the major requirement as defined above. Table 1 gives a general overview 
regarding the advantages and drawback of the different available actuator systems based on an 
intensive study of all available information in papers, datasheets and on the web. A collection of 
references is given at the end of this report. 
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Table 1: Benchmark test for commercial thin walled actuator materials 

Requirement QuickPack AFC/PFC MFC DuraAct 

Composite conformity 0 ++ ++ 0 

Adhesion to structural epoxy - + + + 

Stability vs. curing cycle 0 ++ ++ 0 

Anisotropic behavior - + ++ 0 

d33 usage - ++ ++ 0 

Reliability 0 (n/s) 0 (n/s) ++ (1010) ++ (1010) 

Wiring & control voltages ++ + + ++ 

 

The QuickPack is one of the earliest developed thin piezo actuators and consists of a thin pre-
electroded piezo wafer. The encapsulation between two polymer foils with a coarse electrode 
pattern increases the reliability of the actuator compared with a single piezoceramic plate. This 
design leads to an isotropic in-plane strain generation only using the smaller d31 effect (new d33 
actuators just started). Normally the polyester surface (for earlier types) has to be seen as critical for 
any bonding process as only a few potentially good glues on the market for this type of material, 
that’s why the manufacturer switched to a Kapton foil material now. 
With the development of a suitable technology for the manufacturing of piezoceramic fibers the 
basis for the AFC/PFC was given. Due to its fibrous design the actuator element becomes flexible 
and is therefore also more tolerant against the requirements coming from the composite curing 
cycle. The combination of the unidirectional piezofiber layer with the so-called interdigitated 
electrodes leads to an improved actuator behavior with a possible anisotropic strain generation 
using the d33 effect for the first time. 
The MFC has to be seen as an alternative actuator material but with a much better profile of 
properties compared to the AFC. In difference to the AFC the MFC is using a diced piezo wafer 
inside instead of the monolayer of round ceramic fibers. Due to this the coupling of the electric field 
into the ceramic material is much better and based on the rectangular shape of the fibers the fill 
factor in the active cross-section is much higher compared with the AFC. This leads finally to a 
better actuator strain and due to a special electrode pattern the MFC can be modified for an 
anisotropic generation of a torsional  deformation of a structure. 

The latest development is the DuraAct which is more or less comparable to the Quickpak. It also 
consists of an un-diced piezoelectric wafer but due to a different production technology the 
reliability has been rated to be little bit better. Latest information material shows that first actuators 
with d33 effect and anisotropic behavior are available now but their sizes are currently limited to 
about 2cm² max. 
The following Figure 2 gives an more detailed overview regarding the structural design for all the 4 
analyzed actuator types. 
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a) QuickPack – actuator and design 

 

 
 

b) AFC (PFC) – actuator and design 

 

  
c) MFC – actuator and design 

 

  
d) DuraAct – actuator and design 

 

Figure 2: Structural design of the analyzed actuators 
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In summary, it can be stated that currently 4 actuator systems are available on the market.  While 
the QuickPack and the DuraAct are comparable and started with d31 actuators first the AFC/PFC 
and the MFC are typical high performance d33 actuators from the beginning. Due to the rectangular 
cross-section of the fibers the MFC is typically showing a little bit better strain and blocking force 
data compared with the AFC. Therefore the MFC is being selected at this point and shall be used 
for all further investigations and tests within this project. 
 

Based on the availability of such Advanced Low Profile Actuators (ALPA’s) on the market several 
research projects raised during the last two decades with the aim of the development of novel 
controllable surfaces for aircraft structures. The following examples are giving a quick overview 
regarding the activities with MFC actuators especially in the field of aircraft structures. 

 
Vibration damping on F18 tail-buffet (NASA/AFRL/Boeing) 

First projects came up shortly after the MFC was developed as a new actuator material for 
morphing wings and the damping of structural vibrations. NASA started together with some other 
partners to study the reduction of vibrations on the tail-buffet of the F18 fighter. As one can see in 
Figure 3 the MFC has been used on a down-scaled model and at this time typically the actuators 
have been only attached to the structure’s surface. 

 

   
Figure 3: actuated tail-buffet using MFC actuators 

It could be shown that due to the excellent actuator performance the vibration of the first torsional 
mode has been reduced by a factor of 5. This high damping rate is of course a result of working in 
the fundamental resonance point where the structure undergoing a minimum at its dynamic stiffness 
response. 

 
Reducing eddy currents on helicopter blades (NASA/ARL/UoMichigan/Sikorsky) 

In a further project the reduction of eddy currents in helicopter blades has been studied as this effect 
can cause blade failures and reduces dramatically the lifetime for the blades. With respect to the fact 
that eddy currents are mainly generated due to torsional vibrations of the blade at this time a special 
type of MFC with a fiber alignment under an angle of 45° was introduced for the first time. As the 
major stress under a torsion are running under 45° this MFC is an excellent antagonist to work 
against any torsional vibration.  
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Figure 4: MFC based vibration damping on a helicopter blade 
 

As one can see from Figure 4 at this time the actuators have been embedded into the carbon fiber 
skin of the blade and became therefore an integral part of the aircraft structure. The effects of the 
actuation could be studied on down-scaled models in a wind-tunnel and a remarkable reduction of 
the vibration and its effect on the blade loads could be observed. Up to now 3 different research 
groups are still working worldwide on this topic. Meanwhile the models became bigger and several 
additional dynamic effects have to be studied.  
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2 Collection and analysis of material properties for the used piezo materials 
 
Based on the results of the previous chapter all available technical data on the pre-selected 4 piezo 
actuator systems have been collected from different sources like personal meetings, exhibition 
contacts and the web. For a global overview this collection is attached to this report in Appendix A 
(Unfortunately the DuraAct brochure is available only in German).  

In a second step those data resources have been studied and analyzed deeply to prepare an objective 
comparison of the actuator potential of the different piezo material systems. Typically the actuator 
behavior for all piezoelectric actuators can be described within the work diagram as shown in 
Figure 8. 
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Figure 8: Work diagram for piezoelectric actuators 

 
Every piezo element has two typical parameters, the free strain where the max deformation without 
any outer load can be observed and the blocking force where the actuator system is completely 
clamped so that now deformation is possible and the force is getting maximal. These 2 points  
defining the line of operation and the area below this curve is an expression for the energy potential 
of this actuator. Once the actuator is connected to any mechanical system with a certain stiffness the 
max strain and force values for the actuator are now defined with the point of operation where the 
stiffness curve of the structure and the line of operation for the actuator (actuator stiffness) intersect. 
At this point the actuator force and the spring force of the outer attached system are balanced. 

For this background the free strain and the blocking force values for the selected actuator types have 
been compared together with some other important values like Young’s modulus and min and max 
operational Voltages. The results are given in a clear manner in the following Figure 9 a) … d). 
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d) maximal positive and negative operational voltage 

 
Figure 9: Piezo actuator comparison 

Max actuator size 
is currently 
15x5mm 
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In conclusion it can be stated that especially with respect to the important piezo-mechanical 
properties the MFC offers the best figure of merit for the use in high power applications. 
Furthermore with its Young’s modulus, which is the highest within this group,  it makes the gap to 
the high modulus carbon fiber composites as narrow as possible so that structural impacts can 
probably be minimized. 

On the other hand the MFC requires currently the highest operational voltages as due to a bigger 
pitch of the electrode fingers the efficiency of actively driven piezo material can be increased. 
Possible approaches for a voltage reduction shall be developed and tested within this project.  

 
 
3 Preliminary requirements for a suitable production strategy 
 
Depending on the simulation results for a best active behavior the piezoelectric actuator needs either 
be bond onto the aircraft structure’s surface or embedded into this host structure. For this 
background two different manufacturing strategies are necessary. 

A) Preliminary bonding technology 
Assuming that the piezo actuator is doing the best job on top of the basic mechanical structure or 
can’t be embedded for any reason like the possible risk of initiating a delamination inside the 
composite structure the actuator has to be glued onto the aircraft structure’s surface. The following 
requirements  have to be met with a suitable bonding technology: 
 

- applicable on flat and curved surfaces 
- no autoclave needed with respect to costs 

- ensures constant and uniform pressures during cure 
- in accordance with warm and cold (RT) curing cycles 

- ensures only minimal content of air bubbles in the glue layer 
- high reproducibility  

For this background a first draft of a possible procedure for bonding MFC actuators on different 
substrate materials has been developed. This technological approach is shown in Figure 10. 

 

sanding surface cleaning surface applying glue 

positioning/fixing curing (vacuum / heat) wiring/re-polarizing 

1 2 3 

4 5 6 

 
Figure 10: preliminary technology for bonding MFCs 
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The different steps can be described as follows: 
 

1. Sanding substrate surface for higher roughness and better adhesion 
2. Cleaning both surfaces to degrease them 
3. Applying and spreading the glue thin and uniform on the actuator 
4. place the actuator in the right position and fix it with removable tape 
5. curing process under vacuum to degas + heat if necessary  
6. wiring and re-polarization (only if actuator was warmed up to 0.5 Tcurie)  

 
 
B) Preliminary embedding technology 
In difference to the bonding technology where an additional glue layer is needed to attach the 
actuator to the structure the embedding technology offers the advantage of a direct combination of 
the actuator with the structural epoxy coming from the used composite material. Due to this the 
efficiency of strain coupling can be increased. The typical requirements for an embedding 
technology are: 

 
- applicable on flat and curved surfaces 

- good surface conformity to structural epoxy (adhesion) 
- constant & uniform pressures during cure (vacuum bag or autoclave) 

- curing temperature as low as possible (depolarization effect) 
- structural solution for wiring and contact pad insulation 

- process integrated re-polarization procedure 
- high accuracy and reproducibility 

Based on this preliminary requirements the following possible procedure for an in-situ embedding 
of piezoelectric actuators has been developed as shown in Figure 11. 
 
 

preparing laminate cleaning actuator positioning/fixing 

finalizing laminate curing (vacuum / heat) wiring/re-polarizing 

1 2 3 

4 5 6 

 
Figure 11: preliminary technology for a composite embedding of MFCs 

 
The different steps can be described as follows: 
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1. preparing the basic component laminate 
2. cleaning all actuator’s surfaces to degrease them 
3. place the actuator on the tacky laminate in the correct position 
4. finalizing the lay-up for the laminate as calculated 
5. applying pressure and heat to cure the laminate; depolarization can occur 
6. final wiring and re-polarization of the embedded actuator 

 
 
4 Preliminary cost analysis for active piezoelectric/composite components 
 
In general it has to be noted that a cost analysis at this very early stage of the project can’t really 
match the any real cost structure as the most of the necessary parameters are unknown at this point. 
Independently on this the overall costs can be divided in 3 bigger parts – material costs; 
manufacturing costs and certification costs. 
 
A) Material costs 
Due to the combination of the standard aircraft structure material with an advanced low profile 
actuator a certain amount of a high performance material will be added. For the background that all 
the new materials (smart materials) are currently still expensive the overall material costs will be 
much higher depending on the ratio of active area related to the passive structure area. This ratio 
can’t be estimated yet as this is a result of the ongoing project work. 

At this point the only rough cost analysis can be done for the MFC actuator itself. As Figure 12 
shows the most expensive part of the actuator depends on the volume of needed or manufactured 
MFCs. While for standard MFCs with higher volumes the piezoelectric material is the biggest cost 
driver is the electrode foil for small series (up to 100 pcs) the most expensive part due to the high 
NRE costs of the flex PCB suppliers.  
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Figure 12: material cost analysis for the MFC 

 
B) Manufacturing costs 
As there isn’t any well defined production technology available yet the cost analysis can only be 
done based on the technological drafts under topic 3 and known manufacturing times for each step 
based on the own long-term experiences. As an example a square flat composite plate (4 layers; 
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250mm x 250mm) was manufactured and the cost distribution for both a MFC bonding and a MFC 
embedding process as well is being shown in Figure 13. 
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Figure 13: Manufacturing cost analysis 

It can be shown that based on the production time for the passive plate without any actuators that an 
bonding process onto the surface of the plate needs about 46% more time for this exemplary made 
component. In difference to this the embedding process saves a significant amount of time as no 
surface preparation and additional glue application is necessary so that finally only about 18% more 
time and costs will be needed to manufacture the part with integrated actuators. For this background 
the embedding process can be considered as the more cost efficient solution. 
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C) Certification costs 
As generally known parts, structures and systems for aircraft vehicles have to be certified before 
their use in a series production. Based on several personal interviews with partners from the aircraft 
manufactures branch it can be expected that the costs for an active wingbox will increase due to the 
active parts by a factor of 5 up to 10 compared with the ones for a passive carbon fiber structure. 
While the passive structure needs to pass a component and structural test the active wingbox is 
considered  as a system as per definition and therefore several additional tests have to be done to 
finally get a system qualification and certificate. 
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5 Hybrid structures simulation results 
 
In the technical literature exists a number of preliminary application of MFC to control the 
deformability of aerospace structures. As an example, interesting applications are reported in the 
works [5.1] and [5.2]. The MFC are used in these cases to control the dynamic behavior of rotor 
blade models. Experimental and numerical simulation are carried out to define the mechanical and 
electro-mechanical characteristics of such active structures. More in particular the problem of the 
optimized distribution of MFC in these structures has been accounted for. The effects on mass and 
stiffness distributions on the aeroelastic response of an innovative rotor blade configuration are 
examined in these preliminary works. From an overall point of view, these works provide in an 
explicit way a demonstrative application of the MFC as elements that can be used to control the 
deformed shape of a thin walled structure (Figure 14, Figure 15). 
As explained in [5.3] MFC elements can reduce noise and vibration, determined by blade vortex 
interactions, during helicopter descent flight. This result can be achieved embedding MFC actuators 
into the blade skin and modeling their fiber directions in order to twist the blades when required. 

To deform shape, before using MFC actuators, PZT actuators and their behavior have been studied. 
PZT actuators are composed by layers that can be  mounted in various ways, constituting different 
kinds of actuators. As described in [5.4], bender, unimorph and building-block actuators are used to 
change wing curvature. In bender actuators PZT structure is related to flap hinge and it exploits his 
strain to move flap (Figure 16). 
 

 
Figure 14: Geometry of the ATBx and Position of the Actuators [5.1] 

 
 

 
Figure 15: Active Twist Blade FEM model [5.2] 
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Figure 16: (a) Typical Bimorph Actuator in a Cantilevered Configuration, (b) Piezoelectric 

Tapered Bender Used to Control Flap [5.4]. 
 
In unimorph and building-block actuators the PZT displacement are used to deform the thickness of 
the wing and accordingly his curvature (Figure 17, Figure 18). 
 

 
Figure 17: Three Unimorph Actuators Stacked in Series [5.4] 

 

 
Figure 18: (a) Diagram of C-Block Actuator Showing Displacement Output, (b) Fabricated C-
Blocks Shown Actuating A Flap [5.4]. 
 
If a closed loop control is added to these structures the deformation can be exploit to damp 
vibrations. 
In [5.5] an example of trailing edge moved by MFC is shown. The actuators are attached on the 
upper surface of the wing and they curve themselves by a voltage application (Figura 19). 
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Figure 19: Trailing Edge Configuration [5.5]. 

 
Properties of PZT and MFC can be, also, exploit to move whole parts of robotic mechanism as 
explained in [5.6]. In this instance an unimorph actuator composed by a piezoelectric layer glued on 
an elastic layer is used. The whole structure is related to the root of the wing. The deformation of 
actuator allows the flapping of the wings. Changing MFC fiber orientations feathering can be 
matched to flapping, as described in [5.7] (Figure 20). 

 

 
Figure 20: Configuration of Mechanism [5.7]. 

 
One of the principal objectives of the FutureWings project concerns the design and the testing of a 
set of specimen made of hybrid composite material. By means of these numerical and experimental 
campaigns the fundamental technical issues relevant to the design, the manufacturing and 
controlling of the FutureWings model (made of a number of FutureWings Units) will be addressed. 
To define the technical specification for the manufacturing and testing of the specimens a campaign 
of numerical analyses has been carried out: in this section are shown the results of this activity 
carried out within the FutureWings project. 

As reference geometry, a rectangular thin panel having 90 mm width and 150 mm length has been 
used. The overall thickness of the panel is equal to 3.6 mm. For the panel has been modeled two 
type of substrates: (1) aluminum and (2) carbon fibers ( T300-934 ). In a first hybrid configuration 
the active layers (made of MFC) are “glued” on the outer surfaces of the panel. It is assumed to use 
18 MFC components (M5628-P1) ( 9 patches for each outer surface of the panel ). The thickness of 
the layers of MFC is assumed equal to 0.3 mm. The thickness of the carbon-fiber lamina is assumed 
equal to 0.125 mm. Three-dimensional Finite Element models have been set up using 20 nodes 
brick elements. 
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The Material Dielectric Properties of the active layers ( made of MFC patches ) are: 

D11 = D22 = D33 = 1.63802x10-8 F/m ( isotropic model is assumed for the dielectric behavior ) 
The Material Piezo-Elastic Strain Coefficient used in the analyses to simulate the active layers is: 

d33 = 4.6x1010 m/V ( this coefficient couples mechanical and electrical responses of the patch ) 
The Material Elastic Properties of the Piezo active lamina are (orthotropic behavior): 

E11 = 30.336 GPa 
E22 = 15.87 GPa 
ν12 = 0.31 
ν21 = 0.16 
G12 = 5.515 GPa 
In the Finite Element analyses the voltage loads have been applied on the upper and lower surfaces 
of the volumes that model the piezo-electric layers (Figure 21). For this reason the 3-3 effect has 
been formally assumed as a 3-1 effect. In other words in the matrix of the Piezo-Electric Strain 
Coefficient in the position 3-1 has been introduced the d33 coefficient of the MFC patches as 
shown in the equation (5.1). 

  
V
m

000001064
000000
000000

d
10 















.
 . (5.1) 

 

 
Figure 21: Method used to apply the voltage loading conditions to the active layers 

 
 
5.1 Hybrid specimens with aluminum substrate: Specimen Type 1 
 
The first group of specimens analyzed are composed with a substrate of isotropic aluminum sheet 
together with piezo-electric active layers. 

The elastic properties of the metallic material are E = 70 GPa and ν = 0.33. 
The geometry of the panel has been reproduced in the Figure 22. 
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Figure 22: Geometry of the Specimen Type 1 (9 patches for each active layers) 

 

The following lists summarizes the set of the analyses carried out in this case (overall voltage load 
applied to the piezo-layers is equal to 1000 V). 

 
Constraint conditions (a): panel clamped along a short side maintaining free the other three sides. In 
this way bending and torsion deformation effects have been observed. In all the analyses the x axis 
coincides with the longitudinal axis of the panels while the z-axis lays in the thickness direction of 
the panels. 
 

A.1.1: the active fibers in the piezo-layers are parallel to the x axis: 0 degrees orientation (bending). 
A.1.2: the active fibers in the piezo-layers are oriented with angles of ±45 degrees with respect to x 

axis ( upper layer +45 degrees – lower layer –45 degrees) (torsion). 
A.1.3: 0 degrees orientation of the active fibers: simulation of the electrical failure of the first upper 

MFC strip (coupled bending-torsion). 
A.1.4: ±45 degrees orientation of the active fibers: simulation of the electrical failure of the first 

upper MFC strip (coupled bending-torsion). 
A.1.5: 0 degrees orientation of the active fibers: simulation of a combined structural and electrical 

loading condition (uniform downward pressure of 8500 Pa + Voltage effects). (modeling of 
electro-mechanical bending: the piezo-layers are activated to reduce or to change the 
mechanical load effects) 

 

Constraint conditions (b): the panel has been constrained to deform freely in the x-y global 
reference plane (out of plane deformations not allowed - rigid motion not allowed). In this way pure 
shear deformation effects have been reproduced (neglecting at this first level of analysis the 
localized boundary effects). 
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A.1.6: the active fibers in the upper and in the lower piezo-layers are oriented with angles of +45 
degrees (in this case the voltage loads tend to deform in the same manner both the upper and 
lower active layers) (modeling of pure shear). 

A.1.7: the active fibers in the upper and in the lower piezo-layers are oriented with angles of +45 
degrees: simulation of a combined structural and electrical loading condition (self 
equilibrated shear forces distribution along the sides of the panel equal to 5x106 Pa + 
Voltage effects) (modeling of electro-mechanical pure shear deformation: the piezo-layers 
are activated to reduce or to change the mechanical load effects). 

 
 
5.2 Hybrid specimens with aluminum substrate and embedded piezo-layers: Specimen Type 2 
 
The second group of specimens analyzed are composed with a substrate of isotropic aluminum 
sheet together with embedded piezo-electric active layers. In this case the outer layers are made of 
aluminum thin sheet with a thickness of 0.125 mm. These metallic layers cover the piezo-electric 
active layers (0.3 mm thick) while the core is made of aluminum (2.75 mm thick). 
The geometry of the panel has been reproduced in the Figure 23. 

 

 
Figure 23: Geometry of the Specimen Type 2 

 

Constraint conditions (a): panel clamped along a short side maintaining free the other three sides. 
A.2.1: the active fibers in the piezo-layers are parallel to the x axis: 0 degrees orientation (bending). 

A.2.2: the active fibers in the piezo-layers are oriented with angles of ±45 degrees with respect to x 
axis ( upper layer +45 degrees – lower layer –45 degrees) (torsion). 

A.2.3: 0 degrees orientation of the active fibers: simulation of the electrical failure of the first upper 
MFC strip (coupled bending-torsion). 

A.2.4: ±45 degrees orientation of the active fibers: simulation of the electrical failure of the first 
upper MFC strip (coupled bending-torsion). 

A.2.5: 0 degrees orientation of the active fibers: simulation of a combined structural and electrical 
loading condition (uniform downward pressure of 8000 Pa + Voltage effects). (modeling of 
electro-mechanical bending: the piezo-layers are activated to reduce or to change the 
mechanical load effects) 

Constraint conditions (b): the panel has been constrained to deform freely in the x-y global 
reference plane (out of plane deformations not allowed - rigid motion not allowed). 
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A.2.6: the active fibers in the upper and in the lower piezo-layers are oriented with angles of +45 
degrees (in this case the voltage loads tend to deform in the same manner both the upper and 
lower active layers) (modeling of pure shear) 

A.2.7: the active fibers in the upper and in the lower piezo-layers are oriented with angles of +45 
degrees: simulation of a combined structural and electrical loading condition (self 
equilibrated shear forces distribution along the sides of the panel equal to 5x106 Pa + 
Voltage effects) (modeling of electro-mechanical pure shear deformation: the piezo-layers 
are activated to reduce or to change the mechanical load effects) 

 
 
5.3 Hybrid specimens with carbon fibers substrate: Specimen Type 3 
 
The third group of specimens analyzed are composed with a substrate of isotropic carbon fibers 
laminates together with piezo-electric active layers. The elastic properties of the carbon fibers 
laminae adopted in the analyses ( material T300-934 ) are shown in the Table 5.1. The analyses 
refer to different plies stacking sequences as indicated in the table: all the sequence examined 
provide symmetrical lay-ups. All the orthotropic laminates are composed using 24 layers 0.125 mm 
thick. 
The geometry of the panel has been reproduced in the Figure 24. 

 

Sequence 
N. 

0 
degrees 

+ 45 
degrees 

- 45 
degrees 

E11 
[GPa] 

E22 
[GPa] ν12 ν21 G12 

[GPa] 

1 24 0 0 148 9.66 0.3 0.02 4.55 

2 16 4 4 105 18.3 0.613 0.107 14.2 

3 12 6 6 83.2 23.7 0.713 0.203 21.4 

4 8 8 8 61 25.7 0.752 0.36 27 

5 0 12 12 16.4 16.4 0.801 0.801 38.2 

Table 5.1: Elastic properties of the carbon fibers laminae in the Specimen Type 3 
 
The following lists summarizes the set of the analyses carried out in this case (overall voltage load 
applied to the piezo-layers is equal to 1000 V). 
 

Constraint conditions (a): panel clamped along a short side maintaining free the other three sides. In 
this way bending and torsion deformation effects have been observed. 

The indexes used for the notations indicate: Type of specimen, Stacking Sequence Number, Type of 
analysis. 
A.3.1.1: the active fibers in the piezo-layers are parallel to the x axis: 0 degrees orientation 

(bending). 
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A.3.1.2: the active fibers in the piezo-layers are oriented with angles of ±45 degrees with respect to 
x axis ( upper layer +45 degrees – lower layer –45 degrees) (torsion).  

A.3.1.3: 0 degrees orientation of the active fibers: simulation of the electrical failure of the first 
upper MFC strip (coupled bending-torsion). 

A.3.1.4: ±45 degrees orientation of the active fibers: simulation of the electrical failure of the first 
upper MFC strip (coupled bending-torsion). 

A.3.1.5: 0 degrees orientation of the active fibers: simulation of a combined structural and electrical 
loading condition (uniform downward pressure of 8500 Pa + Voltage effects). (modeling 
of electro-mechanical bending: the piezo-layers are activated to reduce or to change the 
mechanical load effects) 

Constraint conditions (b): the panel has been constrained to deform freely in the x-y global 
reference plane (out of plane deformations not allowed - rigid motion not allowed). 
A.3.1.6: the active fibers in the upper and in the lower piezo-layers are oriented with angles of +45 

degrees (in this case the voltage loads tend to deform in the same manner both the upper 
and lower active layers) (modeling of pure shear)  

A.3.1.7: the active fibers in the upper and in the lower piezo-layers are oriented with angles of +45 
degrees: simulation of a combined structural and electrical loading condition (self 
equilibrated shear forces distribution along the sides of the panel equal to 5x106 Pa + 
Voltage effects) (modeling of electro-mechanical pure shear deformation: the piezo-layers 
are activated to reduce or to change the mechanical load effects) 

 

 
Figure 24: Geometry of the Specimen Type 3 

 
All the carbon fibers stacking sequences indicated in the Table 5.1 have been examined according 
to the previous lists of analyses. 
 
 
5.4 Hybrid specimens with carbon fibers substrate and embedded piezo-layers: Specimen 
Type 4 
 
The fourth group of specimens analyzed are composed with a substrate of orthotropic carbon fibers 
laminate together with embedded piezo-electric active layers. In this case the outer layers are made 
of a single lamina of carbon fiber with a thickness of 0.125 mm: these layers cover the piezo-
electric active layers (0.3 mm thick) while the core is made with the remaining laminae (2.75 mm 
thick). 
The geometry of the panel has been reproduced in the Figure 25. 
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Figure 25: Geometry of the Specimen Type 4 

 
For this specimen configuration have been carried out analyses similar to the specimen Type 3. 

 
 
5.5 Summary of the numerical results 
 
In the Table 5.2-a/g and 5.4-a/b are summarized the main results obtained with the preliminary 
numerical analyses carried out on hybrid specimens. 

 

Analysis 
Id 

Max 
Displacement 

U-z [mm] 
(bending) 

Max 
Displacement 

U-z [mm] 
(torsion) 

Max 
Rotation 

Rot-x [deg] 
(torsion) 

Max axial 
deformation 

ε 
(MFC) 

Max shear 
stress τ and 

σz at the 
MFC 

interface 
[MPa]  

Max 
Electrical 

Power [W] 

A.1.1 2.50 / / 733 11.33 / 5.02 1.71 

A.1.2 / 0.77 0.98 611 14.69 / 7.76 1.65 

A.1.3 2.05* / 0.05 824 13.08 / 4.99 1.40 

A.1.4 / 0.86* 0.26 637 14.76 / 7.34 1.36 

A.1.5 0 / / 731 11.37 / 7.09 1.53 

A.1.6 / / / 529 15.81 / 1.94 1.62 

A.1.7 / / / 400 15.28 / 1.82 1.54 

Table 5.2-a: Numerical results – specimen Type 1 (Al substrate) 
(*) Note: the data are referred to combined bending and torsion effects. 
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Analysis 
Id 

Max 
Displacement 

U-z [mm] 
(bending) 

Max 
Displacement 

U-z [mm] 
(torsion) 

Max 
Rotation 

Rot-x [deg] 
(torsion) 

Max axial 
deformation 

ε 
(MFC) 

Max shear 
stress τ and 

σz at the 
MFC 

interface 
[MPa] 

Max 
Electrical 

Power [W] 

A.2.1 2.17 / / 435 6.70 / 5.16 1.68 

A.2.2 / 0.67 0.86 471 9.81 / 7.35 1.64 

A.2.3 1.81* / 0.05 477 8.09 / 5.12 1.38 

A.2.4 / 0.75* 0.23 564 9.84 / 6.99 1.35 

A.2.5 0 / / 434 6.77 / 6.83 1.53 

A.2.6 / / / 335 11.29 / 0.85 1.62 

A.2.7 / / / 221 15.28 / 1.82 1.54 

Table 5.2-b: Numerical results – specimen Type 2 (Al substrate + embedded piezo) 
 
 

Analysis 
Id 

Max 
Displacement 

U-z [mm] 
(bending) 

Max 
Displacement 

U-z [mm] 
(torsion) 

Max 
Rotation 

Rot-x [deg] 
(torsion) 

Max axial 
deformation 

ε 
(MFC) 

Max shear 
stress τ and σz 

at the MFC 
interface 
[MPa] 

Max 
Electrical 

Power 
[W] 

A.3.1.1 1.35 / / 741 11.31 / 5.13 1.66 

A.3.1.2 / 1.66 2.12 1493 10.41 / 9.67 1.79 

A.3.1.3 0.35* / 0.15 887 17.37 / 16.85 1.40 

A.3.1.4 / 1.52* 1.84 1348 10.42 / 17.79 1.56 

A.3.1.5 0.14 / / 741 11.32 / 6.74 1.56 

A.3.1.6 / / / 967 13.43/ 5.78 1.68 

A.3.1.7 / / / 626 16.09 / 6.97 2.12 

Table 5.2-c: Numerical results – specimens Type 3 (Carbon-fibers Substrate: Sequences: N. 1) 
(*) Note: the data are referred to combined bending and torsion effects. 
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Analysis 

Id 

Max 
Displacement 

U-z [mm] 
(bending) 

Max 
Displacement 

U-z [mm] 
(torsion) 

Max 
Rotation 

Rot-x [deg] 
(torsion) 

Max axial 
deformation 

ε 
(MFC) 

Max shear 
stress τ and σz 

at the MFC 
interface 
[MPa] 

Max 
Electrical 

Power 
[W] 

A.3.2.1 1.78 / / 703 11.78 / 4.85 1.68 

A.3.2.2 / 1.09 1.37 932 15.39 / 8.73 1.71 

A.3.2.3 0.35* / 0.08 816 18.02 / 16.85 1.40 

A.3.2.4 / 1.05* 1.20 928 15.36 / 17.50 1.49 

A.3.2.5 0.09 / / 702 11.77 / 6.80 1.55 

A.3.2.6 / / / 704 18.05 / 8.10 1.59 

A.3.2.7 / / / 515 17.81 / 7.96 2.21 

Table 5.2-d: Numerical results – specimens Type 3 (Carbon-fibers Substrate: Sequences: N. 2) 
 

 

Analysis 

Id 

Max 
Displacement 

U-z [mm] 
(bending) 

Max 
Displacement 

U-z [mm] 
(torsion) 

Max 
Rotation 

Rot-x [deg] 
(torsion) 

Max axial 
deformation 

ε 
(MFC) 

Max shear 
stress τ and σz 

at the MFC 
interface 
[MPa] 

Max 
Electrical 

Power 
[W] 

A.3.3.1 2.04 / / 711 11.91 / 4.86 1.69 

A.3.3.2 / 0.86 1.10 693 17.02 / 8.30 1.68 

A.3.3.3 0.37* / 0.06 791 18.31 / 16.85 1.40 

A.3.3.4 / 0.88* 0.96 807 17.02 / 17.42 1.46 

A.3.3.5 0.09 / / 710 11.94 / 6.85 1.54 

A.3.3.6 / / / 623 19.31 / 8.90 1.56 

A.3.3.7 / / / 474 18.39 / 8.44 2.22 

Table 5.2-e: Numerical results – specimens Type 3 (Carbon-fibers Substrate: Sequences: N. 3) 
 

(*) Note: the data are referred to combined bending and torsion effects. 
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Analysis 

Id 

Max 
Displacement 

U-z [mm] 
(bending) 

Max 
Displacement 

U-z [mm] 
(torsion) 

Max 
Rotation 

Rot-x [deg] 
(torsion) 

Max axial 
deformation 

ε 
(MFC) 

Max shear 
stress τ and σz 

at the MFC 
interface 
[MPa] 

Max 
Electrical 

Power 
[W] 

A.3.4.1 2.48 / / 754 11.92 / 8.49 1.71 

A.3.4.2 / 0.75 0.95 646 17.75 / 12.37 1.66 

A.3.4.3 0.42* / 0.05 782 18.43 / 16.85 1.41 

A.3.4.4 / 0.80* 0.82 742 17.72 / 17.30 1.45 

A.3.4.5 0.50 / / 1045 15.28 / 7.70 1.53 

A.3.4.6 / / / 566 20.60 / 8.90 1.54 

A.3.4.7 / / / 456 18.99 / 8.10 2.24 

Table 5.2-f: Numerical results – specimens Type 3 (Carbon-fibers Substrate: Sequences: N. 4) 
 

 

Analysis 

Id 

Max 
Displacement 

U-z [mm] 
(bending) 

Max 
Displacement 

U-z [mm] 
(torsion) 

Max 
Rotation 

Rot-x [deg] 
(torsion) 

Max axial 
deformation 

ε 
(MFC) 

Max shear 
stress τ and σz 

at the MFC 
interface 
[MPa] 

Max 
Electrical 

Power 
[W] 

A.3.5.1 4.44 / / 1056 15.89 / 6.70 1.83 

A.3.5.2 / 0.60 0.77 597 18.67 / 8.10 1.65 

A.3.5.3 0.70* / 0.04 919 18.13 / 16.92 1.47 

A.3.5.4 / 0.82 0.53 676 18.59 / 17.30 1.44 

A.3.5.5 0.11 / / 751 12.01 / 7.00 1.54 

A.3.5.6 / / / 587 19.77 / 9.50 1.55 

A.3.5.7 / / / 457 18.55 / 8.89 2.23 

Table 5.2-g: Numerical results – specimens Type 3 (Carbon-fibers Substrate: Sequences: N. 5) 
 

(*) Note: the data are referred to combined bending and torsion effects. 
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Sequence 
N. 

0 
degrees 

+ 45 
degrees 

- 45 
degrees 

E11 
[GPa] 

E22 
[GPa] ν12 ν21 G12 

[GPa] 

1 
(core) 

22 0 0 148 9.66 0.3 0.02 4.55 

1 
(external 

plies) 
2 0 0 148 9.66 0.3 0.02 4.55 

2 
(core) 

0 10 12 16.4 16.4 0.799 0.799 38 

2 
(external 

plies) 
0 2 0 148** 9.66** 0.3** 0.02** 4.55** 

Table 5.3: Elastic properties of the carbon fibers laminae in the Specimen Type 4 
(Carbon-fibers Substrate + embedded piezo) 

(**) Note: the data are referred to the single unidirectional ply. 
 

 

Analysis 

Id 

Max 
Displacement 

U-z [mm] 
(bending) 

Max 
Displacement 

U-z [mm] 
(torsion) 

Max 
Rotation 

Rot-x [deg] 
(torsion) 

Max axial 
deformation 

ε 
(MFC) 

Max shear 
stress τ and σz 

at the MFC 
interface 
[MPa] 

Max 
Electrical 

Power 
[W] 

A.4.1.1 1.27 / / 433 5.97 / 5.24 1.64 

A.4.1.2 / 1.55 1.98 1370 6.32 / 9.14 1.78 

A.4.1.3 1.05* / 0.30 356 7.00 / 5.45 1.06 

A.4.1.4 / 1.41* 1.71 1219 6.28 / 8.55 1.47 

A.4.1.5 0.14 / / 302 5.98 / 6.60 1.55 

A.4.1.6    844 9.47 / 9.74 1.68 

A.4.1.7    1198 9.51 / 10.46 1.69 

Table 5.4-a: Numerical results – specimens Type 4 (Carbon-fibers Substrate: Sequences: N. 1) 
(*) Note: the data are referred to combined bending and torsion effects. 
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Analysis 
Id 

Max 
Displacement 

U-z [mm] 
(bending) 

Max 
Displacement 

U-z [mm] 
(torsion) 

Max 
Rotation 

Rot-x [deg] 
(torsion) 

Max axial 
deformation 

ε 
(MFC) 

Max shear 
stress τ and σz 

at the MFC 
interface 
[MPa] 

Max 
Electrical 

Power 
[W] 

A.4.5.1 4.26 / / 870 22.32 / 6.62 1.80 

A.4.5.2 / 1.64 2.09 1171 5.93 / 9.18 1.76 

A.4.5.3 2.79* / 0.07 831 8.28 / 6.10 1.12 

A.4.5.4 / 1.51* 1.80 1018 5.86 / 8.53 1.45 

A.4.5.5 0.50* / / 862 7.38 / 7.92 1.51 

A.4.5.6 / / / 776 9.12 / 9.90 1.65 

A.4.5.7 / / / 1153 9.23 / 10.49 1.66 

Table 5.4-b: Numerical results – specimens Type 4 (Carbon-fibers Substrate: Sequences: N. 5) 
(*) Note: the data are referred to combined bending and torsion effects. 

 

 
Figure 26: Deformed shape for the analysis A.1.1 – Bending (units: m). 

Specimen Type 1: ΔV = 1000 V. 
The fibers in the piezo-layers are parallel to the x axis ( 1 in Fig. 21 ): 0 degrees orientation. 
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Figure 27: Deformed shape analysis A.1.2 – Torsion (units: m). 
Specimen Type 1: ΔV = 1000 V. 

The fibers in the piezo-layers are oriented with angles of ±45 degrees with respect to x axis. 
 
 

 
 

 

 
(a) Only Uniform Pressure Loads (8500 Pa) 

 
(b) Combined Loads 

Figure 28: Deformed shape analysis A.1.5 – Bending (units: m). 
Specimen Type 1: ΔV = 1000 V. 

Active fibers with 0 degrees orientation: effect of combined loads (pressure and voltage). 
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Figure 29: Deformed shape analysis A.1.6 – In-Plane Shear (units: m). 

Specimen Type 1: ΔV = 1000 V. 
The fibers in the piezo-layers are oriented with angles of +45 degrees with respect to x axis. 

 

 
 

 
Figure 30: Deformed shape analysis A.1.7 – In-Plane Shear (units: m). 

Specimen Type 1: ΔV = 1000 V. 
Active fibers with +45 degrees orientation: effect of combined loads (shear and voltage). 

( distributed shear load of 5x106 Pa along the four sides of the panel ) 
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Figure 31: Deformed shape analysis A.2.1 – Bending (units: m). 

Specimen Type 2: ΔV = 1000 V. 
The fibers in the piezo-layers are parallel to the x axis ( 1 in Fig. 21 ): 0 degrees orientation. 

 

 
 

 
Figure 32: Deformed shape analysis A.2.2 – Torsion (units: m). 

Specimen Type 2: ΔV = 1000 V. 
The fibers in the piezo-layers are oriented with angles of ±45 degrees with respect to x axis. 
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Figure 33: Deformed shape analysis A.2.5 – Bending (units: m). 

Specimen Type 2: ΔV = 1000 V. 
Active fibers with 0 degrees orientation: effect of combined loads (pressure and voltage). 

 

 
 

 
Figure 34: Deformed shape analysis A.2.6 – In-Plane Shear (units: m). 

Specimen Type 2: ΔV = 1000 V. 
The fibers in the piezo-layers are oriented with angles of +45 degrees with respect to x axis. 
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Figure 35: Deformed shape analysis A.2.7 – In-Plane Shear (units: m). 

Specimen Type 2: ΔV = 1000 V. 
Active fibers with +45 degrees orientation: effect of combined loads (shear and voltage). 

 

 
 

 
Figure 36: Deformed shape analysis A.3.1.1 – Bending (units: m). 

Specimen Type 3 – Sequences N. 1: ΔV = 1000 V. 
The fibers in the piezo-layers are parallel to the x axis ( 1 in Fig. 21 ): 0 degrees orientation. 
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Figure 37: Deformed shape analysis A.3.1.2 – Torsion (units: m). 

Specimen Type 3 – Sequences N. 1: ΔV = 1000 V. 
The fibers in the piezo-layers are oriented with angles of ±45 degrees with respect to x axis. 

 
 

 

 
Figure 38: Deformed shape analysis A.3.1.5 – Bending (units: m). 

Specimen Type 3 – Sequences N. 1: ΔV = 1000 V. 
Active fibers with 0 degrees orientation: effect of combined loads (pressure and voltage). 
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Figure 39: Deformed shape analysis A.3.1.6 – In-Plane Shear (units: m). 

Specimen Type 3 – Sequences N. 1: ΔV = 1000 V. 
The fibers in the piezo-layers are oriented with angles of +45 degrees with respect to x axis. 

 
 

 

 
Figure 40: Deformed shape analysis A.3.1.7 – In-Plane Shear (units: m). 

Specimen Type 3 – Sequences N. 1: ΔV = 1000 V. 
Active fibers with +45 degrees orientation: effect of combined loads (shear and voltage). 
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Figure 41: Deformed shape analysis A.3.5.1 – Bending (units: m). 

Specimen Type 3 – Sequences N. 5: ΔV = 1000 V. 
The fibers in the piezo-layers are parallel to the x axis ( 1 in Fig. 21 ): 0 degrees orientation. 

 
 

 

 
Figure 42: Deformed shape analysis A.3.5.2 – Torsion (units: m). 

Specimen Type 3 – Sequences N. 5: ΔV = 1000 V. 
The fibers in the piezo-layers are oriented with angles of ±45 degrees with respect to x axis. 
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Figure 43: Deformed shape analysis A.3.5.5 – Bending (units: m). 

Specimen Type 3 – Sequences N. 5: ΔV = 1000 V. 
Active fibers with 0 degrees orientation: effect of combined loads (pressure and voltage). 

 
 

 

 
Figure 44: Deformed shape analysis A.3.5.6 – In-Plane Shear (units: m). 

Specimen Type 3 – Sequences N. 5: ΔV = 1000 V. 
The fibers in the piezo-layers are oriented with angles of +45 degrees with respect to x axis. 
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Figure 45: Deformed shape analysis A.3.5.7 – In-Plane Shear (units: m). 

Specimen Type 3 – Sequences N. 5: ΔV = 1000 V. 
Active fibers with +45 degrees orientation: effect of combined loads (shear and voltage). 

 
 
5.6 Brief discussion of the results 
 
The preliminary campaign of numerical analyses carried out within the FutureWings project shows 
that the application of the MFC technology to build specimens of hybrid material appears to be very 
promising. 

In terms of displacements and rotations the results are very significant: this means that the required 
flexural-torsional deformed shapes of suitable wing box models of the FutureWings Unit will be 
obtained with similar technology. 
More in particular, for the geometry examined (a plate with a width of 90 mm and a length of 150 
mm, see Fig. 22) the maximum displacements at the tip section range between 0.1 mm and 4.5 mm 
and the angular rotations at the tip section range between 0 deg and 2 deg. 

Pure shear deformations can be obtained controlling in a suitable way the active piezoelectric 
layers: this fact will be very important to control the torsion deformation of the wing box models of 
the FutureWings Unit. 
In the Table 5.2 and 5.4 are shown the absolute values of the maximum axial deformations in the 
MFC fibers. These values agree with the allowable values of the piezoelectric material (compare the 
data of Figure 9-(a) with the ε data of Table 5.2 and Table 5.4). 
The design of the FutureWings Unit will be based on a stiffness approach: that is the displacements 
of the wing box will be controlled to get the desired shape of the unit. From this point of view, the 
available technology provided by MFC elements appear to guarantee sufficient reliability to get the 
basic goals of the project adopting both the MFC P1 and/or the MFC P2 patches as shown in the 
Annex 1. The estimated electric power required by the specimens reaches fully acceptable values. 

According to the present preliminary results, in the desing phase of the specimens will be taken into 
the correct account the real behaviors of the MFC P1 and MFC P2 patches. 
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6 Preliminary concept of the control system 
With the introduction of novel active components as part of the flight steering and control system 
the design of the suitable control algorithm and hardware is essential. With respect to the fact that 
all piezoelectric materials are typically showing some hysteresis effects all open-loop control 
approaches will fail. 

For this background the structure needs to be deformed using a closed-loop control system as 
shown in principle in Figure 46. 

 
 

HV 

High Voltage 
Amplifier 

 

Preamp 
 

ADC / DAC 
Controller 

µC 

MFC Actuator Deflection  
Sensor 

Command 
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Figure 46: Principle of a closed-loop control system 

Using command signal from the pilot the central controller unit generates a low voltage signal for 
the piezo actuators which is being amplified with the HV amp to a suitable high voltage level and 
applied to the MFC actuators. Due to the generated strain the wing is being twisted and the reached 
deformation will be detected using the also embedded deflection sensor. After a pre-amplification 
of this signal the controller unit will be able to compare the required command signal position with 
the real reached deformation and can adjust the MFC signal if needed. 
Using such a closed-loop system will be necessary as  due to the deformation of the wing the 
aerodynamic loads will vary so that there will always be an overlay of piezoelectric and aeroelastic 
deformation.  
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MACRO FIBER COMPOSITE - MFC 
 
 
Actuator, Sensor, Energy Harvester  

Energy Harvesting Systems  
Piezo Powering and Instrumentation  

Engineering Services 
 

www.smart-material.com 
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What is a  
Macro Fiber Composite (MFC)? 

 
 
 
MFC benefits 

 
- Flexible and durable   
- Increased strain actuator efficiency   
- Directional actuation / sensing   
- Damage tolerant  
- Available as elongator (d33 mode) 

and contractor (d31 mode)   
- Conforms to surfaces   
- Readily embeddable   
- Environmentally sealed package   
- Demonstrated performance   
- Different piezo ceramic materials available  

 
 
 
 
Schematic structure of the MFC 
 

Interdigitated Structural epoxy 
 

electrode pattern on Inhibits crack 
 

polyimide film (top and bottom) propagation in ceramic. 
 

Permits in-plane Bonds actuator 
 

components together. 
 

poling and  
 

actuation of  
 

piezoceramic  
 

(d33 versus d31 )  
  

Sheet of aligned 

rectangular 

piezoceramic fi bers  
Improved damage tolerance 
and flexibility relative to 
monolithic ceramic. 

 
 
 
 
The Macro Fiber Composite (MFC) is the 
leading low-profile actuator and sensor 
offering high performance, durability and 
flexibility in a cost − competitive device.  
The MFC was invented by NASA in 1996. Smart 

Material started commercializing the MFC as the 

licensed manufacturer and distributor of the patented 

invention* worldwide in 2002. Since then, the MFC 

has been continuously improved and customized to fit 

the customers’ specific needs and to meet the 

requirements for new applications. Today more than 

25 standard inventory sizes are available.  
The MFC consists of rectangular piezo ceramic rods 

sandwiched between layers of adhesive, electrodes and 

polyimide film. The electrodes are attached to the film 

in an interdigitated 

 
 
 
 
pattern which tranfers the applied voltage directly to 

and from the ribbon shaped rods. This assembly 

enables in-plane poling, actua-tion and sensing in a 

sealed and durable, ready to use package. As a thin, 

surface conformable sheet it can be applied (normally 

bonded) to various types of structures or embedded in 

a composite structure. If voltage is applied it will bend 

or distort materials, counteract vibrations or generate 

vibrations. If no voltage is applied it can work as a 

very sensitive strain gauge, sensing deformations, 

noise and vibrations. The MFC is also an excellent 

device to harvest energy from vibrations.  
The novel, pliable and conformable features of 

the MFC also allow for structural health 

monitoring applications, morphing and 

 
 
 
 
stiffening of structures, lambda wave 
generati-on and as a large area ultrasound 
2−2 composi-te generator.  
The MFC is available in d33 and d31 operational 

mode, a unique feature of the Macro Fiber Composite. 

The P1 type MFCs, including the F1 and S1 types are 

utilizing the d33 effect for actuation and will elongate 

up to 2000ppm if operated at the maximum voltage 

rate of -500V to +1500V. The P1 type MFCs are also 

very sensitive strain sensors. The P2, P3 type MFCs 

are utilizing the d31 effect for actuation and will 

contract up to 750ppm if operated at the maximum 

voltage rate of -60V to +360V. The P2 and P3 type 

MFCs are mostly used for energy harvesting and as 

strain sensors. 

 
 
 

MFC P1 Type (d33 effect) Elongator 
 • powerful actuator 
 • sensitive sensor 

epoxy  metal layer - IDE 

 
 
 
 

MFC P2 Type (d31 effect) Contractor 
 • Low Impedance sensor 
 • energy generator 

metal layer - IDE  metal layer - surface 
 
 

+ 
PZT 

 

 
 

+  
 

 
 
 
 
 
 

+ + + 

 
 
 

epoxy 
 

 PZT 

 
 
 
 
*protected under U.S. patent number 6,629,341, PCT/US00/18025; EP 1230689 

46 



 

General technical information for 
the MFC 

 
 
 
 
High−field (|E| > 1kV/mm), biased−voltage−operation piezoelectric constants: 
d33

*
 4.6E + 02 pC/N 4.6E + 02 pm/V 

d31** -2.1E + 02 pC/N -2.1E + 02 pm/V 
Low-field (|E| < 1kV/mm), unbiased-operation piezoelectric constants:   

   d
33

* 4.0E + 02 pC/N 4.0E + 02 pm/V 
d31** -1.7E + 02 pC/N -1.7E + 02 pm/V 
Free-strain* per volt (low−field — high−field) for d33 MFC (P1) ~ 0.75 − 0.9 ppm/V 0.75 − 0.9 ppm/V 
Free-strain* per volt (low−field — high−field) for d31 MFC (P2) ~ 1.1 − 1.3 ppm/V ~ 1.1 − 1.3 ppm/V 
Free-strain hysteresis* ~ 0.2 ~ 0.2 
DC poling voltage, Vpol for d33 MFC (P1) +1500 V +1500 V 
DC poling voltage, Vpol for d31 MFC (P2) +450 V +450 V 
Poled capacitance @ 1kHz, room temp, Cpol for d33 MFC (P1) ~ 0.42 nF/cm² ~ 2.7 nF/in² 
Poled capacitance @ 1kHz, room temp, Cpol for d31 MFC (P2) ~ 4.6 nF/cm² ~ 29 nF/in² 
Orthotropic Linear Elastic Properties (constant electric field):   

   

Tensile modulus, E1* 30.336 GPa 4.4E + 06 psi 
Tensile modulus, E1** 15.857 GPa 2.3E + 06 psi 

   

Poisson’s ratio, v12 0.31 0.31 
Poisson’s ratio, v21 0.16 0.16 

   

Shear modulus, G12 (rules-of-mixture estimate) 5.515 GPa 8.0E + 05 psi 
Operational Parameters:   

   

Maximum operational positive voltage, Vmax for d33 MFC (P1) +1500 V +1500 V 
Maximum operational positive voltage, Vmax for d31 MFC (P2) +360 V +360 V 
Maximum operational negative voltage, Vmin for d33 MFC (P1) -500 V -500 V 
Maximum operational negative voltage, Vmin for d31 MFC (P2) -60 V -60 V 
Linear − elastic tensile strain limit 1000 ppm 1000 ppm 
Maximum operational tensile strain < 4500 ppm < 4500 ppm 

   

Peak work-energy density 1000 in − lb/in3 ~1000 in − lb/in3 
Maximum operating temperature − Standard Version < 80°C < 176°F 

   

Maximum operating temperature − HT Version < 130°C < 266 °F 
Operational lifetime (@ 1kVp−p) > 10E + 09 cycles > 10E + 09 cycles 

   

Operational lifetime (@ 2kVp−p, 500VDC) > 10E + 07 cycles > 10E + 07 cycles 
Operational bandwidth as actuator, high electric field 0Hz to 10 kHz 0Hz to 10 kHz 
Operational bandwidth as actuator, low electric field 0Hz to 750kHz 0Hz to 750kHz 

   

active Area Density 5.44 g/cm³ 5.44 g/cm³ 
Thickness for all MFC Types approx 0.3mm approx. 12 mil 
* Rod direction   
** Electrode direction   
 
 
Work modes 

 
 
 
 
 
 
 
 
 
 
expansion bending torsion 
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MFC Types specifications 
 
 
 
 
 
 

P2  
                                             

                                             

                                            
 

                                            
 

                                            
 

                                             

                                             

                                            
 

                                             

d33 Actuators with expanding motion P1 d33 Actuators with twisting motion F1    d31 Actuators with contracting motion P2 
 

MFC P1 / F1 Types (d33 effect actuators) 
 P1      

F1     
 

                      

0°            45°       l 
 

                        l                  
 

                                            
 

model active length    active width overall length overall width  Capacitance  free strain   blocking force 
 

    mm    mm     mm  mm    nF   ppm    N 
 

P1−Types (0° fiber orientation)                                       
 

                                            
 

M-2503-P1 25  3 46 10           0.25  1050  28 
 

M-2807-P1 28  7 40 18           0.33  1380  87 
 

                                            
 

M-2814-P1 28  14 38 20           0.61  1550  195 
 

M-4010-P1 40  10 54 22           1.00  1400  126 
 

                                             

M-4312-P1 43  12 60 21           1.83  1500  162 
 

M-8503-P1 85  3 110 14           0.68  1050  28 
 

                                             

M-8507-P1 85  7 101 13           1.53  1380  87 
 

M-8528-P1 85  28 112 40           5.70  1800  454 
 

                                            
 

M-8557-P1 85  57 103 64           9.30  1800  923 
 

M-14003-P1 140  3 160 10           1.45  1050  28 
 

F1−Types (45° fiber orientation)                                       
 

                                            
 

M-8528-F1 85  28 112 43           6.30  1350     485 calc. 
 

M-8557-F1 85  57 112 75           12.70  1750     945 calc. 
 

                                             

M-14028-F1 140  28 175 40           8.00  1350     485 calc. 
 

M-43015-F1 430  15 460 23           10.7  1280     253 calc. 
 

MFC P2 / P3 Types (d31 effect actuators) 
      P2       P3     

 

                 90°         

l2 
 

                          

 0°            0°         
 

                         
l          l1      

 

                                            
 

model active length    active width overall length overall width Capacitance  free strain   blocking force 
 

    mm    mm     mm  mm    nF   ppm    N 
 

P2−Types (anisotropic)                                       
 

                                             

M-2807-P2 28  7 42 14           12.4  -650  -40 
 

M-2814-P2 28  14 37 18           25.7  -700  -85 
 

                                            
 

M-5628-P2 56  28 70 34           113.0  -820  -205 
 

M-8503-P2 85  3 113 8           12.3  -480  -13 
 

                                            
 

M-8507-P2 85  7 108 11           38.4  -670  -42 
 

M-8528-P2 85  28 105 34           172.0  -820  -205 
 

                                            
 

M-8557-P2 85  57 105 61           402  -840  -430 
 

M-8585-P2 85  85 105 90           605  -842  -650 
 

P3−Types (orthotropic)                                       
 

                                            
 

M-2814-P3 28  14 36 16           29.5  -750  -110 
 

M-5628-P3 56  28 70 34           121.7  -900  -265 
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Special MFC 
actuators & arrays 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
The Star MFC Customized layouts and arrays Advanced actuator elements 
 
 
 
 
 
 
 
 
 
 
 
 
 
triangular MFC for strain adaptation sensor/actuator arrays for closed loop control customized contact pads 
 
In addition to manufacturing MFCs in 
a wide variety of standard sizes for our 
customers, we are also offering many 
specialized MFC layouts to meet our 
customers’ needs for specialized 
applica-tions. 

 
These include for example the Star MFC, 
for pumps and synthetic jets, the S1 and 
S2 type MFCs, which consist of sensor 
and actuator elements for a closed loop 
control, as well as several other MFC 
arrays. 

 
The MFC technology is highly adapta-ble 
to specific application needs. Custom 
designed layouts based on your own ideas 
and requirements have a typical lead time 
of 5 weeks. 

 
 
 
Engineering and Prototyping  
Services 
 
 

Due to our long - term experience in 

designing piezoelectric transducers and a 

well - equipped laboratory, we are able 

to help our customers along the whole 

development process so that their ideas 

come true. 
 

- Analytical calculation and FEA on 
sensor & actuator systems   

- Numerical design and simulation for 
ultrasonic transducers   

- Prototyping and mechanical/ 

acoustical tests  
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Systems 

 
 
 
 
 
 

High Voltage Amplifier and Pulser 
 
 
 
 
 
 
 
 
 
 
 

SMART Power Amp PA05039 (made by TREK) Smart Power Amp HVA 1500/50-4 SMART PowerSonic 280-PW 
   

The design of the custom amplifier is based This multi−cannel amplifier series, with up To  enable  customers  to  perform  their 
on the renowned Trek amplifier technology. to 4 independent channels, was designed own  tests  on  low  frequency  ultrasonic 
With an output voltage of -500V to +1500V for precise control of single MFC actuators transducers this µC controlled power pulser 
and a maximal output current of 50mA the and MFC actuator arrays . was developed. The pulses have a voltage of 
PA05039 is designed to drive several P1 or These amplifiers are ideal power sources +/- 280V with a frequency up to 100 KHz. 
F1 type (d33 effect) MFC's. for both the P1/F1 and P2/P3 MFC's. An ad- Typical parameters like frequency, pulse 

 ditional audio input allows the customer number, refresh rate, uni−/bipolar mode 
 to apply signals easily from their note- and shut down time can be programmed 
 book’s soundcard. via the RS 232 serial interface. 
   
 
 
 

Data Acquisition Systems and Energy Harvesting 
 
 
 
 
 
 
 
 
 
 

SMART Charge SMART Logger SMART Energy Harvester Development Kit 
    

The MFC is capable of sensing strain based Equipped with 4 independent input chan- Generating energy  form  environmental 
on the reverse piezo effect. Compared to nels  (high  impedance  voltage  preamps) vibrations is one of the current challenges 
a resistive strain gauge the MFC generates this module can be used to monitor dy- for engineers. This development kit con- 
much higher output levels. This special namic events on the flight measured with sists of a simple on−desk shaker with sui- 
preamplifier was developed to make strain MFC  sensors  from  milliseconds  up  to table power amp unit, several MFC gene- 
measurements down to the static state some hours. All parameters for the SMART rator structures and 3 electronic modules 
possible. In contrast to typical channel Logger can be programmed via USB. with different measurements circuits. 
amplifiers,  no  significant  drift  can  be A software allows to display the input sig- It  enables scientists from  mechani- 
observed with this outstanding module. nals and save the data as CSV−file. cal engineering and electronics to stu- 

  dy causal relations between mechanical 
  input parameters and electrical outputs. 
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MFC related Questions 

 
 
 
 
 
Q: Which adhesives are you recommending to bond MFCs to a structure?  
 
A: We recommend two component adhesives like 3M‘s DP 460 Epoxy or Loctite‘s E120 HP Epoxy. Best results are obtained  
 

if the adhesive is cured at 50°− 60°C for 2 hours and the MFC is pressed against the structure with a fixture during curing.  
 
 
Q: I want to use the MFC as a strain sensor but it seems I can not get any reading?  
 
A: Make sure you have attached the MFC to a structure that is actually inducing a strain into the patch, i.e. 

stretching or compressing the fibers.  

 
Q: What is the max force that an MFC can produce?  
 
A: The MFC will expand at 1800 ppm over the length of the actuator (free strain). The blocking force is about 

4kN/cm² for the active cross section of the MFC.  

 
Q: Is the MFC porous or non−porous?  
 
A: The MFC is non-porous due to its environmentally sealed packaging.  

 
Q: What type of force does a standard MFC generate, including displacement?  
 
A: The M8557P1 is generates about 900N blocking force and ~150µm displacement (free strain).  

 
Q: What is the typical density of an MFC?  
 
A: Typical areal density is 0.16g/cm² or volume density of 5.44 g/cm³  

 
Q: What is the mechanical efficiency of an MFC, meaning electrical energy transformed into mechanical energy?  
 
A: This question requires a little more in depth analysis:   
a) In general a PZT 5A1 material used in the MFC has an effective coupling coefficient (k33) of about 0.69. That is its first order 

electrical − to − mechanical energy conversion efficiency. k33 is a measure of efficiency, but not the actual efficiency  
 
b) k33² is the ratio of stored mechanical energy to input electrical energy (= 0.48), but this is not the same as output 

work energy efficiency, since one can not actually use all of the stored energy to do useful work.  
 
c) Max. output work energy efficiency (under optimum loading condition) for the MFC will work out to about 0.16, so 

max 16% of input electrical energy can be converted into useful output work with an MFC.  
 
d) Max. output − work energy efficiency is not the same as output − work to consumed electrical energy efficiency!   

Most (may be 97 − 99%, depending on dielectric loss of the package) of the electrical energy not converted to work is actually stored 

electrostatically, i.e., like in a capacitor. You can recover that energy, in principal, with a clever drive electronic design.  

 
Q: How tight a radius of curvature can you bend the MFC before cracking? For example the 

standard size 3.4“ x 2.2“ MFC M8557P1.  
 
A: Max. mechanical tensile strain the ceramics can endure is approx. 2500 ppm before fracturing. The package is still functional, 

although elastic properties will change. For 7− mil ceramic, this works out to a minimum curvature diameter of the actuator of 

about 3.5 inches (curled in fiber direction) and 3 inches curled perpendicular to the fiber direction.  
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Annex 2 
 
FEATURES 
 
- Dual functionality: piezoelectric actuator & sensor  
 
- Robust Polyimide Packaging   
- Quick Connect/Disconnect Connector   
- Hermetically Sealed for Use in Harsh Environments  
 
- Low Profile & highly flexible   
- Available in Different Sizes to Suit Application  
 
- Extra-Flexible Packs available for 

application to curved surfaces (pipes, etc.)  

 
APPLICATIONS 
 
- Vibration & strain sensing   
- Passive vibration/strain detection   
- Precise actuation   
- Electronics cooling  

PACKAGED 
PIEZOELECTRIC 
ACTUATORS AND SENSORS 

 
DESCRIPTION 

 
Midé’s QuickPack product line takes advantage of a 

patented packaging process known as the “ Piezo 
Protection Advantage”. It allows the normally brittle 

piezoelectric ceramic to be encapsulated in protective 
polyimide layers. These protective layers drastically 
increases the actuator’s robustness, and usefulness in real 

world applications. 
 
The packaging process electrically isolates the 
piezoelectric ceramic, and allows the device to be 
used in otherwise adverse environmental conditions 
including submerged applications. 

 
In addition to the standard QuickPack Products, Midé offers 

custom piezoelectric device design solutions. If a custom 

size is required please contact Midé Technology 

Corporation. Email: service@mide.com. 
 
 
 
TYPICAL 
APPLICATIONS 
 
 
SIMPLE 

SENSOR 

 
 
 

             ADVANCED        SETS GAIN  
 

             

SENSOR 
         

    VMAX
                   

 

                        

     

    

VOLTAG
E   

                

                     

 DC BIAS    R1  BUFFER           C  
 

            A.D.C          -   A.D.C  

        
R1   0 - VMAX        

+   
0 - VMAX  

                    
 

 QUICKPACK           QUICKPACK            
 

 TRANSDUCER    R1 ≥ 100 kΩ   TRANSDUCER        CHARGE  
 

                        AMPLIFIER  
 

                            
  

C ≈ UNDRIVEN TRANSDUCER CAPACITANCE 
 

ACTUATOR 
 
 
 

SIGNAL PIEZOELECTRIC QUICKPACK 
GENERATOR AMPLIFIER 

TRANSDUCE
R 
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PRODUCT DIMENSIONS    

 

NOTE:    3.48   
 

1. All dimensions are in inches  3.25   
 

 2.00   
 

2. Connector thickness = 0.100” 
    

    
 

Product Thick. Cap. 
0.81 0.30 0.60 1.00 

 (in) (nF)*  

     
 

QP10N 0.015 55     
 

QP10W 0.015 85  1.81   
 

QP10Ni 0.015 1.2     
 

QP16N 0.010 125  
3.48 

  
 

PA16N 0.013 95    
 

 3.25   
 

QP20N 0.030 100  2.00   
 

    
 

QP20W 0.030 145     
 

QP21B 0.030 125     
 

QP22B 0.030 20 1.30 0.30 0.60 1.50
 

    
 

P. FAN 0.030 23     
 

*Capacitance values are approximate  
1.81 

  
 

and will vary from product to product.    
 

    
 

 
 
 
 
 
 
 
 
 
QP10N  
QP16N 
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 3.50   
 3.28   
 2.05   

0.81 0.30 0.60 1.19

 
 
 
 
 
 
 
 
QP10Ni  
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N 

 
 
 1.81   

 3.48   
 3.25   
 2.00   

0.81 0.30 0.60 1.00 QP20N 
 0.10   

 1.81   
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PRODUCT DIMENSIONS 
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FUNCTIONAL DIAGRAMS & COMPATIBLE CABLES 
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ABSOLUTE MAXIMUM RATINGS 
 
Operating Temperature Range -40 to 90 C 

  

Operating Temperature Range (Without Connector) -40 to 150 C 
  

Storage Temperature Range -60 to 90 C 
  

Storage Temperature Range (Without Connector) -60 to 150 C 
  

Lead Temperatures (Soldering, 10 sec) 300 C 
  

Piezo Strain, max 800 micro-strain 
  

 
 
 
 
OPERATION 
 
Piezoelectric ceramic is capable of providing a 
very precise signal in response to very small 
amounts of imposed strain. The same effect is 
true in reverse; a finely controlled input signal 
can produce an efficient response in the material 
when the device is used as an actuator. 

 
Midé’s QuickPack transducers are designed to provide precise 

and repeatable actuation or strain induced measurement in 

challenging operating environments. Midé’s QuickPack 

transducers are suited for use in harsh environments commonly 

found in industrial applications. The QuickPack transducer is 

not, however, ideally suited to a specific application. Instead, 

Midé has developed a range of QuickPack products intended to 

provide a good starting point for your actuation or sensing 

needs. In order to maximize the cost effectiveness of 

implementing piezoelectric technology into your application, it 

may be necessary to investigate a custom design suited to your 

specific application. The standard QuickPack designs have 

been tailored to provide a sample of the many possibilities that 

exist when using piezoelectric transducers 

 
 
 
 
 
 
 
Most QuickPack Transducers operate on the indirect 

piezoelectric 3-1 effect. The piezoceramic used in these packs 

is poled through the thickness, and expands and contracts in 

plane, perpendicular to the applied field. Through the use of a 

specially designed inter-digitized circuit, the QP10ni is able to 

take advantage of the stronger direct piezoelectric 3-3 effect. 

Instead of being polarized through the thickness, the 

piezoceramic is polarized along the length. This method causes 

the beam to behave like a stack instead of a bender. This causes 

the device to be much more sensitive to strain in the 

longitudinal direction than in the transverse direction. 
 
A critical aspect to consider when using any type of strain 

dependent device is the bond layer thickness between the 

device and the surface where the transducer is installed. To 

maximize the transducer’s capability to experience the 

equivalent strain as the surface it is mounted to, the bond layer 

thickness must be minimized. Midé offers a special epoxy 

which is capable of adhering QuickPack transducers to a 

variety of surfaces while ensuring an extremely thin bond 

layer. 
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OPERATION CONTINUED 
 
Midé’s QuickPack Piezoelectric Transducers can be used in 

a number of configurations depending on the intended 

application. Two of the most commonly used 

configurations for QuickPack Transducers are the bonded 

configuration and the cantilever configuration. The 

difference between these two types of configurations and 

examples of when this configuration would be appropriate 

are detailed below: 

 
Bonded Configuration:  
A QuickPack Transducer can be mounted directly to a 

surface. Such a configuration is referred to as a bonded 

configuration. A bonded QuickPack Transducer can be 

applied to a flat surface, a surface with non-uniform 

flatness, and even some curved surfaces. Single layer 

QuickPack Transducers are best suited for this type of 

operation. 
 

 L   
F  F 
 
 

ε = ∆L/L 
 
 
The bonded configuration is an excellent choice for sensing or 

creating vibrations in a relatively stiff structure. Transducers in 

this configuration can be used to monitor vibrations caused by 

an outside source, or by vibrations created in the structure by 

another QuickPack Transducer operating as an actuator. 

 
 
 
 
Cantilever Configuration:  
A QuickPack Transducer can be mounted with only part of the 

package secured in a clamp, and some part of the piezoelectric 

element suspended outside of the clamp. This configuration is 

referred to as a cantilever configuration. To use a QuickPack 

Transducer as a cantilevered transducer, the clamp can be 

positioned anywhere on the pack as long as the piezoceramic 

element is partially clamped. However, to obtain the best 

response, as little of the piezoelectric element should be 

clamped as possible. Midé prescribes a clamp line of 0.200” 

from the edge of the piezoelectric element to provide enough 

area to properly clamp one end of the piezoceramic. Bimorph 

QuickPack Transducers are best suited for cantilever operation 

because having the active element (piezoceramic) oriented 

some distance away from the neutral axis allows the 

transducer to achieve much greater tip displacement than a 

single layer transducer would. 
 
 
 

W 
 
 
 

L  
F 

 
The cantilever configuration is typically employed when 

using a QuickPack Transducer as an actuator, although it 

could also be effective in using a QuickPack Transducer to 

sense low frequency vibrations or fluid or gaseous flow. 

Relatively high displacements are possible using this 

configuration. A prime example of a QuickPack Transducer 

used in a cantilever configuration is the Piezoelectric Fan. 
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QP10N TYPICAL PERFORMANCE POWER CHARACTERISTICS 
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QP10W TYPICAL PERFORMANCE POWER CHARACTERISTICS 
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QP10Ni TYPICAL PERFORMANCE POWER CHARACTERISTICS 

 
 Longitudinal Performance    

 

 700        
 

 600        
 

με
() 500       

με
()  

       
 

-P
ea

k S
tra

in 

400       

-P
ea

k S
tra

in 

 

300       
 

Pe
ak

-to
 

200       Pe
ak

-to
 

 

 100        
 

 0 
10 15 20 25 30 35 40  

 0.5 
 

 
Longitudinal Performance 

 
500 
 
 
400 
 
 
300 
 
 
200 
 
 
100 
 

0 
0 20 40 60 80 100  

Peak-to-Peak Force, F (lbf) Excitation Voltage (±V) 
 
 
 
 
 
 
 

Pe
ak

-to
-P

ea
k 

St
ra

in
 (μ

ε)
 

 
 

Comparison - QP10N vs QP10Ni  
700 
 
600 
 
500 
 
400 
 
300 
 
200 
 
100 
 

0  0.2 4 6 8 10 12 14 16 18 20 
 

Applied Field (±V / mil ) 

 
 
 
 
 
 
 

Pe
ak

-to
-P

ea
k 

St
ra

in
 (μ

ε)
 

 
 

Transverse Performance  
250 
 
 
200 
 
 
150 
 
 
100 
 
 
50 
 
 

0 
0 200 400 600 800 1000 1200  

Excitation Voltage (±V) 
 
 
 
 
Note: The QuickPack IDE has different properties in the 

longitudinal and traverse directions. In the longitudinal 

direction, the actuator takes advantage of the d33 effect, 

while transverse direction is excited by the less efficient 

d31 effect. Strains in the longitudinal and transverse 

directions are out of phase with each other, i.e., when the 

length increases, the width decreases, and vice versa. 

Because it is directional. the QuickPack IDE actuator must 

be oriented properly in order to achieve desired 

performance. 
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QP16N TYPICAL PERFORMANCE POWER CHARACTERISTICS 

 
 Tuned to 110 Hz | 0 gram Tip Mass  
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PA16N TYPICAL PERFORMANCE POWER CHARACTERISTICS 
 
NOTE: PowerAct enables directional, 
conformable actuation. The PowerAct takes 
advantage of a unique process to improve the 
flexibility of the otherwise inflexible 
piezoceramic. In addition, an interdigital 
electrode geometry enhances electromechanical 
coupling via the primary or direct piezoelectric 
effect resulting in greater performance and 
directional behavior. 
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QP20N TYPICAL PERFORMANCE POWER CHARACTERISTICS 
 
BONDED CONFIGURATION     
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QP20W TYPICAL PERFORMANCE POWER CHARACTERISTICS 
 
BONDED CONFIGURATION   
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QP21B TYPICAL PERFORMANCE POWER CHARACTERISTICS 

 
 
 0.035         

 

(in
) 0.030         

 

         
 

Ti
p D

isp
lac

em
en

t 0.025         
 

0.020         
 

0.015     
100 V    

 

Pe
ak
         

    80 V     
 

- to-
 

0.010   
60 V      

 

Pe
ak
         

 

0.005   40 V      
 

         

         
 

   20V       
 

 0         
 

  

0.3 0.6 0.9 1.2 1.5 1.8
 

 0 
  

Zero-to-Peak Force, F (ozf) 
 
 
 
 
 

Product L (in) 
QP21B 1.00 

  

QP22B 0.75 
  

 
 
 
 
 

Pe
ak

-t
o-

Pe
ak

 T
ip

 D
is

pl
ac

em
en

t (
in

) 

 
Frequency Response at ± 100 Volts 

 
 
10-1 Quasi-Static 

Region 
 
 
10-2 
 
 
 
10

-3 
 
 
10

-4 
10

-1 10
0 10

1 10
2 103  

Frequency (Hz) 
 
 
 
 

W 
 
 
 

L  
F 

 
 
 
 
 
 
QP22B TYPICAL PERFORMANCE POWER CHARACTERISTICS 
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PIEZO FAN TYPICAL PERFORMANCE POWER CHARACTERISTICS 
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Annex 3 
 

DuraAct Power Flächenwandler 
 

H o c h e f f i z i e n t u n d r o b u s t 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Flächenwandler  
Funktionalität als Aktor- und Sensorkomponente. Nominale 
Betriebsspannung von -20 bis 120 V. Mögliche Energieerzeugung 
für autarke Systeme bis in den Milli-wattbereich. Applizierbar 
auch auf gekrümmten Flächen. 
 
DuraAct Power nutzt in Längsrichtung den hocheffizien-ten d33-
Effekt. 
 
Robuster, kostengünstiger Aufbau  
Laminierte Struktur aus PICMA® Multilayer-Piezoelement, 
Elektroden und Polymermaterialien. Herstellung durch blasenfreies 
Injektionsverfahren. Die Polymerummantelung dient gleichzeitig 
als elektrische Isolierung und als mecha-nische Vorspannung, 
sodass der DuraAct biegsam ist. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

P-878 
 

Einsatz als Aktor, Sensor oder 
Energieerzeuger  

 
Niedrige Spannungen bis 120 V 

Kompakte Bauweise  
 

Individuelle Lösungen  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Kundenspezifische DuraAct Flächenwandler  
Flexible Wahl der Größe   
Variable Gestaltung der elektrischen Anschlüsse   

Kombinierte Aktor-/Sensor-Applikationen, auch mit 
mehreren aktiven Lagen   

Feldanordnungen (Array)  
 
 
 
Einsatzgebiete  
Industrie und Forschung. Applizierbar auch auf ge-krümmten 
Flächen, oder zur Integration in Strukturen. Für adaptive 
Systeme, Energy Harvesting, Strukturüber-wachung (Structural 
Health Monitoring) 
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Min. axiale Dehnung 1200 µm/m 
Rel. axiale Dehnung 10 µm/V 
Min. laterale Kontraktion 250 µm/m 
Rel. laterale Kontraktion 1,2 µm/V 
Blockierkraft 44 N 
Abmessungen 27 mm × 9,5 mm × 0,5 mm  
Min. Biegeradius 24 mm 
Aktives Element 15 mm × 5,4 mm  
Elektrische Kapazität 150 nF  

Elektrische Kapazität: Toleranz ±20 %, gemessen bei 1 Vpp, 1 kHz, RT.  
Piezokeramik: PIC 252.  
Standardanschlüsse: Lötpunkte.  
Betriebsspannungsbereich: -20 bis 120 V.  
Betriebstemperaturbereich: -20 bis 150 °C. 
 
Sonderausführungen und andere Spezifikationen auf Anfrage. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Die DuraAct Power Multilayer-Flächenwandler 

 

 nutzen den Longitudinal- oder d33-Effekt, bei dem die 
 

 Auslenkung parallel zum elektrischen Feld E und der 
 

 Polarisationsrichtung P des Piezoaktors erfolgt. Die 
 

 piezoelektrischen Ladungskoeffizienten d33 für die 
 

 longitudinale Auslenkung sind deutlich höher als die 
 

P-878.A1, Abmessungen in mm d31 für die transversale Auslenkung, die vollkeramische 
 

Wandler nutzen. (Quelle: Wierach, DLR) 
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Annex 4 
 
 
 

Piezoelectric Fiber Composite (PFC) 
 
PFC-W14’s Engineering Properties 
 

 

Property 
    

Value 
 

 

      
 

         

        
 

 Dimensions [mm]   132×14×0.3  
 

 Piezoelectric Charge Coefficient, d33 @1kV [pC/N]   550  
 

 Electromechanical Coupling Factor, k33   0.67  
 

 Young’s Modulus, Y33 [1010 N/m2]   2.44  
 

 Elastic Compliance, sE
33 [10-12 m2/N]   41.0  

 

 Yield (Tensile) Strength [MPa]   157.3  
 

 

Blocking Force, F @ 1 kV [N] 
  

1.0 
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Annex 5: Bonding Techniques 
 
"Bonding" is the best fixing process. The main material used in the process of bonding is epoxy 
glue, it creates strong and flexible joints, fatigue phenomena are absent and its work temperature 
reaches 150° C. 
PZT layers can be bonded on metal surfaces using a thin stratus of epoxy glue (M-Bond 6101) 
cured for 24 hours at room temperature. Between sides of PZT and metal surfaces conductive epoxy 
glue (CW24002) is putted in. The elements are circuited by solded wires (MSF-003-NI3). The 
result is shown in the Figure A.5.1 [A.1]. 
Alternatively insulant epoxy resin (Eccobond 15LV4) mixed with a catalyst (Catalyst 15 LV5) 
can be used. The resin-catalyst ratio is 3:1. After the application the glue is cured in oven for three 
hours at 65° C [A.2]. 
 

 
Figure A.5.1: Glued section [A.1]. 

 
Another kind of glue is acrylate-based liquid. In this case after the glue application a glass plate, 
Figure A.5.2, is pressed on the structure in order to come out the excessive glue. The process ends 
with polymerization of adhesive for half an hour at temperature of 85°C (see Figure A.5.3) [A.3]. 
 

 
Figure A.5.2: Glass plate [A.3]. 

 

 
Figure A.5.3: Glued section [A.3]. 

                                                
1 http://www.vishaypg.com/docs/11013/bond610.pdf 
2 http://www.all-spec.com/downloads/circuitworks/CW2400_040609s.pdf 
3 http://www.piezo.com/catalog8.pdf%20files/Cat8.58.pdf 
4 (rif. al 45 LV) http://hybris.cms.henkel.com/henkel/msdspdf?country=US&language=EN&matnr=1188168 
5 https://tds.us.henkel.com//NA/UT/HNAUTTDS.nsf/web/DFF5BD21DB3078C0852575D6006B4E9F/ 
 $File/ECCOBOND%2045-CAT%2015-EN.pdf 
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