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drawing much attention. To mimic the 
properties of human skin, electronic skin 
(e-skin) is required to distinguish a variety 
of mechanical stimuli such as normal 
pressure and bending. Meanwhile, it 
should also ensure mechanical compli-
ance to withstand deformation.

Currently, different mechanisms 
including transistor sensing,[11–13] capaci-
tive sensing,[14,15] piezoelectric sensing,[16,17] 
piezoresistive sensing,[18–20] and triboelec-
tric sensing[21,22] are utilized to achieve this 
goal. Among them, piezoresistive sensors, 
which are typical sensors that transduce 
the external stimuli imposed on the sensor 
to resistance changes, have been widely 
used owing to their attractive advantages 
of simple structure and easy signal col-
lection.[20,23] Conventionally, conductive 
polymer films or elastomeric rubbers filled 
with conductive materials (particles,[24] 

nanowires,[8] nanoflakes,[25] etc.) are used as the sensing mate-
rials. However, these conductive rubber or thin film sensors are 
still lacking in sensitivities and are difficult to fabricate in mass 
production.

Conductive porous sponges or foams are considered as 
alternative materials for piezoresistive sensors owing to their 
combinational electrical conductivities, mechanical flexibilities, 
and porosities.[26] Recently, several conductive sponges with 
high electrical conductivities and good mechanical properties 
have been reported. Conductive carbon nanotube sponges con-
structed via a chemical vapor deposition process[27] and solu-
tion dip-coating of conductive nanomaterials on the backbone 
of commercial sponges[25,28,29] have been developed to generate 
piezoresistive sensors.

The triboelectric generator[30] is an emerging self-power 
sensing mechanism based on contact electrification and elec-
trostatic induction. Compared to piezoelectric sensing, the 
triboelectric generator is not limited to the specific material, 
which broadens its application fields. The single-friction-sur-
face triboelectric generator (STEG),[31] one of the four basic 
working modes of triboelectric generator, usually acts as a self-
power sensing element due to its simple structure and has 
been used in many fields such as polymer distinguishing and 
moving object detection.[32]

For human beings, bending and pressure detection are two 
of the most common movements in daily life. Development 
of an effective multi-functional sensor becomes an urgent 
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1. Introduction

Nowadays, with rapid developments of electronic technologies 
and computer science, robots are expected to be widely used in 
various fields such as industry,[1–3] rehabilitation assistance,[4–6] 
and even household.[7–10] In order to complete dexterous manip-
ulation and interaction tasks, robots need to possess more pow-
erful sensing abilities to behave more like humans.

Tactility, unlike sight and audition, enables an exchange 
of information between robots and the environment and is 
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problem to be solved. However, recently reported bending sen-
sors only focus on detecting bend in a single direction, such 
as finger bending detection,[33] which seriously hinders their 
applications in detection of more complex multidimensional 
bending conditions. Actually, both bending curvature and direc-
tion are important parameters for establishing the hominoid 
electronic sensor, whose significance is often ignored. More-
over, the piezoresistance-based bending sensor usually suffers 
from the interference from external pressure, because both 
bending and pressure can make resistance to change, causing 
confusion for multi-function detection.[34]

In this paper, we develop a facile, low-cost, and stretchable 
multi-functional sensor using carbon nanotube–polyurethane 
(CNT-PU) sponge, which can detect omnidirectional bending 
and pressure independently. The omnidirectional bending detec-
tion provides the information of both bending direction and cur-
vature simultaneously. This relies on two CNT-PU sponge strips 
(CPSSs) intersecting each other, whose electrical resistances 
depend on bending curvature and direction due to their shape. 
This curvature and direction-sensitive sensor is very useful in 
the applications such as detecting multidirectional joint bent and 
deformation of soft substrate such as human skin. What’s more, 
a new kind of sensing mechanism, triboelectric sensing, is uti-
lized, serving as an assistant signal to pressure signal in order 
to make the sensor differentiate between pressure and bending.

2. Fabrication and Basic Characters of  
Multi-Functional Sensor

The multi-functional sensor is composed of two orthogonal 
functional layers, each consisting of a CPSS and a polydimethyl-
siloxane (PDMS) substrate. The schematic fabrication process 
is shown in Figure 1a. At first, uniformly dispersed CNT ink is 

prepared and then a carefully cut commercial PU sponge strip 
is immersed into the CNT ink for 5 min. Then, the CPSS is put 
into the dry oven at 120 °C to make the water in the ink to evap-
orate fast. After several times of the dip-coating process, the PU 
sponge is fully coated by CNTs inside and out through this fea-
sible method. CPSS is put on the half-cured PDMS and they 
are cured together to make CPSS tightly adhered on the PDMS. 
Half-cured PDMS is the key point for fabricating the functional 
layer. If the PDMS is fully cured, the CPSS cannot attach on 
its surface. If the PDMS is in the liquid state, when the CPSS 
is put into it, the uncured PDMS will quickly permeate into 
the sponge and the porosity of the sponge is lost, which will 
decrease the sensitivity. At last, two of such functional layers 
were assembled intersecting with each other, each functional 
layer acting as single axis (x or y) bending sensors. Optical 
photographs of this integrated structure of the resultant double 
axial sensor are shown in Figure 1b. The fabrication process is 
very simple and the device can easily tolerate very large bending 
movement without damage, as shown in Figure 1c.

Figure 1d,e shows scanning electron microscopy (SEM) 
images of the CPSS surface. The pore scale of the sponge 
ranges from 0.5 to 1 mm. From Figure 1e, it can be seen that 
the CNTs are uniformly coated on the backbone of the sponge. 
More detailed information on material preparation and device 
fabrication can be found in Figure S1 (Supporting Information) 
in the Experimental Section.

The concentration of CNT ink and dip times are two main 
factors to influence the resistance of the device. In this experi-
ment, the concentration of CNT ink is fixed and the resistance 
is controlled by dip times. Figure 2a shows the relationship of 
dip times and the resistance. For the first time, the resistance 
is as high as 450 kΩ. As the dip time continues to increase, 
the resistance decreases dramatically until it gets saturation at 
the fifth time and the resistance decreases to 2.3 kΩ. After that, 
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Figure 1. Fabrication and characterization of CPSS-based bending sensor. a) Fabrication process of the sensor, including dip CNT ink on the sponge, 
putting the CPSS on the half-cured PDMS and assembling two functional layers perpendicularly. b,c) Optical pictures of the sensor: I. normal condi-
tion, II. bending condition. d) SEM of the CNT-sponge in large scale. e) SEM of a backbone of CNT-sponge in small scale showing that CNTs fully 
adhere on the sponge.
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the resistance decreases very slowly, as almost all the backbones 
of the sponge are covered by CNT. From the cross sections of 
sponges shown in Figure 2b, at the first time, the CNTs are only 
adhered on the outer shell of the sponge while the core of the 
sponge is still clear. The thickness of the CNT shell is about 
1 mm. As the dip-coating times increase, the thickness of the 
CNT shell continues to increase until the fifth time. More SEM 
pictures can be seen in Figure S1 (Supporting Information) for 
more details. In order to evaluate the stability of this simple fab-
rication process, resistances of eight CPSS samples are shown 
in Figure 2c. The average resistance of these samples is 1.83 kΩ 
and the most deviation is only 2%.

For different functional layers composed of CPSSs with dif-
ferent resistances, they have different sensitivities under the 
same pressure. Figure 2c shows the sensitivities of three dif-
ferent resistance sensors, indicating that the middle resistance 
(33 kΩ) CPSS (Sample M) has the highest sensitivity compared 
to the large one (85 kΩ) (Sample L) and the small one (1.8 kΩ) 
(Sample S). This high sensitivity can be explained as follows. 
As the CPSS is bent or pressed, the central part of the strip is 
deformed, leading neighboring sponge bones to contact each 
other so that the contact area of CNTs is increased, resulting in 
the decrease of resistance. For Sample L, due to the fewer times 
of dithe p-coating process, CNTs are only attached around the 
shell of the sponge while the core remain clears as sh,own in 
Figure 2b. Therefore, the sensitivity of Sample L is not as high 
as Samples M and S because of fewer contact areas induced by 
pressure. According to percolation theory,[35] more CNTs enable 
higher conductance and stability. In this way, when the sponge 
is deformed, the CNT network in Sample M is easier to change 
its structure than Sample S, leading to higher sensitivity. The 

thickness of the PU sponge will also influence the sensitivity 
of the sensor. Two types of commercial PU sponge with thick-
nesses of 0.4 and 0.3 cm are taken to compare their sensitivi-
ties. In the pressure test, it can be seen that the thicker sponge 
has higher sensitivity than the thinner one. This result can be 
attributed to the change of thickness, which can make more 
CNT to contact to decrease the resistance. More experiment 
and simulation results are shown in Figure S2 (Supporting 
Information).

3. Electrical Properties under Bending

For a single functional layer bending, the resistance of the 
device is determined by both the direction of bend and curva-
ture. When the device is bent at its most effective direction, 
the sensitivity is the highest, while when it is bent at the least 
effective direction, the resistance changes slightly. A bending 
direction line marked in Figure 3a is used to define the direc-
tion of the bend, which means the sensor bends along this line 
under external force. The angle rotated from the most effective 
direction (along the CPSS itself) to the bending direction line 
is defined as θ, which we call bending angle in our experiment. 
Curvature is a parameter to describe bend; however, it is diffi-
cult to measure directly. For convenience, the original diameter 
of the round substrate is L. After bend, the straight line dis-
tance between two ends of CPSS is L′. The changed length of 
ΔL, which we call bending distance in our experiment, is used 
to replace curvature as shown in Figure 3b.

The basic working principle of a single functional layer is sim-
ulated by finite element analysis method (COMSOL software) 
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Figure 2. Influence factors of CPSS. a) The relationship of resistance and dip times. b) Cross section of three CPSSs with different dip-coating times. 
c) Resistance histograms of six CPSSs. d) Sensitivities of sensors fabricated by different resistances.
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and shown in Figure 3b–d. When CPSS is bent, shown in 
Figure 3b, the strain is distributed along the whole strip axisym-
metric and the largest strain exists at the center of the sponge. 
At the cross section of the center, the distribution of the abso-
lute value of strain is shown in Figure 3c, where the top surface 
sustained a stretch while the bottom surface sustained a com-
pression. To study the property of elastic porous material, a hon-
eycomb model is usually utilized, which is described in Figure S3 
(Supporting Information) in detail. Poisson’s ration of porous is 
large or nearly zero depending on whether it is stretched or com-
pressed. In our case, strain of top surface makes the thickness of 
the sponge decrease. From the view of microscale, the decreased 
thickness means increasing contact areas of CNTs, leading the 
resistance of the whole sponge to decrease.

Considering the whole functional layer bent at different 
direction, as shown in Figure 3d, in case I, when the functional 

layer is bent along the direction of its length, the stress exerted 
on the sponge is about 28 N. When it comes to case II where 
the functional layer is bent perpendicular to the direction of 
the length of CPSS with the same force, the stress decreases 
to 13 N, which is half of the former situation. Meanwhile, it 
can be seen from the simulated results in case I, the stress 
mainly concentrates on the center of the sponge strip, while 
in case II, the stress is almost uniformly distributed on the 
whole sponge strip and joint between CPSS and PDMS suffer 
a lot of stress.

Bending angles of 0°, 30°, 45°, 60°, and 90° and bending dis-
tances of 0, 0.5, 1, 1.5, 2, 2.5, and 3 cm are taken as standard 
bending angles and distances. As shown in Figure 3e,f, when 
the device bends at a bending angle of 0°, meaning it bends 
at the most effective direction, the sensitivity of the sensor can 
reach 6.6 kΩ cm−1. However, when the device bends at 90°, 
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Figure 3. Working principle of experiment of a single functional layer. a) Definition of bending direction. b) Simulated result of strain of the CPSS in 
the view of a beam. c) Simulated strain result of the cross section of CPSS. d) Simulated result of the whole functional layer when bent along different 
direction. e,f) Experimental results of the bending test.
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the resistance is nearly unchanged, which means it is bent at 
the least effective direction. At different bending directions, 
the sensor presents different sensitivities. The relationship of 
bending distance and resistance is nearly linear no matter what 
direction the device is bent.

Since a single functional layer gets the direction-determined 
sensitivity, the value of the resistance cannot reflect useful 
information, as it may be caused by long bending distance 
at large bending angle or by short bending distance at small 
bending angle. Making use of two perpendicular functional 
layers can solve this problem. Bending direction and bending 
degree can be calculated at the same time according to both of 
their resistances.

Figure 4 demonstrates the experiment results of the assembly 
consisting of two perpendicular functional layers. The effec-
tive direction of bottom functional layer is defined as x-axis, 
and correspondingly, the effective direction of top functional 
layer is defined as they-axis. The bending angle of the whole 
sensor is defined as the angle rotated from thex-axis to the 
actual bending direction, which is marked using red dotted line 
shown in Figure 4. Following the same experimental standard 
of bending distances and angles, the result clearly shows that 
when the device is bent at a specific direction, two functional 
layers give rise to different responses. As the bending direction 
line is along x-axis, the top layer has the least sensitivity while 
the bottom layer has the highest sensitivity. Oppositely, when 
the sensor is bent along y-axis, the resistance of the top layer 
changes a lot while the resistance of bottom layer is stable. For 
the specific bending angle of 45°, the slopes of both the func-
tional layers are almost the same.

4. Analysis and Application

In order to precisely calculate the bending direction and 
bending degree using two orthotropic CPSSs, a function set is 
required to describe the relationship of how the bending direc-
tion and bending distance influence the resistance according to 
the experiment result. For a traditional single direction bending 
sensor, the function is usually expressed as

R k L∆ = ⋅ ∆  (1)

where ΔR is changed resistance, ΔL is changed bending dis-
tance, and k is the slope in the relation of ΔR and ΔL. In our 
experiment, the function is more complicated because there 
exists another key parameter, bending angle, that needs to be 
written into the function. We creatively write the new function 
for a single functional layer as 

cos( )R k Lθ∆ = ⋅ ⋅ ∆  
(2)

where direction angle is introduced into the function and 
served as a parameter influencing the slope, which correspond 
to our experiment. According to the result from simulation and 
experiments, when bending along the least effective direction, 
the resistance of CPSS is almost unchanged. So, the bending 
can be decomposed orthogonally along the most effective direc-
tion and the least effective direction. When the sensor is bent 
with the bending angle of θ, the bending B can be decomposed 
as B·cos(θ) along the most effective direction and B·sin(θ) along 
the least effective direction. Only the bending along the most 
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Figure 4. Experimental result of the whole sensor bending at a) 0°, b) 30°, c) 45°, and d) 90°.



fu
ll

 p
a
p
er

© 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheimwileyonlinelibrary.com1604434 (6 of 9)

effective direction makes resistance to change, so Equation (2) 
is written in the form of cosine. The x-axis is defined using the 
bottom, so the form of cosine is only appropriate for the bottom 
functional layer. For the top functional layer, the most effective 
direction is perpendicular to the bottom one, so the component 
of B·sin(θ) is effective for the top functional layer. With the 
bending angle of 0°, cos(θ) equals 1, which is equivalent to the 
single CPSS. With the bending angle of 90°, it is equal to 0 (as 
cos(90°) = 0), which is consistent with the experimental results. 
For the sensor consisting of double functional layers, the func-
tion set can be written as 

sin( )
cos( )

top

bottom

R k L

R k L

θ
θ

∆ = ⋅ ⋅ ∆
∆ = ⋅ ⋅ ∆





  

(3)

where the definition of θ is as same as previously mentioned.

After fitting, k is 6.956, r square is 0.9385, and root-mean-
square error (RMSE) is 1.95, indicating that the function set 
can fit the standard data well. Figure 5a,b shows the fitting 
results for the bottom layer and top layer according to the data 
collected from previous experiments, respectively. In order to 
better analyze the fitting result, contour plot is used to describe 
the result, as shown in Figure 5c,d. In this way, once the resist-
ances of both functional layers are obtained, two contours can 
be drawn in one plane according to the function set, and the 
two contours will have an intersection. From the coordinates 
of the intersection point of these two curves, bending distance 
and bending angle can be calculated. There are two errors here: 
distance error and direction error. Absolute distance error is 
the difference of real bending distance and calculated bending 
distance, and relative distance error is the ratio of the absolute 
distance error and the length after bending of CPSS. Similarly, 
absolute direction error is the difference of real bending angle 
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Figure 5. Fitting result of the omnidirectional bending sensor. a,b) 3D fitting result based on experimental data. c,d) Contour result based on experi-
mental data. e) The difference of calculated result and standard test result with bending distance of 1.5 cm and bending direction of 45°. f) The differ-
ence of calculated result and real test result with bending distance of 1.3 cm and bending direction of 50°. g,h) Demonstration of sensor located on 
the palm to detect the movement of the hand. i,j) Demonstration of sensor located on the forearm to detect the deformation of the skin.
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and calculated bending angle and relative direction error is the 
ratio of the absolute direction error and angle after bending. 
In this paper, relative error is used to analyze our calculated 
results. Standard experiment results are first used to verify the 
accuracy of the fitting result. In Figure 5e, a bending distance of 
1.5 cm and bending direction of 45° is demonstrated in the pic-
ture using a circle marked as standard point (SP). Comparing 
the calculated result and experiment result, the relative distance 
error is 2.96% and the relative direction error is 3.08%. In order 
to more explicitly describe the error, total error is defined as 
the sum of the squares of these two errors, and the total errors 
of this condition is 4.27%. The error is so small that our fit-
ting function is verified to be useful and effective. After that, 
random bending distance and bending angle are chosen to test 
the fitting result. In Figure 5f, the bending distance is 1.3 cm 
and bending direction is 50°, marked in the picture using a 
star named random point (RP), while the calculated distance 
is 1.2 cm and calculated direction is 52°, with a total error of 
4.87%. Although the error is larger compared to the standard 
measurement, the result is acceptable and can definitely tell us 
the bending distance and bending direction. More of the test 
results can be seen in Figure S4 (Supporting Information).

This omnidirectional bending sensor is very useful for 
detecting movement of joints, which usually possess multi-
degrees of freedom. As shown in Figure 5g, the device is put 
on the center of the human palm. There are two bending direc-
tions: one is moving the thumb, and the other is moving the 
other four fingers. Using the omnidirectional bending sensor, 
it can not only be detected whether the thumb is moving or the 
other four fingers are moving but also the bending degree of 
them. When the thumb moves, the resistance of the bottom 
layer is 26.2 kΩ and resistance of the top layer is 27.7 kΩ. 
According to the function set, it can be calculated that the 
change of resistance is induced by thumb (40°) and the bending 
distance is 1.9 cm. When the other four fingers move, only one 
resistance changes obviously, indicating that the bending dis-
tance is 0.4 cm at 15°, shown in Figure 5h.

Another advantage of this sensor is that it can detect defor-
mation of skin, which is often neglected in daily life. For a 
smart electronic skin, it is very essential to obtain the informa-
tion how the skin is pinched up. As demonstrated in Figure 5i, 
the sensor is attached on the forearm of a human being. When 
the force is applied by two fingers to make the skin deform, 
the resistances of two CPSSs change differently. With the help 
of this multidirectional sensor, it can be clearly identified that 
bending distance is 1.7 cm and bending angle is 10°, as shown 
in Figure 5j.

5. Excluding the Interference from External 
Pressure Using Triboelectric Generator

In most cases, the resistance of CPSS is not only induced 
by bend but also by pressure, so the bend cannot be meas-
ured independently from the mechanical stress. To solve this 
problem, STEG is applied here to supply a self-power signal.

Figure 6a demonstrates the basic working principle of STEG. 
It depends on the effects of contact electrification and elec-
trostatic induction. At first, there is no net charge existing on 

the surface of the sensor (i). When an active object (such as a 
finger) contacts the sensor, the surface of this active object and 
the friction surface will carry different charges owing to the dif-
ference in electron-attracting abilities. In the case of finger tap-
ping, human skin is prone to carry more positive charges while 
the polymer attracts more negative charges, making both of 
them electrostatically charged (ii). As the charged active object 
separates from the friction surface, a potential difference forms 
between the CPSS and the ground, making electrons transfer-
ring via the external load reach an electrostatic equilibrium 
state (iii, iv).

In this way, the resistance of the sensor responds to both 
bending and pressure; only pressure produces a triboelec-
tric voltage, which is a useful signal to rule out the interfer-
ence from pressure. Though the triboelectric output is usually 
affected by many environmental factors, it only functions as a 
digital signal to indicate that the changed resistance is caused 
by bending or pressure. The test diagram is shown in Figure S5 
(Supporting Information).

Figure 6. Triboelectric generator helping to rule out the disturbance 
caused by external stimuli. a) Basic working principle of single-friction-
surface triboelectric generator. b) Signals of triboelectric voltage and 
resistance to distinguish that the changed resistance is caused by exerted 
pressure. c) Diagram of the bending process. d) Signals of triboelectric 
voltage and resistance to distinguish that the changed resistance is 
caused by bending.
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Figure 6b presents the result of a real-time monitoring test 
of this sensor when a finger taps on its surface. In the original 
state, the triboelectric voltage is 0 V and resistance is stable. 
When a finger taps on the surface of the sensor, the tribo-
electric responds very fast and generates a pulse with positive 
peak value of 0.477 V, and resistance also changes from 35.2 
to 27.5 kΩ. The resistance remains unchanged until the finger 
separates from the surface. At the same time, the STEG gener-
ates a pulse with a negative peak value of −3.613 V. The differ-
ence in peak values is caused by the speed of separation. As the 
amount of charges is the same, faster separation shortens the 
transferring time, causing a higher value of electrical current 
(demonstrated in Video S1, Supporting Information).

Figure 6c,d presents the process of bending. At first, the 
triboelectric voltage and resistance are stable. As the sensor is 
bent, the resistance of CPSS changes fast while the triboelectric 
voltage is still 0 V, which is a great difference when the sensor 
is pressurized by a finger. After the sensor recovery from the 
bending state to normal state, only the change of resistance 
can be discovered (demonstrated in Video S2, Supporting 
Information).

Characterization of the STEG voltage is demonstrated in 
Figure S6 (Supporting Information). The test is conducted 
under vibration at 5 Hz with equipment described in the Exper-
imental Section. A single cycle of waveform of triboelectric 
voltage with peak-peak value of 15.07 V is obtained. Using dif-
ferent objects such as hand and nitrile butadiene rubber (NBR) 
to contact the sensor with the same frequency and amplitudes, 
the output voltage is different due to the different properties of 
object themselves. Though the output voltages are influenced 
by different objects contacting the sensor, the appearance of tri-
boelectric signal can figure out whether an object contacts the 
sensor.

6. Conclusions

In summary, a stretchable and multi-functional sensor, CPSS, 
which can detect omnidirectional bending and pressure inde-
pendently, has been demonstrated in this work. A simple and 
low-cost method has been promoted in the device fabrication. 
The porous structure makes it sensitive both to bending and 
pressure. The electrical property can be easily controlled by 
concentration of CNT ink and dip time. As a single CPSS has 
different sensitivities in different bending directions due to 
its shape, two perpendicular CPSSs are stacked up together 
to complement the information of bending distances and 
bending directions at the same time. Based on standard exper-
imental test data, a universal function set has been built up, 
in which, both of the bending distances and bending direc-
tions can be directly obtained with negligible error from 
two resistances of the double-layer sensor. As bending is a 
very common action in human motion, this omnidirectional 
bending sensor is very useful for detecting human motion of 
multiple degrees of freedom. In addition, with the help of the 
triboelectric effect, this sensor can effectively avoid the dis-
turbances coming from external pressure through an active 
sensing method, making it more accurate in complex working 
conditions.

7. Experimental Section
Fabrication of CNT Ink: CNTs were purchased from Boyu Co., China, 

with length of 10 µm, and sodium dodecylbenzenesulfonate (SDBS) was 
purchased from Guoyao Co., China, as a surfactant. The CNT ink was 
prepared by adding 20 mg CNTs and 20 mg SDBS into 20 mL deionized 
water and then bath-sonicated for 4 h to disperse evenly.

Fabrication of a Single Functional Layer: PU sponge (purchased from 
Huayi Co., China, with thickness of 4 mm) was cut into a strip with a 
length of 3 cm and width of 1 mm. The sponge strip was washed with 
deionized water and dried in oven at 100 °C. Then the sponge strip was 
immersed into CNT ink for 1 min and dried at 120 °C for 15 min. As 
a result, the PU sponge strips were uniformly coated by CNTs, thus 
generating the basic part of a single functional layer. For the substrate 
fabrication, 2 g PDMS (Dow Corning, Sylgard 184) was first poured 
into a plastic petri dish and baked at 70 °C for 20 min. After that, the 
elastomer mixture was half cured. Then the CPSS was put on the PDMS 
and baked them together to make the CPSS tightly adhered on the 
PDMS.

Triboelectric Output Characterization: Experimental measurement 
was operated using a vibration system, which includes an oscilloscope 
with wave generation module (Agilent DSO-X 2014A), a modal shaker 
(JZK-10), and a power amplifier (SINOCERA YE5871A).
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Supporting Information is available from the Wiley Online Library or 
from the author.
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