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a b s t r a c t 

Wearable electronics bring convenience to our lives. Among them, flexible physiological sensors such as 

pulse sensors that can be used to monitor human health play critical roles. Recently, pulse sensors based 

on nanogenerators have received extensive attention in recent years, which have considerable properties 

including high sensitivity, signal-to-noise ratio and low power consumption due to their self-powered 

mode. Here, a self-powered pulse sensor based on a self-arched nanogenerator (SANG) with a combined 

effect of piezoelectric and triboelectric is demonstrated for real-time monitoring pulse waveform of the 

radial artery. The output properties of SANG are related to the morphology of the self-arched structure, 

which can be easily regulated by adjusting the mass ratio of two types of silicone elastomers of PDMS 

and Ecoflex. It is a convenient approach compared to conventional ones that should make a different 

special mold to obtain arched structures. For pulse sensing, the sensitivity and the stability of the SANG 

are qualified due to its unique self-arched structure and hybrid effect of triboelectric and piezoelectric 

for converting tiny mechanical signals into electric ones effectively. 

© 2020 Elsevier Ltd. All rights reserved. 
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. Introduction 

Real-time physiological monitoring plays a vital role in human

onvenient modern life [1–4] . It is becoming critical and indis-

ensable for wearable electronics to contribute to the progression

or biomedical applications, which may enhance the present level

f the individual-centered disease diagnosis and healthcare [5–

] . Nanogenerators (NGs) that can convert mechanical energy into

lectricity are suitable for acting as sensors, especially to detect

uman physical signals such as sphygmus [10–13] According to the

orking principles, there are mainly two types of NGs: piezoelec-

ric nanogenerators (PENGs) [14–18] and triboelectric nanogener-
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tors (TENGs) [19–21] . PENGs are made by piezoelectric materi-

ls such as zinc oxide (ZnO) [ 22 , 23 ] lead zirconate titanate (PZT)

 24 , 25 ] and poly (vinylidene fluoride) (PVDF) [26] . TENGs based on

he combined effect of triboelectrification and electrostatic induc-

ion have developed rapidly due to the advantages of flexible, high

ensitivity, self-powered and cost-effective [27–31] . In this work,

e mainly focus on the TENG in vertical contact-separation mode,

hich has been widely used due to its good stability, flexibility,

nd versatility for many practical scenarios [32–34] . One of the

asic structures of TENGs is a spacer to ensure contact-separation

rocess working normally [35–37] . However, most spacer types of

ecent TENGs are gasket or spring, which may increase the diffi-

ulty of device fabrication and influence the stability and durability

f the devices. 

Here, we utilize the phenomenon of stress mismatch that oc-

urs on the interface between two different polymer materials to

abricate a flexible self-arched structure which can replace spacer

https://doi.org/10.1016/j.apmt.2020.100699
http://www.ScienceDirect.com
http://www.elsevier.com/locate/apmt
mailto:bjshi@buaa.edu.cn
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in conventional TENG devices. The self-arched structure also acts

as one of the friction layers of TENG. Therefore, we demonstrate

a self-arched nanogenerator (SANG) for pulse sensing, which takes

advantage of the natural curvature caused by the stress mismatch

existing at the interface of two silicone elastomer film materials.

Meanwhile, to further improve the sensing performances, a PVDF

film is introduced to be embedded into the self-arched structure

of the SANG to form a hybrid nanogenerator based on the com-

bined effect of triboelectricity and piezoelectricity, which can en-

hance the outputs, the signal-to-noise ratio and stability of the de-

vice when detecting pulse signals. 

2. Material and methods 

2.1. Preparation of self-arched polymer films 

The self-arched polymer films were fabricated by a two-step

method. The first step was to prepare a layer of cured Ecoflex film.

Required amounts of parts A and B gel of Ecoflex silicone elastomer

(Smooth-On, Ecoflex 00-10) were mixed in a container for 5 min-

utes (1A: 1B by volume or weight). The mixed gel of Ecoflex sili-

cone elastomer was poured into a 1 cm × 3 cm mold, and a vac-

uuming operation was performed for 5 minutes to eliminate any

entrapped air of mixture. Then, the mixture was cured at 50 °C
for 4 hours to form a cured Ecoflex silicone elastomer film. The

second step was prepared a layer of polydimethylsiloxane (PDMS)

silicone elastomer onto the cured Ecoflex silicone elastomer layer.

The gel of PDMS (Dow corning, Sylgard 184) was mixed thoroughly

by the PDMS main agents and curing agents with a weight ratio of

10:1. Required amounts of the mixed gel of PDMS were weighed to

make the mass ratio of PDMS/Ecoflex 3:2. After vacuumized for 30

minutes, the mixed gel of PDMS was poured into the mold placed

with the prepared Ecoflex film. The whole sample was cured in an

oven at 50 °C for 4 hours. The self-arched structure was completed

once the composite material of PDMS and Ecoflex was taken out

from the mold. Finally, different self-arched polymer films were

prepared by adjusting the mixture ratio of PDMS/curing agent (7:1,

5:1, 3:1) and the mass ratio of PDMS/Ecoflex (2:3, 2:1, 3:1). 

2.2. Fabrication of SANG 

The piezoelectric film used in this article is a commercial Met-

allized Piezo Film Sheets (Measurement Specialties, Inc., TE Con-

nectivity company.). The PVDF membrane is coated with silver ink

as electrodes on both sides and has been polarized. When used to

assemble a piezoelectric nanogenerator, the piezo film sheet needs

to be cut to the required size (1cm × 3cm), and the cut film needs

to be scraped around to ensure that the electrodes on both sides

are not conductive and cause a short circuit. Then, the two enam-

eled copper wires were fixed to the electrodes on both sides of the

piezo film with silver paste to prepare the piezoelectric element of

the device. The piezoelectric element was placed on the PDMS side

of the prepared self-arched film in the mold. A small amount of gel

of PDMS was coated on the piezoelectric element and cured in an

oven at 50 °C for 4 hours. A self-arched film embedded a PENG was

prepared after taking out from the mold. An aluminum foil (thick-

ness, 25 μm) was cut into a size of 1 cm × 3 cm. The self-arched

film was assembled with the Al foil to construct the triboelectric

element of the device (by the Ecoflex side face to the Al foil). The

junction of the self-arced film and Al foil was fixed by adhesive

tape, and an enameled Cu wire was fixed on the Al foil by silver

paste. Then a layer of PDMS was coated on the bottom of the Al

foil to make the whole structure more stable. Finally, the prepared

entire device was assembled with a woundplast for facilitating fit

with the skin directly. 
.3. Characterization of SANG 

The Fourier transform infrared (FTIR) results of the self-arched

olymer film were characterized by the FTIR spectrometer (Bruker

ERTEX80v). The mechanical properties of the SANG were tested

y the force gauge (Mark-10 ESM303). The signals of SANG were

easured by the electrometer (Keithley 6517B) and the oscillo-

cope (LeCroy HDO6104). The linear motor (LinMot E1100) was

sed to provide the periodic external force applied to the SANG.

he images of the scanning electron microscope (SEM) were taken

y Hitachi field emission SEM (SU8020). 

. Results and discussion 

.1. Structure, preparation and working principle of SANG 

The SANG consists of a self-arched layer and a flat layer

 Fig. 1 a). The core part of the device is the self-arched structure,

hich is mainly caused by the residual stress gradient accumulated

nside the composite materials during the curing stage (Fig. S1),

nd a thermal stress mismatch on the interface of the Ecoflex and

he PDMS ( Fig. 1 b). The Ecoflex film in the self-arched layer and

l film in the flat layer form a triboelectric nanogenerator (TENG).

he PVDF film with silver (Ag) electrodes is the core part of the

iezoelectric nanogenerator (PENG). The whole device is fixed on a

oundplast for sticking the SANG to the wrist more conveniently

 Fig. 1 c). Fig. 1 d shows the mechanism of stress mismatch between

DMS and Ecoflex. The coefficient of thermal expansion (CTE) of

DMS is α1 and that of Ecoflex is α2 . According to references

38–41] , we know that α1 (~ 266.5 ppm/ °C) is larger than α2 (~

71.1 ppm/ °C). When cooling, the different contractions between

he PDMS and the Ecoflex lead to a bend to the Ecoflex side. At

he same time, a residual stress gradient is accumulated inside the

omposite materials during the curing stage due to the restrain-

ng effect of the mould, which can further cause a large warpage

f the sample after demoulding [42-45] . More explanation about

he mechanism of composite materials forming a curved structure

an be found in Supplementary Note 1. There, we only need sim-

le operations of polymer film processing and device building to

abricate the SANG for pulse sensing ( Fig. 1 e and more details in

he experimental section). 

The layer details are demonstrated by a scanning electron mi-

roscope (SEM) image in Fig. 2 a. From top to bottom, the lay-

rs are PDMS, PVDF, PDMS and Ecoflex, respectively. The corre-

ponding thicknesses of each layer are 100 μm, 95 μm, 170 μm,

60 μm. To improve the triboelectric effect [ 46 , 47 ], some micro-

atterns were fabricated on the surface of the Ecoflex film through

icromachining technology, as shown in the lower right corner of

ig. 2 b. The width and height of micro-pyramid array structure are

bout 200 μm and 300 μm, respectively. The outermost layer of

DMS is an encapsulation layer ( Fig. 2 b). The molecular formula

f PDMS and Ecoflex are similar so that the degree of crosslinking

f these two materials can be very high, due to the tight connec-

ion of some radical groups on the interface of them ( Fig. 2 c). The

esults of Fourier transform infrared (FTIR) spectrometry measure-

ents show that the PDMS and Ecoflex films have similar molecule

roups. Therefore, the monomer of the Ecoflex easily penetrates in

he PDMS at the interface and causes the molecular segment at the

nterface to be entangled after the polymerization ( Fig. 2 d). 

The working process of the SANG is shown in Fig. 2 e. At the ini-

ial state, the top arched layer is separated from the bottom layer.

here is no piezoelectric and triboelectric potential in the device.

hen applying pressure on the SANG, the PVDF film in the arched

ayer is under a compressed strain, which will produce piezoelec-

ric potential on the surfaces of it. At the same time, part of the

ilicone film in the arched layer contacts with the aluminum (Al)
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Fig. 1. (a) Schematic diagram of structure of SANG. (b) Photograph of self-arched structure of SANG. (c) Photograph of SANG. (d) Principle of thermal stress mismatch of the 

self-arched structure. The Ecoflex film has a larger contraction than PDMS when cooling from 50 °C to room temperature (~ 20 °C). (e) Schematic diagram of manufacturing 

process of SANG. 
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lm of the bottom layer, resulting in charge transfer between the

coflex film and Al film due to triboelectric effect, which will form

 potential difference between the Ag electrode on the Ecoflex film

nd the Al film. Till the top layer is contacted with the bottom

ayer fully, the piezoelectric and triboelectric potentials both reach

he maximum. If connecting these electrodes by an external cir-

uit, the current would appear during the deformation process of

he SANG. Then the pressure is released, the SANG is recovering

o the initial state, the electrons flow back from the Ag electrode

o the Al electrode due to the potential difference decreasing ac-

ording with the separation of the top and bottom layers, which

auses a reverse current in the external circuit. The further work-

ng mechanism and the equivalent electrical circuit model of the

ENG and TENG element of SANG are shown in Fig. S3 and Fig.

4, respectively. When applying a periodic force to the SANG con-

inuously, a periodic signal of voltage and current can be detected.

t is noteworthy that the triboelectric effect may not completely

ive contact electrification in some period of the test, which will

nclude a certain of non-contact electrification like a freestanding

ode of the TENG. The detailed process of the SANG working in

reestanding mode is shown in Fig. S2. 
.2. Characterization of self-arched structure 

Considering that the morphology of the self-arched structure

f the SANG is related to the mixture ratio of PDMS/curing agent

MIR PC ) and mass ratio PDMS/Ecoflex (MAR PE ), we study the influ-

nces of MIR PC and MAR PE to the morphology of the self-arched

tructure quantitatively. Two experimental groups are prepared.

he first one is Group A with MIR PC of 5:1 and MAR PE of 1:3,

:2, 2:3, 3:2, respectively. The second is Group B with MAR PE of

:3 and MIR PC of 10:1, 7:1, 5:1, 3:1, respectively. The morpholo-

ies of the self-arched structures of these two groups are shown in

ig. 3 a and b. We have repeated the fabrications and tests of each

roup of samples five times, the corresponding bending degrees of

ach sample were measured and calculated separately. The average

ending degree and standard deviation of each sample were ac-

uired and presented as mean ± s.d. The results demonstrate that

he bending degree of the self-arched structure was max when

MIR PC , MAR PE ) is (5:1, 3:2) in Group A, and (3:1, 2:3) in Group B

 Fig. 3 d and e). It could be conjectured that stiffer and more PDMS

ight lead to a bigger camber of the self-arched structure. 
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Fig. 2. (a) SEM image of sectional view of self-arched structure of SANG. (b) SEM images of sectional view of the self-arched structure and top view of Ecoflex surface with 

micro-patterns. (c) Molecular formula and coefficient of thermal expansion (CTE) of PDMS and Ecoflex. (d) Fourier transform infrared (FTIR) testing results of the interface 

of PDMS and Ecoflex. (e) Schematic diagram of working principle of SANG. 
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wrist. 
As Fig. 3 f shown, the mechanical properties of the self-arched

structure are studied. The sample is fixed to a platform then

tested by force gauge. All samples of Group A and Group B are

measured. In Group A, with the increase of the MAR PE , the ap-

plied force increases gradually. When the MAR PE is 3:2, the ap-

plied force is the largest under the same deformation of the self-

arched structures. In Group B, as the MIR PC increasing, the ap-

plied force is also increased. The relationship between the applied

force (F) and deformation (D) of the self-arched structure is ap-

proximately linear within a certain range of deformations. The re-
ults of F/D are demonstrated in Fig. 3 g. It can be got a conclu-

ion that the self-arched structure with more ratio of PDMS needs

arger external applied force. With different bending degrees, the

evice can work as a pulse sensor contacting the different com-

licated human skin and improve the sensibility. One of the no-

iceable advantages of the SANG is the self-arched structure that

eplaces the conventional spacer of this kind of device based on

ENG. The elastic modulus of the self-arched structure is skin-

ike, which is softer and more comfortable to be attached to the
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Fig. 3. (a) Morphologies of self-arched structures with same MIRPC and different MARPE (Group A). (b) Morphologies of self-arched structures with same MARPE and 

different MIRPC (Group B). (c) Definition of bending degree. (d) Bending degrees of samples in Group A. (e) Bending degrees of samples in Group B. (f) Mechanical test of 

self-arched structure. (g) Mechanical test results of samples in Group A. (h) Mechanical test results of samples in Group B. (i) Results of parameter of F/D. 
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.3. Electrical performance of SANG 

The output properties of triboelectric mode, piezoelectric mode,

nd hybrid mode of the SANG are shown in Fig. 4 a–c. Open-circuit

oltage ( V oc ), short-circuit current ( I sc ) and transferred charge

uantity ( Q ) are measured under a periodic mechanical force with

he triggering speed of 1 m/s 2 at the frequency of 1.2 Hz. The re-

ults show that the V oc of triboelectric mode, piezoelectric mode

nd hybrid mode of the SANG are 6.5 V, 4.25 V and 5.2 V, respec-

ively. Meanwhile, the I sc and Q of these three modes of SANG have

 significant difference. The I sc of the hybrid mode of the SANG

s about 500 nA, which is significantly higher than that of tribo-

lectric mode (175 nA) and piezoelectric mode (250 nA). The trend

f Q is similar to that of I sc , which is 5.30 nC for hybrid mode,

igher than that of triboelectric mode (2.51 nC) and piezoelectric

ode (3.52 nC). When the piezoelectric element and triboelectric

lement of a SANG are connected in parallel, they together form

n equivalent capacitance model, the equivalent electrical circuit

odel of a SANG is shown as Fig. S5. The equivalent model of the

ANG and the basic rules are as follows: 

 = C V OC (1) 
 SC = 

�Q 

�t 
(2) 

here C is the equivalent capacitance of different modes of the

ANG. More explanation about the equivalent capacitance model of

 SANG can be found in Supplementary Note 2. The results show

hat the output property of the hybrid mode of the SANG is supe-

ior to that of triboelectric and piezoelectric ones. 

Fig. 4 d reveals the relationship between the output properties

f the SANG and applied external pressures. With different bend-

ng degrees, the relationship between the force and the voltage is

ifferent. Seven experimental groups are prepared and divide them

nto Group No.1 and Group No.2. The samples of SANG of Group

o.1 have the same MAR PE of 2:3 and different MIR PC of 3:1, 5:1,

:1 and 10:1. That of Group No.2 has the same MIR PC of 5:1 and

ifferent MAR PE of 1:2, 1:3 and 3:2. It can be found that the value

f the output voltage threshold of the SANG is the largest when

IR PC is 3:1 and MAR PE is 2:3. We speculate that the bending

egree of the device that the matching ratio of PDMS is 3:1 of

roup No.1 is the largest, so that the process of contact-separation

s more sufficient, which makes the device more sensitive to the
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Fig. 4. (a) Outputs of hybrid part of SANG. (b) Outputs of triboelectric part of SANG. (c) Outputs of piezoelectric part of SANG. (d) Outputs of SANGs with different mor- 

phologies of self-arched structures under different applied external force. (e) Durability test of the SANG under 10 kPa applied external force with frequency of 2 Hz. 
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perception of force. In this range, the output voltages have a favor-

able response to the pressures. As shown in Fig.4 e, the mechanical

durability of the SANG is characterized by a linear motor provid-

ing periodic force to press the SANG for 6 × 10 5 cycles. There is

no significant attenuation of the outputs during and after the me-

chanical durability test. High-sensitive sensors are usually affected

by the overload of external mechanical force while the output of

SANG is not affected obviously. 
.4. Application of SANG in pulse sensing 

To prove the SANG is suitable for pulse sensing, the device is at-

ached to the wrist for detecting pulse signals ( Fig. 5 a). Due to the

elf-arched structure of the polymer composite, the SANG can be

eformed effectively and stably when detecting blood vessel move-

ents. Furthermore, the hybrid effect of piezoelectric and tribo-

lectric makes the outputs of the SANG more sensitive. The force
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Fig. 5. (a) Pulse waveform of radial artery detected by the SANG. (b) Single cycle pulse waveform. (c) Output properties of three different modes of SANG. (d) Output 

properties of SANG with different bending degree when detecting pulse signals. (e) Pulse waveform of male and female experimenters. (f) Comparison of single cycle pulse 

waveform of male and female experimenters. (g) Characteristic parameters of the pulse signals of male and female experimenters. 
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generates when the pulse beats that give rise to contact and sep-

arate between the Ecoflex film and the Al layer of the self-arched

structure and the deformation of the PVDF of the SANG. Conse-

quently, the pulse signal is converted to the electrical signal that

can reflect the characteristics of human physiology. The output

electrical signal is normalized and expressed in terms of amplitude

for better observation and comparison, and the unit of amplitude

is customized as A.U. The amplitude is directly related to the open-

circuit voltage of the device, with a proportional relationship. 

The peaks of physiological signals are marked as P 1 , P 2 , P 3 , P 4 ,

P 5 ( Fig. 5 b), which contain vital physiological and health informa-

tion such as arterial stiffness, the rhythm of the heart and risk of

cardiovascular disease [ 4 8 , 4 9 ]. Fig. 5 c shows the results of pulse

signals tested by the piezoelectric part, the triboelectric part and

the hybrid part of SANG, respectively. It is observed that the out-

puts of the piezoelectric part and the triboelectric part are unsta-

ble with some stray peaks caused by noises. In comparison, the

outputs of the hybrid part of the SANG are more stable and have

better signal-to-noise rates, due to the superposition of the tribo-

electric and piezoelectric effects [ 50 , 51 ]. The coupling of the tri-

boelectric effect and the piezoelectric effect will fully complement

each other’s needs for insufficient stress or strain, thereby maxi-

mizing the response to the slight pulse and obtaining a clearer and

more stable pulse signal. More explanation about the mechanism

of the coupling effect of the triboelectrification and the piezoelec-

tricity for a SANG can be found in Supplementary Note 3. Fig. 5 d

shows the outputs of three groups of the SANGs with the MAR PE 

of 2:3 and MIR PC of 3:1, 5:1, 10:1, respectively. When the MIR PC is

5:1, the outputs are clearest to reflect the details of the pulse sig-

nals. The amplitude of the outputs of the device with the MIR PC of

3:1 is sharp but the noise is too large. Although the noise of the

outputs of the SANG with MIR PC of 10:1 is acceptable, the ampli-

tude of the outputs is too small to be detected conveniently. Fig. 5 f

shows a contrast of the pulse signals between male and female ex-

perimenters in the age of twenties. 

More details about the pulse waveform of the radial artery have

been studied ( Fig. 5 g). The index of large stiffness ( SI ) and the aor-

tic augmentation index ( AIx ) have a strong relationship with arte-

rial stiffness, which can be used for arterial stiffness diagnosis. 

SI = 

H 

�T 
(3)

Alx = 

A ( P 2 ) − A ( P 3 ) − A ( P 4 ) − A ( P 5 ) 

A ( P 1 ) 
(4)

where H is the height of the experimenter. The time delay between

P 1 and P 3 is �T = T ( P 3 ) − T ( P 1 ) . A(P n ) is the amplitude of peaks

of the pulse waves ( P n , n = 1, 2, 3, 4, 5). The SI average values of

male and female are 9.97 and 8.65, respectively. Moreover, that of

|AIx| are 1.03 and 0.19, respectively. According to our previous work

[52] , another two parameters that Ie and SL 25 are also provided to

reflect the arterial conditions further. 

Ie = A ( P 4 ) − A ( P 2 ) (5)

S L 25 = 

A ( P 5 ) − A ( P 2 ) 

T ( P 5 ) − T ( P 2 ) 
(6)

Ie is an index to evaluate the left ventricle ejection capacity. SL 25 is

an indicator of arterial elasticity. The Ie average values of the male

of the female are 3.39 and 1.21, respectively. And that of SL 25 are

28.56 and 12.85, respectively. The values of these four parameters

of the male are higher than those of the female. It has been re-

ported that gender can affect the pulse waveform of radial artery

[53–55] . The data acquired by the SANG show the differences in

the waveform signals between males and females. The SANG with

an interesting structure might have the potential to be used as a
hysiological sensor or detecting some other tiny mechanical sig-

als. 

. Conclusions 

In summary, the SANG is a spacer-free hybrid nanogenerator

ith a self-arched structure based on the effect of stress mismatch

xisting at the interface between two polymers. The morphology of

he self-arched structure can be tuned by the mass ratio of PDMS

nd Ecoflex. With different mass ratios, the bending degrees of the

elf-arched structure of the SANG are different. More PDMS in the

elf-arched structure may cause a larger bending degree of it. To

et better outputs of the devices, a hybrid mode that combines

riboelectric and piezoelectric effects is introduced in the SANG. A

hin PVDF film is added into the arched layer to act as a piezoelec-

ric nanogenerator. The peak values of the open-circuit voltage and

he short-circuit current of the SANG are 5.2 V and 500 nA. It can

e found that the hybrid signal of the SANG is more clear and sta-

le than that of the triboelectric and piezoelectric parts. The SANG

as considerable sensitivity and stability to act as a proper device

or sensing pulse waveform of the radial artery. The SANG with an

nteresting structure provides a convenient approach to fabricate

hysiological sensors, especially to detect micromechanical signals.
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