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A new concept design of electromagnetic energy harvester is proposed for powering a tire pressure monitoring

sensor (TPMS). The thin coil strap is attached on the circumferential surface of a rim and a permanent magnet

is placed on the brake caliper system. When the wheel rotates, the relative motion between the magnet and the

coil generates electrical energy by electromagnetic induction. The generated energy is stored in a storage unit

(rechargeable battery, capacitor) and used for TPMS operation and wireless signal transmission. Innovative

layered design of the strap is provided for maximizing energy generation. Finite Element Method (FEM) and

experiment results on the proposed design are compared to validate the proposed design; further, the method

for design improvement is discussed. The proposed design is excellent in terms of durability and sustainability

because it utilizes the everlasting rotary motion throughout the vehicle life and does not require material

deformation.
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1. Introduction

Tire pressure monitoring has been recognized as a key
factor to increase fuel efficiency, avoid unnecessary tire
wear, and more importantly, keep passengers safe. As a
solution, a tire pressure monitoring system (TPMS) which
is mounted inside the vehicle wheel to send the pressure
signal wirelessly to the vehicle dashboard for real time
pressure monitoring has been recently accepted. TPMS
has been mandated on all new vehicles since 2007 in the
U.S. [1] and 2012 in Europe [2]. TPMS is expected to
become one of the most popular electronic products in
vehicle applications, and the worldwide market volume is
expected to exceed $3.0 billion by 2017 [3]. 

TPMS is usually composed of a pressure and temper-
ature sensor, a RF transmitter and a power source. Chemical
batteries, the widely used power source for TPMS, have
several drawbacks, such as low durability and inferior
sustainability [4] – batteries normally last for 7 to 10
years (less than 13 years or 200,000 km life of a vehicle),
which are not sufficient, especially when vehicle makers

are concerned with warranty costs [5]. Recently, there have
been significant studies for an energy harvester [5, 6],
which scavenges ambient energy and provides it to a
TPMS, in order to overcome the limitations of battery
lifetime and enable a maintenance-free TPMS.

Piezoelectric or electromagnetic conversion principles
have been mainly considered to harvest the wasted energy
from the vehicle wheel (e.g., vibration from wheel rotation,
tire deformation) and store as electrical energy. For harvest-
ing vibration energy, most harvesters have a spring-mass
system of which the resonant frequency is tuned to the
excitation frequency. Researches on cantilever type piezo-
electric harvesters, one of the most actively studied designs,
are well summarized in [7, 8] and multiple applications to
TPMS are found in [9-11]. Mania et al. proposed an
impact-based energy harvester using piezoelectric materials
[12]. The embodied mass moves by centripetal force and
impacts the piezoelectric transducer to generate 4 mW at
800 rpm wheel rotation speed. Recently, the piezoelectric
nanowires are utilized to convert a piezoelectric potential
from tire deformation to the output power density at
around 70 μW/cm3 [13]. Most of the electromagnetic
harvesters with a cantilever beam are surveyed in [8, 14].
A relative motion by gravitational force between a
stationary magnet and the coil attached to the rotating
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wheel enables energy generation for a TPMS [15, 16].
Theuss et al. proposed a coil embodied inside the tire
where a voltage is induced with the magnetic fields
around it [17]. Hatipoglu and Ürey implemented an
electromagnetic energy harvester with a spiral FR4-made
spring for broadband response frequency utilization to
produce 40 μW with 15 m/s2 acceleration input [18]. A
similar type of energy harvester was proposed by Part
et al. [19]. They performed the design optimization for
the spiral spring shape to obtain low spring constant and a
target natural frequency for low level ambient vibration
harvesting. Wang et al. designed a well-weighted pendu-
lum type harvester which adjusts its natural frequency to
meet the wheel rotation frequency [20]. In-plane rotary
electromagnetic generators with spiral coils connected in
series are suggested by Holmes et al. [21], Pan and Wu
[22] and Liao et al. [23]. Other researches on piezo-
electric and electromagnetic harvesters can be found in
[24].

Durability is always an issue for the piezoelectric
harvester – piezoelectric ceramic material may easily fail
due to its brittleness, especially when placed on the
surface of the tire where high dynamic strain is observed.
Even though a piezoelectric fiber or an elastomer-type
material is used, the design for durability is still required
because a piezoelectric harvester inherently requires material
deformation. Electromagnetic harvesters are known to be
one of the most robust energy conversion methods for
utilizing the kinetic energy of vehicle wheels, particularly
when the high temperature/pressure environment inside
the tire is considered; the strength of neodymium magnet
is stable under Curie temperature (more than 300 oC) [25]
and the resistivity change of coil material (usually copper)
is minor inside the tire environment [26]. 

To overcome the aforementioned drawbacks of previous
energy harvesting devices, this paper proposes a new
design concept of an electromagnetic energy harvester for
TPMS. The proposed design does not require any material
deformation or contact behavior; thus, the concern on
mechanical failure is minimal. The details are explained
in the main body of this paper which is organized as
follows: the proposed conceptual design is explained in
Section 2, the prototype and the numerical/experimental
validation are included in Section 3, and the power
evaluation with the discussion on design improvement is
conducted in Section 4. 

2. Proposed Design of Energy Harvester

The proposed energy harvesting device captures kinetic
(rotational) energy and converts it into electrical energy

using electromagnetic induction through the coil strap
attached inside the wheel rim [27]. The overall design
concept is illustrated in Fig. 1. The rim is made of materials
with very low conductivity/permeability in order (i) not to
distort or weaken the magnetic fields to the coil and (ii) to
minimize eddy current generation. A permanent magnet is
placed on any stationary part around the wheel (e.g.,
brake caliper assembly). When the wheel rotates, relative
motion occurs between the strap and the magnet. The
electrical energy storage circuit is connected to the coil
strap to save electrical energy in a storage device (e.g.,
supercapacitor or rechargeable battery). Finally, the saved
energy is used to operate a TPMS module for pressure
measurement and wireless transmission. 

Fig. 2 displays the overall schematic of the proposed
design. The cylindrical coordinate system shown in Fig.
2(a) has a z-axis, defined as the direction into the paper.
On the outer surface of the brake caliper, the permanent
magnet is attached so that the magnetic flux lines stretch
along the θ-direction, as indicated with the dash dotted
lines. The dashed line indicates the coil strap attached on

Fig. 1. (Color online) Prospective view of the proposed har-
vester assembled in a vehicle: (a) rim with coil strap, (b)
brake caliper with magnet.

Fig. 2. (Color online) Design concept of the proposed
harvester: (a) side view of main components, (b) coil strap.



Journal of Magnetics, Vol. 18, No. 4, December 2013 − 475 −

the surface of the rim. Fig. 2(b) shows the perspective
view of the strap in which the coil wire is stretched along
the z-direction. When the wheel rotates along the θ-direc-
tion, electrical current flows along the negative z-direction
(out of the paper), according to Faraday's law of induction.

For the maximization of power generation, an innova-
tive design of the coil strap, including ferromagnetic sheet
layers, is provided. The details on the electromagnetic
induction in the coil strap are explained in Fig. 3, where
the strap approaches the south magnetic pole. Fig. 3(a)
and (b) show a part of the strap in the perspective and
side views, respectively. The coil strap consists of insulated
wire and sheet layers; in addition, the coil is wound
around the sheets. 

The role of the magnetic sheet is explained in Fig. 4.
The ferromagnetic sheet conducts magnetic flux lines
better than air (and most other materials). In a sense, they
capture the magnetic flux lines by providing a “path of
least resistance,” as shown on the right of Fig. 4 and
accordingly, the linkage flux of the coil strap increases. It
is known that aligning the sheet surface parallel (or nearly
parallel) to the orientation of the magnetic flux lines will
yield the least magnetic reluctance, as shown in Fig. 4
[28]. Consequently, the magnetic flux on the upper layer
of the wire (Fig. 3(b)) is minimized. It is noted that mag-
netic flux lines perpendicular to the sheet will not change
the path as they travel through the air, as shown on the
left of Fig. 4.

When the wheel rotates, electrical current is generated
along the negative z-direction in the lower part of the coil
(below the sheet layer, indicated as “lower layer” in Fig.

3). Additional sheet layers can be added in the coil strap
to reduce the reluctance of the magnetic system considered.

The voltage from the wire is rectified so that the AC
voltage signal is converted to DC voltage. Fig. 5 is the
arrangement for a charging circuit composed of a rectifier
and a capacitor in which the harvested energy is accumu-
lated.

3. Prototype Fabrication and Analysis on 
Voltage Generation

3.1. Prototype fabrication

The concept design of the harvester in Section 2 is
prototyped. To analyze and validate its performance, both
numerical and experimental methods are carried out. The
specification for the magnet and materials used are listed
in Table 1.

The experimental setup utilizing a bicycle is chosen to
simulate a vehicle wheel rotation, as shown in Fig. 6. For
easy measurement, the coil strap is placed on a stationary
position (e.g., bicycle frame) and the magnet is attached
on the rim. The gap between the magnet and the coil strap
is about 1 in (2.54 cm). A stainless steel plate (3.5 mm
thick) is placed between the coil and the wheel to investi-
gate the eddy current effect in the rim material. The
harvester prototype (coil strap) is shown in Fig. 7. Card-
board box papers are used for the intermediate noncon-
ductive layers. Relatively, thick papers are chosen for
easy insertion and subtraction of the sheet layers by hand
so that the effect of the sheet layers can be easily
examined. In a real implementation, a compactly designed
coil strap will be attached on a vehicle rim, as explained
in Section 2. The capacitance in Fig. 5 is chosen as 1,000
μF. 

3.2. Waveform Analysis

To record the output signal, the data acquisition board
(NI DAQCard-6024E [29]) with NI BNC-2120 connector
[30] and LabView 8.0 is used. Fig. 8 shows the waveform
of open circuit voltage (Voc), which is measured at terminal

Fig. 3. (Color online) Coil strap with sheet layer: (a) perspec-
tive view (b) side view.

Fig. 4. (Color online) Effect of magnetic sheet core.

Fig. 5. (Color online) Circuit diagram with rectifier and
capacitor.
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A-A' in Fig. 5 (without rectifier), when the wheel rotates
at 24.9 km/h (or 200 rpm) and three sheet layers are used.

The waveform can be divided into three phases, as
shown in Fig. 8, as the magnet passes the coil strap.
According to Faraday’s law, the induced voltage is pro-
portional to the time rate of linkage flux of the coil strap
(∂λ/∂τ). When the south pole approaches (Phase I in Fig.

Table 1. Material specification for the generator.

Part Subpart Item Value

Neodymium magnet
Size 10.16 × 2.54 × 1.27 cm3

Surface magnetic field 3424 G

Coil

Wire

Diameter 0.255 mm (30 AWG)

Length 60.96 m (around 800 turns)

Material Copper w/enamel coating

Sheet layer

Magnetic saturation 21400 G

Maximum permeability 4000

Thickness 0.254 mm

Intermediate nonconductive layer
Material Cardboard box paper

Thickness 3 mm

Fig. 6. (Color online) Experiment setup with bicycle. 

Fig. 7. (Color online) Coil strap with variable number for
sheet cores. 

Fig. 8. (Color online) Waveform of Voc. 

Fig. 9. (Color online) Waveform analysis.
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9), ∂λ/∂τ < 0, it produces negative voltage. In Phase II,
where ∂λ/∂τ becomes positive, the positive voltage is
generated because the south pole leaves and the north
pole approaches. In the case of Phase III, the north pole
leaves and ∂λ/∂τ becomes negative in order to generate
the negative voltage. 

3.3. Study on the sheet layer effect

The effect of the magnetic sheet core (shielding layer)
is thoroughly examined in this section. The number of the
layers is changed from 0 to 3; further, it also tests the two
rotating speeds of 97 and 200 rpm (12.1 and 24.9 km/h).
The experimental results are obtained, as in Fig. 10, which
shows larger Voc amplitude with the increased number of
layers. 

The test has been performed repeatedly and the peak
value of Voc has been observed, as shown in Table 2 and
Fig. 11, which show the monotonic increase of Voc as the
number of sheet layers increases. When a cubic poly-
nomial curve fitting is attempted for the data presented in
Table 2, 

Voc = −0.045x
3 + 0.414x

2 + 0.326x + 0.377  (1)

for the low speed (SSE, sum of square error = 2.28 × 10−30)
and

Voc = −0.031x
3 + 0.554x

2 + 0.829x + 0.731   (2)

for the high speed (SSE = 1.59 × 10−30), where x is the
number of sheet layers. In both cases, strong quad-
ratic behaviors are observed (Voc increases in a quadratic
order as the number of layers increases). However, it can
be assumed that the effect of the sheet layers will be
saturated if a larger number of sheets is attempted, which
remains as future work.

To investigate the layer effect, a three-dimensional finite
element model of the prototype is constructed in Fig. 12.
While taking into account the nonlinear property of the

Fig. 10. (Color online) Waveform of Voc with different number of sheet layers.

Table 2. Open circuit voltage measurement and FEM analysis.

Number of layers 0 1 2 3

Low speeda 

(12.1 km/h)

Mean (Voc) 0.38 1.07 2.33 3.87

Standard deviation (Voc) 0.02 0.05 0.17 0.47

Number of peaks 75 75 81 78

FEM (Voc) 0.32 0.98 2.09 3.45

High speedb 

(24.9 km/h)

Mean (Voc) 0.73 2.08 4.35 7.35

Standard deviation (Voc) 0.08 0.24 0.69 1.15

Number of peaks 158 113 150 158

FEM (Voc) 0.63 1.95 4.17 6.90

a97 rpm
b200 rpm



− 478 − Durable and Sustainable Strap Type Electromagnetic Harvester for TPMS… − Soobum Lee and Dong-Hun Kim

sheet layer, 753,991 tetrahedral elements are used with the
second-order interpolation function. For obtaining reliable
numerical solutions, a general-purpose analysis tool,
called MagNet VII, is utilized. As shown in Fig. 13, the
sheet layer plays a role in strengthen the linkage flux
between the magnet and the coil strap by providing the
path of least resistance. Table 2 and Fig. 11 also show the
simulation results, which have excellent agreement with
the experiment.

The effect of stainless steel plate is studied, as demon-
strated in Table 3. The test results show no significant
effect on the existence/nonexistence of the stainless plate,
which is found because of the relatively low conductivity
(7.20 × 10−7 Wm, 20 oC) and low magnetic susceptibility

(9.2~13.3 × 10−5); moreover, the generation of the eddy
current was minimal.

4. Power Evaluation

Voc generated from the proposed harvester does not
show a sinusoidal waveform. Thus, it is difficult to evaluate
the expected power analytically. The power can be experi-
mentally measured with a simple charging circuit, as
shown in Fig. 5. The accumulated voltage in the capacitor
is measured multiple times under the wheel speed at 24.9
km/h (200 rpm). The charging curve, shown in Fig. 14, is
composed of three parts: without capacitor (before charg-
ing), charging with capacitor and discharging after the
rotation stops. Once the capacitor is connected, the volt-
age increases and is saturated at around 4 to 4.5 V. Once
the human input is stopped through the crankshaft (around
12 seconds, as indicated by the arrow in the figure), the
wheel speed reduces and it slightly lowers the voltage
peak frequency and amplitude, simultaneously. Once the
wheel is enforcedly stopped, the voltage starts being dis-
charged from the capacitor.

The time-average power is calculated as 

,  (3)P = 1
T
---  ∫ V t( )I t( )dt

Fig. 11. (Color online) Effect of the number of sheet layers to
Voc.

Fig. 12. (Color online) Finite element model of the prototype
TPMS.

Fig. 13. (Color online) Arrow plots of magnetic flux density:
(a) air core, (b) three-sheet core.

Table 3. Rim material effect on open circuit voltage.

Maximum open circuit voltage (Voc)
With rim material Without rim material

Mean Standard deviation Mean Standard deviation

Low speed (8 km/h) 2.450 0.121 2.401 0.089

High speed (21 km/h) 6.506 0.074 6.299 0.176



Journal of Magnetics, Vol. 18, No. 4, December 2013 − 479 −

where T is the charging time, and V(t) and I(t) mean the
instantaneous capacitor voltage and current values, respec-
tively. The charging experiments have been carried out 6
times, as shown in Table 4, where a 1,000 μF capacitor
was used. The experimental result consistently yields
almost the same average power amount of 3.0 mW.

4.1. Discussion

A state-of-the-art TPMS module requires about 200-
250 μW for RF data transmission with a length of 100 bit
and a transmission rate of 10 Kbit/sec; however, the aver-
age power consumption for each datagram can be reduced
to 10-15 μW, particularly by reducing the power-down
current [6]. Thus, the experimental and numerical study
found that the current prototype sufficiently generates the
required power for TPMS. In a real implementation, how-
ever, the following design factors should be considered in
order to achieve design compactness while maintaining
power requirement. First, the strength of the magnetic
field will be affected by the choice of the magnet and the
gap between the magnet and coil. The magnet should be
chosen not to cause any malfunction of electronic systems

in a vehicle, and the gap must be determined to prevent
any possible structural interference between the brake
caliper and the wheel. Second, an improved coil winding
method or resizing/reshaping the strap needs to be con-
sidered in order to enlarge the coil fill factor. Third, ap-
propriate choice on the rim materials is required in order
to have excellent mechanical properties with low conduc-
tivity and low magnetic property. Stainless steel or titanium
can be an appropriate choice due to their relatively low
conductivity (high resistivity) and low magnetic suscepti-
bility, as proven in Session 3.3. New composite rim material
development is under way [29, 30], which will enable
successful commercialization of the proposed design with
no concerns on the eddy current issue.

5. Conclusion

A thin strap type energy harvester is proposed in this
paper for powering a tire pressure monitoring sensor (TPMS).
The unique design of the coil strap with the sheet layer
enables a sufficient voltage generation–power at about
3.0 mW is generated with three sheet layers when the
wheel rotates at 200 rpm (or 24.9 km/h), and larger power
generation is expected with more sheet layers and faster
rotating speed. 

The innovative design significantly enhances durability
because the proposed design does not require material
deformation or wear. Design improvement for the com-
pactness of the proposed harvester is still required. Addi-
tional verification study with an automobile under the
variable rotating speed will be performed to ensure sustain-
able power generation and excellent durability. In order to
ensure durability, possible design modification can be

Fig. 14. (Color online) Charging/discharging curve.

Table 4. Power measurement.

Trial Power (mW)

1 3.0

2 3.0

3 3.1

4 3.1

5 3.0

6 3.0

Mean 3.05
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made by including the shock absorbing layer (between
the rim and the harvester, or between the magnet and the
caliper).
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