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Abstract

Laser-based powder bed fusion of metals (PBF-LB/M) is the most commonly used additive man-
ufacturing process for fabricating complex metal parts by selective, layer-wise melting of metallic
powder using a laser beam. This manufacturing technique can easily fabricate parts with complex
geometries that cannot be fabricated using conventional manufacturing processes. These parts
with complex geometries are generally used by aerospace and space industries, and advancement
in functionalization of additive manufactured parts is highly bene�cial to these industries. How-
ever, the parts constructed using additive manufacturing are monolithic, sti�, and lightweight and
hence, they are vulnerable to high amplitude resonant vibrations. This is due to the low damp-
ing factor of the materials used and the absence of interfaces and connections that contribute to
structural damping in conventional structures. The integration of piezoelectric materials within
these structures would enable the control of vibration characteristics. The techniques presented
in this study will enable a high level of freedom in the placement of piezoelectric materials and
investigate the potential of merging parts constructed using additive manufacturing with piezoelec-
tric materials. Furthermore, a technique to track the stress state during the integration process,
which is crucial for the pre-stress evaluation of integrated piezoelectric stacks, is presented and
shows characteristics similar to a force cell. Pre-stress is successfully tracked during integration
and in some concepts tensile stress onto the piezoelectric material is occurring. Finally, to verify
the functionality for potential piezoelectric damping, power conversion was reported with laser
vibrometer measurements and FE validation.

Keywords

intelligent structures, additive manufacturing, piezoelectric integration, piezoelectric damping
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1 Introduction

For this study, the basis were state-of-the-art integration techniques mainly for piezoelectric stacks.
Several requirements are to be met when integrating piezoelectric stacks with additive manufac-
turing. The minimum requirement is that the piezoelectric stack should remain intact within the
structure. Secondly, pre-stress is required to be applied on the piezoelectric stack to guarantee
coupling with the vibrating host structure under operating conditions [1]. A well adjusted pre-
stress also protects the brittle ceramic piezoelectric material from damage due to tensile stresses
[2]. In addition, maximizing conversion of power between the electrical and mechanical domain, is
advantageous for most applications.

With conventional methods, piezoelectric materials were already integrated. Hensel et al. [3] de-
veloped a technique to process piezoelectric-metal sandwich composites during forming. The aim
was to achieve mass production of piezoelectric-metal composites. A similar approach but with a
di�erent production technology was taken by Schwankl et al. [4]. During die casting, a piezoelectric
patch was integrated and successfully used for vibration damping of a thin-walled structure. The
most common integration method for piezoelectric patches is gluing them onto the surface of the
structure [5�8]. An integration method for piezoelectric stacks is screwing them into structures [9].
Schmied and Bergamini [10] presented an approach to integrate piezoelectric stacks in a traditional
machined aluminium truss structure. Increasing complexity of the structure increases the di�culty
for integration of piezoelectric materials. Additive manufacturing has the potential to overcome
these di�culties.

Additive manufacturing is capable of building three-dimensional (3D) parts by adding thin layers
of materials in a repetitive manner. The consolidation of feedstock materials such as powder, wire
or sheets into a dense metallic part is done by melting and solidi�cation with the aid of an energy
source such as laser, electron beam or electric arc, or by the use of ultrasonic vibration. The 3D
model of the part is directly transformed into manufacturing which allows realisation of complex
and customized parts but also enabling integration of three-dimensional objects due to the reach-
ability during the process [11]. Two approaches for manufacturing multifunctional structures shall
be distinguished. With a drop-in approach presented in this paper, an o� the shelf piezoelectric
stack is inserted in the structure whereas there are also processes able to manufacture additively
piezoelectric materials directly [12]. Mostly Stereolithography (SLA) and Fused Deposition Mod-
eling (FDM) are used [12]. However, the latter approach is not further considered here because
focus is on metallic structures and also metall multimaterial printing needs more progress �rst to
achieve bonding between host structure and piezoelectric material [12]. For the manufacturing of
piezoelectric composite structures mostly polymer based non-additively manufacturing methods
are used [13, 14].

While integrating o� the shelf three-dimensional objects, like piezoelectric stacks, with a layerwise
manufacturing technique, there are several constraints. These constraints arise due to the require-
ments of the piezoelectric stack and the limits of the manufacturing process. To ensure that the
piezoelectric stack remains �xed at a desired location, structural bonding between the structure
and the piezoelectric stack need to be achieved. However, due to the layerwise manufacturing
process not all sides of the piezoelectric stack are reachable in the process. The additively man-
ufactured parts are typically oriented in such a way that the manufacturing process is optimized
in regard to minimum support, overhangs and production time [15]. Therefore, to be e�cient, the
integration technique shall enable the orientation of the piezoelectric stack in accordance to the
part and not vice versa.

Lausch et al. [16] form-locked and materially bonded a single coated piezoelectric stack during
additive manufacturing. The integration was performed in-situ and they used an arch-like struc-
ture to continue the additive manufacturing process after interruption. However, pre-stress on the
piezoelectric element was not achieved. Sto�regen and Mayer et al. [17, 18] developed a manufac-
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turing technique to pre-stress a piezoelectric stack in-situ with thermal shrinkage. Unlike Lausch
et al. [16] they placed a top cap on the piezoelectric stack before continuing with the additive
manufacturing process. However, exploiting thermal shrinkage is only possible if build direction
and polarization direction of the piezoelectric stack are aligned. Furthermore, only one piezoelec-
tric stack was integrated in this study and the produced part was subsequently conventionally
integrated into a larger truss structure. In another study a piezoelectric stack was integrated in
a cylindrical smart part [19]. Power conversion was reported but no information on pre-stressing
was given. Besides that, the use of this smart part as an end product was not further detailed.

There is a lack of methods to integrate piezoelectric stacks in complex structures while simul-
taneously achieve low mass of additional components and compactness. Many of the di�erent
state-of-the-art methods have severe drawbacks, which make them unsuitable for the integration
in additive manufactured lightweight structures. Most designs are bulky and the integration of the
piezoelectric stack was completed either with screws [20�22] or with solid springs [22, 23] consuming
space and reducing the compactness. In the past years, no recent progress to apply piezoelectric
stack integration to lightweight structures was seen here.

Merging the integration procedure with additive manufacturing has a high potential to solve prob-
lems in terms of pre-stressing, placement and reducing weight for additively manufactured and
damped lightweight structures while simultaneously achieving compactness. We present a tech-
nique to use additive manufacturing for the integration and pre-stressing of piezoelectric stacks
in structures. Screws, preload springs and bulky designs can be eliminated with the presented
integration technique. A method to use the piezoelectric material as pre-stress sensor is described.
To validate the functionality of the piezoelectric stack after the integration procedure, the power
conversion from the mechanical in the electrical domain is evaluated with laser vibrometer mea-
surements.

3

Page 3 of 16 AUTHOR SUBMITTED MANUSCRIPT - SMS-112618.R2

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60 Ac

ce
pt

ed
 M

an
us

cr
ip

t



2 Methods

The structures were produced on a Concept Laser M2 additive manufacturing machine (Concept
Laser GmbH, Germany) which is equipped with a Nd-YAG �ber laser with a maximum continuous
power of 400 W at a wavelength of 1064 nm. The material used for manufacturing was AlSi10Mg
powder manufactured by Carpenter Additive. The additive manufacturing process parameters
were optimised to obtain a relative density of 99.8 % and they are shown in �gure 1.
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Parameter Value

Laser power [W] 180

Scan speed [mm/s] 1500

Hatch distance [µm] 100

Layer thickness [µm] 30

Recoater velocity [mm/s] 100

Recoater type - brush

Scan strategy - islands

Scan pattern - 45° alternating

Figure 1: Relative density plot for a wide range of process parameter variation for �xed power at
180 W. In the table the resulting parameter is summarized.

The process parameters were developed in several steps by building10 � 10 � 10 mm cubes
varying laser power, scan speed and hatch distance in a wide range. With the archimedes method
the part density � p of the cubes was measured according [24]

� p = � f l � � air �
ma

ma � mf l
+ � air (1)

with density of the �uid � f l and air � air as well as mass of the cube in airma and in �uid mf l .

A multilayer piezoelectric stack actuator from KEMET electronic components (AE0203D04DF)
with a maximum displacement of 4.6 µm and size5 � 3 � 2 mm was selected. The piezoelectric
stack was resin coated and had a curie temperature of 150� C. The piezoelectric stack was integrated
in the middle of the diagonal strut to achieve high power conversion [10].

2.1 Integration techniques

The geometry of the structures was chosen on the basis of preliminary research having a focus only
on the numerical simulation of the damping e�ect [10]. With this study here, the physical object
for experimental studies shall be developed. The mode shapes of the simple truss structures with a
diagonal cross strut are well known due to preliminary modal analyses enabling a placement of the
piezoelectric stack in the load path guaranteeing power conversion [10]. Besides that, through an
uncomplicated design, uncertainties can be limited to a minimum. The structures manufactured
with the aforementioned process parameter are cut o� the build plate with a wire cut saw and are
further processed as built without any surface or heat treatment.Five di�erent integration concepts
are presented and described. The �rst concept "mechanical elongation" is illustrated in �gure 2.
The advantages of this technique are that it is a simple manufacturing process and the magnitude
of pre-stress applied on the piezoelectric stack can be easily controlled. First, the truss structure
was additively prefabricated. Due to the manufacturing inaccuracy and rough surfaces, the gap
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that accommodates the piezoelectric stack was machined manually to obtain a gap length which
is 0.5 mm smaller than the length of the piezoelectric stack. Subsequently, the gap was elongated
through an external force with a vice and the piezoelectric stack was placed in its position. After
releasing the external force, constant pre-stress was applied.

0.5mm

1 3

Piezo

2

pr
ef

ab
ric

at
ed

build direction

Figure 2: A representation of the "mechanical elongation" technique. (1) The prefabricated unit is
machined to obtain an interference �t (2) An external force is applied to elongate the gap and place
the piezoelectric stack (3) Pre-stressing of the piezoelectric material after releasing the external
force.

The second concept shown in �gure 3 is called "in-process integration". It is similar to the method
developed by Sto�regen [17]. However, the target structure was not assembled, instead it was
built around the piezoelectric stack. Sto�regen in contrast assembled the target structure with the
encapsulated piezoelectric stack. The pre-stress of the piezoelectric stack was achieved through
thermal shrinkage. First, the process was interrupted in the middle of the truss structure, giving
access to a cavity. Powder was removed and the piezoelectric stack with a prefabricated top cap of
the same material were put in the cavity. The process was continued and the truss structure was
�nalised.

build direction

Piezo

AlSi10Mg TopCap

1 32

Plane of interruption

Figure 3: A representation of the "in-process integration" technique. (1) Half of the truss structure
is built (2) After a process interruption the piezoelectric stack and a prefabricated top cap are
placed in a cavity (3) The truss structure is �nished and the piezoelectric stack encapsulated.

The next three concepts presented in �gures 4 and 5 are based on the same manufacturing tech-
nique, called "weld in place". However, they contain di�erent pretreatment procedures for the
piezoelectric stack. In the third concept, shown in �gure 4 a), the prefabricated caps were glued to
the bottom and top side of the piezoelectric stack. Afterwards, the truss structure was additively
manufactured and removed from the build plate. Another build plate was used with centering pins
to center the prefabricated truss structure. The pretreated piezoelectric stack was placed inside
the gap and �nally additively welded in place. The weld spots covered a small area of the truss
structure and of the top cap. The weld spots consisted of nine layers with a thickness of 30 µm
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each. Each side was welded by turning the truss structure by 180 � . The fourth concept described
in �gure 4 b) is similar the third, except the di�erent pretreating of the piezoelectric stack and
caps. The caps were soldered onto the sides of the piezoelectric stack using a metal-ceramic solder
(cerasolzer, MBR Electronics) and an ultrasonic soldering technique (MBR Electronics).

1 3 4

We �� � � ���

A

A

S� �	
� � 
- A

2 5

A����� �� � �� �

�� ��� �

P �� � o

a

b

Figure 4: A representation of the "weld in place" technique with di�erent pre-treating procedures
for the piezoelectric stack. Caps are glued (a) and soldered (b) onto the piezoelectric stack (2)-(5)
Subsequently they are placed in a prefabricated truss structure and welded in place.

The preassembling procedure of the piezoelectric stack in the �fth concept illustrated in �gure
5 consists of a rhombic housing with a gap. This gap was enlarged through an external force
with a vice, similar to the �rst concept and the piezoelectric stack was placed in position under
a permanent pre-stress. Then, the prefabricated truss structure was centered with pins on a
second build plate. Finally, the pretreated piezoelectric stack was placed in position and welded in
place. This manufacturing technique di�ers only slightly from the mechanical elongation technique,
however it provides the possibility to integrate multiple piezoelectric stacks which is not possible
with the mechanical elongation technique.
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Figure 5: The pretreating step of this "weld in place" technique is signi�cantly di�erent from
that of the other methods. (1) The pretreating consists of a prefabricated rhombic cell which is
elongated through an external force acting on the sides. After placing the piezoelectric stack in the
rhombic cell and releasing the force a permanent pre-stress is applied. Steps (2)-(5) are similiar to
the aforementioned technique.
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2.2 Pre-stress measurement

Since power conversion is a critical requirement for piezoelectric damping, it is inevitable that there
is contact between the structure and the piezoelectric stack. This contact is achieved through pre-
stress. The measurement of the pre-stress is discussed in this section, section 3.1 and section 3.2.
Piezoelectric materials produce a positive voltage when compressed and a negative when tensioned,
known as the direct piezoelectric e�ect [25]. Thus they can be used as sensors for measuring pre-
stress [21, 26]. The voltage is directly proportional to the strain of the piezoelectric stack. Due
to the polarization of the piezoelectric material, compression and tension induce a positive and
negative charge in the electrodes. The positive and negative charge induced is also dependent
on the strain. The piezoelectric stack voltage was measured and integrated for an equivalent of
the charge, which cannot be measured by a standard multimeter. Sto�regen also used a charge
based approach for ex-situ evaluation of the pre-stress of an integrated piezoelectric stack [17]. An
integral based approach, similar to the one presented in this paper, was used by Zhang et al. [27].
However, focus relied on power optimization for piezoelectric energy harvesting. Strain gauges can
also be used for pre-stress measurement [20] but geometrical limitations of the gauge are reported
as drawback. The schematic of the voltage measurement circuit is illustrated in �gure 6.

CP
V

X

Y Pq P Z

[ \]̂ o

_`aco adaf gh `f igjf k

Figure 6: Circuit diagram of the piezoelectric stack with connected voltage measurement.

If the piezoelectric stack voltageUpiezo and resistanceR is known, one can calculate the currentI .

I =
Upiezo

R
(2)

�Q = �t �
Upiezo

R
(3)

whereasR with the resistance of the piezoelectric stackRP and the resistance of the measurement
deviceRD is given as

R =
RD RP

RD + RP
(4)

The charge�Q can be calculated as following:

�Q =
1
R

Z t

0
Upiezo dt (5)

Finally integration over time gives R�Q

R�Q =
Z t

0
Upiezo dt (6)
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The pre-stress measurement method is illustrated in �gure 7.The piezoelectric stack charge and
discharge curve behave like a capacitor in aRC circuit. The time constant depends onR and C.
Compression causes positive and tension negative voltage peaks. During the integration process,
thermally induced forces act in compression and tension modes. When the force states are equal,
the charges will be equal as well. Therefore, the piezoelectric stack will not be under a pre-stressed
state. The inequality of the charged state is represented in a positive or negative charge integral
and the �nal tension state can be determined using the piezoelectric stack as force sensor.

t

l

mnr s o

t �Q

uvw x o

y z{ | o

compression

tension

Figure 7: The state of tension of a piezoelectric stack can be evaluated using the voltage solely by
integrating the piezoelectric voltage. A positive integral indicates compression and negative one
tension.

2.3 Scanning laser vibrometer set-up

The energy transfer from the structure to the piezoelectric stack is an important criterion in
the design of piezoelectric damped systems because it is used as a measure for conversion of
mechanical into electrical energy. Hence, the power conversion of the �ve manufacturing concepts
were measured according to the set up in �gure 6. Measuring the frequency response function
(FRF) of the piezoelectric stack voltage is a direct method to obtain information on the ability of
the system to couple power into the electrical domain.

}

y
~

• orce

+

€
•‚ƒ„

… •†‡

Data acquisition

Scanning
Laservibrometer

Shaker

Figure 8: A representation of the scanning laser vibrometer set up is shown. The input is a
frequency sweep at a given force amplitude and the outputs are surface speed and piezoelectric
voltage. The scanning area is indicated by blue dots.

A PSV 400 laser-scanning vibrometer from Polytec was used. Adapter plates were glued on one side
of the truss structures for the shaker mounting whereas re�ective tape was glued on the other side.
A force sensor was mounted between the shaker and adapter plate. The force sensor measured the
frequency dependent force acting on the structure and served as a reference signal. The vibrometer
scanned the sidebar during a frequency sweep at 10 points. Each of the 10 measurement points
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was sampled three times and was averaged thereafter. With this setup two output signals and one
input signal are available namely the surface velocity in m/s, the piezoelectric stack voltage in V
as outputs and force as input. The frequency response function was calculated by dividing output
signal by input signal. The structural response FRF in [m/s/N] and the voltage response FRF in
[V/N] as the piezoelectric stack voltage per unit input force were calculated.

3 Results and discussion

Figure 9 shows the �ve �nalised truss structures based on the aforementioned integration methods.

10 mm

Figure 9: Five truss structures with di�erent manufacturing techniques are shown (a) mechanical
elongation, (b) in-process integration, (c) weld in place glued caps, (d) weld in place soldered caps
and (e) weld in place rhombic cell.

Two main aspects were evaluated for the provided techniques: First, lead zirconate titanate (PZT)
is a brittle material which is vulnerable to tensile stresses. The action of tensile stress on the cross
section of the piezoelectric stack while placing it in the cross strut of a truss structure will be
inevitable. Therefore, tracking of the pre-stress during the integration technique was investigated.
An appropriate pre-stress applied to the piezoelectric stack decreases the probability of material
failure and ensures structural bonding between the piezoelectric stack and the structure bene�tting
power conversion. The second aspect which is investigated, is the power conversion of the concepts.

3.1 Pre-stress measurement evaluation

3.1.1 Voltage correlated to force

With the pre-stress measurement evaluation, the correlation behaviour between force and piezoelec-
tric stack voltage integral is evaluated. With a tensile test machine (Quasar 10 from Galdabini)
prede�ned loads were applied on three similar piezoelectric stacks (AE0203D04DF) and subse-
quently removed to perform unloading after a holding time of 20 seconds, which was veri�ed to
be enough that the piezoelectric stack completely discharged (see �gure 11). The voltage was
measured with an oscilloscope (Picoscope 2204A). By entering the measured voltage a charge pro-
portional integral using equation (5) is obtained. The piezo manufacturer Tokin (2021) speci�es the
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maximum tensile strength of the PZT material with 1/10 of the m aximum generated force. This
value should not be exceeded during operation, as it leads to damage. With a maximum generated
force of 200 N and a piezoelectric stack of cross section2 � 3 mm the maximum tensile strength
is 3.3 MPa, which is the lower pre-stress limit. The upper pre-stress limit is not stated by the
manufacturer, however another manufacturer Thorlabs (2019) recommends no more pre-stressing
than 50 % of the maximum generated force, which leads to an upper limit of 16.7 MPa. The
force range from 10-100 N was selected on the basis of the pre-stress requirements. The results
of a linear regression are shown in �gure 10. The coe�cients of determinationR2 are between
0.9673 and 0.9960, indicating an excellent correlation. Each piezoelectric stack has a signi�cantly
di�erent slope, through which it is necessary to determine the correlation constant for each stack
independently. Furthermore, the correlation constant needs to be calculated separately for loading
and unloading conditions.

(a) a) (b) b)

Figure 10: a) linear regression of loading and b) linear regression of unloading.R2 is between
0.9673 and 0.9960.

ˆ‰ Š‹ o

Œ•Ž• •
Š

‘‘

Piezo

Figure 11: Piezoelectric stack clamped in a tensile test machine (left) and vice (right) to be able
to apply di�erent pro�les.

3.1.2 Validation of the pre-stress measurement method

In a third experiment, the pre-stress measurement method is evaluated by applying di�erent load
pro�les. The piezoelectric stack is clamped together with a load cell (FC2311-0000-0250-L) in a
vice. The vice was used because the di�erent pro�les can easily be realised by manually tightening
and loosening. The results are shown in �gure 12. Finally, a net pre-stress of 114 N given by the
load cell was maintained. Piezo 1 of �gure 10 was used, for which a correlation constant of 57.5
N/Vs for loading and 66.7 N/Vs for unloading was determined. The sum of the positive piezoelectric
voltage integral is 3.96 Vs whereas the sum of the negative piezoelectric voltage integral is -1.71
Vs. The resulting cumulative integral in �gure 12 is 2.25 Vs. A pre-stress of 113 N was determined
with the pre-stress method and validated with 114 N of the load cell. In �gure 12 the voltage
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integral has the same characteristics as the load cell signal. Therefore, this method can be used
for static pre-stress measurements.

Figure 12: Validation of the pre-stress measurement method.Net pre-stress is 114 N measured by
the load cell and 113 N determined with the piezoelectric voltage integral and calibration.

The voltage drops in �gure 12 are discharge processes within a RC circuit. The RC circuit contains
the resistance of the voltage measurement deviceRD in series with the resistanceRP and capacity
CP of the piezoelectric stack connected in parallel. The time constant� can be calculated as
following and indicates the time step when 63 % ofUmax is reached.

� = CP
RD RP

RD + RP
(7)

With an RD =1 M 
, RP > 10 G
 and CP =100 nF the time constant � can be determined as 0.099
sec. The second discharge curve in �gure 12 starts fromUmax 2 V (t = 6.568 sec) and reaches
0:63� Umax of 1.26 V at t = 6.636 sec. The experimentally determined time constant� is 0.068
sec and shows accordance with the calculated time constant. Di�erences are due to sampling rate
and quantization errors of the oscilloscope.

3.2 Pre-stress measurement during integration

The pre-stress measurement method is applied to the �ve concepts. The results are shown in �gure
13. The pre-stress is determined with the aforementioned method. Pre-stress is not induced in all
the �ve cases. Interestingly, in �gure 13 for the weld in place technique, tension forces are acting on
the piezoelectric stack during integration. For the techniques weld in place soldered and glued caps
there is a permanent tension after integration. However, for the concept weld in place rhombic cell
there is still a pre-stress due to the pre-stressing of the piezoelectric stack before the integration.
Since the piezoelectric stack did not get dismantled after the integration, the pre-stress is higher
than the tensile stress occurring during the integration. For the in-process integration, a pre-stress
is reported due to thermal shrinkage [17].
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Figure 13: Cumulative piezoelectric stack voltage integraland corresponding compressive/tensile
force. + R�Q indicating a pre-stress and� R�Q a tensile stress. For the "weld in place" techniques
during integration tensile stress is occurring. Correlation constants were determined for each
piezoelectric stack individually as well as separately for loading and unloading.

3.3 Power conversion

Laser vibrometer measurements were performed to con�rm that load was transferred across the
integrated piezoelectric stacks. The results of the structural responses and normalized output
voltage of the piezoelectric stack are shown in �gure 14. In addition, a harmonic analysis for the
mechanical elongation was performed in ANSYS to be able to match the strain in the piezoelectric
stack of the particular mode with vibrometer measurements to validate the voltage output. The
piezoelectric stack was modelled as PZT5H and the structure as bulk aluminium. A frequency
sweep from 5000 to 12000 Hz in 100 Hz steps resulting in 70 data points was performed. The data
points were extrapolated to plot the simulative structural FRF versus the experimental structural
FRF. The frequency for a local in-plane vibration mode was found at 8500 Hz and compared with
the experimental results in which resonant frequencies around this point vary within the range
of 8250-9000 Hz. The deviation of experimental and simulation results is in�uenced due to the
relative porosity of 0.2 % generated during the additive manufacturing process. ANSYS is using
the poisson's ratio, elastic modulus and density or mass of the material to calculate the resonant
frequency [28]. Slight deviations can result in resonant frequency o�sets of several 100 Hz. The
geometrical deviations of the structure are not avoidable due to the di�erent integration techniques.
It is not the goal of this study to compare the concepts and draw a conclusion which is the best
one. The goal was to show power conversion for each concept in order to validate their suitability
for piezoelectric damping. For all �ve concepts, power conversion is reported, which can be seen
as the FRFs of the structures match with the FRFs of the piezoelectric stack voltage.
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Figure 14: Structural FRF in [m/s/N] (red line), Piezoelectri c voltage FRF in [V/N] (black line)
and simulated structural FRF in [m/s/N] (blue dashed line) for the di�erent concepts. The cor-
responding FE mode shapes for the mechanical elongation concept are displayed with the colour
indicating the total displacement.

4 Conclusion

In this paper, di�erent techniques to integrate piezoelectric stacks in additive manufactured struc-
tures are presented. Laser vibrometer measurements are performed to evaluate the power conver-
sion of the piezoelectric stack. For all concepts, power conversion can be reported, showing the
capability of energy transfer between the mechanical and electrical domain for the application of
piezoelectric damping. A method to evaluate the stress state during the integration process is
provided, which is crucial while integrating piezoelectric stacks in structures. It ensures that no
loss of contact between the host structure and the piezoelectric stack occurs during vibrational
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motion. Therefore, a pre-stress measurement method is proposed by integrating the piezoelectric
stack voltage. Furthermore, the method is validated. The concepts "in-process integration" and
"mechanical elongation" enable pre-stressing but result in a dependency of the build direction and
are unsuitable when integrating more than a single piezoelectric stack, respectively. Pre-stress is
not achieved with two out of three weld in place techniques. Instead a tension force acting on the
piezoelectric stack during welding in place is reported except for welding in place of the rhombic
cell. However, the tension force is not critical as long as the lower pre-stress limit is not reached,
which is the case. Due to that power conversion is con�rmed, these concepts can also be used for
piezoelectric damping. The pre-treating of the piezoelectric stack can be done either with glued
or soldered top caps, where no signi�cant deviation can be reported. Further research needs to be
conducted on merging the piezoelectric stack integration procedures with additive manufacturing
to exploit the full potential of the integration of piezoelectric stacks within additive lightweight
structures.

14

Page 14 of 16AUTHOR SUBMITTED MANUSCRIPT - SMS-112618.R2

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60 Ac

ce
pt

ed
 M

an
us

cr
ip

t



References

[1] Marcelo Trindade and Ayech Benjeddou. E�ective electromechanical coupling coe�-
cients of piezoelectric adaptive structures: Critical evaluation and optimization. Mechan-
ics of Advanced Materials and Structures, 16(3):210�223, 2009. ISSN 1537-6494. doi:
10.1080/15376490902746863.

[2] Shiping Jiang and Lei Cheng. Modeling and design of a pre-stressed piezoelectric stack actu-
ator. AIP Advances, 7(7):075114, 2017. doi: 10.1063/1.4987133.

[3] Sebastian Hensel.Numerisch-simulative Modellbildung für die Entwicklung von Technologien
zur Herstellung von Piezo-Metall-Verbunden und deren Charakterisierung. Dissertation, TU
Chemnitz, Chemnitz, 2015.

[4] Matthias Schwankl, Simon Kimme, Carina Pohle, Welf-Guntram Drossel, and Carolin Körner.
Active vibration damping in structural aluminum die castings via piezoelectricity - technology
and characterization. Advanced Engineering Materials, 17(7):969�975, 2015. ISSN 14381656.
doi: 10.1002/adem.201400367.

[5] B. Lossouarn, J. F. Deü, and M. Aucejo. Multimodal vibration damping of a beam with a pe-
riodic array of piezoelectric patches connected to a passive electrical network.Smart Materials
and Structures, 24(11):115037, 2015. ISSN 0964-1726. doi: 10.1088/0964-1726/24/11/115037.

[6] Benjamin S. Beck, Kenneth A. Cunefare, Massimo Ruzzene, and Manuel Collet. Experi-
mental analysis of a cantilever beam with a shunted piezoelectric periodic array.Journal of
Intelligent Material Systems and Structures, 22(11):1177�1187, 2011. ISSN 1045-389X. doi:
10.1177/1045389X11411119.

[7] Filippo Casadei, Tommaso Delpero, Andrea Bergamini, Paolo Ermanni, and Massimo
Ruzzene. Piezoelectric resonator arrays for tunable acoustic waveguides and metamaterials.
Journal of Applied Physics, 112(6):064902, 2012. ISSN 0021-8979. doi: 10.1063/1.4752468.

[8] Mehmet Murat Gozum, Amirreza Aghakhani, and Ipek Basdogan. An investigation of the
electromechanical coupling and broadband shunt damping in composite plates with integrated
piezo-patches.Journal of Intelligent Material Systems and Structures, 30(20):3008�3024, 2019.
ISSN 1045-389X. doi: 10.1177/1045389X19873045.

[9] Bo Yan, Ke Wang, Zifan Hu, Chuanyu Wu, and Xinong Zhang. Shunt damping vibration
control technology: A review. Applied Sciences, 7(5):494, 2017. doi: 10.3390/app7050494.

[10] Jascha Schmied and Andrea Bergamini. Integration of piezostacks as frequency dependent
sti�ness elements in load bearing structures. In A. Benjeddou, N. Mechbal, J.F. Deü, editor,
IX ECCOMAS Thematic Conference on Smart Structures and Materials. SMART 2019.

[11] T. DebRoy, H. L. Wei, J. S. Zuback, T. Mukherjee, J. W. Elmer, J. O. Milewski, A. M. Beese,
A. Wilson-Heid, A. De, and W. Zhang. Additive manufacturing of metallic components �
process, structure and properties. Progress in Materials Science, 92:112�224, 2018. ISSN
00796425. doi: 10.1016/j.pmatsci.2017.10.001.

[12] Cheng Chen, Xi Wang, Yan Wang, Dandan Yang, Fangyi Yao, Wenxiong Zhang, Bo Wang,
Galhenage Asha Sewvandi, Desuo Yang, and Dengwei Hu. Additive manufacturing of piezo-
electric materials. Advanced Functional Materials, 30(52):2005141, 2020. ISSN 1616-301X.
doi: 10.1002/adfm.202005141.

[13] Y. Meyer, R. Lachat, and G. Akhras. A review of manufacturing techniques of smart composite
structures with embedded bulk piezoelectric transducers.Smart Materials and Structures, 28
(5):053001, 2019. ISSN 0964-1726. doi: 10.1088/1361-665X/ab0fab.

[14] Ruiqing Sun, Likun Wang, Yanjun Zhang, and Chao Zhong. Characterization of 1-3 piezoelec-
tric composite with a 3-tier polymer structure. Materials (Basel, Switzerland), 13(2), 2020.
ISSN 1996-1944. doi: 10.3390/ma13020397.

15

Page 15 of 16 AUTHOR SUBMITTED MANUSCRIPT - SMS-112618.R2

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60 Ac

ce
pt

ed
 M

an
us

cr
ip

t



[15] Abdullah Alfaify, Mustafa Saleh, Fawaz M. Abdullah, and Abdu lrahman M. Al-Ahmari. De-
sign for additive manufacturing: A systematic review. Sustainability, 12(19):7936, 2020. doi:
10.3390/su12197936.

[16] Holger Lausch, Thomas Töppel, Romy Petters, Bernd Gronde, Mathias Herrmann, and Ker-
stin Funke. Multi-material approach to integrate ceramic boxed temperature-sensitive com-
ponents in laser beam melted structures for bio and other applications. InDDMC 2016.
Fraunhofer Verlag, Stuttgart, 2016. ISBN 978-3-8396-1001-5.

[17] Hanns Alexander Sto�regen. Strukturintegration piezoelektrischer Vielschichtaktoren mittels
selektiven Laserschmelzens. Dissertation, Shaker Verlag GmbH and Technische Universität
Darmstadt.

[18] Dirk Mayer, Hanns Alexander Sto�regen, Oliver Heuss, Jennifer Thiel, Eberhard Abele, and
Tobias Melz. Additive manufacturing of active struts for piezoelectric shunt damping. Journal
of Intelligent Material Systems and Structures, 27(6):743�754, 2016. ISSN 1045-389X. doi:
10.1177/1045389X15575090.

[19] Mohammad Shojib Hossain, Jose A. Gonzalez, Ricardo Martinez Hernandez, Mohammad
Arif Ishtiaque Shuvo, Jorge Mireles, Ahsan Choudhuri, Yirong Lin, and Ryan B. Wicker.
Fabrication of smart parts using powder bed fusion additive manufacturing technology. Ad-
ditive Manufacturing, 10:58�66, 2016. ISSN 22148604. doi: 10.1016/j.addma.2016.01.001.

[20] Y. Pischalnikov, J. Branlard, R. Caragno, B. Chase, H. Edwards, D. Orris, A. Makulski,
M. McGee, R. Nehring, V. Poloubotko, C. Sylvester, and S. Tariq. A technique for monitoring
fast tuner piezoactuator preload forces for superconducting rf cavities. InIEEE Particle
Accelerator Conference, 2007. IEEE Service Center, Piscataway, NJ, 2007. ISBN 1-4244-
0917-9.

[21] P. Sekalski, A. Napieralski, M. Fouaidy, A. Bosotti, and R. Paparella. Measurement of static
force at liquid helium temperature. Measurement Science and Technology, 18(8):2356�2364,
2007. ISSN 0957-0233. doi: 10.1088/0957-0233/18/8/009.

[22] Y. K. Yong, S. O. R. Moheimani, B. J. Kenton, and K. K. Leang. Invited review article:
high-speed �exure-guided nanopositioning: mechanical design and control issues.The Review
of scienti�c instruments , 83(12):121101, 2012. doi: 10.1063/1.4765048.

[23] Yuen Kuan Yong. A new preload mechanism for a high-speed piezoelectric
stack nanopositioner. Mechatronics, 36(12):159�166, 2016. ISSN 09574158. doi:
10.1016/j.mechatronics.2016.03.004.

[24] A. B. Spierings, M. Schneider, and R. Eggenberger. Comparison of density measurement
techniques for additive manufactured metallic parts. Rapid Prototyping Journal, 17(5):380�
386, 2011. ISSN 1355-2546. doi: 10.1108/13552541111156504.

[25] SHAUL KATZIR. The discovery of the piezoelectric e�ect. Archive for History of Exact
Sciences, 57(1):61�91, 2003. ISSN 0003-9519. doi: 10.1007/s00407-002-0059-5.

[26] Kyungrim Kim, Jinwook Kim, Xiaoning Jiang, and Taeyang Kim. Static force measure-
ment using piezoelectric sensors.Journal of Sensors, 2021:1�8, 2021. ISSN 1687-725X. doi:
10.1155/2021/6664200.

[27] Bin Zhang, Hongsheng Liu, Dezhi Li, Jinhui Liang, and Jun Gao. Analytical modeling and
validation of a preloaded piezoceramic current output. Micromachines, 12(4), 2021. ISSN
2072-666X. doi: 10.3390/mi12040353.

[28] Ansys inc., "harmonic analysis", 2005.

16

Page 16 of 16AUTHOR SUBMITTED MANUSCRIPT - SMS-112618.R2

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60 Ac

ce
pt

ed
 M

an
us

cr
ip

t


