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Abstract—This paper presents an advanced design concept 
for a piezoelectric energy harvesting (EH), referred to as mul-
timodal EH skin. This EH design facilitates the use of multi-
modal vibration and enhances power harvesting efficiency. The 
multimodal EH skin is an extension of our previous work, EH 
skin, which was an innovative design paradigm for a piezoelec-
tric energy harvester: a vibrating skin structure and an addi-
tional thin piezoelectric layer in one device. A computational 
(finite element) model of the multilayered assembly—the vi-
brating skin structure and piezoelectric layer—is constructed 
and the optimal topology and/or shape of the piezoelectric 
layer is found for maximum power generation from multiple vi-
bration modes. A design rationale for the multimodal EH skin 
was proposed: designing a piezoelectric material distribution 
and external resistors. In the material design step, the piezo-
electric material is segmented by inflection lines from multiple 
vibration modes of interests to minimize voltage cancellation. 
The inflection lines are detected using the voltage phase. In 
the external resistor design step, the resistor values are found 
for each segment to maximize power output. The presented 
design concept, which can be applied to any engineering sys-
tem with multimodal harmonic-vibrating skins, was applied 
to two case studies: an aircraft skin and a power transformer 
panel. The excellent performance of multimodal EH skin was 
demonstrated, showing larger power generation than EH skin 
without segmentation or unimodal EH skin.

I. Introduction

research into energy harvesting (Eh) has resulted 
in the creation of wireless electrical devices, such as 

wireless sensors, which are powered by collecting ambient, 
otherwise wasted, energy. This Eh technology is in high 
demand because wireless sensors are increasingly used in 
the areas of structural health monitoring (shM), building 
automation, etc. Battery-powered wireless sensors, can be 
troublesome because of the limited lifespan and replace-
ment cost ($80 to 500 including labor [1]) of batteries, 
especially when the sensors are installed in remote loca-
tions. This issue has motivated the rapid growth of the 
Eh field.

Vibration is one of the most commonly available forms 
of ambient energy, found in civil structures, machines, the 
human body, etc. Various vibration sources with their 
maximum acceleration magnitude and frequency range 
were well listed by roundy et al. [2]. among several en-
ergy conversion principles for converting vibration ener-
gy, piezoelectricity is known to be the most efficient [1], 
[3], simplest, and most practical methods of conversion 
[3]–[5]. Piezoelectric materials include lead zirconate ti-
tanate (PZT), zinc oxide (Zno), polyvinylidene difluoride 
(PVdF), lead magnesium niobate-lead titanate (PMn-
PT) [6], and polypropylene (PP) polymer. Even though 
PMn-PT is known to have a large coupling coefficient, 
the price is very high and the availability in commercial 
market is still low, to the authors’ knowledge. among the 
remainder, PZT is known to possess the best conversion 
efficiency [4]. PZT is therefore chosen for implementing 
harvesters throughout this paper.

some ambient vibration sources from machinery and 
human movement have been utilized for piezoelectric Eh. 
Elvin et al. [7] proposed a possible implementation of self-
powered damage detection using PVdF in a construction 
site: a time-varying load from a roller cart can generate 
sufficient mechanical strains for Eh. nuffer and Bein [8] 
discussed an Eh application for monitoring transporta-
tion (e.g., vehicle) by using piezoelectric Eh to power 
wireless sensors. some case studies of Eh from vehicle 
engine vibration and bridge vibration can be found on the 
ambiosystem website [9]. Granstrom et al. [10] developed 
a piezoelectric polymer backpack strap which generated 
electrical energy from the oscillating tension of the strap 
during walking. leland et al. [11] mounted an Eh device 
to generate electricity from vibrations in a staircase and 
obtained output of approximately 30 μW. shoe-mounted 
Eh is another example of Eh which utilizes human move-
ment—pressure by heel strikes [12], [13]. Jeon et al. [12] 
developed a thin-film PZT power generator for MEMs 
devices, utilizing the d33 mode to yield about 1 μW. The 
current state-of-art can barely generate electrical power to 
operate wireless sensor nodes and small electronics [13]–
[15] even though extensive research has been done for the 
last two decades.

Previous studies of piezoelectric Eh technology have 
been focused on designing Eh devices (shape, location, 
material), electric circuits, or both. some researchers 
found that a trapezoidal cantilever shape is more efficient 
than a rectangular cantilever shape because of the uni-
formly large strain at every point on the beam surface [3], 

A New Piezoelectric Energy Harvesting 
Design Concept: Multimodal Energy 

Harvesting Skin
soobum lee and Byeng d. youn

Manuscript received august 23, 2010; accepted december 29, 2010. 
The authors would like to acknowledge that this research was supported 
by the national research Foundation of Korea Grant funded by the 
Korean Government [nrF-2009-352-d00007].

s. lee is with the department of Mechanical Engineering, University 
of Maryland at college Park, college Park, Md.

B. d. youn is with the school of Mechanical and aerospace Engi-
neering, seoul national University, seoul, republic of Korea (e-mail: 
bdyoun@snu.ac.kr).

digital object Identifier 10.1109/TUFFc.2011.1847



[16], [17]. Zheng et al. [18] employed topology optimization 
for designing an optimal piezoelectric Eh cantilever beam 
by maximizing an energy conversion factor. Even though 
their contributions were unique, consideration of a static 
load is conceived to be their limitation. other limitations 
of this study, including electric circuitry, were discussed by 
silva [19]. Erturk and Inman [20] noted several oversimpli-
fied and incorrect physical assumptions from previous re-
search into a cantilever Eh device. They investigated the 
problems related to two modeling topics: single degree-
of-freedom modeling and distributed parameter modeling. 
corrections to the models were provided with improved 
models and examples.

appropriate material selection is also an important fac-
tor for Eh devices. Kim et al. [21] summarized various 
kinds of piezoelectric materials and compared their ener-
gy conversion performance, operating temperature range, 
and mode to be utilized (e.g., d31, d33). shen et al. [22] 
experimentally compared Eh performance of three kinds 
of piezoelectric material (piezoelectric ceramic, fiber, and 
polymer). a new conceptual design of Eh cantilever was 
proposed by lee et al. [23] to utilize multiple vibration 
modes, enabled by segmented piezoelectric material on a 
cantilever. To enhance power generation capability, Ta-
desse et al. [24] implemented a hybrid Eh device which 
involved piezoelectric and electromagnetic conversion 
principles. a cantilever beam with a tip magnet and PZT 
patches was designed to produce power from multiple ex-
citation frequencies. other researchers have looked into 
designing electrical circuitry for better energy harvesting 
performance. Kasyap et al. [25] developed the fly-back 
converter circuit, with which impedance could be modi-
fied to match that of the piezoelectric device. ottman et 
al. [26] studied the use of an adaptive step-down dc-dc 
converter to maximize the power output from a piezo-
electric device. Meninger et al. [27] developed an energy 
harvesting system, with which the conversion process can 
be modified through the use of an additional capacitor 
to provide maximal energy transfer. Guan and liao [28] 
studied the efficiencies of the energy harvesting circuits 
considering the storage device voltages. recently, rupp et 
al. [29] developed a design method for a multilayer shell-
type piezoelectric Eh system, in which the topology of 
piezoelectric material and external resistance were simul-

taneously considered as design factors. recent studies on 
piezoelectric Eh devices are well summarized in the re-
view articles [17], [30], [31].

Even though most piezoelectric Eh devices take a 
form of cantilever, this form has some drawbacks from 
a practical point of view. First, the cantilever Eh device 
requires more space because of a bulky proof mass and 
additional clamping part. second, the cantilever Eh de-
vice must be protected from dirt, moisture, and other 
environmental harm; it is suggested that the cantilever 
Eh device be kept inside housing or vibrating structure 
for its protection. Third, a great deal of vibration energy 
can be lost when clamping conditions become loosened 
after long-term exposure to vibration. The disadvantages 
of the cantilever design motivated the proposition of an 
innovative and practical Eh design called an energy-
harvesting skin [32]. In the Eh skin, thin piezoelectric 
patches were directly attached onto a vibrating shell 
structure to harvest electric power in an attempt to over-
come the drawbacks of the cantilever Eh device. The 
vibrating skin in various kinds of engineering systems 
(e.g., vehicles, home appliances, hVac facilities, etc.) 
takes the role of a substrate. a practical implementation 
of this design concept can be found in one of our previ-
ous works, as shown in Fig. 1 [32]: an Eh skin using an 
outdoor condensing unit’s vibration. rectangular PZT 
patches were attached on the top of the outdoor unit us-
ing epoxy and wired with a rectifier and capacitor to gen-
erate about 3.7 mW. This simple embodiment enables an 
Eh device without additional fixture or protection hous-
ing as long as the piezoelectric patches are placed inside 
the skin (e.g., under the outdoor unit skin). however, 
in this previous work, only a single vibration mode at 
harmonic frequency around 60 hz was utilized; the other 
multiple harmonic modes (e.g., 120, 180 hz) were still 
wasted. For this reason, this harvester is referred as a 
unimodal Eh skin. a design methodology to use multiple 
harmonic vibration modes is therefore required to design 
a device which may harvest more power.

This paper proposes an advanced Eh skin design con-
cept, called multimodal Eh skin, which uses multimodal 
vibration and enhances the energy harvesting capability. 
The proposed design methodology was applied to two case 
studies: an aircraft skin and a power transformer, and it 
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Fig. 1. Eh skin on (a) an outdoor condensing unit, (b) Eh skin implementation, and (c) power measurement. 
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was found that the multimodal energy harvesting skin 
produced more energy than the unimodal Eh skin.

The paper is organized as follows: the proposed multi-
modal Eh skin design methodology is presented in section 
II, and the case studies for an aircraft skin vibration and a 
power transformer vibration follow in section III.

II. design Process of Multimodal Energy 
harvesting skin

This section explains the design process for the multi-
modal Eh skin. The design process consists of two ma-
jor steps (see Fig. 2): design of the piezoelectric material 
distribution and design of the external resistors. First, 
topology optimization determines an optimal piezoelec-
tric material distribution by removing the materials along 
inflection lines from multiple vibration modes (in Fig. 
2). The layout of the inflection lines can be found using 
the voltage phase angle (see section II-a). an additional 
shape optimization (so) step can be performed to make 
smooth boundaries and enhance manufacturability. sec-
ond, after the material design, the external resistor values 
for each segment are found for power maximization.

A. Designing a Piezoelectric Material Distribution

This paper uses harmonic response analysis (ansys, 
ansys Inc., canonsburg, Pa), which solves the time-
dependent equation of motion for linear structures un-
der steady-state vibration (vibrating at fe hertz). If we 
consider a general equation of motion for a piezoelectric 
coupled-field structure after the application of the varia-

tional principle and finite element discretization [33], the 
coupled finite element matrix equation is
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where M, C, and K are structural mass, damping, and 
stiffness matrices, respectively; Kz is the piezoelectric cou-
pling matrix, Kd is the dielectric conductivity matrix, {u} 
is the displacement vector, {V} is the electrical potential 
(voltage) vector, and {F} and {L} are structural and elec-
trical load vectors. The electrical load vector is assumed 
to be zero in this paper ({L} = 0): only the structural 
input loading exists for the design of energy harvester. In 
the harmonic response analysis, all points in the structure 
are vibrating at the same known frequency. Therefore the 
displacements and electrical potential may be defined as
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where {umax} ({Vmax}) is the maximum displacement (maxi-
mum electrical potential), ϕ is the phase angle, ω (= 2πfe) 
is the imposed excitation frequency in radians per second, 
and {ure} and {uim} ({Vre} and {Vim}) are real and imaginary 
displacement (electrical potential) vectors, respectively. 
The force vector can be specified analogously as
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Fig. 2. design procedure for multimodal Eh skin. 
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Eq. (1) can be rewritten by substituting (2) and (3) and 
cancelling eiωt as
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after solving this equation, the complex electrical po-
tential (as well as the displacement) can be expressed in 
terms of maximum amplitude and phase angle:
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The objective of topological design proposed in this pa-
per is to find the piezoelectric material distribution so 
that the voltage phase in (5) is almost identical in the 
material. Fig. 3 illustrates how the topological design is 
obtained using the phase angle in (5). This figure shows 
a 2-d unimorph cantilever for better understanding, but 
the method can be easily extended to 3-d thin vibrating 
structures.

suppose the first three vibration modes are to be uti-
lized for energy harvesting, using the d31 effect. one may 
think that the amount of piezoelectric material is pro-
portional to the power generation and want to cover the 
whole surface of the vibrating structure with piezoelectric 
material, but in this case the power is not generated at 
maximum because of the cancellation effect [23], [29], [35]. 

The cancellation effect refers to the voltage cancellation 
caused by inconsistent voltage phase in piezoelectric mate-
rial. Because the generated voltage is proportional to the 
mechanical strain, the voltage cancellation occurs when 
the sign of mode-shape curvature changes. Fig. 3 shows 
an example of this effect from the second and the third 
vibration modes. obviously this effect can be minimized 
by eliminating material around inflection points as shown 
in the second row of Fig. 3. considering multiple modes 
in this example, the final design can be obtained as shown 
at the bottom of the figure, by eliminating the material 
at all the inflection points from the second and the third 
mode (the first mode does not have inflection points in 
this example).

The same method can be applied in the 3-d skin vibra-
tion case. Initially the top surface of a vibrating structure 
is covered with a thin piezoelectric material layer, and the 
material is removed along the multiple inflection lines.

The inflection line can be detected by voltage phase 
angle [ϕ(V)] at each node at the top surface level of piezo-
electric layer in Fig. 2. Usually a significant change in ϕ(V) 
exists across the inflection line (about 180°). an example 
of inflection line detection for a skin structure is shown in 
Fig. 4 which shows the top view (from positive z) of the 
Eh skin in Fig. 2. suppose that an inflection line, the dot-
ted line in Fig. 4, passes through the center of the element 
set. By this line the nodes at the top level are divided 
into two groups in terms of ϕ(V): ϕ ≈ θ on the right (void 
circles), ϕ ≈ θ + 180° on the left (black circles). To detect 
and eliminate the inflection lines from multiple excitation 
frequencies (fei), the following procedure is performed:

•	step 1: Perform harmonic analysis using Eq. (1) for a 
single excitation frequency (fei).
step 2: For the •	 ith excitation case, visit every FE 
node at top surface level of piezoelectric and extract 
the phase (ϕ).
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Fig. 3. Prevention of cancellation effect by removing piezoelectric material at inflection points (no cancellation occurs in the first mode). 
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step 3: For every top-level node, check the phase dif-•	
ference with its neighboring 8 nodes
step 4: Extract the node set where a significant phase •	
difference is detected (check marks in Fig. 4).
step 5: Eliminate the element set composed of the •	
node set in step 4.
step 6: repeat steps 1–5 for each excitation frequen-•	
cy.

B. Designing External Resistors

after eliminating inflection lines from multiple modes, 
the total harvested power is estimated through external 
resistors connected to each segment, as shown in the last 
panel of Fig. 2. The power measured at the external re-
sistor varies depending on the resistor value, so its op-
timal value should be found. The shape optimization of 
the piezoelectric material can be performed additionally 
to enhance manufacturability. It is noted that the voltage 
degrees-of-freedom (doFs) at the top level of the piezo-
electric material model are coupled to represent the elec-
trode at each segment.

The design task for finding the optimal external resis-
tor values at each segment (R) and shape design variables 
(dv) is formulated as

 max ( , ),P Rnj j k
jn

dvåå  (6)

where n is the number of multiple harmonic vibration 
modes, Pnj is the power at the jth segment under nth 
mode excitation, Rj is the resistor at jth segment, and dvk 
is the kth shape design variable after the parameteriza-
tion of the segmented model (see section III-a-4 for an 

example of parameterization). The initial values of Rj for 
the optimization were chosen as

 R
f C f

j
j
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j
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2
1

2 0
p p e ee e
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where Cj is the capacitance of the jth segment, ε is the 
permittivity of PZT (ε33

T = 1700), ε0 is the vacuum per-
mittivity, Aj is the area of jth segment, and d is the PZT 
thickness. Rj in this equation had been known as the op-
timal resistance for maximum power generation [36]–[38]. 
however, Erturk and Inman [39] commented that this 
resistance value is erroneous because of the oversimpli-
fied analytical modeling in some previous studies (e.g., 
on piezoelectric coupling in the beam equation). In this 
paper, (7) was used to provide a starting point for opti-
mization.

III. design case studies

To prove the excellent performance of the proposed 
Eh skin design method, two design case studies were re-
searched: aircraft skin in section III-a and a power trans-
former in section III-B.

A. Case Study 1: Utilization of Aircraft Skin Vibration

1) Aircraft Vibration Data Measurement: The multi-
modal vibration data from an aircraft skin (Fig. 5) was 
used for multimodal Eh skin design. This case study was 
motivated by the need to develop self-powered structural 
monitoring sensors for aircraft (e.g., for the detection of 
abnormal deformation of the aircraft’s structure). The 
measurement location is also shown in Fig. 5. The vi-
bration level was measured 12 times and a fast Fourier 
transformation (FFT) was performed to obtain frequency 
domain data. some of the FFT plots are shown in Fig. 
6, which shows multiple harmonic resonant peaks around 
800, 1500, 2000 hz, etc. The measurement data from the 
12 trials (amplitude and frequency) and their average val-
ues are listed in Table I for the first two peaks. Variation 
of the peak amplitudes and frequencies was observed from 
the multiple measurements. In this case study, the first 
two resonant frequency components, the average values for 
the acceleration peaks (A1 and A2) and the corresponding 
frequencies (fe1, fe2 in Table I), were used for the design of 
multimodal Eh skin.

2) Modeling of Local Multilayered Aircraft Skin: In 
this study, a local section of aircraft skin (about 12.5 × 
10.5 cm2) was modeled for the design of Eh skin. Fig. 7 
shows the FE model for a multilayered skin in which PZT 
patches were attached on the top of the aircraft skin (alu-
minum) to form a unimorph layout.

The local model was defined as a rectangle with 9 rivet 
joints as shown in Fig. 7. The thicknesses of aluminum 
and PZT-5a were found from manufacturer’s catalogs 
[40], [41] to be 1.6002 mm and 1.02 mm, respectively. 
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Fig. 4. Inflection line detection (top view of PZT elements).  
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Fig. 5. aircraft skin and measurement location. 

Fig. 6. FFT plots of measured vibration amplitude (Trials 1, 5, 9, and 10 in Table I). 

TaBlE I. Uncertainty on Multimodal Vibration Peak and Frequency. 

Trial

1st peak 2nd peak

fe1, Freq. (hz) A1, accel. (g) fe2, Freq. (hz) A2, accel. (g)

1 806.8 0.7624 1499 0.6867
2 816.7 0.7680 1506 0.5993
3 802.4 0.9463 1484 0.7620
4 811.9 1.0060 1511 0.7308
5 820.0 0.7689 1493 0.8074
6 814.1 0.8736 1512 0.6562
7 800.6 0.9903 1502 0.6201
8 779.3 0.9787 1502 0.5878
9 803.5 0.9860 1493 0.7316
10 789.2 0.7813 1502 0.7339
11 790.0 0.9364 1502 0.6746
12 814.1 0.8101 1491 0.7796
average 804.05 0.8840 1499.75 0.6975
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The PZT patches and substrate were modeled using the 
solId5 and solId45 elements in ansys (ansys Inc., 
canonsburg, Pa), respectively. The solId5 element is a 
3-d coupled-field solid element which has 4 doFs at each 
node: 3 translational doFs and a voltage doF. In total, 
6448 finite elements were used in this model. The voltage 
doFs on the interface with the substrate were grounded. 
The material properties of aluminum (al-7075 [42]) and 
PZT-5a are listed in Table II.

Before carrying out design optimization of the Eh skin, 
the local model was tuned to have the same resonant be-
havior as shown in Table I, assuming that the multiple 
resonant peaks in Fig. 6 are generated because of the 
resonant behavior of the aircraft skin. The resonant fre-
quencies were calculated from modal analysis, in which all 
doFs at the 9 rivet joints were fixed. The first two modal 
shapes are shown in Fig. 8.

Four tuning parameters (TP) were assigned for the fre-
quency-matching procedure as shown in Fig. 9: the length 
and width of the skin (TP1, TP2) and two rivet locations 
(b and c in Fig. 9) along the horizontal edges (TP3, TP4). 
The design optimization technique was used to match the 
resonant frequencies of the structure (frn) with fen (in Ta-
ble I, n = 1, 2) as follows:

 min ( ( ) ) .f fn
i

n

n
r eTP -å 2  (8)

We used MaTlaB to find the optimal TPi for the mini-
mization of (8). after the optimization each frn was tuned 
to fen, and TPi were found to be 12.47, 10.55, 5.628, and 
9.304 cm, respectively.

3) Topological Optimization: aircraft skin vibration is 
mainly generated by the regular engine rotation, so this 
loading condition can be modeled as a sine-sweep accel-
eration base input. This input can be implemented using 
the large mass method (lMM). The lMM is a proven 
method for modeling the sine-sweep test with an accelera-
tion base input [43]. In this method a large mass (m, more 
than seven orders larger than the total mass of the skin) 
was added at the point of input, and a harmonic force (Fn 
= m⋅An) was applied that creates the desired acceleration 
load. In this study, a large mass (1.0 × 1030 kg) was used 
with its translational doFs, which were coupled with 
those at each rivet joint as shown in Fig. 10, to replicate 
the base input transferred through these joints.

The phase angle plots can be obtained through the har-
monic response analysis for each excitation frequency (fe1 
and fe2) as shown in Fig. 11(a). In both excitation cases, 
the domain was clearly segmented. In the fe1 excitation 
case, the vicinity of each rivet joint has positive phase and 
the other region (including the center of plate) has nega-

635lee and youn: energy harvesting design concept: multimodal energy harvesting skin

Fig. 7. FE model for a multilayered Eh skin. 

TaBlE II. Material Properties for al-7075 and PZT-5a. 

Material Parameter Value

al-7075 ρa 2810 kg/m3

Ya 71.7 GPa
νa 0.33

PZT-5a Mechanical properties
ρp 7171 kg/m3

s11 1.7605E−11 m2/n
s12 −5.166E−12 m2/n
s13 −7.942E−12 m2/n
s33 1.692E−11 m2/n
s44 4.275E−11 m2/n
s66 4.873E−11 m2/n
coupled and electrical properties
d31 −1.539E−10 m/V
d33 4.114E−10 m/V
ε33 916.0

Fig. 8. First two mode shapes (modal analysis result). 
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tive phase. In the fe2 excitation case, however, the center 
segment was divided into two sub-regions. a different seg-
mentation around rivets b to d (see Fig. 9 for rivet index) 
was also generated: separate segments were generated for 
each rivet joint.

Fig. 11(b) shows the PZT layer segmentation created 
by removing inflection lines from multiple modes. The in-
flection lines around rivets a and e were almost identical 
in the two vibration modes. In the vicinity of rivets b to d, 
however, the inflection lines from the two modes did not 
agree and intermediate regions were generated between 
the lines. considering the relatively low strain level, and 
thus small contribution to power generation, these regions 
were ignored for the model parameterization for the so 
step. The central region was segmented along the vertical 
inflection line from the second mode.

4) Optimization of Shape and External Resistor: The 
shape optimization (so) step was also performed, as was 
the optimization of the external resistors. The parameter-
ized model is shown in Fig. 12. The model parameteriza-
tion has been done using the morphing technique sup-
ported by hypermesh (altair Engineering Inc., Troy, MI) 
[44]. The design parameters were defined in the lower half 
of the model and the model’s symmetry was assumed for 
the whole model (the axis of symmetry is shown in the 
figure). after removing PZT materials along the inflection 
lines and intermediate regions, the edges of PZT segments 
were smoothly remodeled using B-splines. The locations 
of control points were assigned as design variables (dvk, 
k = 1, …, 22) except dv5, which is assigned to locate the 
vertical inflection line along the x axis. For more accurate 

simulation result, the FE model was refined, with 14 598 
elements in total. during the so step, the material to-
pology does not change and the number of segments is 
maintained.

The so has been formulated as follows:

 

max ( , )

max( )

,

P R

lb ub

nj k j
jn

k k k

dv

s.t.

dv
von yield

åå
£

£ £
e e  (9)

where Pnj is the power from jth segment (sj, j = 1,…,7, 
as shown in Fig. 12) under nth mode excitation, dvk is 
kth design variable with the bounds (lbk, ubk), max (εvon) 
is the maximum von-Mises strain of PZT material, εyield 
is the allowable strain of PZT which is set as 500μ [17]. 
Initially all dvk were set to zero, and the bounds were 
set as the maximum perturbation of dvk which does not 
generate a negative Jacobian of a FE element, as shown 
in Table III.
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Fig. 9. Tuning parameters for model tuning.  

Fig. 10. Modeling of base excitation by the large mass method. 

Fig. 11. (a) Voltage phase angles from multiple modes and (b) inflection 
line elimination. 

Fig. 12. FE model parameterization and indexes for shape design vari-
ables (dvk) and segments (sj). In this optimization step, voltage coupling 
conditions and external resistors were implemented for each PZT seg-
ment. seven design variables on the resistor values (Rj, j = 1, …, 7) were 
additionally defined. Therefore, 29 design variables were involved (22 for 
shape change, 7 for resistance values). 
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assuming the weak coupling between Rj and dvk on the 
total power output, a stepwise design optimization strate-
gy was proposed using (10) to promote fast convergence:

   max ( , )

max ( )

max ( ).

P R

P R

P
nj j k

jn

nj j
jn

nj k
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dv

dv
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 (10)

as explained in section II-B, the initial values for Rj were 
set as in (7). after the first step of optimization, the op-
timal resistance values (Rj*) were obtained as listed in 
Table IV. The resistances for the s3 and s7 segments have 
the minimum and maximum values, where the maximum 
and minimum Aj are respectively found from the 7 seg-
ments.

as the second step, the optimum dvk values were found 
as shown in Fig. 13. The final design was obtained after 
28 iterations to generate 1.55 mW from both modes and 
the strain constraint was satisfied [the maximum value 
was about 27μ, which is far less than its limit (εyield)]. The 
optimization result shows that the material on the left 
yielded higher efficiency based on the following (see Fig. 
13): 1) the gap width was narrowed on the left (near s1) 
and widened moving toward the right side of the model 
(s6, s7), 2) the inflection line between s2 and s3 moved 
rightward, and 3) s4 and s5 were relocated to the left.

Fig. 14(a) shows the improvement of the objective func-
tion (total power generation) during the shape optimiza-

tion. after 28 iterations, the optimal design was obtained 
to generate 1.55 mW. The so step improves power gen-
eration by about 3.0% compared with the To result. The 
power improvement on each segment was analyzed in Fig. 
14(b). Even though there was a power decrease in s3, the 
total power has been increased [as shown in Fig. 14(a)] 
because of the major power increase in s2 segment. The 
power generation from the segments near each rivet joint 
(s1, s4, s5, s6, s7) was very small.

The harmonic response at each excitation frequency is 
shown in Fig. 15 with the amplitude of open-circuit volt-
age (Voc) at each segment. In the first mode, the maxi-
mum |Voc| was discovered at s2 because it had a larger 
strain than any other segments [Fig. 15(a)], whereas s3 
shows the largest |Voc| in the second mode [Fig. 15(b)]. 
Vocs in small segments (s1, s4, s5, s6, s7) have different 
sign from the neighboring larger segments (s2, s3), indicat-
ing that voltage cancellation is eliminated by appropriate 
segmentation.

5) Discussion of Power Improvement: The performance 
improvement of the multimodal Eh skin was summarized 
in Table V in which the power generation per unit accel-
eration (1g) was compared for the three different cases: no 
segmentation (case 0), segmentation considering the first 
mode only (case 1, entitled unimodal Eh skin), and mul-
timodal Eh (case 2). rows (a) and (b) indicate the power 
generation when each case is excited at frequencies fe1 and 
fe2, respectively. The more segmentation we implement ac-
cording to the design rule suggested in this paper, the more 
power the Eh skin generated, as shown in Table V. When 
the design is changed from case 0 to case 1, the power 
level increased significantly for the both modes (22.2 and 
33.8%). It is concluded that the segmentation near the 
fixed rivet joints contributes to the power improvement in 
both modes. When case 1 and case 2 are compared, the 
power is mainly increased in the second mode (29.7%). It 
indicates that the elimination of the vertical inflection line 
(across the width of the skin) mainly contributes to power 
increase for the second mode. In summary, greater power 
generating performance of the multimodal Eh skin (case 
2) was clearly proven.
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TaBlE III. design Bounds for dvk. 

k 1 2 3 4 5 6 7 8 9 10 11

lbk (mm) −1.0 −0.5 −1.0 −0.5 −2.0 −1.0 −1.0 −5.0 −1.0 −5.0 −5.0
ubk (mm) 1.0 0.5 1.0 0.5 7.0 1.5 1.0 1.0 1.5 1.0 1.0
k 12 13 14 15 16 17 18 19 20 21 22
lbk −4.0 −4.0 −1.0 −0.5 −0.5 −0.5 −0.5 −1.0 −1.0 −2.0 −2.0
ubk 1.0 1.0 5.0 3.0 3.0 7.0 7.0 7.0 7.0 0.2 0.2

TaBlE IV. Rj* in the First step. 

segment 1 2 3 4 5 6 7

Rj* (kΩ) 123.0 8.9 2.3 61.9 41.2 42.9 458.0

Fig. 13. design optimization result and comparison with initial model. 
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Fig. 14. (a) design optimization history for power and (b) power improvement for each segment. 

Fig. 15. Vibration shapes and Voc by harmonic analysis: (a) first mode and (b) second mode. 

TaBlE V. Power comparison for different segmentation. 

case 0

case 1 
(unimodal Eh 

skin)

case 2 
(multimodal Eh 

skin)

Power per unit 
acceleration (mW/g)

(a) at fe1 1.479 +22.2% → 1.807 +1.6% → 1.836
(b) at fe2 0.136 +33.8% → 0.182 +29.7% → 0.236
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B. Case Study 2: Utilization of Power Transformer 
Vibration

1) Motivation of EH Skin Design for Power Transform-
er: The second case study involved vibration of a power 
transformer. Power transformers are among the most ex-
pensive elements in a power plant facility. The major role 
of the transformer is to increase voltage before transmit-
ting electrical energy over long distances through wires. 
The alternating magnetic field causes fluctuating electro-
magnetic forces in the windings (see Fig. 16) and they 
produce harmonic vibration in the transformer. Fig. 17 
shows an example of harmonic frequencies measured on 
the external surface of a transformer. radiator fins are 
installed on the outside wall to aid the dissipation of heat 
and prevent winding insulation damage.

online health monitoring of power transformers enables 
condition-based maintenance, resulting in a significant re-
duction of maintenance costs [44] and prevention of un-
expected power supply stoppage, and economic and social 

losses. Most mechanical system failures of the transform-
ers occur because of the severe vibration of the magnetic 
core, which causes transitory overloads on the windings 
[45]. Because of the difficulties of direct measurement in-
side the transformer, sensory data are obtained through 
indirect measurements on the exterior surface [46].

Much more than just avoiding the cost of wire, wireless 
sensors have recently received a great deal of attention, 
promising the ability to monitor structures in an easier 
and more affordable manner. one of the bottlenecks for 
implementation of wireless sensors is high maintenance 
cost, especially for battery replacement—the labor cost is 
extremely high because the extremely high voltage around 
transformers may lead to a fatal accident. This research 
has been motivated, therefore, to build a self-powering 
sensor network environment for transformers which does 
not require battery-replacement maintenance for the life-
time of the transformers.

2) Vibration Behavior of Power Transformer: as in-
dicated in section II, the proposed design method uses 
a computational model, so it is necessary to accurately 
analyze the vibrational behavior of the transformer. In 
this case study, a finite element model for the transformer 
has been constructed using ansys as shown in Fig. 18. 
This figure shows the FE model composed of internal 3 
windings, supporting structures, and exterior walls with 
radiation ribs. The dimensions of the transformer are also 
shown in Fig. 18. The transformer walls are 15 mm thick, 
made of cast steel. copper was chosen for the material 
of the windings. In total, 27 972 solId45 elements were 
used for the modeling. The fixed boundary condition was 
applied at the bottom surface of the transformer. The 
material properties of copper and cast steel are listed in 
Table VI.

The resonant frequencies of the transformer close to 
any of harmonic excitation frequency (fen = n × 120 hz, 
as shown in Fig. 17) are critical factors in the amplifica-
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Fig. 16. Power transformer (exterior view and interior windings). 

Fig. 17. Vibration data in the transformer [47].
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tion of excited vibrations, so the resonant frequency values 
were examined by modal analysis. The first 20 resonant 
frequencies were calculated as shown in Table VII and 
the modal shape near the first two harmonic excitation 
frequencies (n × 120 hz, n = 1, 2) are shown in Fig. 19; 
as seen here, these modes have relatively large vibration 
amplitudes on the front and back panels.

The harmonic vibration behavior of the transformer, 
generated by fluctuating electromagnetic forces in the 
windings, was simulated using harmonic analysis. The 
electromagnetic forces in the windings were applied as the 
form of axial harmonic displacement (uin). The radial dis-
placement of the windings was ignored. Knowing that the 
axial displacements of the two side windings are identical 
[48], the calibration problem has been formulated to find 
the axial harmonic displacements of the middle winding 
(um

in) and two side windings (us
in) so that the maximum 

harmonic amplitude (dsum) is consistent with the mea-
sured data in reference [47]: dmax = vmax/2πf = 17.4(mm/
sec)/2π(120 hz) = 23.1 μm, or

 to find , minimizem
in

s
in

sum m
in

s
inu u d u u d, {max( ( , ) )} .max- 2    

  (11)
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Fig. 18. FE model for a three-phase power transformer. 

TaBlE VI. Material Properties for Power Transformer 
Modeling. 

Material Parameter Value

cast steel ρa 7850 kg/m3

Ya 200 GPa
νa 0.27

copper ρa 8960 kg/m3

Ya 12.8 GPa
νa 0.34

TaBlE VII. First 20 resonant Frequencies of the Transformer. 

Mode 1 2 3 4 5 6 7 8 9 10

Freq. (hz) 107.66 127.62 136.47 140.68 153.95 155.78 171.19 178.63 203.96 204.24

Mode 11 12 13 14 15 16 17 18 19 20

Freq. 219.23 223.89 234.05 240.27 262.48 263.65 265.19 274.05 289.18 292.51

Fig. 19. Mode shapes near the harmonic excitation frequencies. 
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Fig. 20 shows the loading and boundary conditions for 
harmonic analysis. By minimizing the function defined in 
(11), us

in = 3.0 μm and um
in = 1.2 μm were obtained.

The harmonic analysis was performed at first two har-
monic frequencies (120 and 240 hz) because the harmon-
ic vibration amplitude exponentially decreases from the 
third mode (360 hz). The harmonic response in Fig. 21 
is very similar to the modal shapes in Fig. 19. The front 
panel was chosen as the design space for Eh skin because 
a larger strain level is expected based on its relatively 
larger vibration amplitude.

3) Topological Optimization: The multimodal Eh skin 
design task introduced in section II was applied to the 
transformer. The PZT-5a patches (1.02 mm thick. Mate-
rial properties in Table II) covering the front panel were 
modeled using solId5 element in ansys. The volt 

doFs on the interface with the transformer panel were 
grounded (V = 0) as shown in Fig. 22. The voltage cou-
pling condition at the exterior surface (representing exte-
rior electrode) and the external resistors in Fig. 22 were 
implemented after eliminating inflection lines.

The method explained in section II was used for inflec-
tion line detection. Fig. 23 shows the plots for the voltage 
phase angle and the corresponding inflection lines (dashed 
lines) at excitation frequencies fe1 and fe2. In both cases, 
the domain was clearly segmented. In both plots the blue 
(0°) and red (360°) part correspond to the same phase an-
gle. (references to color refer to the online version of the 
figure.) In the fe1 excitation case, the plate was segmented 
as shown in the left of Fig. 23. The middle part has the 
phase around 0° and the phase was shifted into 180° near 
the top and bottom edges. In the fe2 excitation case, the 
layout of the inflection lines is more complex, having 6 
segments in total.

Fig. 24 shows the PZT layer segmentation created by 
removing inflection lines. Fig. 24(a) shows the unimodal 
Eh skin design (only the fe1 excitation case was consid-
ered); the multimodal Eh skin design is shown in Fig. 
24(b) (both fe1 and fe2 excitation cases were considered). 
In this stage, at each segment, the voltage doFs for the 
nodes on the exterior PZT surface were coupled to repre-
sent an electrode. cIrcU94 elements were used to repre-
sent electrical resistors.

4) Optimization of External Resistors: The optimization 
problem of finding each resistor value for power maximiza-
tion has been formulated as

 max ( ),
,

P Rnj j
jn
åå

=12

 (12)

where Pnj is the power from jth segment at fen excitation 
frequency (index j as shown in Fig. 24). The shape opti-
mization was not performed in this case study because 
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Fig. 20. loading and boundary conditions for harmonic analysis.  

Fig. 21. harmonic responses at each excitation frequency: (a) 120 hz excitation, (b) 240 hz excitation. 
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of the high computational cost. The initial values for Rj 
were set by (7). The optimization results for the resistance 
values (Rj) are listed in Tables VIII and IX for unimodal 
and multimodal Eh skin, respectively. The total power is 
10.98 mW for the unimodal Eh skin and 13.18 mW for 
the multimodal Eh skin.

The segment-wise power output is displayed in Fig. 25. 
The power from the first and the second mode are indicat-
ed using red and blue bars, respectively, in the online ver-
sion of the figure. overall, the power enhancement from 
the second mode is clearly shown in the multimodal Eh 
skin. When the largest center segments from each design 
are compared (7 in unimodal, 14 in multimodal Eh skin), 
the power generation is similar between the two designs. 
When the second-largest segments are compared (4 and 
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Fig. 22. Initial modeling of piezoelectric material before topology opti-
mization.  

Fig. 23. Phase angle of open circuit voltage (ϕ(Vi)) and inflection line layout at mode i = 1, 2. 

Fig. 24. segment indexes for Eh skin designs: (a) multimodal Eh skin (1st and 2nd modes considered), (b) unimodal Eh skin (1st mode consid-
ered). 

TaBlE VIII. optimal Rj in Unimodal Eh skin. 

segment 1 2 3 4 5 6 7

Rj* (kΩ) 0.58 0.53 4.61 0.41 1.42 4.03 0.40
segment 8 9 10 11 12 13

Rj* 1.43 4.61 0.40 1.45 0.53 0.60
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10 in unimodal, 10 and 18 in multimodal), the multimodal 
design produces more power from the second mode even 
though the segment area is smaller. It is concluded that 
the cancellation effect in the segment of the unimodal de-
sign causes smaller power generation. however, segments 
4 and 10 in the unimodal design produce more power from 
the first mode. similar power generation phenomena are 
shown in segments 3 and 25 (multimodal Eh skin) which 
produce larger power from the second mode than segments 
1 and 12 (unimodal Eh skin) for the same reason.

5) Discussion of Power Improvement: The amount of 
energy harvested from each design is analyzed in Table X. 
Basically, the unimodal design harvests more power from 
the first mode (8.00 mW) than the multimodal design 
(7.80 mW). Based on the fact that less PZT was used 
in the multimodal design, however, the performance of 

the multimodal skin under the first mode excitation is 
comparable. Moreover, the advantage of the multimodal 
design is clearly shown in the second mode. compared 
with the unimodal design (2.98 mW), there was an 81% 
increase of power harvested using the multimodal design 
(5.38 mW). For the total power harvested, the multimodal 
design harvests 13.18 mW, about 20% more than the uni-
modal design (10.98 mW). To summarize, the excellent 
power generating performance of multimodal Eh skin was 
clearly proven.

The power improvement from the multimodal Eh skin 
design can facilitate a larger number of wireless sensor 
operations. considering the power requirement of a 3-axis 
wireless accelerometer (2.4 mW [9]), we can expect that 
the multimodal design can operate five accelerometers. 
The larger number of sensors will enhance the detection 
of failure modes [49] in the transformer and enable high-
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Fig. 25. comparison of segment-wise power generation: (a) unimodal Eh skin, (b) multimodal Eh skin. 

TaBlE IX. optimal Rj in Multimodal Eh skin. 

segment 1 2 3 4 5 6 7

Rj* (kΩ) 4.03 3.07 0.75 1.50 2.02 18.40 4.96

segment 8 9 10 11 12 13 14

Rj* 32.30 3.40 0.54 2.35 6.79 8.07 0.62

segment 15 16 17 18 19 20 21

Rj* 2.62 4.96 25.80 0.51 16.10 7.59 2.23

segment 22 23 24 25 26 27 28

Rj* 8.07 4.30 2.75 0.70 2.15 14.3 1.93

TaBlE X. comparison of Power harvested. 

design Unimodal Multimodal

Mode 1 2 1 2

Power (mW) 8.00 2.98 7.80 5.38
10.98 13.18
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reliability structural health monitoring and life prognos-
tics. In practice the segments with small power generation 
in the multimode design (e.g., segments 6, 8, 17, 19, and 
27) can be removed to reduce material usage.

IV. conclusion

The new Eh harvesting design concept, multimodal 
Eh skin, was proposed for power generation from multiple 
harmonic vibration modes. The topological design of the 
multimodal Eh skin was obtained by removing the PZT 
material along the inflection lines from multiple modal 
shapes to minimize the cancellation effect. The optimal 
external resistors at all segments were found using a de-
sign optimization algorithm for power maximization. The 
multimodal Eh skin was compared with the skin without 
segmentation and the unimodal Eh skin, and the superior 
performance of the multimodal Eh skin was verified. ad-
ditional shape optimization may be followed for greater 
ease of manufacturing.

Even though this work is limited to simulation, the de-
sign of the Eh skin proposed in this paper consists of thin 
composite layers and we can experimentally demonstrate 
the energy harvesting capability by simply attaching PZT 
patches using permanent glue such as epoxy. The imple-
mentation of the multimodal Eh skin may include the 
following expected challenges. First, the design of the Eh 
skin may be sensitive to boundary conditions. For instance, 
a change in rivet tightness in the aircraft skin may change 
the vibrational configuration (e.g., amplitudes, inflection 
line locations) and the optimal design of PZT material. 
Therefore, the sensitivity with respect to boundary condi-
tions needs to be studied for the robust and reliable design 
of the Eh skin. second, a complex design layout caused 
by multiple segments may cause dense electrical wiring. 
To solve this problem, we may consider advanced wiring 
techniques such as conductive tape or silver pen, to avoid 
complicated wiring and maintain design compactness.

The proposed design principle for multimodal Eh skin 
can be successfully applied to many engineered systems 
which have harmonically vibrating skins. In the near fu-
ture, we plan to prove the versatility of the design concept 
with applications including structural health monitoring, 
building automation, etc., by integrating multimodal Eh 
skin and wireless sensors.
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