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Abstract— This paper describes a hybrid radio frequency 

(RF) and piezoelectric thin film polyvinylidene fluoride (PVDF) 

vibration energy harvester for wearable devices. By exploiting 

the impedance characteristics of parasitic capacitances and 

discrete inductors, the proposed harvester not only scavenges 15 

Hz vibration energy but also works as a 915 MHz flexible silver-

ink RF dipole antenna. In addition, an interface circuit including 

a 6-stage Dickson RF-to-DC converter and a diode bridge 

rectifier to convert the RF and vibration outputs of the hybrid 

harvester into DC signals to power resistive loads is evaluated. A 

maximum DC output power of 20.9 µW, when using the RF to 

DC converter and -8 dBm input RF power, is achieved at 36% of 

the open-circuit output voltage while the DC power harvested 

from 3 g vibration excitation reaches a maximum of 2.8 µW at 

51% of open-circuit voltage. Experimental results show that the 

tested hybrid harvesting system simultaneously generates 7.3 µW 

DC power, when the distance from the harvester to a 3 W EIRP 

915 MHz transmitter is 5.5 m, and 1.8 µW DC power from a 1.8 g 

vibration acceleration peak. 

Keywords—Energy harvesting; wearable Devices; RF to DC 

converter; hybrid harvester; RF, vibration 

I. INTRODUCTION 

Energy harvesting is a process that converts different 
energy sources, such as solar, vibration, thermal, and RF 
energy, into electrical energy to power electronic devices. 
Energy harvesting and wireless power charging for wearable 
devices have recently become a focus of research. J. Bito et al. 
[1] developed a flexible wearable wristband with an embedded 
inkjet-printed RF antenna and doubler circuits to scavenge RF 
energy from a 1 W two-way talk radio signal. Another work 
[2] proposed a flexible wire converter integrated in a wearable 
wristband to wirelessly charge phones. A curved copper dipole 
antenna in the form of a wearable necklace to harvest RF 
power was discussed in [3], or wireless charging implantable 
devices [4] and [5] are inserted into human body. For 
biomechanical energy harvesting for wearable devices, A. 
Proto et al. [6] utilized a PVDF thin film covering around the 
knee to harness low frequency mechanical energy from human 
walking, while [7] inserted lead zirconate titanate (PZT) films 
into shoes to generate power from human walking pressure. 
However, most previous works have only considered using an 
individual energy harvesting source to power wearable devices. 
Because of the limited environmental energy available, one of 
the most important challenges in energy harvesting is 
designing energy-efficient transducers and low power 
conditioning circuits.  

Fig. 1. Proposed hybrid harvester a) without and b) with inductor; c) side 

view. 
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Fig. 2. a) Parasitic capacitors and b) added inductors (100µH-10mH) for 

hybrid energy harvester. 

Recent research papers have focused on hybrid energy 
harvesters which simultaneously generate multiple outputs 
from different energy sources. For instance, Collado et al. [8] 
combined a solar cell and broadband copper antenna. In this 
paper, flexible antenna substrates and solar cell thin films 
provide a bending structure for the hybrid transducer. A similar 
research on wearable hybrid harvesting for smart fabric 
interactive textile was mentioned in [9]. The harvester which 
can be attached on human body obtains RF, solar and thermal 
energies. Another proposed hybrid harvester [10] which 
researched on triboelectric and electromagnetic achieves 
broadband and high output power. For vibration energy 
harvesting, a popular hybrid configuration [11] is using both 
piezoelectric and electromagnetic generators in which 
piezoelectric thin films were integrated in a cantilever, while 
the permanent magnets were attached at the beam tip. 
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Fig. 3  The setup configuration of experimental measurements (left) and the fabricated hybrid energy harvester (right). 

 This paper proposes a solution to enhance energy 
harvesting for wearable devices by using a hybrid RF and 
vibration energy harvesting transducer. The silver electrodes of 
the hybrid harvester are used as a dipole antenna to harvest RF 
energy and combined with a PVDF thin film to form a 
sandwich structure to obtain vibration energy. The proposed 
energy harvester exploits the full size of the compact and 
flexible transducer without reducing harvesting efficiency and 
is flexible enough even to use as a necklace.  

The proposed designs of the hybrid harvester with and 
without inductors are discussed in Section II. The transducer 
fabrication process and experimental evaluation of the hybrid 
harvesters is shown in Section III . Section III also describes 
the measured outputs of the hybrid harvesting systems with an 
RF to DC converter and AC to DC diode bridge rectifier are 
also presented. Finally, some conclusions are drawn in the last 
section. 

II. HYBRID ENERGY HARVESTER DESIGN 

The hybrid transducer illustrated in Fig. 1 and Fig. 2 
consists of four layers: 2 silver electrodes, a middle PVDF 
layer and a polypropylene substrate. The top and bottom 
electrodes are etched into two left and right arms to form a 
dipole antenna. A female SMA connector is inserted at the 
middle of the thin film, connected to two top electrodes and 
used as a support for two cantilever vibration energy harvesters 
formed by the dipole antenna arms, one of which is shown in 
Fig. 3. The RF antenna of the harvester is designed for 915 
MHz with the calculated length of 

     
1

L = Aλ ,
2

                                     (1) 

where A  is the adjustment factor which depends on 

antenna thickness and width, and λ  is the free space 

wavelength. Because of large parasitic capacitances created by 
the harvester’s sandwich structure, at high frequency the top 
and bottom electrodes are shorted while the parasitic 
capacitance impedance, at low frequency, is sufficiently high 
that the bottom and top electrodes are isolated. Harvesting 
vibration energy requires using the top and bottom electrodes 

as the electrical output port of the hybrid transducer, while RF 
energy harvesting requires using the left and right pairs of 
electrodes as the output port. Connecting the cantilevers in 
parallel would short both arms of the dipole and degrade the 
RF harvesting performance. In this work, two vibration 
harvester configurations that avoid affecting the antenna 
performance were evaluated. In the first configuration, shown 
in Fig. 1.a) and Fig. 2.a), the cantilever that forms the ground 
electrode of the RF dipole is used to harvest vibration energy. 
The other cantilever, associated with the feedline of the RF 
dipole, was not employed. In the second configuration, shown 
in Fig 1.b) and Fig. 2.b), a connection between the two top 
electrodes and another connection between the two bottom 
electrodes are created at low frequency (e.g., 15 Hz) by using 
two inductors, each inductor connected in series with an 
electrode pair. At 915 MHz, the impedance of the inductors 

LZ = jωL  becomes large enough that the inductors behave as 

RF chokes and have no significant effect on the antenna 
performance, and the hybrid transducer can utilize the whole 
transducer structure for harvesting both RF and vibration 
energy. An increase in power density in the constrained 
transducer volume is expected compared to the first 
configuration without inductors. The SMA connector attached 
at the middle of the thin film is the mounting point of the 
hybrid transducer. Ideally, a vibration will cause the transducer 
to deform symmetrically around the SMA connected point. By 
considering half of the thin film (a single cantilever) as a 
clamped-free beam as shown in Fig. 4, the vibration harvester 
can be represented as the mechanical equivalent mass-spring-

damper system with a mass tipm = m , a massless spring with 

total stiffness, and a damper with damping factor. The 
uniformly distributed mass along the thin film is equivalent to 
a tip mass  

tip film

33
m = m = m .

140
                              (2) 

The resonant frequency of the harvester can be derived 

from oω = k m . The mechanical and electrical relationships 

[12] of the PVDF thin film are described as  
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Fig. 4. Mass-spring-damper equivalent mechanical model of half of PVDF 

thin film.  

 

 

Fig. 5. Measured S11 for both transducer configurations versus frequency 

without vibration. 

 
mx + bx + kx + αV = ma

I + CV = αx ,

 

 
                       (3)  

where x , C , V , a  and α  are the mass displacement, 

output capacitance, output voltage, acceleration and force 
factor of the harvester, respectively. All empirical and 
calculating parameters of half of the hybrid harvester are 
shown in Table I. 

III. EXPERIMENTAL RESULTS 

Two 153 x 12 x 0.31 mm hybrid harvesters without and 

with inductors are shown in Fig. 3 and Fig. 11. The harvesters 

were fabricated from an A4 piezoelectric film sheet, 2-

1004347-0 Piezo Film from TE Connectivity, which has a 52 

µm thick PVDF layer and two silver ink top and bottom 6 µm 

thick electrodes. An SMA connector and 1 mH inductors 

(Coilcraft LPS4018-105MR) were mounted on the electrode 

surfaces of the harvester using low temperature silver epoxy. 

The test setup for the fabricated hybrid harvesters is also 

shown in Fig. 11. The RF output of the harvester was 

connected to a Keysight 8720C Network Analyzer to measure 

 

 

                                a)                                                                 b) 

Fig. 6. Measured S11 for transducer configurations a) versus frequency with 3 

g vibration b) versus vibration acceleration at 915 MHz. 

TABLE I.  PARAMETERS FOR HALF OF HYBRID HARVESTER. 

return loss S11 while the vibration harvester output was 

measured using an opamp-based buffer and a data acquisition 

device with Labview software. The hybrid harvester was 

mounted on a Labworks shaker ET-132 using an aluminum 

clamp. An accelerometer was also attached to the shaker to 

measure the vibration acceleration independently. 

Fig. 5. illustrates the measured S11 of the hybrid harvesters 
with and without inductors when no vibration was generated. 
The S11 of the harvester with inductors is -11.7 and -10.6 dB 
at 915 MHz and 2.4 GHz respectively. Inserting inductors into 
the hybrid harvester broadens RF harvesting bandwidth but 
increases S11 at 915 MHz. This tradeoff follows the well-
known Bode-Fano Criterion. Another approach is using low-
value inductors (which can be replaced by circular coils [13]) 
and parallel capacitors to achieve resonant frequency at 915 
MHz. Fig. 6 a) and b) depicts the film vibration effects on 
antenna S11 with different frequencies and accelerations, 
respectively. In Fig. 7, the vibration output of harvesters with 
and without inductors has maximum power points at 6 MOhm 
and 3 Mohm respectively at the approximate resonant 
frequency of 15.1 Hz. The generated output power of the 
hybrid harvester with inductors is twice that from the harvester 
with no inductors. The maximum harvested vibration power 
before using a rectifier at the 3 g acceleration peak is 3.7 µW. 

In this work, a 6-stage Dickson RF-to-DC converter (with 
an input matching network similar to [3] or [14]) and a diode 
bridge rectifier are connected to the RF and PVDF vibration 
harvester outputs, respectively. In Fig. 8 the output power of 
the RF-to-DC converter reaches a maximum at a resistive load 
from 18 kOhm to 22 kOhm when the input power from an RF 
signal generator is from -12 to -8 dBm.  

Symbol Parameter Value Unit 

m Tip mass 3.395x10-4 kg 

k Stiffness 3.16 N/m 

LxWxT 
Length x Width x 

Thickness 
76.5x12x0.31 mm 

C Total capacitance 2.01 nF 

fo 
Resonant 
frequency 

15.1 Hz 
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a) b)
 

Fig. 7. Measured output power versus a) frequency with different RMS 

accelerations and b) load resistance with different peak accelerations. 

a) b)
 

Fig. 8. Measured RF-to-DC output power versus a) resistance load and b) 

output voltage. 

a) b)
 

Fig. 9. Measured AC-to-DC diode rectifier output power versus a) resistance 

load and b) output voltage. 

Fig. 8b) shows that the output power reaches maximum at 
an output voltage from 36% to 40% of the open-circuit voltage. 
For vibration energy harvesting, the AC to DC rectifier using 
1N6263 diodes shown in Fig. 9 obtains the highest power and 
reaches a maximum of 2.8 µW at a 4 MOhm resistive load. It 
is noteworthy that the output power with the rectifier is larger 
than that without the rectifier at high load resistance. This 
phenomenon was discussed and employed in [15] and [16] to 
significantly increase the output power by using a parallel 
switching inductor. The output maximum power points for the 
harvester with inductors after the rectifier circuit are around 
50% of the open-circuit voltage in Fig. 9. The measured output 
power comparison between hybrid harvesters with and without 
inductors after using a rectifier is shown in Fig. 10. Finally, the 
whole hybrid energy harvesting system was simultaneously 
tested with a 3 W EIRP 915 MHz transmitter from Powercast 
and 15.1 Hz vibration with 1.8 g peak acceleration in Fig. 11. 
The measured transient response of the system is shown in Fig. 
12. The transmitter was placed at a distance of 5.5 meters from 
the hybrid harvester in a typical office environment in Fig. 11. 

 

Fig. 10. Measured output power harvested from 15.1 Hz vibration versus 

acceleration of no inductor and 2 inductor harvesters. 

 

Fig. 11. Hybrid harvester system experimental setup. 
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Fig. 12. Measured RF and vibration outputs of hybrid harvester. 

The RF-to-DC converter output was connected to a 22 kOhm 
resistor and 10 uF capacitor while a half-wave rectifier was 
connected to a 3.3 MOhm resistor and 0.22 uF capacitor. This 
experiment shows that the fabricated hybrid harvester with 
inductors can simultaneously generate a 2.4 V output voltage 
with 1.8 µW DC power from vibration as well as a 0.4 V 
output voltage with 7.3 µW DC power from an RF signal. 
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IV. CONCLUSIONS 

This work has shown a novel configuration of RF and 
vibration hybrid energy harvesting for wearable devices. A 
PVDF thin film is used to scavenge low frequency vibration 
energy, while an RF energy harvesting dipole antenna is 
fabricated from the silver ink electrodes of the film. An RF to 
DC converter and AC to DC rectifier are used to convert the 
harvester outputs to DC power. Future work will complete the 
hybrid harvesting system by designing a multiple-input buck 
and boost converter to provide power for a single load. 
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