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Energy Harvesting from the Human Body for Wearable and Mobile
Devices

Mingyi Liu
ABSTRACT

Wearable and mobile devices are an important part of our daily life. Most of those
devices are powered by batteries. The limited life span of batteries constitutes a
limitation, especially in a multiple-day expedition, where electrical power can not
access conveniently. At the same time, there is a huge amount of energy stored in
the human body. While walking, there is a large amount of power dissipated in the
human body as negative muscle work and the energy loss by impact. By sourcing lo-
cally and using locally, human body energy harvesting is a promising solution. This
dissertation focuses on harvesting energy from the human body to power wearable
and mobile devices while poses a minimum burden on the human body. Three topics
related to the human body energy harvesting are explored, i.e, energy harvesting
backpack, negative muscle work harvester, and energy harvesting tile/paver. The
energy harvesting backpack was invented in 2006. Extensive work was done to im-
prove the performance of backpack energy harvester. The backpack is modeled as a
spring-mass-damper system. Mechanical Motion Rectifier was added to the spring-
mass-damper system to increase the frequency bandwidth. A spring is added to
the spring-mass-damper system, between the harvester and the backpack mass, and
a inerter-based 2DOF (degree-of-freedom) backpack is created. The inerter-based
2DOF backpack improves the power output, frequency bandwidth, and power stroke
ratio performance. MMR was added to the inerter-based 2DOF backpack to reduce
the peak stroke. Compared with the conventional spring-mass-damper backpack, the
MMR and inerter-based 2DOF backpack can harvest more power with large band-
width at a small sacrifice of stroke. The electric damping was also tuned to increase
the power output and bandwidth for the energy harvesting backpack. The nega-
tive work harvester mounts on the human ankle and harvests energy in the terminal
stance phase in human walking, when the calf muscle is doing negative muscle work.
This harvester is an analogy to regenerative brake in vehicles. The energy harvest-
ing paver/tile harvests energy when the heel contacts with ground and energy are
dissipated by impact.

Keywords: energy harvesting, human body, backpack, negative muscle work, ankle
energy harvester, energy harvesting tile/paver



Energy Harvesting from the Human Body for Wearable and Mobile
Devices

Mingyi Liu
GENERAL AUDIENCE ABSTRACT

Wearable and mobile devices are an important part of our daily life. Most of those
devices are powered by batteries. The limited life span of batteries constitutes a
limitation, especially in a multiple-day expedition, where electrical power can not
access conveniently. At the same time, there is a huge amount of energy stored in
the human body. While walking, there is a large amount of power dissipated in the
human body as negative muscle work and the energy loss by impact. By sourcing
locally and using locally, human body energy harvesting is a promising solution.
This dissertation focuses on harvesting energy from the human body to power wear-
able and mobile devices while minimize burden on the human body. Three topics
related to the human body energy harvesting are explored, i.e, energy harvesting
backpack, negative muscle work harvester, and energy harvesting tile/paver. The
energy harvesting backpack was invented in 2006. Extensive work was done to im-
prove the performance of backpack energy harvester. Innovation mechanical design
was done in this dissertation to make the energy harvesting backpack perform well
in various walking speeds. At the same time, the backpack oscillation stroke is also
limited. A ankle energy harvester was designed and harvests negative muscle work.
This harvester is an analogy to regenerative brake in vehicles. The energy harvest-
ing paver/tile harvests energy when the heel contacts with ground and energy are
dissipated by impact.

Keywords: energy harvesting, human body, backpack, negative muscle work, ankle
energy harvester, energy harvesting tile/paver
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Chapter 1

Introduction

1.1 Background

Energy harvesting can power distributed sensor nodes, recharge batteries, improve
system efficiency, and even enable net zero systems [10]. Energy harvesting from
the human body can power wearable and mobile systems and thus has the potential
to reduce the dependence on batteries or even replace batteries [1]. The wearable
and mobile devices can be smartphone, laptop, tablet, GPS, smartwatch, virtual
reality device, smart clothes, torchlight, night-vision device et al. Almost all of those
devices depend on batteries for power. Batteries have limited life span and need to
be replaced or recharged frequenctly. This will get the wearer tethered to an energy
source or having to carry a huge battery pack for a multi-day expedition. In this
wireless era, the last thing that tethers human is the power supplement.

The amount of energy needed by those electronic devices is low to the milli-watt level
and is continuing to decrease due to the development of electronics technology[11].
On the other hand, the energy stored in the human body is huge, roughly equal to
1000 kg of battery [12]. The human energy expenditure is on the scale of hundreds
of watts [13], which is huge compared with the energy expenditure of wearable and
mobile devices. The assumption here is that if only a very small amount of that
power can be harvested, it would be enough to power wearable and mobile devices.
What’s more, by energy harvesting from the human body for electronic devices, the
energy can be sourced locally and used locally. The above-mentioned facts combined
make the energy harvesting from the human body very promising.

1



Mingyi Liu Chapter 1. Introduction 2

It is important to understand the human body before doing any energy harvest-
ing. As if the energy harvesting poses a burden to the human body, it will not be
welcomed and will be considered as an energy conversion device instead of energy
harvesting device. One example is the hand cranked generator. More energy can be
obtained as long as the generator is cranked. However, the time and effort that has
to be put in to generate energy make it less than welcoming. Another drawback of
the hand-crank generator is the energy harvesting process occupies the user. The
user can not do other activities while harvesting energy, such as surfing the Internet
or texting message. The goal of the energy harvesting devices developed in this dis-
sertation is to
1. Do not require extra metabolic cost for energy harvesting;
2. Do not occupy the user while harvesting energy.

Looking into the human walking, we will find out that typically human consisted of
repeated cycles and each cycle follows certain phases as illustrated in Figure 1.1.

Heel contactToe-off

(A) (B) (C)

0 37Time (% stride period)

Terminal stanceMid-stance

(D) (E) (F)

66 89

swing stance

Toe-off

100

(A)
Swing

Figure 1.1: Difference phases in a typical human walking cycle. This figure is pro-
cessed from video purchased from third party.

From Figure 1.1, the human walks in cycles, i.e. start with phase A and ends with
phase A. We move around by repeating those cycles. Unlike the simple spring-
mass model, where potential energy and kinetic energy are transformed back and
forth in a cycle, human walking requires energy and the energy will not come back.
Theoretically, constant speed human walking on level ground should not require
power input, as the potential energy and kinetic energy at the end of the walking
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cycle does not change compared with the start of the cycle. The energy dissipated
in air drag and joint friction is neglectable compared with the energy required for
walking [18]. The energy that was consumed in human walking, in this sense, is
wasted. The positive work done by the muscles is almost all counteracted by the
impact energy loss and negative muscle work. For every watt of positive work done
by the muscles, the muscles will have to do 0.7 watts of negative work, and 0.3 watts
of the power is dissipated by impact, and mostly in the heel contact [19]. One fact
that needs to be noticed is that both positive muscle work and negative muscle work
requires metabolic cost [20]. It would be a win-win situation if the negative muscle
work can be harvested. Substantial energy can be harvested while the muscle that
is supposed to do negative work can catch a rest. This is similar to the regenerative
brake in vehicle systems.

By analyzing the energy flow in each phase, one will find not only positive muscle
work but also negative muscle work is done in order to maintain normal human
walking, as illustrated in Figure 1.2. As both positive muscle work and negative
muscle work consume metabolic power, it is worthwhile to harvest negative muscle
power while putting the corresponding muscles at rest. Harvesting negative muscle
work can potentially decrease the human effort and decrease metabolic rate.

The human center of mass undergos a vertical motion due to the transition between
the single stance and double stance phase. From the human model, the COM at
single stance will be higher than the COM at double stance by 5 cm. It takes effort
not only to move the COM up and but it also take energy to move it down. What’s
more, the conventional backpack moves up and down with the COM and more effort
will be required. The energy harvesting backpack, as illustrated in Figure 1.3 , is
invented by Rome et al. [4]. It takes advantage of the COM motion and harvests
7.4 W of power while only a relative small metabolic rate increase was observed.

Among all the energy harvesting methods from the human body, such as thermal
[14], piezoelectric [15], electromagnetic [4], triboelectric [16], electromagnetic energy
harvesting is the most promising in terms of the amount of power harvested, effi-
ciency, and power density [4][17]. Especially for rotational electromagnetic generator,
the energy density can be increased by the using of gearbox and used extensively
[17]. The electromagnetic generator is modeled as an inerter term me and a damping
term ce.

The energy harvesting backpack is modeled as a spring-mass-damper system with
human torso motion as base excitation. As illustrated in Figure 1.4.
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walking (Table 2). We used these findings to estimate
the total work and the negative work performed during
a gait cycle at the hip, knee, and ankle joints.
For an 80-kg person walking at normal speed, the

joint work for each step is calculated by using the fol-
lowing equation:

Work
step

= Weight × [∣∣phase1
∣∣ +

∣∣phase2
∣∣ + ... +

∣∣phasen
∣∣] , (5)

where the phases used for each joint calculation are
based on the findings of Winter et al. [20], and the units
are J/step.

Energy calculation for the ankle

Wtotal = 80 × [|−0.0074| + |0.0036| + |−0.111| + |0.296|]
= 33.44

J
step

Wnegative = 80 × [−0.0074 − 0.111] = −9.47
J

step
Wnegative

Wtotal
=

9.47
33.44

= 28.3%

Thus, the total energy is 33.4 J, and the negative por-
tion is 9.7 J.

Energy calculation for the knee

Etotal = 80 × [|−0.048| + |0.0186| + |−0.047| + |−0.114|]
= 18.2

J
step

Enegative = 80 × [−0.048 − 0.047 − 0.114]

= −16.72
J

step
Enegative

Etotal
=

16.72
18.2

= 91.9%

Thus, the total energy is 18.2 J, and the negative por-
tion is 16.7 J.
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Figure 2 Typical kinematics and kinetics during a walking cycle. (subject mass = 58 kg, speed 1.3 m/s; cycle frequency 0.9 Hz. In data from
[8]: zero ankle angle is defined as 90° between the shank and the foot; zero knee angle is full extension of the knee (straight leg); zero hip
angle is with the thigh at 90° with the ground.

Table 2 Work performed at the leg joints during a
walking step normalized by the subject’s mass.

work during the
phase (J/kg)

average
(J/kg)

standard deviation
(J/kg)

Ankle A-1 -0.0074 0.0072

Ankle A-2 0.0036 0.0046

Ankle A-3 -0.111 0.042

Ankle A-4 0.296 0.051

Knee K-1 -0.048 0.032

Knee K-2 0.0186 0.026

Knee K-3 -0.047 0.015

Knee K-4 -0.114 0.015

Hip H-1 0.103 0.047

Hip H-2 -0.044 0.029

Hip H-3 0.090 0.027

A1-4 are phases of work that are performed in the ankle joint, K1-4 are
phases for the knee, and H1-3 are for the hip joint. Work represents the net
summation of work at the joint muscles [20], and negative values represent
negative work.

Riemer and Shapiro Journal of NeuroEngineering and Rehabilitation 2011, 8:22
http://www.jneuroengrehab.com/content/8/1/22

Page 5 of 13

Figure 1.2: Angular motion, velocity, torque, and power in each segment in typical
human walking. Modified based on [1] under Creative Commons Attribution License
and with open access.
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sible location: the shoe. Such Bheel-strike[
devices, however, have permitted only small

levels of electrical energy generation (10 to

20 mW) (2, 6). The primary reason for this

limitation is that on a hard surface, essentially

no mechanical work (force times distance) is

done at the foot/ground contact point, because

under normal circumstances the point of verti-

cal force application does not move in the ver-

tical plane (that is, distance 0 È0).

Although one can make the shoe compliant

so that the foot moves a small distance because

of compression of the sole and heel (7), this is

problematic because increasing compliance

leads to declining maneuverability and stabil-

ity. Although considerable effort has gone into

developing exotic energy-generating technolo-

gies for shoe devices (8), the small magnitude

of the mechanical energy source remains a

limitation.

We recognized that the vertical movement

of a heavy load in the gravitational field during

walking represents a heretofore untapped

source of mechanical energy and a potential

opportunity to generate substantial levels of

electricity. During walking, a person moves like

an inverted pendulum (4, 5, 9): One foot is put

down and then the body vaults over it, causing

the hip to move up and down by 4 to 7 cm

(10) (Fig. 1). Thus, if one is carrying a load in

a backpack, because it is fixed to the body, it

has to go up and down the same vertical

distance (Fig. 1). A considerable amount of

mechanical energy must be transferred (or gen-

erated de novo by the muscles) if the load is

heavy. In the case of a 36-kg load, 18 J of me-

chanical energy transfer (or work) accompanies

each step (assuming 5 cm displacement), and at

two steps sj1, this is equivalent to 35 W. Al-

though this represents a large potential source of

mechanical energy, it is also inaccessible if the

load is rigidly attached to the body. We rea-

soned that decoupling the load from the body

would allow the differential movement (be-

tween the load and the body) necessary for

mechanical energy extraction and ultimately

electricity production. We therefore designed

a device, the suspended-load backpack (Fig.

2), that could be interposed between the body

and the load, resulting in differential move-

ment (Fig. 2) and the potential for generating

a considerable amount of electrical energy.

Figure 3 shows the displacement and elec-

trical output from the generator of a person

walking with a 38-kg load (11). In this trial, the

relative movement of the load with respect to

the pack frame was approximately 4.5 cm (top

panel). The linear velocity of the rack, in turn,

drove the generator (a 25:1 geared dc motor)

up to È5000 rpm. The middle panel shows the

voltage output of the generator. In these exper-

iments, the output of the generator ran through

a fixed Bload[ resistor (25 ohms), and hence

the electrical power, calculated as voltage2/

resistance, is shown in the bottom panel. The

average electrical power in this trace is 5.6 W.

This determination of electrical power was

confirmed by joule heating experiments (11).

Six male participants walked at speeds

ranging from of 4.0 to 6.4 km hourj1 (2.5 to

4.0 mph) while carrying 20-, 29-, and 38-kg

loads in addition to the fixed portion of the

instrumented pack frame, which weighed 5.6

kg (12). Average electrical power increased

with walking speed and generally increased

with the weight of the load in the pack (Fig. 4).

Further, while walking up a 10% incline,

electrical power generation for a given load

and speed was equal to or greater than that on

the flat (13). The maximum electrical power

output obtained on the flat was 7.37 W (TSE 0
0.49, n 0 6 participants), or about 300 times

higher than previously published values gen-

Fig. 1. Humans use an inverted
pendulum mode of walking, in
which the hip traces out an arc
over an extended leg with a
vertical excursion (DH) of ap-
proximately 5 cm. A backpack
load rigidly attached to the body
would undergo the same vertical
excursion. This excursion drives
electricity generation.

Fig. 2. In the suspended-load backpack, the pack frame is fixed to the body, but the load, mounted
on the load plate, is suspended by springs (red) from the frame (blue) (A). During walking, the load
is free to ride up and down on bushings constrained to vertical rods (B) (11). Electricity generation
was accomplished by attaching a toothed rack to the load plate, which when moving up and down
during walking, meshed with a pinion gear mounted on a geared dc motor, functioning as a
generator, rigidly attached to the backpack frame.

R E P O R T S

9 SEPTEMBER 2005 VOL 309 SCIENCE www.sciencemag.org1726

Figure 1.3: Energy harvesting backpack by Rome et al. [4]
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Figure 1.4: Energy harvesting backpack model
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The equation of motion is

(m+me)z̈ + (cm + ce)ż + kz = −mÿ (1.1)

where m is the backpack mass, me is the equivalent mass of the generator rotor, cm
and ce are mechanical damping and electrical damping respectively. k is the spring
which hang the backpack mass. y is the torso movement in vertical direction, and
z is the relative displacement between the backpack and the human body. Power
output can be calculated from the equation of motion.

P =
m2ω6Y 2

2

ce
[k − (m+me)ω2]2 + (cm + ce)2ω2

(1.2)

Through frequency matching and impedance matching [21], the maximum power can
be obtained as

P =
m2ω6Y 2

16ξm
(1.3)

where ξm is the mechanical damping ratio, and ξm = cm
2mω0

. ω0 is the primary
frequency of human walking and equals to 2 Hz. The power performance is limited
by this 1DOF system. Much work is done in Chapter. 2, Chapter. 3, Chapter. 4 to
improve the performance of the backpack.

From Figure 1.2, negative muscle work is done in phase A1, A2, A3, K1, K3, K4,
and H2. Knee energy harvester [3] was invented to harvest the negative muscle work
in K4, as illustrated in Figure 1.5. K1 and K3 are the knee power while landing and
toe-off. There is negative muscle work in the hip in H2 but mounting harvester on
the hip is challenging, considering the trunk shape and the small angular motion in
the hip. The power in phase A1, A2 are too small to be collected.

At the same time, the center of mass (COM) moves up and down as the shift between
single stance and double stance phase. The COM potential energy is proportional
to the vertical position, i.e. height. The muscles are consuming metabolic energy
to not only move the COM up but also move it down. Not only the positive work
period but also the negative work period add metabolic cost to the human body.
It would be beneficial if part of the negative work can be replaced with an energy
harvesting device. In this way, power will be harvested while the metabolic rate
is reduced. During the A3 phase, the COM moves down and the calf muscle does
negative muscle work. Collins et al. [2] introduced a spring in parallel with the
calf muscle to assist the calf muscle to do the negative work. The energy stored in
the spring helps the calf muscle to do positive work in the toe-off phase. A 7.2%
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positive and negative muscle work require meta-
bolic energy (3). Coupling a generator to leg
motion would generate electricity throughout
each cycle, increasing the load on the muscles
during acceleration but assisting them during
deceleration (Fig. 1B). Although generating elec-
tricity during the acceleration phase would exact
a substantial metabolic cost, doing so during the
deceleration phase would not, resulting in a
lower COH than for conventional generation.
An even lower COH could be achieved by se-
lectively engaging the generator only during de-
celeration (Fig. 1C), similar to how regenerative
braking generates power while decelerating a
hybrid car (13). Here, “generative braking”
produces electricity without requiring addi-
tional positive muscle power (14). If imple-
mented effectively, metabolic cost could be
about the same as that for normal walking, so
energy would be harvested with no extra user
effort (15).

We developed a wearable, knee-mounted
prototype energy harvester to test the generative-
braking concept (Fig. 2). Although other joints
might suffice, we focused on the knee because
it performs mostly negative work during walk-
ing (16). The harvester comprises an orthopedic
knee brace configured so that knee motion drives
a gear train through a one-way clutch, trans-
mitting only knee extension motion at speeds
suitable for a dc brushless motor that serves as
the generator (17). For convenient testing, gen-
erated electrical power is then dissipated with
a load resistor rather than being used to charge
a battery. The device efficiency, defined as the
ratio of the electrical power output to the me-
chanical power input, was empirically esti-
mated to be no greater than 63%, yielding an
estimated COH for conventional generation of
6.4 (Eq. 2). A potentiometer senses knee angle,
which is fed back to a computer controlling a
relay switch in series with the load resistor,
allowing the electrical load to be selectively
disconnected in real time. For generative brak-
ing, we programmed the harvester to engage
only during the end of the swing phase (Fig. 3),
producing electrical power while simultaneously
assisting the knee flexor muscles in decelerat-
ing the knee. We compared this mode against a
continuous-generation mode that harvests en-
ergy whenever the knee is extending (18). We
could also manually disengage the clutch and
completely decouple the gear train and gen-
erator from knee motion. This disengaged
mode served as a control condition to estimate
the metabolic cost of carrying the harvester
mass, independent of the cost of generating
electricity.

Energy-harvesting performance was tested
on six male subjects who wore a device on each
leg while walking on a treadmill at 1.5 m s−1.
We estimated metabolic cost using a standard
respirometry system and measured the electrical
power output of the generator (Fig. 3C). In the
continuous-generation mode (Fig. 4A), subjects

generated 7.0 ± 0.7 W of electricity with an
insignificant 18 ± 24 W (P = 0.07) increase in
metabolic cost over that of the control con-
dition (19). In the generative-braking mode
(Fig. 4B), subjects generated 4.8 ± 0.8 W of

electricity with an insignificant 5 ± 21 W in-
crease in metabolic cost as compared with that
of the control condition (P = 0.6). For context,
this electricity is sufficient to power 10 typical
cell phones simultaneously (5). The results dem-

Fig. 1. Theoretical advan-
tages of generative braking
during cyclic motion, com-
paring the back-and-forth
motion of the knee joint
without power generation
(A) against a generator oper-
ating continuously (B) and
against a generator operat-
ing only during braking (C).
Each column of plots shows
the rate of work performed
by muscles (work rate) and
the electricity (elect. power)
generated over time, as well
as the average metabolic
power expended by the hu-
man and the resulting aver-
age electrical power (ave.
power bar graphs). In (B) and
(C), work rate is compared
against that for (A), denoted
by dashed lines, and average
power is shown as the dif-
ference (D ave. power) with
respect to (A). COH is defined
as the ratio of the electrical
to metabolic D ave. powers.
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Fig. 2. Biomechanical energy harvester. (A) The device has an aluminum chassis (green) and generator
(blue) mounted on a customized orthopedic knee brace (red), totaling 1.6-kg mass, with one worn on
each leg. (B) The chassis contains a gear train that converts low velocity and high torque at the knee into
high velocity and low torque for the generator, with a one-way roller clutch that allows for selective
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The schematic diagram shows how a computer-controlled feedback system determines when to generate
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Generated power is dissipated in resistors. Rg, generator internal resistance; RL, output load resistance;
E(t), generated voltage.
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Figure 1.5: Knee energy harvester that harvests energy uses minimum effort by
Donelan et al. [3]

decrease in metabolic rate is experienced compared with the normal human walking.
In energy point of view, they harvested some energy in the form of spring potential
energy. The energy is used right away in the toe-off phase. In Chapter 5, a negative
muscle work device that only harvest negative calf muscle work is described in detail.

Different from harvesting negative muscle work, another way is to harvest impact
energy. The most promising is the foot fall energy. Energy can be harvested by
taking advantage of the relative displacement in the shoe, or in the paver. If the
relative deflection is small enough, the influence on the human body is negligible.
As the foot step force is large, substantial power can be harvested. In Chapter 6, an
energy harvesting tile is described in detail.

1.2 Objective and contribution of this dissertation

The objective and contribution of this dissertation is as follows.

Objectives

1. Improve the performance of the current energy harvesting backpack in terms of
power output, frequency bandwidth, stroke control. Figure out scientifically how
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LETTER
doi:10.1038/nature14288

Reducing the energy cost of human walking using an
unpowered exoskeleton
Steven H. Collins1*, M. Bruce Wiggin2* & Gregory S. Sawicki2*

With efficiencies derived from evolution, growth and learning, humans
are very well-tuned for locomotion1. Metabolic energy used during
walking can be partly replaced by power input from an exoskeleton2,
but is it possible to reduce metabolic rate without providing an addi-
tional energy source? This would require an improvement in the
efficiency of the human–machine system as a whole, and would be
remarkable given the apparent optimality of human gait. Here we
show that the metabolic rate of human walking can be reduced by an
unpowered ankle exoskeleton. We built a lightweight elastic device
that acts in parallel with the user’s calf muscles, off-loading muscle
force and thereby reducing the metabolic energy consumed in con-
tractions. The device uses a mechanical clutch to hold a spring as it is
stretched and relaxed by ankle movements when the foot is on the
ground, helping to fulfil one function of the calf muscles and Achilles
tendon. Unlike muscles, however, the clutch sustains force passively.
The exoskeleton consumes no chemical or electrical energy and deli-
vers no net positive mechanical work, yet reduces the metabolic cost
of walking by 7.2 6 2.6% for healthy human users under natural
conditions, comparable to savings with powered devices. Improving
upon walking economy in this way is analogous to altering the struc-
ture of the body such that it is more energy-effective at walking. While
strong natural pressures have already shaped human locomotion,
improvements in efficiency are still possible. Much remains to be
learned about this seemingly simple behaviour.

Humans are skilled walkers. Over generations, our bodies have evolved
muscular1, skeletal3 and neural4 systems well-suited to locomotion. We
learn and embed walking coordination strategies over our lifetimes5

and adapt to new locomotor environments in minutes or seconds6. We
take about 10,000 steps per day7, or hundreds of millions of steps in a
lifetime, exceeding the approximately 10,000 h of practice thought to
be needed to attain expertise8 by adulthood. We naturally keep energy
expenditure low during walking, choosing, for example, step length9

and even arm motions10 that minimize energy cost. Nearly any change
to the human musculoskeletal system or its pattern of coordination
increases metabolic rate. Despite this skill and efficiency, getting about
is still expensive. People expend more energy during walking than any
other activity of daily life11, and fatigue can limit mobility. Herein lies
the challenge: reducing the effort of normal walking could garner sub-
stantial benefits, but humans are already so energy-effective that mak-
ing improvements is extremely difficult.

Since at least the 1890s12, engineers have designed machines intended
to make walking easier13–15. A survey of these designs can be found in
the Supplementary Discussion. It is only recently that any attempt at
reducing the energy cost of walking with an external device has met
with success. The first machine to do so used off-board pneumatic
pumps and valves to replace human joint work with exoskeleton work2,
overcoming the surprisingly tricky challenge of coordinating assistance
with the human neuromuscular system. More recently still, a powered
and untethered device using similar control strategies succeeded in

reducing energy cost16, overcoming the additional challenge of auto-
nomous packaging.

Reducing the energy cost of walking with an unpowered device requires
a different approach. Instead of adding a robotic energy source to replace
metabolic sources, one must, in a sense, change the human body such
that it is more efficient at locomotion (Extended Data Fig. 1). For the
task of carrying heavy loads while walking, such improvements have
been demonstrated using a spring-mounted backpack17 and by train-
ing people to balance the weight on their head in just the right way18.
But is there room for a similar improvement in the already expert task
of normal walking?

The possibility of unpowered assistance is made more likely by the
fact that level walking at steady speed requires no power input in theory,
and therefore all energy used in this activity is, in a sense, wasted. Sim-
ulation models with spring-loaded legs illustrate this idea19; their springs
store and return energy during each step, but no mechanical work is done
by actuators, capitalizing on the fact that the kinetic and potential energy
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Figure 1 | Unpowered exoskeleton design. a, The exoskeleton comprises
rigid sections attached to the human shank and foot and hinged at the ankle.
A passive clutch mechanism and series spring act in parallel with the calf
muscles and Achilles tendon. b, Participant walking with the device. Load cells
measured spring force. c, The passive clutch mechanism has no electronics,
but instead uses a ratchet and pawl that mechanically engage the spring when
the foot is on the ground and disengage it when the foot is in the air.

*All authors contributed equally to this work.

1Department of Mechanical Engineering, Carnegie Mellon University, 5000 Forbes Avenue, Pittsburgh, Pennsylvania 15213, USA. 2Joint Department of Biomedical Engineering, North Carolina State
University and the University of North Carolina at Chapel Hill, 911 Oval Drive, Raleigh, North Carolina 27695, USA.

G2015 Macmillan Publishers Limited. All rights reserved

2 1 2 | N A T U R E | V O L 5 2 2 | 1 1 J U N E 2 0 1 5

Figure 1.6: Passive device that reduce metabolic cost of human walking Sawicki et
al. [2]
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and why those methods can improve the performance.

2. Build an energy harvester that can harvest negative muscle work from human
body. Come up with a clear model to guide the harvester design. Come up with a
evaluation matrix for the harvester design. Explain the design concerns, and explain
the mechanism behind the harvester design.

3. Build an energy harvester that can harvest impact energy from human walking.
Come up with a clear model to guide the design. Explain the parameter choice and
dig into the scientific contribution of the modeling.

Contributions

1. The inertia term me introduced by the electromagnetic generator makes the
frequency bandwidth of the energy harvesting system narrow, as it sits in the de-

nominator term of the power output (i.e. P = (m
2ω6Y 2)

2
ce

([k−(m+me)ω2]2+(cm+ce)2ω2 , me

decreases P ). The use of Mechanical Motion Rectifier (MMR) makes the generator
rotates in one direction instead of rotating back-and-forth, thus decrease the inertia
term and increase the frequency bandwidth.

2. Although the bandwidth is increased, the power optimization hit a limit since the
parameter space is limited (as it is SDOF system and only has one-degree-of-freedom
and one resonance). One more spring is added and by taking advantage of the inerter
in the generator, a large equivalent mass can be achieved by using a small physical
mass. In this way, one more degree of freedom is obtained, and thus having two
resonance frequencies instead of one. Large power can be obtained by tuning the
two resonance frequencies around the target frequency. This leads to more power
output and thus the benefits of the 2DOF system are obtained without adding a
large physical mass.

3. Although large power can be obtained by adding a spring, the peak stroke in
the frequency domain is also relatively large. Large stroke is not good for energy
harvesting backpack. By analyzing the parameters, we find out that the decrease of
me will result in a much flat stroke response in the frequency domain. By adding
MMR to the 2DOF system, the effect of me is decreased and the stroke response is
frequency domain is much more flat. This result in a small peak stroke.

4. A harvester is designed to harvest negative work from human walking while does
not impede normal human gait. This is the first harvester designed on the ankle to
harvest negative work with experiment validation. Pilot experiments (with the hu-
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man participant as the first author himself) show that the device harvests 0.3±0.05W
of power and works at the muscle negative work phase, and is trying to assist the
muscle. A model of the harvester is built to guide the harvester design.

5. Designed an energy harvesting tile/paver that can harvest the impact energy in
human walking. The system harvests the most power while the effect on normal
human walking is controlled. The modeling of the human foot and the harvester
is built. The modeling points out how and why more power can be harvested by
parameter tuning. The modeling is validated by experiment.

1.3 Dissertation organization

This dissertation is organized as follows. In Chapter 2, MMR based energy harvesting
backpack is described in detail. Broader bandwidth is obtained compared with the
system without MMR. In Chapter 3, a spring is added between the harvester and the
base of the energy harvesting backpack. By taking advantage of the generator rotor
inerter, two-degree-of-freedom system is constructed without adding any physical
mass. After optimization, more power is harvested at a broader bandwidth. In
Chapter 4, MMR is added to the 2DOF backpack such that enhanced performance
is obtained. Peak stroke in the working frequency range is reduced compared with
the inerter-based-2DOF system. The overall performance is much better than the
SDOF backpack while the peak stroke is increased by a small percent. In Chapter 5,
an energy harvester that only harvests negative muscle work from the human body
is presented in detail. In Chapter 6, an energy harvesting tile/paver was introduced
in detail. A flywheel is added to the generator to harvest more power. Modeling and
optimization were done to take full advantage of the flywheel.



Chapter 2

Mechanical Motion Rectify based
Energy Harvesting Backpack

2.1 Chapter introduction

Energy harvesting technologies have a wide range of applications, including powering
distributed wireless sensors, recharging batteries, and powering embedded devices
[10]. The energy sources can be light, heat, vibration, radiation, etc. Vibration
energy is ubiquitous and can be found in both small and large scale. Therefore,
vibration energy becomes a good source for energy harvesting [17]. Typical vibra-
tion energy-harvesting models can be found in [21] [22]. From analyzing the model,
the optimal power output is obtained by the resonance frequency tuning and load
matching method, where the undamped natural frequency and equivalent electrical
damping of the system are tuned identical to the excitation frequency and mechan-
ical damping respectively [21]. As most of the excitation in real applications have
time-varying frequency, broad frequency bandwidth feature is important for energy
harvesting systems [23] [24]. Take the energy harvesting backpack [4] as an exam-
ple. The energy harvesting backpack is tuned to have optimal power output at a
certain walking frequency or frequency range. However, human walking and running
frequencies vary from 1.7Hz to 4.2Hz [25]. That means the walking and running
frequencies can easily shift back and forth by 50% when the resonance frequency of
the backpack is tuned at 2.8Hz. The energy harvesting performance will suffer as the
excitation frequency deviates from the resonance frequency [24]. Significant progress
has been made in broadening frequency bandwidth by resonance frequency tuning

11
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[26], mono-stable nonlinear systems [27] [28], bi-stable nonlinear systems [29], passive
resonance frequency self-tuning [30], energy harvesting with piecewise linear spring
[31], and energy harvesting arrays [32] [33]. The electromagnetic generator can be
linear [34] and rotational [35] [36]. Compared with the rotational generator, linear
generator has a low specific power, which makes it large in both size and weight to
achieve desired specific power [34]. On the other hand, with the help of gearbox, the
rotational generator can achieve high specific power with a relatively small size [37].
However, the gearbox will not only increase the specific power, but also the rota-
tional inertia of the generator rotor. In this regard, the generator rotor is considered
as an inerter and its equivalent mass is proportional to the square of the gear ratio
[38], which is also known as inertance. An inerter is a two-terminal device in which
the forces applied at the terminals are equal, opposite, and proportional to a relative
acceleration between the nodes [38]. As a result, the inerter cannot be neglected in
many large-scale energy-harvesting systems [39] [40] [41] [42]. With all the efforts
the researchers have done to increase the frequency bandwidth, however, we found
out that the frequency bandwidth becomes narrow as the inertance increases. In this
way, the use of gearbox causes a trade-off between power density and bandwidth.
In many situations, the gearbox has to be used due to design considerations, such
as size limitation and power output requirement [43]. It is critical to find a way
to increase the bandwidth of the rotational electromagnetic generator based energy
harvesting system. In striving for increasing bandwidth of energy harvesting system,
most researchers consider only spring nonlinearity [29] [26] [27] [28] [30] [31] [32]
[33]. Few researchers consider the nonlinearity of mass, and the influence of mass
nonlinearity on energy harvesting performance is unclear. In the literature, a type
of mass nonlinearity can be achieved by means of Mechanical Motion Rectification
(MMR). MMR is a mechanical transmission concept proposed for energy harvesting
systems by Zuo et al. [44] and Pourghodrat [45]. By using two sets of opposing
one-way clutches embedded bearings, MMR can transmit bidirectional oscillations
into unidirectional rotation of the generator. Furthermore, due to engagement and
disengagement between the shaft and one-way bearings, the inertia of the system
alternatively becomes large and small, resulting in piecewise linear inertia. With
the inertia nonlinearity, MMR based systems can have broadband energy harvesting
performance [41] [46]. With MMR integrated into an energy-harvesting pendulum,
for example, the bandwidth is larger than that of the counterpart without MMR,
and the output power at high frequencies is much higher [41]. In ocean wave energy
harvesting, MMR based systems harvest more power compared with systems with-
out MMR under the same excitation [46]. In addition to broad bandwidth, MMR is
able to improve both the ride comfort and road handling in vehicle shock absorber
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designs [47]. With the potential to increase the bandwidth of energy harvesting
systems, however, the role of MMR in vibration energy harvesting systems has not
been systematically investigated. To find out the influence of the inerter on energy
harvesting performance, a single-degree-freedom base excited model is considered.
The influence of the inerter on energy harvesting is analyzed. MMR is considered in
this paper to increase the bandwidth of rotational electromagnetic generator based
energy harvesting systems. An MMR based energy harvesting system model is built.
The influence of MMR on energy performance is simulated and compared with the
counterpart without MMR (referred to as non-MMR system hereinafter. It is the
conventional linear energy harvesting system.). Broad bandwidth of the MMR based
energy harvester is presented with simulation and verified with experiments. It turns
out that by adding MMR to the energy harvesting system, the influence of the inerter
on bandwidth is reduced. In the MMR based system, the frequency response band-
width of the system is much broader than the counterpart without MMR. For the
same base excitation, MMR based system and non-MMR based system can obtain
the same optimal power output at a primary excitation frequency. However, in the
MMR based system, the force transmitted from the harvester is decreased compared
to the non-MMR based system. For the MMR system with constant force amplitude,
the bandwidth is much broader compared with the counterpart without MMR. The
rest of this paper is organized as follows. In Sec. 2, the rotational electromagnetic
generator-based energy harvesting system model will be built. Base excitation with
constant displacement amplitude will be considered first. The influence of rotational
inertia on energy harvesting performance will be discussed. The working principle,
design, and modeling of the MMR based energy harvesting system will be described
in Sec 3. To facilitate simulation, the system will be converted into the electrical
domain by the analog of components and will be subsequently modeled using equiv-
alent electric circuits. In Sec. 4, the simulation will be conducted based on the
equivalent circuit model. The broadband feature of the MMR based energy har-
vester will be discussed. In Sec. 5, the experimental setup will be described and the
experiment test results will be presented. The broadband feature will be validated.
The simulation results will also show that the force transmitted to the base decreases
after MMR is added. The simulation results will be verified by experiments. Force
excitation with constant force amplitude will be discussed and a comparison will be
made between the MMR and non-MMR system in Sec. 6. Finally, this work will be
concluded in Sec. 7.
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2.2 Influence of inerter on energy harvesting per-

formance

Rotational electromagnetic generators are widely used in large-scale energy harvest-
ing systems [17]. In this paper, the electromagnetic generator is modeled as a damp-
ing term in conventional vibration energy-harvesting systems [21] [22]. The generator
rotor is considered as an inerter which is a two-node device that generates a resistant
force proportional to the relative acceleration between the nodes and the propor-
tionality is known as inertance. The inerter cannot be neglected in many occasions
[36]. The modeling of the generator is introduced in the following part. A typical
rotational electromagnetic generator based harvester assembly is shown in Figure
2.1, where linear motion is transmitted to rotational motion (by rack-pinion, ball
screw, etc.). This motion is then magnified by a gearbox and transmitted to the
generator. The generator is typically mounted on the base and rack is connected to
a suspended mass. As there is rotational inertia torque and electromagnetic torque
from the generator, the force Fg on the harvester consists of both inertia force and
electromagnetic force.

generator
gearbox

rack
pinion

mounted 

on base

connect with 

primary mass

linear 

motion

Figure 2.1: Typical rotational electromagnetic generator assemble.

The rotational inertia torque τi produced by the generator is

τi = JgΩ (2.1)

where Jg is the rotational inertia of the generator rotor; Ω is the angular rotational
velocity of the generator and Ω̇ is the angular rotational acceleration. The rotational
torque is amplified by the gearbox and then transferred to linear force by rack-and-
pinion. Considering the pinion gear radius r and gearbox gear ratio n, the inertia
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force Fi transmitted to the rack is

Fi =
n

rτi
=

n2

r2Jgz
(2.2)

where z is the linear displacement of the rack, and ż = n
r
ω. The equivalent linear

mechanical inertia me of the inerter is

me =
n2

r2Jg
(2.3)

On the electrical side, the direct current (DC) generator can be modeled as a voltage
source with internal and external resistance. The lumped model is shown in Figure
2.2.

Ri

RoV=keΩ

+

-

i

Mechanical 

side
Electrical side: generator

τe=kti

L

Figure 2.2: Electrical modeling of the generator.

Voltage V produced by the generator is

V = keΩ (2.4)

where ke is the speed constant of the generator. Usually, the inductance of the
generator is small and can be neglected. According to Kirchhoff’s voltage law,

i =
keΩ

Ri +RL

(2.5)
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where Ri,RL are internal electrical resistance and external electrical resistance re-
spectively. The electromagnetic torque τe produced by the generator is then related
to the rotational speed as

τe = kti =
ktke

(Ri +RL)ω
(2.6)

where kt is the torque constant of the generator. After transmission by the gearbox,
the electromagnetic force Fe produced by the generator, and transmitted to the rack
is

Fe =
τgn

r
=

ktken
2

(Ri +RL)r2
z (2.7)

In this way, the force produced by the generator is proportional to the velocity of
the rack. The generator can be modeled as a viscous damping term with damping
coefficient defined as

ce =
ktken

2

(Ri +RL)r2
(2.8)

Considering both inertia force and electromagnetic force of the generator, all the
force produced by the generator Fg is

Fg = Fi + Fe = mez̈ + ceż (2.9)

This part of force is transmitted from the generator to the suspended mass via the
rack. Rotational electromagnetic generator-based energy harvesting system under
excitation with constant displacement amplitude Vibration excitation from the en-
vironments can be in many forms. In this section, base excitation with constant
displacement amplitude is considered. The lumped model is shown in Figure 2.3.

The system equation of motion is derived by Newton’s 2nd law and shown as follows

(m+me)z̈ + (cm + ce)ż + kz = −my (2.10)

where m and me are the suspended mass and equivalent mass of the inerter respec-
tively. z is the relative displacement between the base and the suspended mass. cm
is the mechanical damping. ce is the equivalent electrical damping. k is the stiffness
of the spring. Base excitation input is defined as y = Y sin(ωt), where Y is the
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m

k cm+ceme

y

z

Figure 2.3: Modeling of rotational electromagnetic generator based energy-harvesting
system under a base excitation with constant displacement amplitude.

amplitude and considered as constant. ω is the angular frequency of the excitation.
The solution of Eq. 2.10 leads to the relative displacement as

z =
mω2

k − (m+me)ω2 + jω(cm + ce)
y (2.11)

The average electrical power output is then found as

P =
1

2
ceż

2 =
1

2
ce

m2ω6Y 2

[k − (m+me)ω2]2 + (cm + ce)2ω2
(2.12)

In many energy situations, the excitation has a primary frequency, such as human
walking [48] and car vibration [49]. In order to harvest a maximum energy, the
resonance frequency of the vibration system should be tuned to match the primary
frequency. The primary frequency of excitation is denoted as ω0. The nondimen-
sionalized form of the electrical power output is

P =
P

mω3
0Y

2
=

ξeγ
6

(1 + µ)2(α2 − γ2)2 + 4(ξm + ξe)2γ2
(2.13)

where ωn is the undamped natural frequency and ωn =
√

k
m+me

, ξ = c
2mω0

, ω0 is the

primary frequency of the excitation, ω is excitation frequency, excitation frequency
ratio γ = ω

ω0
, spring ratio α = ωn

ω0
, and µ = me

m
is mass ratio. Intuitively speaking,
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the system should be tuned to perform best at the primary frequency, i.e. γ = ω
ω0

= 1.
The power output is

P (γ = 1) =
ξe

((1 + µ)2(1− α2)2 + 4(ξm + ξe)2
(2.14)

Optimal power output is obtained by varying the frequency ratio α and equivalent
electrical damping ratio ξe. Mathematically speaking, the necessary condition for a
local extremum of Eq. 2.14 is

∂Pγ=1

∂α
=
∂Pγ=1

∂ξe
= 0 (2.15)

The solution of Eq. 2.15 leads to the optimal parameters αopt and ξopte{
αopt = 1
ξopte = ξm

(2.16)

After plugging αopt and ξopte into Eq. 2.14, the optimal average power output at
primary frequency is obtained as

P opt(γ = 1) =
1

16ξm
(2.17)

From Eq. 2.17, the optimal power output at the primary frequency has nothing to
do with the quantity of inerter mass me. With the optimal power parameters αopt

and ξopte plugged into Eq. 2.13, the frequency response of power output is

P opt(γ) =
ξmγ

6

(1 + µ)2(1− γ2)2 + 16ξ2
mγ

2
(2.18)

Eq. 2.18 indicates that when the excitation frequency is equal to the undamped
natural frequency, i.e. γ = 1, the power output has nothing to do with the mass
ratio µ. However, as the excitation frequency ratio increases or decreases, the power
output changes. Let us define

q(µ) = (1 + µ)2(1− γ2)2 (2.19)
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After taking the partial derivative of Eq. 2.19 with respect to µ, it can be shown as

∂q(µ)

∂µ
= 2(1 + µ)(1− γ2)2 > 0 (2.20)

At the undamped natural frequency γ = 1, q(µ) = 0. However, at any point γ > 1 or
γ < 1, q(µ) will increase as the increase of µ, indicated by Eq. 2.20. This indicates
that as µ increases, the power output Eq. 2.18 at γ > 1 and γ < 1 will decrease
because Eq. 2.19 is at the denominator. This leads to a decrease of bandwidth.
In conclusion, the increase of the equivalent rotational mass me will result in a
narrow bandwidth. The mass ratio in literature [41] was found to be 0.82. The
energy harvesting backpack prototype built (shown in Figure 2.5) has a mass ratio
of 1.6. By adding a flywheel, the mass ratio becomes 3.6. Frequency response can
be obtained by plotting P̄ opt(γ) in Eq. (13) over frequency ratio γ. Here all three
mass ratio cases (µ = 0.82, 1.6, 3.6) are considered. A reasonable damping ratio of
0.25 is considered. The power frequency response is shown in Figure 2.4.
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Figure 2.4: The frequency response of rotational electromagnetic generator based
energy-harvesting system with different mass ratio µ. Mechanical damping ratio is
0.25.

Typically, the bandwidth of interest is defined as the frequency difference between the
two half-power points [50]. However, using the half-power bandwidth as a criterion
to measure harvester performance can be misleading [51]. The power output in
base-excited system with a large damping will not drop below the half-power as the
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driving frequency increases when ξcombined > 0.147, where ξcombined = ξm + ξe. The
proof can be found in the Appendix. This phenomenon is illustrated by the µ = 0.82
case in Figure 2.4. There is no half-power bandwidth in such case. To describe the
bandwidth in such situation, we look into the average power within an arbitrary
frequency range of interest (1− α, 1 + α).

P (µ, ξm) =

∫ 1+α

1−α

P (γ)

2α
dγ (2.21)

where α is the frequency range of interest, which can be defined by the intended
frequency range the harvester is aimed for. In our case, α = 0.25 is selected, to
consider frequency range of [0.75,1.25]. From this definition, P̄ of three different
mass ratio cases shown in Figure 2.4, i.e. µ=0.82, 1.6, 3.6, are 0.23, 0.2, and 0.14
respectively. In this sense, the bandwidth decreases as the increase of µ. As shown
in Figure 2.4, with the same damping ratio ξm, the system with different inerter
mass has the same optimal power output at the undamped natural frequency (when
γ = 1). However, the bandwidth decreases as the increase of inerter mass me.
Generator research and industry have tried the best to increase the power density
and decrease the inerter [43]. However, due to material and manufacture limit,
the generator rotational inertia cannot be eliminated. In other words, the analysis
presented in this section is important when designing the generator.

2.3 Concept, design, and modeling of MMR based

energy harvester

2.3.1 Concept and design

To increase the bandwidth of the rotational electromagnetic generator-based system,
MMR is considered. The MMR based energy harvester can be applied in many
different application scenarios. Here we take the energy harvesting backpack as
an example. Human walking results in a 4∼7 cm vertical center of mass motion
[52]. In the traditional backpack design, energy is wasted by making the backpack
oscillating up-and-down with the human body. To harvest this kinetic energy from
human walking, Rome et al. proposed the first suspended load energy harvesting
backpack [4]. The backpack is hanged on a frame, and the frame is attached to the
human torso. The motion of the backpack is guided by two linear guides on the
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frame, so its movement is strictly up and down motion relative to the frame. A
rack-pinion mechanism transforms the up and down motion to rotational motion.
The pinion gear is fixed to the frame while the rack is fixed to the backpack load.
The relative movement between the backpack and the frame drives the pinion gear
to rotate. The rotational motion drives the generator, and the energy is harvested.
To facilitate energy harvesting performance, MMR is introduced to transmit the
relative motion between the human body and backpack to unidirectional motion to
the generator. The detailed working principle of MMR can be found in [46]. The
MMR based energy harvester design is shown in Figure 2.5.
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Figure 2.5: Design and working principle of the MMR based energy harvesting back-
pack. (a) 3D view of backpack overall design; (b) detailed view of MMR based
transmission system; c) one-way bearing mechanism.

As shown in Figure 2.5 (b), there is a one-way bearing between the pinion gear and
the shaft. When the rotational velocity of the outer ring of the one-way bearing in
Figure 2.5(c) cannot catch up with the velocity of the inner ring, the one-way bearing
will engage the shaft. The one-way bearings in the two pinion gears are designed to
have engagement in opposite directions: gear A will engage the shaft in a counter-
clockwise rotation, and gear B will engage the shaft in a clockwise rotation. When
the rack moves down relative to the harvester, pinion gear A engages the shaft, and
pinion gear B does not, thus driving the shaft to rotate counter-clockwise. When
the rack moves up relative to the harvest, pinion gear B will engage and pinion gear
A will not engage. In this way, the racks drive the shaft to rotate counter-clockwise
too. Moreover, when the generator rotation velocity is high, both pinions gears
will disengage. In this way, the up-and-down motion decouples with the rotational
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motion. Therefore, with this design, no matter the backpack oscillates up or down,
the generator will always rotate in one direction. When the rack movement cannot
follow the rotation of the generator, both gears will disengage, and the generator will
continue to rotate due to the remaining kinetic energy. As the generator is a DC
generator, power is continuously harvested and the voltage is always positive. To
improve the power density, a gearbox is added to transfer and magnify the velocity
of rotation motion.

2.3.2 System modeling

Human walking results in a 4 7 cm vertical center of human body motion [52] and
can be treated as a base excitation to the energy harvesting backpack. The energy
harvesting backpack is modeled as a spring-mass-damper system. When the MMR
disengages, the generator rotor is not coupled with the backpack vibration. The
backpack vibration system is referred to as the primary system and the decoupled
generator is referred to as a secondary system. As the system switches from engaged
and disengaged state, the system damping is more complicated than the non-MMR
based system. To model the system with high fidelity, the friction of the backpack
frame Fr, damping of the engaged system cm, damping of the frame cf , damping of
the disengaged generator cg, and electrical damping ce are modeled and identified
respectively. Frame friction is always in the primary system. When the system
engages, frame damping cf , engaged mechanical damping cm, electric damping ce
and rotational equivalent inertia me are in the oscillation system (as shown in Figure
2.6 (a)). cm comes from the rack-pinion, gearbox, and the generator. When the
system disengages, the generator is not in the primary vibration system anymore.
This leaves the primary system only with backpack load m, spring k, frame friction
Fr and frame damping cf . The generator rotational equivalent mass me is then
disengaged. In the generator, rotational inertia equivalent mass me forms a first-
order system together with mechanical damping from generator cg and electrical
damping ce. The overall lumped backpack system modeling is shown in Figure 2.6.

The equation of motion is derived by Newton’s 2nd law and shown as follows.

{
(m+me)z̈ + (cm + ce + cf )ż + kz + Frsgn(ż) = −mÿ engaged
mz̈ + cf ż + kz + Frsgn(ż) = −mÿ disengaged

(2.22)

where the base is the human body and its position is denoted as y. When the MMR
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Figure 2.6: MMR based energy harvesting system modeling (a) engaged (b) dis-
engaged. Note that as the system engages and disengages, it becomes a nonlinear
system.

engages, the rotational velocity of the generator ω is proportional to the relative
velocity between the frame and the human body ż. The engagement and disengage-
ment make the system nonlinear. The system described in Eq. 2.22 is denoted the
full model. When the MMR disengages, there is only equivalent inertia mass me,
mechanical damping from generator cg, and electrical damping ce in the generator.
In this way, the generator follows an exponential decay until its velocity is small
enough to be caught by the relative velocity of between the base and suspended
mass again. The equation of motion of the generator during the disengaged state is

meω̇ = (cg + ce)ω (2.23)

In conclusion, the rotational velocity of the generator rotor is

{
Ω = nż

r
engaged

Ω = Ω0e
− t−t0

τ disengaged
(2.24)

Ω0 and t0 are the rotational velocity and time when the MMR system disengages. τ
is the time constant of the generator motor exponential decay rate, which is defined
as

τ =
me

cg + ce
(2.25)
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The threshold for engagement and disengagement is

{
engagement : ż > ω0r

n
e−

t−t0
τ

disengagement : ż < ω0r
n
e−

t−t0
τ

(2.26)

2.3.3 Equivalent Electrical Model

Since the MMR based energy harvesting system is nonlinear, closed-form solutions
cannot be obtained. Numerical simulation is needed to find out the response to ex-
citation. To facilitate simulation, the system is converted into the electrical domain
and modeled by using equivalent electric circuits. The one-way bearing can be mod-
eled as a diodes so that engagement and disengagement can subsequently be modeled
as on and off state of the diodes, respectively. The equivalent electrical model can
be found in [40] [37]. In their models, velocity in the mechanical domain corresponds
to current in the electrical domain. Engage and disengage threshold of the one-way
bearing is determined by velocity in the mechanical domain, so on and off state of
the diode is determined by the current in the electrical domain. However, in the
physical electrical system, on and off states of the diode is determined by voltage.
The electric models in [40] [37] cannot match the mechanical model perfectly. The
engage and disengage process cannot be explained. The problem emerges because
Kirchhoff’s voltage law is used to model the electrical system. In this paper, Kirch-
hoff’s current law is used to match the mechanical domain to the electrical domain.
With Kirchhoff’s current law, all the components and engage-disengage states in the
mechanical domain can match the electrical domain correspondingly. The equivalent
terms and equation of motion in the engaged state are shown as follow.

{
(m+me)v̇ + (cm + ce)v + k

∫
v = −mÿ mechanical

(C + Ce)V̇ + V
R+Re

+ 1
L

∫
V = i electrical

(2.27)

where C and Ce are capacitance, analogous to m and me respectively. Rm and Re are
electrical resistance, analogous to cm and ce respectively. L is inductance, alaog to
spring stiffness k. V is voltage, analogous to relative velocity v between the base and
the suspended mass. i is current, analogous to force. The equivalent terms match
are shown in Table 4.1.

The input in the mechanical domain is force −mÿ, so the equivalent electrical com-
ponent is current source i. As force in the mechanical domain corresponds to current
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electrical domain mechanical domain
C,Ce Capacitor Mass m,me

1
R+Re

Resistance Damping cm + ce
1
L

Inductor Spring k
V Voltage Velocity v
i Current Force F

Table 2.1: Equivalent terms of electrical and mechanical domain

in the electrical domain, friction in mechanical domain can be modeled by a current
source that is controlled by voltage (which corresponds to velocity in the mechanical
domain). The equivalent circuit for the MMR based dynamic system corresponding
to Figure 2.6 is shown in Figure 2.7 (a).

Figure 2.7: Equivalent electrical circuit for MMR based energy harvester.

With the equivalent electrical model, the performance of MMR based energy har-
vester can be simulated with commercially available software, such as Simulink.

2.4 Simulation the influence of MMR on energy

harvesting

Numerical simulation is based on the model shown in Figure 2.6. The full model is
complicated because it considers a specific system. To gain insight into the MMR
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based system, the model is simplified in this section. Friction is not considered,
and the engaged damping is cm + ce. When the system disengages, damping on the
primary system is cm, and damping on the generator is ce. This model is referred
to as the simplified model. As introduced in Eq. 2.15, the optimal spring stiffness
k and electrical damping coefficient ce in the non-MMR system can be obtained
in closed-form. To find out the optimal parameters of the MMR based system,
simulation is done by varying spring stiffness k. The optimal power is obtained
and the corresponding parameters are obtained in this way. It turns out that with
base excitation y = Y sin(ω0t) of fixed displacement amplitude, the optimal power
obtained by the MMR based system is the same as the non-MMR based system. To
characterize the performance of the MMR based energy harvesting system, frequency
response of the power output of the system with and without MMR was computed
by numerical simulation. The result is shown in Figure 2.8.
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Figure 2.8: The frequency response of electric power output: non-MMR system vs.
MMR system. All three cases have the same mechanical damping ratio 0.25.

As shown in Figure 2.8, at the primary frequency γ = 1, the MMR system has the
same power output compared with the non-MMR based system. However, at all the
other excitation frequencies (when γ 6= 1) the power output of MMR system is more
than that of the non-MMR system. Especially at high frequency range, the benefit of
the MMR system is obvious compared with the non-MMR system. By the definition
of Eq. 2.21, the MMR based energy harvester has a P value of 0.28, 0.28, 0.28 for
µ=0.82, 1.6, 3.6 respectively. The P̄ value comparison is shown in Table 2.

From Table 2, the MMR based system has the same P value and it is larger than
the non-MMR system. The MMR based system has broader bandwidth compared
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hhhhhhhhhhhhhhhhhhConfiguration
Mass ratio

0.82 1.6 3.6

MMR 0.28 0.28 0.28
non-MMR 0.23 0.20 0.14

Table 2.2: Comparison of Pvalue

with the non-MMR based system. In the non-MMR based system, the bandwidth of
frequency response narrows as mass ratio µ increases. However, in the MMR based
system, the frequency response almost stays the same as the change of mass ratio µ.

2.5 Experiment verification of MMR based en-

ergy harvesting

2.5.1 Experiment set up and parameter identification

A suspension system consisting of one proof mass constrained to move vertically by
two linear motion guides and suspended by two linear springs is built to verify the
simulation results; see Figure 2.9. The MMR harvester is mounted on the frame
while its racks are fixed to the suspended mass to convert the oscillation motion into
electricity.

An Instron 3520 hydraulic power unit provides sinusoidal base excitation, and the
frame is clamped to the moving part of the power unit. The proof mass is guided
by two linear guides on the frame. The harvester is mounted on the frame and rack
fixed on the proof mass. The relative displacement between the proof mass and the
frame drives the pinion gear to rotate, and energy is harvested by the generator.
The generator is electrically shunted by a 15 Ω resistor and the energy is dissipated
by heat. Voltage output and force from the harvester to the base are measured
and collected by a data acquisition system Spider-80. To characterize the system
performance and compare the performance of the MMR and non-MMR based system,
the system parameters were identified. The non-MMR system is the same with the
MMR system except that it uses one set of rack and pinion, and there is no one-way
bearing between the pinion gear and the shaft. The physical domain parameters
are shown in Table 3. The parameters are obtained or derived from commercially
available datasheets.
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Figure 2.9: Base excitation experiment setup.

Symbol Quantity Parameter explanation
m 13.6kg(30lb.) backpack suspended mass

me 20.9kg
generator rotor, gearbox
rotation equivalent mass

k
MMR: 3750N

m
,

non-MMR: (m+me)ω
2 spring stiffness

ce 74.6V s/m(RL = 15Ω) electrical damping
n 33 gear ratio
r 7.9mm radius of pinion gear
Ri 0.2Ω internal resistance
ke 1200rpm/V speed constant
kt 7.99× 10−3Nm/A torque constant

Table 2.3: System parameters

All the system parameters can be obtained from commercially available datasheets
except the system damping and friction, which is subject to prototyping precision,
properties of component material, design, and environmental conditions. Those pa-
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rameters are obtained by fitting numerical simulation results to experimental results.
The damping of the frame cf is calculated by free vibration test of the system with
only spring and suspended mass (which is referred to as the method of logarithmic
decremental; note that the harvester is not mounted in the system). Damping of the
generator cg can be fitted from the exponential decaying rate during the disengaged
state, as described in Eq. 2.24. The fitting result is shown in Figure 2.10(a). The
engaged system mechanical damping cm and friction Fr were obtained by a fitting
process. By varying engaged mechanical damping cm and friction values Fr, the
least root mean square error between experimentally measured and simulated power
responses under sweep sine excitation was obtained. The result is shown in Figure
2.10(b) and those two parameters are obtained.

a) b)

engaged disengaged

Figure 2.10: (a) Time-domain fitting to obtain generator damping cg. (b) Fitting
in the frequency domain to obtain engaged mechanical damping cm and friction Fr.
Excitation is 180s, 1.0 ∼ 2.5Hz sweep sine, 15 mm base excitation. Frequency is
normalized to 2Hz.

In this way, engaged mechanical damping cm was characterized as 79Ns
m

, cg as 40Ns
m

and friction was 9N . With the system modeling and parameters characterized, a
simulation was done to compare with the experiment results.

The corresponding optimal spring stiffness for the MMR based system was 3450,
3800, and 3950 N

m
at =1.6, 3.6, and 5.3 respectively. However, due to the limitation

in the choice of springs in the market, all the experiments were carried out with
spring stiffness 3750N

m
. The error compared with the optimal spring stiffness was

5.1%, 1.3%, and −8.4%. This small error was considered ignorable.
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Symbol Quantity Parameter explanation
cf 9Ns

m
frame mechanical damping

cm 79Ns
m

mechanical damping of engaged system
cg 40Ns

m
mechanical damping of disengaged gearbox

Fr 9N friction

Table 2.4: System damping and friction identified by curve fitting experimental data.

2.5.2 Experiment validation

The time domain signal of voltage output and power output were compared and
shown in Figure 2.11.

As shown in Figure 2.11, the voltage output of the non-MMR based system has sinu-
soidal waveforms with zero average due to the up-and-down motion of the backpack.
On the other hand, the voltage output of the MMR based system is always positive
due to the engage and disengage of the two counter-direction one-way bearings in
MMR. When the MMR input velocity cannot follow the generator rotation velocity,
the driving pinion gear disengages. The generator rotational velocity subject an ex-
ponential decay described in Eq. (24). To find out the frequency response of both
systems, a sweep sine test was done to both the MMR based system and non-MMR
based system. The swept sine started at 1Hz and ends at 2.5Hz. The frequency
increase rate was constant, i.e., the sweep frequency increases linearly. The whole
sweep sine period lasted for 180s. The frequency increase rate was 0.008Hz

s
and can

be ignored in one cycle. In this way, the frequency in each cycle was considered
constant. The base excitation amplitude was 15mm, and the external resistor was
15Ω. The result is shown in Figure 2.12.

As shown in Figure 2.12, with damping and friction parameter estimation, the sim-
ulation result agrees well with the experiment. By the definition of Eq. 2.21, the P̄
value for MMR and non-MMR are shown

It can be observed that for all three cases with different values, the MMR based
system has much broader bandwidths compared with the non-MMR system. For
the non-MMR system, the bandwidth decreases as the size of flywheel increases.
However, for the MMR system, the bandwidth remains almost the same for all
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Figure 2.11: Time domain of voltage output and power output comparison: MMR
vs. non-MMR. The amplitude of base excitation is 20mm. The frequency is 2Hz and
it is the resonance frequency of the non-MMR system. The external resistor is 15 Ω.
The average power output for the MMR based system is 1.64W . For non-MMR, it
is 1.69W . The power output at primary frequency is approximately the same.
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Figure 2.12: Power output frequency response: experiment vs. simulation. a) with-
out flywheel, =1.6; b) with a small flywheel, =3.6; c) with a large flywheel, =5.3.
Frequency is normalized to 2 Hz. Since non-MMR is a linear system and all the sys-
tem parameters are known, the power output is simulated instead of experimentally
measured.
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hhhhhhhhhhhhhhhhhhConfiguration
mass ratio

1.6 3.6 5.3

MMR 0.11 0.12 0.12
non-MMR 0.09 0.07 0.05

Table 2.5: Comparison of P value

three different flywheel sizes. The difference might come from friction and damping
changes due to the increase of flywheel size. The difference is small and can be
ignorable. From experiments, we found out that the modeling is good and matches
the experiment results. It is obvious that with the same mechanical damping, for the
system with or without flywheel, both MMR and non-MMR have the same power
output at optimized frequency 2 Hz. However, the increase of rotational inertia makes
the frequency response narrow. With the help of MMR, the frequency response is
much broader. Even the inerter equivalent mass changes, the frequency response of
the MMR based system remains the same. This enhances the performance of the
energy harvesting system. By comparing the system performance over the frequency
range, it is found out that the MMR based system can have the same power with the
non-MMR system at the primary frequency. MMR has better performance over all
the rest frequencies other than the tuned frequency. The advantage is more obvious in
high frequencies. This can explain why in the speed bump energy-harvesting system
design, MMR was shown to harvest large impulses like energy more efficiently [53].
As the impulse consists of high-frequency components, the overall energy harvested
in MMR based systems are much more than that of the non-MMR counterpart. The
simulation results of the simplified model (which does not consider friction and only
considers simplified damping conditions, introduced in Section 5.1) is also presented
as the dark dotted line. From Figure 2.12, it can be observed that the experiment
results match well with the full model simulation result. The experiment results do
not match the simplified model very well. The reason for this might be the different
friction and damping situations. However, MMR was shown to be broadband for
both the full model and the simplified model. This further validates the conclusion
that MMR makes the energy harvesting broadband.

2.5.3 Influence of MMR on force profile

As MMR was added into the energy harvesting system, the generator rotor will
not change rotation direction as the system vibrates. Instead, the rotor will always
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rotate in one direction. As the generator always rotates in one direction, the force
profile due to inertia changes. Since the force Fg transmitted from the harvester to
the base consists of inertia force and electromagnetic force, the profile of Fg changes
due to MMR. As shown in Figure 2.13, with the same base excitation and both
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Figure 2.13: The force from harvester to base: MMR vs. non-MMR. The force is
normalized to rotational inertia equivalent gravitational force me g. MMR and non-
MMR system have the same base excitation Y = 0.025 sin(4πt). Both are tuned to
optimal condition and have the same optimal power output.

system tuned at optimal performance, the MMR harvester transmits a much smaller
force to the base. Especially, when the system disengages, the force is zero. This
decreased force on the base is another advantage that brought by the MMR. This
reduced force profile can explain why MMR based shock absorber can have better
ride comfort and road handling simultaneously [47]. The force from the harvester to
the base is measured and compared with simulation. The result is shown as follows.

From Figure 2.14, we can see that the experiment result matches with the simulation
result, except the impulse force at the engaging point, as shown by the dotted line
at 10.24s. When the rack movement velocity catches up with the rotation velocity
of the generator rotor, there is a force spike due to the engagement collision. Other
than that, the force from the MMR harvester to the base is much small compared
with the non-MMR counterpart.
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Figure 2.14: The force from harvester to the base. Excitation is 2Hz, 20mm sinu-
soidal base excitation. µ = 1.6 and external resistance is 15Ω. The force is normalized
to meg.

2.6 Difference between experiment and modeling

The experiments do not match the modeling perfectly. I tried to use damping +
friction model to address this issue. The experiment and simulation can match at
some fixed excitation frequency. One of the examples is shown in Figure 2.15. There
are some differences in the shape of the voltage output, which might be due to the
rigidity of the connection. The connection (between the rack and the proof mass)
is characterized as infinite stiffness spring; however, the stiffness is some large value
instead of infinite. This can explain why we observe the ripples in voltage in the
following figure (Experiment line in blue). The ripple is a high-frequency oscillation
and can be explained by a spring with large stiffness. Except for those details, the
simulation matches well with the experiment.

This is the method we obtain the mechanical damping. However, in the frequency
response characterizing experiment, we observe something different.

As shown by Figure 2.16, the simulation result matches with the experiment result
well when the frequency ratio is equal to 1. However, the experiment result is small
at low frequencies, and larger at high frequencies compared with the modeling result,
as illustrated by the blue dash line. This can be explained by the damping modeling.
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Figure 2.15: Time domain comparison of experiment result and modeling results.
The experiment result matches well with the modeling result with acceptable error.
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Figure 2.16: Frequency domain comparison of experiment result and modeling re-
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The damping is modeled as a Columbus damping; however, the real situation can
be more complicated. If we move a step further and model the system to have a
damping + friction term, we can get closer simulation result, as shown by the red
dash line in Figure 2.16.

At lower frequencies, the experiment result is smaller because frictions effect is larger
when the excitation is smaller. As the force provided by damping is ceẋ = ceωx,
and will increase as the increase of amplitude or frequency. However, the friction
is modeled as a constant force and will be constant no matter how the excitation
changes. At lower excitation frequencies, frictions effect will be larger than the
damping. While at high frequencies, the dampings effect will be larger than the
friction. As a result, the experiment result is larger at high frequencies and small
at low frequencies if only the damping model is used. With friction + damping, the
experiment result fits with the modeling result much better.

2.7 Backpack energy harvester experiment with

human subjects

In order to compare the performance of the MMR based backpack and the non-
MMR based backpack. Experiment is done with the primary author himself and
one labmate walking on a treadmill. Power output data is collected and analyzed
as follows. Each experiment trial lasts 5 min, with power data collected in the last
2 min of the 5 min. There is a 3 min time rest between each trial. Conclusions are
given: the result matches with the modeling result in trend. However, the experiment
results and the modeling results do not match one by one in detail. The difference
might be explained by the unmodeled human backpack interaction, the difference in
individuals.

As observed in Figure 2.17, the power of non-MMR (linear) system will reach zero
due to the back-and-forth motion of the generator. On the other hand, due to
the MMR, the generator will keep rotating in one direction and the instant power
never reaches zero. The average power output at different walking speed (different
excitation frequency) is shown in Figure 2.18. The experiment is repeated three times
for each of the two subjects. The mean value and standard deviation is plotted in
Figure 2.18.

As illustrated in Figure 2.18, the power output at 2 Hz is around 3W, which is
consistent with the modeling and simulation result for subject B. However, in subject
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Figure 2.17: Instant power of MMR and non-MMR backpack for each subject: (a)
subject A and (b) subject B. Walking speed: 4.8 km/h
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Figure 2.18: Treadmill based human walking backpack-energy-harvesting result on
frequency domain.
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A we observes less power output in all frequencies. More experiments with a larger
number of subjects is required before any conclusion can be drawn. It is noted that
the experiment is done only for the MMR based SDOF energy harvesting backpack. I
have done more work on the inerter-based 2DOF system, MMR based 2DOF system,
but none of those is validated by the backpack experiment with human participants.
Instead, an easily controlled based excitation experiment is done to validate the
modeling and simulation. In order to find out more about the human backpack
performance, more human participant based experiment should be done and that is
very interesting future work.

2.8 Why MMR can increase the energy harvest-

ing frequency bandwidth

For the linear SDOF energy harvesting, as the equivalent mass of the generator rotor
me is in the denominator of the power output function, i.e.

P =
1

2
cez̈

2 =
1

2
ce

m2ω6Y 2

[k − (m+me)ω2]2 + (cm + ce)2ω2
(2.28)

The power output at resonance frequency will not affected, because k−(m+me)ω
2 =

0. However, when k − (m + me)ω
2 6= 0, the power will decrease as the increase of

me, as ∂P
∂me

< 0. As a result, the increase of me will cause a decrease of power.
This causes the narrow frequency bandwidth effect. Now let us discuss the case with
MMR. The SDOF linear energy harvesting (Figure 2.19 (a)) can be transformed to
an analogous electric circuit (c). Similarly, the MMR based energy harvesting (b)
can be transformed to analogous electric circuit (d). The analogous circuit transform
is possible because the structure of the Equation of Motion (EOM) in the mechanical
domain corresponds to the electrical domain and shown as follows.

{
(m+me)v̇ + (cm + ce)v + k

∫
v = −mÿ mechanical

(C + Ce)V̇ + V
R+Re

+ 1
L

∫
V = i electrical

(2.29)

From the analysis of (d), it is obvious that the capacitor (ce) becomes a voltage
smoothing capacitor and is not in the LC circuit any more (as in the (c) case). This
explains why the MMR can make the system broadband. The MMR can be treated
as a damping term R and a smoothing capacitor ce and illustrated in Figure. 2.20.
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Figure 2.19: Linear (non-MMR) / MMR energy harvesting system and their electric
equivalent. a) Linear energy harvesting system; b) MMR based energy harvesting
system; c) equivalent electric circuit for the linear (non-MMR) energy harvesting
system; d) equivalent electric circuit for the MMR based energy harvesting system.
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Figure 2.20: The equivalent electrical model of the MMR. Instead of being the
capacitor in the LC circuit, the capacitor becomes a smoothing capacitor.
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The voltage profile on the resistor R is described in Figure. 2.21.
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Figure 2.21: Velocity / Voltage profile for the resistor R for three cases µ = 0,0 <
µ <∞, and =∞.

From Figure. 2.21, the voltage output profile is absolute of sinusoidal when µ = 0,
and for this case the power output is the same as the linear case. As the output
shape is absolute of sinusoidal, the RMS value is half of the amplitude A. When
µ = ∞, the voltage output profile is equal to A and is a constant. As a result, the
RMS value is A, and doubles the linear (non-MMR) case. As the resistor R does not
change through those cases, the effective resistor changed from R to 2R because of
the increased effective voltage profile. When the mass ratio 0 < µ < ∞, the RMS
value is between A

2
and A. As a result, the resistance / damping increases from R to

2R (damping increase from c to 2c. Resistance in electrical domain corresponding
to damping in mechanical domain. When c′e = cm,

P =
1

2
cm

m2ω4Y 2

(cm + cm)2
=
m2ω4Y 2

8cm
(2.30)

When c′e = 2cm,

P = cm
m2ω4Y 2

(2cm + 2cm)2
=
m2ω4Y 2

16cm
(2.31)

which indicates that the power will decrease to half. With a quick simulation, we can
obtain the power output for different µ value, and find out that the average power
decrease from P at µ = 0 to close to P

2
at µ =∞.

As observed from Figure 2.22, the power output becomes smooth as the increase of
mass ratio µ increases. The mean power decreases as the increase of the mass ratio
µ, which can be illustrated more obvious in Figure 2.23.
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Figure 2.22: MMR based energy harvesting system power output for different µ
values.
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Figure 2.23: Average power output vs. mass ratio for MMR based energy harvesting
system.
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As observed from Figure 2.23, the power output decrease to Pµ=0

2
when µ =∞. This

matches with the analytical result exactly.

In this way, I think I have explained why MMR makes the system broad bandwidth.
The key is that MMR turns the capacitor in LC circuit into a smoothing capacitor
(that is analogous to turn the equivalent mass from the inerter in the spring-mass
oscillation loop into a (velocity) smoothing mass). Assume the power harvested is
Pµ=0 at µ = 0. For the linear system (non-MMR based), the increase of µ will
decrease the power and eventually to 0 when µ = ∞. The MMR will make the
effective output voltage double and the equivalent resistance double, and hence the
equivalent damping double. This will decrease the power to Pµ=0

2
when µ =∞. This

is much larger than the 0 power from the linear system (non-MMR) base, and hence
the frequency bandwidth is improved.

2.9 Performance of MMR in systems under exci-

tation with constant force amplitude

In this section, the performance of the non-MMR and MMR based system under
excitation with constant force amplitude will be compared. The same as base ex-
citation case, the optimal performance of the non-MMR system is obtained first.

m

k cm+cemez

F

Figure 2.24: Modeling of rotational electromagnetic generator based vibration energy
harvesting system with force excitation.
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The equation of motion for the force excited non-MMR system is

(m+me)ẍ+ (cm + ce)ẋ+ kx = F (2.32)

Average electrical power output and its nondimensionalized form can be obtained as

P =
1

2
ceẋ

2 =
1

2
ce

ω2F 2

[k − (m+me)ω2]2 + (cm + ce)2ω2
(2.33)

Nondimensionalization leads to

P =
P

F 2/mω0

=
ξeγ

2

(1 + µ)2(α2 − γ2)2 + 4γ2(ξm + ξe)2
(2.34)

When the excitation frequency is the same with the primary excitation, i.e. γ =
ω
ω0

= 1, the power output is

P (γ = 1) =
ξe

(1 + µ)2(1− α2)2 + 4(ξm + ξe)2
(2.35)

The same optimal power can also be obtained, the same way as in the base excitation
case. Mathematically speaking, the necessary condition for a local extremum of Eq.
2.35 is

∂P

∂α
=
∂P

∂ξe
= 0 (2.36)

Solve for optimal αopt and ξopte , respectively, lead to

{
αopt = 1
ξopte = ξm

(2.37)

After applying the optimal spring ratio αopt and optimal electric damping ratio ξopte

to Eq. 2.34, power frequency response can be obtained as

P opt(γ) =
ξmγ

2

(1 + µ)2(1− γ2)2 + 16γ2ξ2
m

(2.38)
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As the same with the base excitation case, MMR can also be integrated and modeled
as Figure 2.25.
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Figure 2.25: Modeling of MMR based vibration energy harvesting system under force
excitation.

The MMR system and non-MMR system performance under the same excitation
were compared and the result is shown in Figure 2.26.
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Figure 2.26: Power output from force excitation comparison, damping ratio is ξm =
0.25.

As we can see from Figure 2.26, MMR can increase the bandwidth for all different
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cases of µ. On the other hand, the non-MMR system has narrower bandwidths as
the inerter mass me increases. In other words, the adverse influence of inerter mass
me on energy harvesting is reduced by MMR also when force excitation is considered.

Chapter conclusions

The influences of inerter on energy harvesting are studied in this paper. When base
excitation is considered, the bandwidth decreases due to the increase of rotational
inertia. To solve this problem, a type of inertia nonlinearity was introduced by using
mechanical motion rectifier (MMR). Frequency responses of the power output of the
MMR system were simulated and compared with the counterpart without MMR.
The power output of the MMR based system at primary frequency is the same as
that of the non-MMR system. However, at all other frequencies, the MMR based
system has more power output. The broad bandwidth feature of the MMR based
energy harvesting system was validated by experiments. It turns out that by adding
MMR to the energy harvesting system, the influence of the inerter on reducing power
output in frequency responses was reduced. Simulation and experiments also show
that after adding MMR, the force from the harvester to the base was reduced. For
harmonic excitation with constant force amplitude, the MMR based system also had
much broader bandwidths compared with the counterpart without MMR.

Appendix

By Newton’s 2nd law, the equation of motion for base excitation in Figure 2.3 is

mz̈ + cż + kz = −mÿ (2.39)

where rotational inertia is not considered and c = cm + ce. All the energy dissipated
in the system is

P (γ) =
1

2
cż2 = mω3

nY
2 ξcombinedγ

6

(1− γ2)2 + 4γ2ξ2
combined

(2.40)

where ωn =
√

k
m

, ξcombined = c
2
√
mk

, γ = ω
ωn

, and ω is the excitation frequency.

Mathematically speaking, the necessary condition for a local extremum of Eq. 2.40
is

∂P

∂γ
= 0 (2.41)
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Solve for γ lead to γ1 =
√

(2− 4ξ2
combined −

√
1− 16ξ2

combined + 16ξ4
combined

γ2 =
√

2− 4ξ2
combined +

√
1− 16ξ2

combined + 16ξ4
combined

(2.42)

γ1 corresponding to the maximum power and γ2 corresponding to the minimum power
point. Substitution of Eq. 2.42 into Eq. 2.40 and solving the following inequality

1

2
P (γ1) > P (γ2) (2.43)

lead to
ξcombined < 0.147 (2.44)

This indicates when ξcombined < 0.147 there is no half-power bandwidth. Otherwise,
the power output will never decrease to be lower than half of the maximum power
output when the driving frequency increases.



Chapter 3

Two-degree-of-freedom based
Energy Harvesting Backpack

3.1 Chapter introduction

With the ever-rising popularity of electronics such as sensors, wearable , and portable
devices, many energy harvesting technologies have been developed to harness electric-
ity from different sources, such as vibration, thermal, and solar energy. Among them,
electromagnetic generator based systems are widely applied in large-scale vibration
energy harvesting [17]. Electromagnetic generators can be linear [34] or rotational
[41]. Compared with linear generators, rotational generators have a high power den-
sity and power output. The advantage is more prominent with the use of gearboxes.
Therefore, the rotational generator-based energy harvesting systems require a much
smaller size and weight for the same power output [34] [41] [54]. However, the gear-
box used in rotational system increases the inertance of the generator rotor [41]. The
generator rotor and the mechanism to convert the linear to rotational motion is an
inerter in the system. Inerter is defined as a mechanical two-terminal device with the
property that the equal and opposite force applied at the terminals is proportional to
the relative acceleration between the terminals [38]. Inertance is an equivalent mass
term of the inerter and defined as F

v̇2−v̇1 , where F is the force on the inerter and v1

and v2 are the velocity of the two terminals respectively [38]. In modeling, it is equal
to J

r2
, in which J is the rotational inertial of the inerter and r is the rotation motion

to linear motion ratio. The inerter cannot be neglected in many energy harvesting
systems [41]. The decrease of bandwidth due to the increase of inertance is discussed

48
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in [7]. The use of gearbox in an energy harvesting system causes a trade-off between
power density and frequency bandwidth. In many applications, however, both high
power output and broad bandwidth are desired.

Many vibration energy harvesting systems can be modeled as a single-degree-of-
freedom (SDOF) spring-mass-damper system, in which the optimal system perfor-
mance is achieved when the excitation frequency matches its resonance frequency
and the electrical impedance is equal to the mechanical impedance [21] under har-
monic base excitation with constant amplitude. However, SDOF systems only work
efficiently with limited frequency bandwidth near their resonant frequencies. That
frequency bandwidth decreases with the decrease of damping ratio [55]. If the ex-
citation frequency slightly shifts from the resonance frequency, the performance of
the harvester can dramatically decrease [56]. Unfortunately, the vast majority of
practical vibration sources are of broad bandwidth or have time-varying frequencies
[57], which inevitably leads to decreased energy harvesting performance. Even at the
resonant frequency, the electrical power output is also constrained by the mechanical
damping and maximum stroke limit [21] [22].

To overcome the limitations of the SDOF energy harvesting system, researchers seek
alternative systems [58]. Among them, two-degrees-of-freedom (2DOF) energy har-
vesting systems show great potentials [59] [60] [61] [62] [63] [64]. Conventionally, a
2DOF system has either two moving masses with each mass able to move in the
same direction or one mass with two moving directions. A 2DOF piezoelectric en-
ergy harvesting device that uses both translational and rotational degrees of freedom
was proposed [59]. Compared with conventional SDOF energy harvester, the 2DOF
system has two different resonance frequencies and the frequency bandwidth is sig-
nificantly increased. By adding a second mass, Ma et al. [60] designed a dynamic
piezoelectric vibration energy harvester that can generate power of orders of mag-
nitude larger than that of a conventional beam and the frequency bandwidth was
enlarged. Tang et al. proposed a dual-mass energy harvesting system by introduc-
ing a second oscillator to an SDOF system [61]. Optimal parameters were analyzed
and discussed for maximum power output. It was shown that by adding a second
oscillator, more power could be obtained for both harmonic excitations with con-
stant acceleration amplitude and constant displacement amplitude. Aldraihem et
al. [62]and Aladwani et al. [63] used one mass as dynamic amplification to increase
the amplitude of vibration sources. Their results show that the harvested power
can be amplified by a factor of 20 compared to the conventional piezoelectric en-
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ergy harvester. The effective bandwidth can be widened to cover sidebands that
are about ±25% of the resonant frequency of the conventional harvester. Zhou et
al. [64] proposed a double-beam harvester which is capable of significantly increas-
ing the bandwidth at all resonances virtually and the amount of energy harvested
from the ambient vibrations. The research on multiple degree-of-freedom systems
is interesting and meaningful. However, the increased power output is obtained at
a large stroke. Few researchers consider the limitation of stroke while striving for
large power output. In most energy harvesting applications, space is not limitless.
Maximum stroke limit is a concern in many vibration energy harvesting systems [21]
[22]. One example of stroke limitation is that large stroke in energy harvesting back-
packs makes the backpack motion interfere with the wearer walking and thus makes
it uncomfortable to wear.

Another issue in current 2DOF energy harvesters is that considerable extra physi-
cal mass has to be added [61] [60] [62] [63] [64]. However, weight is a concern in
many energy harvesting applications. For example, it is hard to add extra weight
in biomechanical energy harvesting systems because the user may feel burden and
experience fatigue due to the extra weight [3] [4]. Therefore, conventional 2DOF
energy harvesters do not fit such situations. It is critical to find a way that can take
advantage of 2DOF systems while do not add extra weight.

In this paper, we proposed an inerter-based 2DOF energy harvesting system by utiliz-
ing the inertance of the electromagnetic generator as a second oscillator. The second
oscillator is achieved by adding a spring in series with the inerter to the conventional
SDOF system. Very small weight (weight of a spring) is added compared with the
counterpart SDOF system. Improved performance, such as larger power output and
wider bandwidth, is obtained. The analytical results are validated by experiments.
Both analytical and experimental results show that the inerter-based 2DOF system
can achieve better performance over a larger excitation frequency range compared
with counterpart SDOF system.

The rest of this paper is organized as follows. The performance limitations of the
SDOF system will be presented in Section 3.2. In Section 3.3, the design and mod-
eling of the proposed inerter-based 2DOF energy harvesting system under harmonic
excitation will be presented. Parameter optimization and optimization result will be
presented in Section 3.4. The system performance is compared with the counterpart
SDOF system under the same stroke limitation. In Section 3.5, experiment valida-
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tion will be presented. Discussion will be in Section 3.6. Finally, conclusions will be
given in Section 7.

3.2 Performance limitations of SDOF harvesters

When harvesting the energy from a vibration source, such as bridges [65], buildings
[66], vehicles [57], humans [4], etc., a single-degree-of-freedom (SDOF) system that
consists of a mass, a spring, and a damper are often used. The mathematical model is
shown in Figure 3.1. Suspended mass m is connected with the base by a spring with
stiffness k and a damper with damping coefficient c. The damping coefficient c my
include the mechanical damping coefficient cm and the electrical damping coefficient
ce, which is an equivalent damping coefficient provided by the generator. For rack-
pinion based electromagnetic energy harvester, the ce is determined by generator
speed constant ke, generator torque constant kt, generator load, pinion radius r, and
gear ratio n [7], as follows

ce =
n2ktke

(Ri +RL)r2
(3.1)

where Ri and RL are the internal and external resistance of the generator. In many
electromagnetic energy harvesting systems, the rotational inertia of the generator
rotor cannot be neglected [41]. The equivalent mass for the generator rotor is me =
Je ∗ n2/r2, where Je is the generator rotational inertia, n is gear ratio, and r linear-
to-rotation motion ratio, for example, pinion radius [7]. In this regard, the generator
is modeled as a damper and an inerter in the linear vibration system, which has
equivalent damping c = cm + ce and inerter me. It is noted that a large equivalent
inerter me can be obtained from a small physical mass with large gear ratio n and
small pinion radius r. As illustrated in the experiment part, an equivalent mass of
20.9kg can be obtained from 0.5kg of physical mass (the generator).

The governing equation of motion of the system is

(m+me)z̈ + cż + kz = −mÿ (3.2)

where the excitation is modeled as a displacement input with y = Y ejωt, where Y is
the displacement amplitude, and ω is the angular frequency of the excitation. z is
the relative displacement between the base and the suspension mass, i.e. z = x− y.
The response can be defined as z = Zejωt. Nondimensionalization can be done by the
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Figure 3.1: Typical SDOF base excitation energy harvesting system

following definitions: mass ratio µ = me
m

, damping ratio ξ = c
2mω0

, ξ = ξm+ξe, natural

frequency ωn =
√

k
m+me

, and tuning ratio α = ωn
ω0

. For many energy harvesting

scenarios, the excitation frequency is dominated by one or several frequencies, and is
called primary frequency [57] [67] [48]. In this paper, the energy harvesting system is
tuned to perform the best at the primary excitation frequency and thus the primary
excitation frequency is called ”target frequency”. The target frequency is denoted
as ω0 and is assumed to be constant. Excitation frequency ratio is γ = ω

ω0
. Then the

nondimensionalized equation of motion is

(1 + µ)(α2 − γ2)Z + j2(ξm + ξe)γZ = γ2Y (3.3)

The system should be tuned to have optimal performance at the target frequency.
Through some derivation (the interested readers can refer to [7] for the detailed
derivation), one can show that the nondimensionalized optimal power output at the
target frequency, i.e. γ = 1 is

P̄ opt
γ=1(ξm) =

P opt
γ=1(ξm)

mω3
0Y

2
=

1

16ξm
(3.4)

where P opt
γ=1(ξm) is the optimal physical power output. The optimal power is plotted as

a function of damping ratio in Figure 3.2 a) as blue line. In other words, the power
from a SDOF system is bounded by the blue line (green shaded area). Based on
Equation 3.4, the maximum power of the SDOF system is limited by the mechanical
damping ratio.

In many applications, having a large stroke is less than ideal for energy harvesting
systems. One example is the energy harvesting backpack. Large strokes will interfere
with the wearer walking, thus making the user uncomfortable. Furthermore, in many
applications, the harvester is confined in a limited physical space and the stroke
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cannot exceed that limitation[68] [69]. As a result, the optimal power output is
limited by the stroke. Suppose that an energy harvesting system has a limited stroke
A, the optimal electrical damping at the target excitation frequency is obtained by
solving

Z(γ = 1) =
Y√

[(1 + µ)2(1− α2)2 + 4(ξm + ξe)2
≤ A

2
(3.5)

where Z is the relative displacement of the moving mass. The electrical damping is
found as

ξe ≥

√
4Y 2

A2 − (1 + µ)2(1− α2)2

2
− ξm (3.6)

The nondimensionalized optimal power output is

P̄ opt
γ=1(κ, α) =

P opt
A

mω3
0Y

2
=

1
2
ceż

2

mω3
0Y

2
=

1

4
κ2(

1

2

√
4

κ2
− (1 + µ)2(1− α2)2 − ξm) (3.7)

where κ = A
Y

is defined as the stroke limit ratio.

Taking derivative of P̄ opt
γ=1(κ, α) over α,

∂P̄ optγ=1(κ,α)

∂α
= 1

2
(1 + µ)2(1− α2)ακ2[ 4

κ2
− (1 +

µ)2(1− α2)2]−
1
2 can be obtained. One can find that

∂P̄ optγ=1(κ,α)

∂α
> 0 when α < 1, and

∂P̄ optγ=1(κ,α)

∂α
< 0 when α > 1. Therefore the maximum power point happens at α = 1

when there is a stroke limit. This indicates that α should be set to be 1 in order to
obtain the maximum power. Apply α = 1, the optimal power is

P̄ opt
γ=1(κ) =

P opt
A

mω3
0Y

2
=

1
2
ceż

2

mω3
0Y

2
=

1

4
κ(1− κξm) (3.8)

The stroke limit ratio will not be a constraint if it is larger than the stroke ratio of
the optimized system at ξm. It can be calculated from Eq. 11 in [7] that when the
system is tuned optimum, the nondimensionalized stroke ratio is 1

2ξm
. As a result,

the optimal power is

P̄ opt
γ=1(κ) =

{ 1
4
κ(1− κξm) κ < 1

2ξm
1

16ξm
κ ≥ 1

2ξm

(3.9)

The optimal power output in Equation 3.9 is plotted over κ and shown inFigure
3.2 (b). Any performance beyond the optimal performance line is impossible for
SDOF system. It is noted that the power limitation in Figure 3.2 (b) is flat when
κ > 5. This is because when κ > 5, the stroke is not a limitation any more. The
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Figure 3.2: (a) Power output vs. mechanical damping, where µ = 1. (b) Power
output vs. stroke limit, where κ = A/Y , µ = 1, and ξm = 0.1.

optimal power output is only limited by the mechanical damping. To characterize the
performance of an energy harvesting system, three performance indices, i.e. power,
stroke, and power-to-stroke ratio are proposed. To demonstrate how the inertance
influences the performance indices, the frequency response function of each index is
plotted with three different mass ratios, as shown in Figure 3.3.
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Figure 3.3: Constant amplitude base excitation energy harvesting frequency re-
sponse. a) power; b) stroke; c) power-to-stroke ratio. The result is plot with ξm = 0.1.

As shown in Figure 3.3, all the systems are tuned to have optimal power at the
primary excitation frequency. Therefore, the power, stroke, and power to stroke
ratio are the same when γ = 1. All three cases with different mass ratios µ have
limited half-power bandwidth. As µ increases, the bandwidth decreases. For the rest
of this paper, the optimal performance shown in Figure 3.3 will be referred to as
the performance limit of the SDOF system. To overcome the performance limits of
the SDOF system, an inerter-based 2DOF system is proposed and discussed in the
following sections.
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3.3 Design and Modeling of inerter-based 2DOF

energy harvesting system

Inerter-based 2DOF system is achieved by adding one spring (k2) in series with the
inerter in the SDOF energy harvesting system. The lumped model is shown in Figure
3.4 and used as a benchmark model. z is the stroke and xe is the equivalent linear
displacement of the generator rotation motion. Before adding the spring, xe is the
same as the stroke z. After adding spring k2, one more degree of freedom is added
to the system.

m

k2

c
y

x

me

a)

b)

k1

s
tr
o
k
e
:z

x
e

Figure 3.4: System configuration of inerter-based 2DOF energy harvesting. Spring
k2 is in series with the inerter and damping.

To illustrate how this 2DOF system can be implemented in real applications, a
backpack energy harvester based on the inerter-based 2DOF system is designed and
prototyped, as shown in Figure 3.5.
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Figure 3.5: Example application of inerter-based 2DOF energy harvesting backpack.
a) side view; b) back view; c) detail design.

The equations of motion are{
mz̈ + k1z + k2(z − xe) = −mÿ
meẍe + cẋe + k2(xe − z) = 0

(3.10)

where y = Y ejωt is the excitation. The response can be defined as z = Zejωt and
xe = Xee

jωt. The equations in dimensionless form are{
−γ2Z + α2Z + βα2Z − βα2Xe = γ2Y
−µγ2Xe + j2ξγXe + βα2Xe − βα2Z = 0

(3.11)

where the natural frequency of the primary system is ω1 =
√

k1
m

, β = k2
k1

is the spring

ratio, µ = me
m

is the mass ratio. The normalized excitation frequency, normalized
tuning frequency, and damping ratio are γ = ω

ω0
, α = ω1

ω0
, ξ = c

2mω0
respectively.

c = cm + ce, ξ = ξm + ξe. The steady-state response is{
Z = γ2(α2β−µγ2+j2γξ)

(α2β−µγ2+j2γξ)(α2+α2β−γ2)−α4β2Y

Xe = βα2γ2

(α2β−µγ2+j2γξ)(α2+α2β−γ2)−α4β2Y
(3.12)

The nondimensionalized average electrical power output and relative displacement
is  P̄e = Pe

mω3
0Y

2 = 1
2
ceẊe

2

mω3
0Y

2 = ξeβ2α4γ6

[(β+µ+µβ)α2γ2−µγ4−βα4]2+4ξ2γ2(βα2+α2−γ2)2

¯|Z| = |Z|
|Y | = γ2((α2β−µγ2)2+4γ2ξ2)√

[(β+µ+µβ)α2γ2−µγ4−βα4]2+4ξ2γ2(βα2+α2−γ2)2

(3.13)
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Therefore, the system can be characterized by four independent parameters: tuning
frequency ratio γ, spring ratio β, mass ratio µ, and damping ξ. At the target
frequency γ = 1, the electric power output and displacement amplitude are P̄e(γ = 1) = ξeβ2α4

[(β+µ+µβ)α2−µ−βα4]2+4ξ2(βα2+α2−1)2

¯|Z|(γ = 1) = (α2β−µ)2+4ξ2√
[(β+µ+µβ)α2−µ−βα4]2+4ξ2(βα2+α2−1)2

(3.14)

3.4 Analysis and optimization

The details for analysis and optimization of the four independent parameters, tuning
frequency ratio γ, spring ratio β, mass ratio µ, and damping ξe, can be found in
[6]. To obtain maximum power at stroke equals to 1/2ξm, which is the same as
the optimal SDOF system, the parameters are identified as α=0.62, and β=2.42.
According to Equation 15 in [6], the electrical damping ratio is 1.44. At this point,
1.3 times of power output can be obtained with the same mass oscillation stroke
compared with the optimal SDOF system.

Having a broad bandwidth is also important for the energy harvesting system. The
inerter-based 2DOF can have a broader bandwidth compared with the SDOF system,
because there are two resonance frequencies instead of one. The frequency response
of the inerter-based 2DOF system with the targeted parameters is shown in Figure
3.6.
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Figure 3.6: Frequency response of (a) power, (b) stroke and (c) power-to-stroke ratio.
The frequency response is plotted at α = 0.62, β = 2.42. The mass ratio µ = 1 and
mechanical damping ratio ξm = 0.1. SDOF system has the same mechanical damping
coefficient with inerter-based 2DOF system.

As shown in Figure 3.6, the inerter-based 2DOF system has a larger power than,
the same stroke with, and hence larger power-to-stroke ratio performance compared
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with the optimal SDOF system which is tuned to have the maximum power at the
target excitation frequency (see Equation 3.4). At the frequencies other than the
target frequency, the power is also larger compared with the optimal SDOF system,
as shown in Figure 3.6(a). The stroke can be large or small compared with the SDOF
system. However, as shown in Figure 3.6 (c), the power-to-stroke ratio is much larger
than the SDOF system over the entire frequency range. The two nondimensionalized
natural frequencies of the 2DOF system are 0.46 and 1.58 respectively. The target
excitation frequency is 1, which is between the two natural frequencies. As a result,
the bandwidth of the inerter-based 2DOF system is much larger than the SDOF
system. From Figure 3.6 (a), it is shown that the power output of the inerter-based
2DOF in the frequency range [0.5,1.5] is much larger than that of the SDOF system.

3.5 Experiment validation

In order to validate the proposed performance of inerter-based 2DOF system, an
experiment setup is designed corresponding to the model in Figure 3.4 and is shown in
Figure 3.7. The system parameters are shown in Table 3.1. The system’s mechanical
damping coefficient is identified by a sweep sine test, and estimated as 140Ns/m. It
is noted that two racks are shown in Figure 3.7. However, only one rack is connected
with pinion gear and the other rack is not connected to any gear. The rack and
pinion transmit linear motion to rotation motion.

A swept-sine test is done to the experiment setup. The sweep excitation starts at
0.5Hz and frequency increases linearly, until ends by 2.5Hz. The target frequency ω0

is 4πrad/s, i.e. 2 Hz. The excitation amplitude is constant. The whole process lasts
for a time duration of 180s. The two resonances frequencies of the 2DOF system
are 1.0Hz and 3.2Hz respectively. Although the sweep range (0.5 − 2.5Hz) only
covers one resonance frequency, it covers the target excitation frequency and a fair
comparison can be made. The experiment does not cover higher frequency due to the
limitation of the experiment setup. The large force at high frequency might damage
the harvester. The experimental result is shown in Figure 3.8 and compared with
SDOF result.

As shown in Figure 3.8, the inerter-based 2DOF system experiment result matches
pretty well with the closed-form solution. The comparison between the inerter-based
2DOF and its corresponding optimal SDOF shows that at the target frequency (2Hz
and γ = 1), the power and stroke is slightly larger. At the same time, the power and
power-to-stroke performance of 2DOF system is better than the SDOF system over
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Figure 3.7: Experiment setup to validate the performance of inerter-based 2DOF
system.
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Figure 3.8: Experiment validation of inerter-based 2DOF system performance: a)
power, b) stroke, c) power to stroke ratio. Details of the parameters are shown in
Table 3.1. The SDOF system has the same topology with 2DOF system except for
spring k2. The mechanical damping coefficient of the SDOF system is the same as
the 2DOF system.
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Symbol Parameter definition Quantity
m mass m 31.8 kg (75 lb.)

me
generator rotor, gearbox
rotation equivalent mass

20.9 kg (physical mass 0.5 kg)

k1 spring stiffness k1 2231 N/m
k2 spring stiffness k2 5254 N/m
ce electric damping 747 V s/m (RL=1Ω)
n gear ratio 33
r radius of pinion gear 7.9 mm
Ri internal resistance 0.4Ω
ke speed constant 1200 rpm/V
kt torque constant 7.99 × 10−3 Nm/A
α α = ω1/ω0 0.6665
β β = k2/k1 2.0
ξm mechanical damping ratio 0.13
ξe electrical damping ratio 1.08

Table 3.1: System parameters of validation experiment.

the entire frequency range. This advantage is especially obvious at higher frequencies.
As the inerter-based 2DOF system has the same physical mass as the counterpart
SDOF system, the specific power is larger compared with the SDOF system.

3.6 Discussions

3.6.1 Force-displacement profile of inerter-based 2DOF sys-
tem

The optimized inerter-based 2DOF system shown in Figure 3.6 has large power
output and the same stroke compared with the optimized SDOF system at γ =
1. Where does the extra power come from when the stroke is the same? In this
section, we will plot the force-displacement loop as shown in Figure 3.9 to show
more details. The displacement is the excitation displacement input, i.e. y. The
force is the force on the base, which is the sum of spring force, damper force (both
the mechanical damping and electrical damping), and inerter force. The displacement
is nondimensionalized with respect to the excitation amplitude Y , and the force is
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nondimensionalized to body gravitational force mg.

Figure 3.9: Force-displacement loop analysis of the inerter-based 2DOF system vs.
the optimized SDOF system. The displacement and force are nondimensionalized to
excitation amplitude Y and the human body gravitation force mg respectively. The
parameter used for SDOF system and 2DOF system are the same as that used in
Figure 3.2 (b) and Figure 3.6 respectively

The enclosed area in the force-displacement loop is the energy input in a cycle. From
Figure 3.9, it is shown that the inerter-based 2DOF system has a larger peak force
compared with the SDOF system. By comparing both enclosed circle areas, it is
found that the SDOF system’s input power is larger than the inerter-based 2DOF
system power. The reason is that for the SDOF system, only half of the enclosed
power is converted to electrical power, as the other half is wasted as mechanical
damping power. Because electrical damping is equal to mechanical damping, the
power dissipated by each is equal. On the other hand, the electrical damping is
much larger than the mechanical damping in the 2DOF system. With ξe = 1.44,
and ξm = 0.1 for the showcase example, much less power is dissipated in mechanical
damping. In this way, inerter-based 2DOF system has much better energy conversion
efficiency. In systems where conversion efficiency is a concern, the inerter-based
2DOF system has advantage.

3.6.2 Influence of the mechanical damping ξm and mass ratio
µ at the target frequency with stroke limit

The analysis in Section 3.4 and Section 3.5 assume the mechanical damping ratio ξm
and mass ratio µ to be constant. In different systems, the mechanical damping ratio
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ξm and mass ratio µ can be different. In this section, the influence of mechanical
damping ratio ξm and mass ratio µ on energy harvesting will be analyzed. The same
process outlined in Section 3.4 is repeated with different mechanical damping ratios
ξm and mass ratios µ. The power at the target frequency with the same stroke limit
as the optimal SDOF system is shown in Figure 3.10.

Figure 3.10: Optimal power that can be obtained from the inerter-based 2DOF
system at the targeted frequency with different mechanical damping ratios ξm and
mass ratios µ. The stroke limit is the same as the optimal SDOF system. The power
output is normalized to the optimal power of the SDOF system.

When the mechanical damping ratios ξm and mass ratios µ are small, e.g., ξm < 0.1
and µ < 1, it is shown in Figure 3.10 that a large power can be obtained from the
inerter-based 2DOF system with the same stroke limit. However, with the increase
of mechanical damping ratio ξm and mass ratio µ, the advantage gradually disap-
pears. This indicates that at large mechanical damping and mass ratios (for the
system discussed, at ξm > 0.3,µ > 1.5), the inerter-based 2DOF obtained smaller
power output compared with the SDOF system. As a result, the advantage becomes
a disadvantage. However, as the target frequency is still between the two resonance
frequencies, the broad bandwidth feature remains.

3.6.3 Power output of the inerter-based 2DOF system at
target frequency can be large by tuning the springs

From Section 3.2 , it is found that the mechanical damping ratio ξm in the generator
limits the maximum power of the SDOF energy harvester to be 1

16ξm
[Equation 3.4].

The mechanical damping ratio is subject to the design of the energy harvesting
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system, e.g. by the materials used, the mechanical design. In many situations,
the mechanical damping ratios can not be reduced and becomes a constraint for
the energy harvesting system. For example, the use of gearbox not only increases
the power density but also increases the damping and friction in the generator. As
a result, there is typically a lower bound for the mechanical damping ratio of the
system. Then the power output is limited. However, as one more degree of freedom
is introduced in the inerter-based 2DOF system, the larger power can be obtained
from a system with the same mechanical damping ratio, by tuning the springs. As
observed from Figure 7 in [6], the power ranging from 0 to large than 3 can be
obtained by tuning frequency ratio α and spring ratio β. The maximum power that
can be obtained at different stroke limitations is shown in Figure 3.11.
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Figure 3.11: a)Power output at the target frequency increases as the allowed stroke
limit increases; b) optimal power at limited stroke obtained process. The mass ratio
µ = 1 and mechanical damping ratio ξm = 0.1.

As shown in Figure 3.11 a), the power output will increase as the allowable stroke
increases. The process of obtaining optimal power at limited stroke is illustrated in
Figure 3.11 b). The power and stroke contour is plotted in the same figure. The
maximum power at stroke limit as 2 is obtained by finding the largest power point
at stroke = 2 line, and identified as point A. The same process can be done for
stroke = 10 case and the point is identified as point B. The results indicate much
more power can be harvested if more stroke limit is allowed. As one more degree of
freedom is introduced in the inerter-based 2DOF system, the larger power output
can be obtained by tuning the springs. This is a significant improvement compared
with the SDOF system, where the optimal power output is strictly limited by the
mechanical damping ratio in the generator.
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3.6.4 Influence of mass ratio µ on bandwidth

The mass ratio is usually considered to be fixed in energy harvesting systems af-
ter the design phase. Typically, the inertance of the inerter is designed in prior by
choosing different gear ratios and generators (rotational inertial). In this section,
the influence of the inertance on bandwidth will be discussed to guide the design of
the energy harvesting system. The performance with different inertance is compared
in this section. The optimal power with different inertance is obtained in the same
process as section Section 3.4 and shown as follows. It is noted that even the opti-
mization process is the same, the optimal values such as α, β, ξe are different because
of different mass ratio µ
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Figure 3.12: Power frequency response of the system with different mass ratios µ.

From Figure 3.12 (a), it is observed that the maximum power output increases as
the mass ratio increases. However, at the same time, the maximum stroke also
increases, as shown in Figure 3.12 (b). The abrupt change in stroke is often not
welcomed in energy harvesting systems, as the physical system has to be designed to
accommodate this stroke. As illustrated in Figure 3.12 (c), the power-to-stroke ratio
also increases due to the increase of the mass ratio. That is to say, large power is at
a cost of large strokes. At the same time, large mass ratios will result in narrower
bandwidths although at higher power levels. This is illustrated by the bandwidths
∆fµ1, ∆fµ2,∆fµ3 in Figure 3.12 (a).
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3.6.5 Inerter-based 2DOF system vs. conventional 2DOF
energy harvesting system

The inerter-based 2DOF system uses the generator rotor as an inerter to make the
SDOF system a 2DOF system. This is a method that gains the benefit of the 2DOF
system with neglectable extra mass to the original SDOF system. The question
arises: does the inerter-based system have the same performance as the conventional
2DOF system? If not, what are the differences? In this section, the inerter-based
2DOF system will be compared with the conventional system. The modeling of
inerter-based 2DOF and conventional 2DOF system is shown in Figure 3.13.
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Figure 3.13: (a) Inerter-based 2DOF energy harvesting system; (b) conventional
2DOF energy harvesting system.

The equations of motion of the conventional 2DOF system are{
m1(ÿ + z̈ − ẍe) = −k1(z − xe) + k2xe + cẋe +meẍe
m2(ÿ + z̈) = −k2xe − cẋe −meẍe

(3.15)

As was done in Section 3.4, the same process was used to compare the performance
of the conventional 2DOF system with the SDOF system, resulting in Figure 3.14,
which is comparable to Figure 7 in [6]. All the parameters are chosen to be the same
as those used in the inerter-based system. One more mass m2 was added and the
mass ratio m2

m1
= 1. As the physical mass is m1 +m2, the nondimensionalized power

is obtained by normalizing to the total mass. The performance of the conventional
2DOF system is shown as follows.

As observed from region A and B in Figure 3.14, more power can be obtained at
the cost of larger strokes, which is the same as the inerter-based 2DOF system.
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a)

A

b)

B

Figure 3.14: The conventional 2DOF System power-to-stroke ratio vs. tuning fre-
quency ratio α and spring ratio β. a) conventional 2DOF system; b) inerter-based
2DOF system. All the parameters are the same as the system shown in Figure 3.6.

Power-to-stroke ratio larger than 1 region can also be obtained but the area is much
smaller than the inerter-based 2DOF system. This indicates that the performance
of the conventional 2DOF system is more sensitive to parameter changes. From the
modeling and analysis, the following conclusions can be drawn from the comparison.

1. The inerter-based 2DOF energy harvesting system creates another degree of free-
dom based on the SDOF system by taking advantage of the inerter. In this way, only
neglectable extra mass is added into the system. While in the conventional 2DOF
system, a large extra mass m2 has to be added.

2. From Figure 3.14, it can be observed that although the conventional 2DOF
system can obtain power-to-stroke ratio larger than 1, the target spot region is
relatively small. This indicates that the conventional 2DOF system is more sensitive
to parameter changes.

3.6.6 Inerter-based 2DOF system vs. conventional 2DOF
system

From literature, we found out that the inerter-based 2DOF system has never be
proposed and its characteristics is unclear to the science community. In this section,
we are going to explore more of the property of the inerter-based 2DOF system.
The inerter-based 2DOF system is shown in Figure 3.15 a). The conventional 2DOF
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system is shown in Figure 3.15 b).
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Figure 3.15: Comparison of the inerter-based 2DOF system and the conventional
2DOF system.

The EOM of the inerter-based-2DOF is

{
mẍ2 + k1x2 + k2(x2 − x1) = 0
meẍ1 − k2(x2 − x1) = 0

(3.16)[
m 0
0 me

] [
ẍ1

ẍ2

]
+

[
k2 −k2

−k2 k1 + k2

] [
x1

x2

]
=

[
0
0

]
The characteristic equation is

det

[
k2 −meω

2 −k2

−k2 k1 + k2 −mω2

]
= 0

(k2 −meω
2)(k1 + k2 −mω2) + k2

2 = 0 (3.17)

mmeω
4 − ω2(mk2 +mek1 +mek2) + k1k2 + 2k2

2 = 0 (3.18)

On the other hand, the EOM of the conventional 2DOF is{
mẍ2 + k2(x2 − x1) = 0
meẍ1 + k1x1 − k2(x2 − x1) = 0

(3.19)
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[
m 0
0 me

] [
ẍ1

ẍ2

]
+

[
k1 + k2 −k2

−k2 k2

] [
x1

x2

]
=

[
0
0

]
In order to make fair comparison, we assume m2 = me. The characteristic equation
is

det

[
k1 + k2 −meω

2 −k2

−k2 k2 −mω2

]
= 0

mmeω
4 − ω2(mk2 +mk1 +mek2) + k1k2 + 2k2

2 = 0 (3.20)

Assume those two systems have the same excitation input y. The difference in those
two system is illustrated in Figure 3.16. The equation in blue is the equation of
motion of the conventional 2DOF. The EOM of the inerter-based 2DOF system
is using the conventional 2DOF EOM and move k1 from the up-left corner to the
lower-right corner.
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Figure 3.16: Difference comparison of the equation of motion for the conventional
2DOF system and the inerter-based 2DOF system.

The difference of those two systems can be summarized as follows.

1. If me = m, some interesting characteristic emerges. Compared with the con-
ventional 2DOF system, the inerter-based 2DOF system will have the same set of
eigenvalues and at the same time, the eigenvector swapped. That means the eigen-
vector of the first mass will be equal to the second mass, and the eigenvector of
the second mass will be equal to the first mass. This can lead to some interesting
phenomenon since a swapped eigenvector means the previous in-phase motion now
become out of phase motion.

2. In terms of tuning the two resonance frequencies, there is no significant difference
between the conventional 2DOF and inerter-based 2DOF system. As for both system,
all parameters including m1,m2,k1, and k2 can be tuned independently.

3. Both are 2DOF system, that means both have the advantages/disadvantages of
2DOF system;

4. The inerter-based 2DOF system can have the advantage of 2DOF system with
a significant less mass. As illustrated by the experiment in this dissertation, the
equivalent mass me can be obtained with 1

40
of physical mass.
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5. Less space is needed for the same configuration. The inerter-based 2DOF needs
base length m

k1
, while the conventional 2DOF needs a length of m/k1 +m2/k1 +m/k2.

Chapter conclusions

In this paper, we proposed an inerter-based 2DOF energy harvesting device by taking
advantage of the inerter. The inerter-based 2DOF energy harvesting system was
obtained by adding a spring in series with the inerter to a SDOF energy harvesting
system and has the following advantages:
1. Neglectable extra mass was added to the SDOF counterpart, while the advantage
of 2DOF system is obtained.
2. Larger power can be obtained compared with the SDOF counterpart with the
same stroke limit. Note that from the force-displacement loop, it is clear that the
large power is obtained at large force.
3. Wider bandwidth can be obtained compared with the SDOF counterpart.
4. The advantage of the inerter-based 2DOF system is more significant at small
mechanical damping ratios and mass ratios.
5. Power output of the inerter-based 2DOF system at the target frequency (i.e.
γ = 1) can be large by tuning the springs.
6. Compared with conventional 2DOF systems, the inerter-based 2DOF system’s
power-to-stroke performance is less sensitive to parameter changes.
7. The increase in mass ratio will decrease the system response bandwidth.



Chapter 4

MMR Based 2DOF Backpack
Energy Harvesting System

4.1 Chapter introduction

Energy harvesting can improve system power efficiency, power distributed sensor
nodes, recharge batteries, and even enable zero net energy systems [10]. Energy
harvesting from the human body can power portable, mobile, and wearable systems
and thus has the potential to reduce the dependence on batteries or even eliminate
batteries. The energy harvesting methods from the human body [1] can be thermal
[14], vibration [4][3], and foot strike [70]. Among them, vibrational energy harvesting
backpack has the largest power potential [4].

Ever since the first energy harvesting backpack was introduced [4], multiple endeav-
ors have been done or are ongoing to investigate this topic, using different energy
transduction mechanisms, such as piezoelectric straps [15], linear motor [71][72], and
rotational electromagnetic generator [73][74]. Among all the methods, the rotational
electromagnetic generator based energy harvesting backpack has the largest power
potential and highest power density. Successful research has led to commercializa-
tion, such as Lighting Pack technology ltd. Further research compared the energy
harvesting solution with battery, the existing dominant power solution for electronic
devices [1].

The authors introduced a linear inerter-based 2DOF system that can harvest large
power at a wide frequency bandwidth [6]. The inerter is a mechanical two-node

70
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(two-terminal), one-port device with the property that the equal and opposite force
applied at the nodes is proportional to the relative acceleration between the nodes
[38]. The inerter is introduced in [38] in detail. By adding one more degree of freedom
to a single degree of freedom (SDOF) system, larger power, broadband width, and a
larger power-to-stroke ratio was obtained [6]. However, the 2DOF system's maximum
stroke in the typical working frequency range is large [6]. The frequency of the human
center of mass (COM) motion is around 2 Hz [48], which is defined as ω0 and is the
target frequency of the energy harvesting backpack. The energy harvesting backpack
system is tuned to perform best at the target frequency. The excitation frequency
from walking generally varies between 0.5 and 1.5 times of the target frequency [75]
and this range is called the working frequency range in this paper. For the case
analyzed in [6], the stroke increases by 2.6 times when the excitation frequency is
1.3 times of the target frequency.

In order to address this issue, mechanical motion rectifier (MMR) based inerter non-
linearity is introduced in this paper. The MMR is a unique transduction mechanism
that rectifies the bi-directional rotation into a uni-directional rotation. It has been
used in many applications, such as vehicle shock absorber [76], ocean wave energy
harvesting [46], railway energy harvesting [73], backpack energy harvesting [73], and
shown that more power can be harvested in wider frequency bandwidth.

In this paper, we integrate the MMR with the inerter-based 2DOF system to achieve
a nonlinear inerter-based 2DOF system for enhanced backpack energy harvesting
performance. The nonlinear inerter will decrease the negative effect of the 2DOF
harvester in the stroke magnification while keeping its advantage in increasing the
power output and frequency bandwidth. The performance of the energy harvesting
system is enhanced. Through modeling, simulation, and experiment, it is shown
that the nonlinear inerter-based 2DOF system can reduce the maximum stroke in
the working frequency range compared with the counterpart system without MMR
(hereafter referred to as ”linear 2DOF”). Compared with the conventional optimal
SDOF system, which is used most commonly in energy harvesting systems, much
larger power can be obtained with almost the same maximum stroke in the working
frequency range.

The rest of this paper is organized as follows. The motivation of adding MMR to
the mechanical system is presented in Section 4.2. The detailed design and modeling
of nonlinear inerter-based 2DOF are introduced in Section 4.3. Analogous electrical
modeling corresponding to the mechanical system is built-in Section 4.4. Optimiza-
tion is done in Section 4.5 to obtain maximum power over electrical damping. System
parameters are obtained with the same stroke limit as the optimal SDOF system at
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the target frequency. The system performance is compared with the optimal SDOF
and the linear 2DOF system. The simulation result is validated by experiment in
Section 4.6. In Section 4.7, the maximum stroke is further reduced with a small
compromise of power output at the target frequency. Finally the conclusions are
given in Section 4.7.

4.2 Motivation of adding MMR to the system

The energy harvesting backpack excitation source can be modeled as 2 Hz, 2.5
cm amplitude sinusoidal up-and-down oscillation [77]. The single-degree-of-freedom
(SDOF) energy harvesting backpack can be modeled as a conventional spring-mass-
damper system. The linear inerter-based-2DOF energy harvesting backpack can be
achieved by adding a spring between the transducer rack and the base, thus taking
advantage of the rotational inertia of the generator rotor, and using it as a large
second mass by using a small physical mass [6]. The overall lumped model is shown
in Figure 4.1, where the excitation is y = Y sin(2πft), in which the excitation ampli-
tude Y = 0.025m, and the excitation frequency f = 2Hz. The backpack mass is m
and suspension spring is k1. The key difference compared with conventional SDOF
energy harvesting backpacks is that a spring k2 is added between the base and the
transducer. The energy transducer is modeled as a damping term c in parallel with
the equivalent mass of the inerter is me. The detailed calculation of damping c and
inerter me can be found in [7]. As me = Jen2

r2
, large inertance can be achieved by using

negligible mass by increasing gear ratio n and decreasing radius of pinion gear r. Je
is the rotational inertia of the generator rotor. Mass ratio is defined as µ = me

m
. The

damping c consists mechanical damping cm and electrical damping ce. The detailed
configuration is described in [6] and the nonlinear inerter-based SDOF backpack is
described in [7].

The optimal performance with same stroke limit as the optimal SDOF system at
target frequency is obtained and shown in Figure 4.2 [6]. As observed from Figure 4.2,
both the maximum power and maximum stroke in the working frequency decrease
as the decrease of mass ratio µ. The reason for this phenomenon is that µ is in the
denominator of both the power and stroke. As a result, increasing of µ makes the
system bandwidth narrow. As the system is optimized at the same stroke (shown
as point A in Figure 4.2 b) ), the narrow bandwidth makes the maximum stroke in
the working frequency range large. Decreased maximum stroke is a desired feature
in systems where the stroke is a concern, such as the energy harvesting backpack.
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Figure 4.1: a) Inerter-based 2DOF energy harvesting system modeling. Spring k2 is
in series with the transducer [6]. b) The physical inerter-based 2DOF system.
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The maximum stroke can be reduced by reducing µ. However, gearbox with a large
gear ratio has to be used to increase power density. As a result, µ is large in many
applications [6].
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system and c) comparison the power output frequency response of linear and nonlin-
ear inerter-based system. It is observed that nolinear inerter-based system’s behavior
with µ = 1.5 is pretty close to a system with µ = 0. [7]

From literature [7]. the nonlinear inerter SDOF system performance is similar to the
the system with small µ, as shown in Figure 4.3 c). The motivation of adding MMR
to the 2DOF system is to achieve performance similar to system with small mass
ratio µ. In this way, the maximum stroke can be reduced.

4.3 MMR based nonlinear inerter system design

The MMR is achieved by using two one-way bearings mounted on the same shaft
with engagement direction in the same direction. One design of MMR is shown in
Figure 4.4 (a). There is a one-way-bearing in each of the pinion gears. The one-
way-bearing can freely rotate in one direction and lock in the other direction. Both
one-way-bearings engage (lock) with the shaft in the clockwise direction and an MMR
is achieved from this design. As the rack moves towards the right direction, pinion
A rotates in the clockwise direction and pinion B rotates in the counter-clockwise
direction. As both pinion gears engage with the shaft in the clockwise direction.
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Pinion A is engaged and pinion B is not, the shaft is driven in the clockwise direction.
When the rack moves towards the left direction, pinion gear B is driven to rotate in
the clockwise direction and pinion gear A is driven to rotate in the counter-clockwise
direction. At this time, pinion gear B is engaged and pinion gear A is not engaged.
The shaft is driven in the clockwise direction. In this way, no matter how the rack
drives, the shaft always rotates in the clockwise direction. The cross-sectional view of
the MMR is shown in Figure 4.4 (b). Compared with regular rack-pinion which only
has one rack and one pinion, the MMR system needs two racks and two bearings.
The MMR transfers two-way input to one direction rotation. For the vibration
system, the difference between regular rack-pinion and MMR is the rotor of the
electromagnetic generator does not have to oscillate in two directions. The rotation
oscillation of the generator rotor would require more energy and force interaction
between the transducer and the vibration system. As the rotor oscillates, energy
flows in and out from the transducer for the kinetic energy. The energy flow results
in force interactions.

Pinion A Pinion B
a)

b)

one-way-bearing

Gearbox
Generator

Clockwise 
direction

c)

Figure 4.4: MMR design and working principle. a) overall view; b) cross-section
view of MMR c) working mechanism of one-way-bearing.

The generator is rotational electromagnetic. The input motion will generate voltage
output. Power is harvested by connect a resistor to the voltage output. The generator
is modeled as rotational inertia term me and damping term c. The generator will not
stop rotating due to inertia even if the input suddenly stops. When the shaft rotates
with angular velocity Ω and Ωr > |v|, both one-way-bearings disengages. As a result,
the MMR disengages. r is the pinion radius, v is the rack velocity. The absolute
value of v is used because no matter positive velocity input or negative input, the
shaft always rotates in one direction. When the system is disengaged, the generator
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rotor will keep rotating with the equation of motion JeΩ̇ + crΩ = 0, where cr is the
rotational damping of the generator and gearbox and Je is the rotational inertia of

the generator rotor. This will lead to an exponential decay of Ω, i.e. Ω = Ω0e
− t−t0

τ ,
where Ω0 and t0 are the velocity and time instant when the system transits from the
engaged state to the disengaged state. τ is the time constant and τ = Je

cr
. As a

result, the overall engagement and disengagement criteria are as follows.{
Ω = |v|

r
, |v| ≥ Ωr, (engaged)

Ω = Ω0e
− t−t0

τ , |v| < Ωr, (disengaged)
(4.1)

The engage and disengage criteria can be used to model the MMR in the nonlinear
inerter-based dynamic system [7]. The lumped model of nonlinear inerter-based
2DOF energy harvesting backpack is shown in Figure 4.5, which is the same as
inerter-based 2DOF system [6] except the use of MMR.
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Figure 4.5: Lumped model of the nonlinear inerter-based 2DOF energy harvesting
backpack.

4.4 Simulation

The mechanical system modeling is shown in Figure 4.5. When the MMR is engaged,
the system modeling is the same as literature [6]. When the MMR is disengaged,
the system becomes two independent systems. One is primary mass m and spring
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k1 with base excitation y. The other is rotational inertia equivalent mass me with
damping c. As a result, the equations of motion is




mz̈ + k1z + k2z − k2xr = −mÿ
meẍr + cẋr + k2xr − k2z = 0
ẋe =| ẋr |

(engaged, |ẋr| ≥ ẋe){
mz̈ + k1z = −mÿ
ẋe = ẋe0e

− t−t0
τ

(disengaged, |ẋr| < ẋe)

(4.2)

where the relative motion of the mass z = x−y. The input of MMR is xr and ẋr = v,
where v is the rack velocity in Eq. 4.1. l is the natural length of the spring k1. The
equivalent linear motion of the generator rotation motion is xe and ẋe = Ωr. There
are two sets of equation of motion corresponding to the engage and disengage state
of the MMR. When the MMR is engaged, the equation of motion is the same as
the system without MMR. Through the transmission of the MMR, output velocity
ẋe will be the absolute value of ẋr. The system’s engage and disengage criteria are
shown in Eq. 4.1. When the system is disengaged, the primary dynamic system, i.e.
the mass m and spring k1 will not interfere with the transducer. In the transducer,
the equivalent mass of the generator rotor me will interact with the damping ce. The
equation of motion after disengage is meẍe + ceẋe = 0, which is equivalent to Eq. 4.1
but in the terms of linear motion.

The analogous between the mechanical domain and the electrical domain with the
force-current analogy is employed to analyze the equation of motion. The analo-
gous components in the mechanical domain corresponding to the electrical domain
is shown in Table. 4.1.

Electrical domain Mechanical domain
Capacitor C,Ce Mass m,me

Resistor 1
Rm

, 1
Re

, 1
R

Damping cm, ce, c

Inductor 1
L1
, 1
L2

Spring k1, k2

Voltage V, Vr, Ve Velocity ż, ẋr, ẋe
Current i Force F

Table 4.1: Analogous terms in mechanical domain and electrical domain.

With Table. 4.1, the mechanical system can be written in electrical domain as
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


CV̇ +

∫
V dt

L1
+

∫
(V−Vr)dt
L2

= I

CeV̇r + ( 1
Rm

+ 1
Re

)Vr −
∫

(V−Vr)dt
L2

= 0

Ve =| Vr |
(engaged, |Vr| ≥ |Ve|){

CV̇ +
∫
V dt

L1
= I

Ve = Ve0e
− t−t0

τ

(disengaged, |Vr| < |Ve|)

In order to derive the analogous electrical domain representation, the current source
I is set to be equal to −mY ω2 sin(ωt). As the electrical system is analogous to
mechanical system, the time constant τ can be also defined as τ = me

cm+ce
= Ce(Rm +

Re). The time constant τ is the same for mechanical system and electrical system.
The MMR can be represented by a center tapped full wave rectifier in the electrical
domain. The engage and disengage of the MMR is determined by velocity input ẋr
and output ẋe. Correspondingly, the on and off state is determined by the input
voltage Vr and output voltage Ve in electrical domain. With the analogous equation
of motion, the analogous electrical model can be built, as shown in Figure 4.6. With
commercial available software such as Simulink, the simulation can be done.

MMR

V V
r

Ve

L2

Ce

R

MMR

V V
r

V
e

L2

L1 C CeR

R

C
AC Current

 Source i
L1

Ce

GND

L2L3L4Rectifier

L2

V

V
r Ve

Figure 4.6: Analogous electrical circuit to represent the mechanical modeling.

With excitation input as 2.5 cm, 2 Hz sinusoidal base excitation, the output is
shown in Figure 4.7. To parameterize the system, nondimensionalization is done.
Frequency ratio k̄1 = ω1

ω0
, where ω1 is the natural frequency of the primary system

and calculated by ω1 =
√

k1
m1

. ω0 is the primary excitation angular frequency. For the

backpack energy harvester, the primary excitation frequency is the human walking
frequency, which is around 2 Hz. Spring ratio k̄2 = k2

k1
. The mechanical and electric
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damping ratio are ξm = cm
2m1ω0

and ξe = ce
2m1ω0

. respectively. As the springs are tuned
in the optimization part, they will change and thus not an intrinsic property of the
system anymore. As a result, the damping ratio is optimized by primary excitation
angular frequency, which is constant throughout the analysis. As a result of the
center-tapped full wave rectifier, Ve is always positive. According to the analogy
between the mechanical domain and the electrical domain, Vr and Ve corresponding
to the input and output velocity of the MMR, i.e. ẋr and ẋe.
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Figure 4.7: Time domain simulation result of input voltage ẋr and output voltage ẋe
of the rectifier bridge in electric domain. This corresponds to the input velocity and
output velocity of the MMR in mechanical domain. Simulation result is obtained
with k̄1 = 0.66, k̄2 = 2.3, ξm = 0.13, ξe = 0.63, and γ = 1.

This is the modeling basis for the optimization and performance analysis in the
following sections.

4.5 Optimization

As the nonlinear inerter-based 2DOF system engages and disengages, there is no
closed-form solution for optimal electrical damping. A numerical search method, i.e.
golden-section search method [78], was introduced to obtain the optimal electrical
damping. The power output at both zero electric damping and infinite electric
damping are low and from simulations it is found that only one peak exist in the
power-electrical damping curve. The golden-section search can be used to find the
optimal power output point. The golden-section search method requires relative
small computation power to find the optimal point. The process of the golden-section
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search is shown in Figure 4.8, where points 1∼10 are the points search between
damping ratio ξe ∈ [0, 5] range. The search stops when the maximum power is
reached at point 10. The criteria for the stop of searching is when the difference
between the last point and the second last point is less than 2%.
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Figure 4.8: Search process of golden-section search method. The results are obtained
with k̄1 = 0.7, and k̄2 = 2.5, ξm = 0.13, and γ = 1.

With the optimal electrical damping identified, the power, stroke, power-to-stroke
ratio is obtained in the parameter range, i.e. frequency ratio k̄1, and spring ratio k̄2.
The result is shown in Figure 4.9. The nondimensionalized optimal power output and
corresponding stroke for SDOF system is 1

16ξm
and 1

4ξm
by the frequency matching and

frequency matching method [6]. The a) power, b) stroke in Figure 4.9 are normalized
to the optimal performance of SDOF system.

It is found that large power can be obtained with large stroke, as illustrated in
area A in Figure 4.9 a) and area B in Figure Figure 4.9 b). Large power-to-stroke
ratio can be identified in area C in Figure 4.9 c). The result is very similar to the
contour result obtained in [6]. With the same stroke as the optimal SDOF system,
optimal power point can be identified from the power and stroke contour. With
the performance over all the reasonable spring and damping ratios, and with stroke
limit to 1, the optimal power output can be identified as the target point in Figure
4.10. The stroke equal to 1 means that the stroke is the same as the optimal SDOF
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Figure 4.9: a) Power, b) stroke, and c) power-to-stroke ratio over different frequency
ratio k̄1 and spring ratio k̄2. All values are normalized to the optimal performance
of SDOF system.

system. The spring parameters are identified as k̄1 = 0.66, k̄2 = 2.3. It is found
that the power output can be 1.5 times the optimal SDOF system with the same
stroke limit. It is noted that the stroke contour lines are not smooth due to the
numerical simulation issue. A smoother result can be obtained by increasing the
contour density but at the expense of computation power. The contour plot here is
reasonable with 30× 30 point contour grid.
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Figure 4.10: Optimal power identification with stroke limit the same as the optimal
SDOF system.

After the optimal point is obtained, the frequency response of power and stroke are
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plot in Figure 4.11. From Figure 4.11, it is shown that compared with 2DOF system
without MMR, the stroke at high frequency decreases as a result of MMR. The
maximum nondimensionalized stroke of the linear 2DOF system in the γ ∈ [0.5, 1.5]
frequency range is 4.4. While with MMR, the maximum stroke is 3, which is a
32% decrease compared with the previous. The MMR can help the system reduce
maximum stroke in the working frequency range. The nonlinear inerter base system
is more practical in real applications compared with the linear inerter-based 2DOF
system. It is noted that the power output also decreased as a result of MMR, which
is 3.4 for linear inerter-based 2DOF system and 2.2 for nonlinear inerter-based 2DOF
system. However, for applications such as energy harvesting backpack, a large stroke
makes it almost impossible to walk. It is critical to decrease the stroke.
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Figure 4.11: a) Power, b) stroke, and c) power-to-stroke ratio frequency response
of the nonlinear inerter-based system compared with the linear inerter-based system
and the optimal SDOF system. The system parameters are k̄1 = 0.66, k̄2 = 2.3 for
both nonlinear and linear case. ξe = 0.61 for nonlinear inerter-based system and
ξe = 1.08 for linear inerter-based system case. Both damping ratios are close to
optimal value.

4.6 Experiment validation

In order to validate the simulation result, experiment is done with sinusoidal base
excitation. The experiment setup is shown in Figure 4.12, which is corresponding to
the lumped model shown in Figure 4.5 and Eq. 3.10. Base excitation is provided by
Instron 8800.
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Figure 4.12: Experiment setup.
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The experiment parameters are shown in Table. 4.2. It is noted that the experiment
system parameters do not match 100% with the optimization results, as a result of
limitation of the commercial available springs and resistors. However, the largest
error is less than 13%.

Parameter Quantity Explanation
m 31.6 kg Mass
me 20.9 kg Equivalent mass of generator
k1 2217 N/m Spring k1

k2 4433 N/m Spring k2

cm 100 Ns/m Mechanical damping
ce 463 Ns/m Electrical damping
ξm 0.13 Mechanical damping ratio
ξe 0.58 (0.63) Electrical damping ratio
k̄1 0.67 (0.66) Frequency ratio k̄1 = ω1

ω0

k̄2 2 (2.3) Spring ratio k̄2 = k2
k1

Table 4.2: Experiment parameters. (The quantity in the bracket is the theoretical
optimal value.)

The excitation input from Instron is y = Y sin[4π(0.5 + t
180

)t], where t is time. t
starts at 0 s and ends in 360 s. This makes the base excitation as constant amplitude
input with linearly increased frequency starts at 0.5 Hz at 0 s and ends at 2.5 Hz
at 360 s. The frequency range is γ = [0.5, 1.25] as the target excitation frequency is
2 Hz. The reason for not using higher frequency as input is due to the limitation
of the experiment setup, e.g., huge force at high-frequency excitation is out of the
limitation of the bearings. The experiment result is shown in Figure 4.13.

From Figure 4.13, it is shown that the experiment result matches well with the
simulation result in general, for both the optimal SDOF system, linear inerter-based
2DOF system (referred as ”linear 2DOF”), and nonlinear inerter-based 2DOF system
(referred as ”nonlinear 2DOF”). The mismatch can be from multiple possible sources.
One very likely but to be verified reason is the simplified model for the damping and
friction in the gearbox and generator. Only damping is considered, but in reality, the
model is more complicated. Nevertheless, the trend of the nonlinear inerter-based
system experiment matches well with the simulation. The maximum stroke in the
γ = [0.5, 1.25] range decreases from 5.3 for the linear inerter-based system to 4 for
the nonlinear inerter-based system.
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Figure 4.13: Experiment results of the nonlinear and linear inerter-based system vs.
simulation results. a) power output; b) stroke.

4.7 Discussion

From Figure 4.11, one can find that the MMR reduces the maximum stroke by 32%.
The maximum stroke problem is addressed to some extent. However, compared with
the SDOF system, the maximum stroke increased by 60%. The question arises: what
kind of performance can the nonlinear inerter-based 2DOF have if the stroke limit
is the same stroke limitation of the SDOF system over the entire working frequency
range? The optimal electrical damping ξe is obtained by the golden-section search
method. Through simulation, it is found that the power decreases as a decrease
or increase of electric damping ξe at the target excitation frequency. However, the
power is not sensitive to electric damping change around the optimal power point.
As illustrated in Figure 4.14, 80% of the optimal power can be obtained within [0.5,
2.2] times of the optimal electric damping for linear inerter 2DOF system and [0.33,
2.5] times for nonlinear inerter 2DOF system. In other words, the optimal power at
the target frequency is not sensitive to the electric damping ξe changes.

Through simulation, it is also found that the maximum stroke in the working fre-
quency range can be reduced as a decrease of electric damping ξe. One example to
illustrate is shown in Figure 4.15 and denotes as ”nonlinear 2DOF simu sd.”.
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Figure 4.14: Power trend with respect to electric damping ξe
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Figure 4.15: Simulation results of nonlinear inerter-based 2DOF system. a) power,
b) stroke, c) power-to-stroke ratio frequency response. ”sd.” denotes small electric
damping case. The parameters for small damping nonlinear inerter-based system
is k̄1 = 0.66, k̄2 = 2.3, ξe = 0.26. The nonlinear inerter-based 2DOF system has
ξe = 0.58. The parameters for the other cases can be found in Figure 4.11.
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From Figure 4.15 , it is found that the maximum stroke in the working frequency
range reduces 30% (from 3.3 to 2.3) compared with the nonlinear inerter-based sys-
tem obtained in Figure 4.11. This is achieved with only 16% power reduction in
the target frequency. It is true that the maximum power is reduced as a result of
stroke reduction. For the backpack application, the large stroke problem is more
urgent. The maximum stroke is reduced to close to the SDOF system (20% differ-
ence). Compared with linear inerter-based system and the nonlinear inerter-based
large damping case, the small damping case has the largest bandwidth. At the same
time, the overall power output performance is much better than the SDOF system
(as illustrated in Figure 4.15 a)). Both the maximum power and the bandwidth
increased compared with the SDOF system. The simulation was also validated by
experiment and shown in Figure 4.16 .
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Figure 4.16: Experiment validation for the small stroke case.

Chapter conclusions

Stroke is an issue in many energy harvesting systems. The maximum stroke in linear
inerter-based 2DOF system is large due to inerter. In this paper, a nonlinear inerter-
based 2DOF energy harvesting system is introduced by using mechanical motion
rectifier (MMR). System performance is analyzed after optimization and validated
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by experiment. Results show that nonlinear inerter-based 2DOF system can decrease
maximum stroke in the working frequency range by 32% compared with the linear
inerter-based 2DOF system. The maximum stroke can be further reduced with small
electric damping. As the stroke decreases, the bandwidth also increases. Even though
the power decreases compared with linear 2DOF system as the decrease of stroke, the
nonlinear inerter-based 2DOF system can have larger power over the entire working
frequency range compared with the optimal SDOF system.



Chapter 5

Negative Muscle Work Energy
Harvester

5.1 Chapter introduction

Wearable and mobile electronic devices such as smartphones, smartwatches, GPS,
activity trackers, and computers, are playing an increasingly important role in our
daily life. Almost all of these devices are powered by batteries. However, the lim-
ited life span of batteries constitutes a critical limitation, especially during long-term
expeditions where an electrical power supply cannot be conveniently accessed. Bat-
teries add considerable weight to carry. For example, U.S. soldiers carry 7.3 kg (16
lbs.) of batteries in Afghanistan for a 72-hour mission. While most digital technolo-
gies progress at a fast pace, battery technology still lags far behind [79]. Moreover,
the current trends show that the limitation of batteries will continue to be an issue
in the near future [80]. The human body stores a huge amount of energy. On av-
erage, there is 384 MJ of energy in the form of fat in a person, which is equal to a
600-kg lithium-ion battery (with a specific energy 0.6 MJ/kg) [79] [12]. The human
metabolic cost in quiet standing is around 128W [79], while daily activities such as
walking and running can consume up to several hundred or even thousands of watts
[12]. While on the other hand, the power consumption of most mobile electronic
devices ranges from milliwatts to a few watts. If only a small fraction of this power
could be harvested, it would be enough to power most of the wearable and mobile
devices. Energy harvesting from human motion is a promising solution, especially
as the power consumption of those devices continues to decrease due to technology

89
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development [81] [11].

The average human consumes 80-360 W of power while walking at 1.8-7.2 km/h (1-
4.5 mph) [13]. Most of this energy is dissipated as heat [8] and about of the energy
is converted to mechanical energy. When walking on level ground and at a constant
speed, the kinetic and potential energy in the human body will not increase between
walking cycles, i.e. the potential and kinetic energy will remain the same at the be-
ginning and end of each cycle. Winter [8] defines negative and positive muscle work
as follows: Negative work is the work done during an eccentric contraction when the
muscle moment acts in the opposite direction to the movement of the joint. On the
contrary, positive work is the work done during a concentric contraction when the
muscle moment acts in the same direction as the angular velocity of the joint. As the
kinetic and potential energy does not change from cycle to cycle, the positive muscle
work has to be counteracted by negative muscle work and the power dissipation in
the human body. For every watt of positive work done, the muscle does 0.7 watts
of negative work, and 0.3 watts of power is dissipated [19]. Both positive work and
negative work require positive metabolic energy [20].

To date, various devices have been invented to harvest energy from the human body
in the form of mechanical [4] and thermal energy [14]. Review papers on human
body energy harvesting can be found in [12] [1] [82]. Among energy sources from the
human body, mechanical energy provides the largest amount of power and has the
potential to power wearable and mobile devices [20]. Mechanical energy harvesting
devices can harvest energy from muscles (such as hand-cranked generator), the mo-
tion of joints (such as ankle, knee, hip, arm, and elbow), and motion of the center of
gravity (such as backpack energy harvester). Mechanical human body energy har-
vesting can also use different transducers, such as triboelectric [83], piezoelectric [84],
electrostatic [85], and electromagnetic [4]. Among them, the electromagnetic energy
harvester has the largest power output and best efficiency [4] [82] and is widely used
in human body energy harvesting systems [20] [84].

In terms of positive work and negative work, mechanical energy harvesting devices
can be categorized into four subsets: negative work energy harvesters, positive work
energy harvesters, harvesters that harvest both positive and negative work, and im-
pact energy harvesters (dissipated energy). Negative work energy harvesting devices
harvest energy while the muscle is doing negative work. The energy harvesting pro-
cess has the potential to reduce the metabolic cost to the wearer by assisting the
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muscle in doing negative work. This device category includes the knee energy har-
vester by Donelan et al. [3] and the ankle energy harvester by Collins et al. [2].
Harvesting negative work not only generates electricity, but also could potentially
decrease muscle work. As a result, the cost of harvesting (defined as additional
metabolic power in watts required generating 1 W of electrical power [3]]) using this
method is low. Positive energy harvesting devices harvest energy when the muscle
outputs positive work. Examples of these devices can be found in many commer-
cially available devices, such as manually cranked electronics, wind-up flashlights,
hand-cranked generator, and the self-powered wireless button [86], energy harvest-
ing keyboard [87]. Another category is devices that can harvest both positive and
negative work at the same time, which includes the energy harvesting backpack [4].
The last category is energy harvesting from impact. For example, energy is dissipated
in the human leg at the heel strike [3]. Multiple devices were invented to harvest this
otherwise dissipated energy, such as shoe energy harvesters [83], artificial feet [88],
and energy harvesting tiles [54] [89].

Commercially available energy harvesting devices such as hand-crank generators are
not an ideal solution for two reasons. First, energy harvesting requires positive
muscle work, which means that the energy harvested comes from metabolic power.
Rather than harvesting positive muscle work, a better method is to harvest negative
work, such as with the knee energy harvester by Donelan et al. [3]. Second, the
users have to focus their attention on energy harvesting. For example, while crank-
ing the generator, the user cannot conduct other activities, such as text messages
or surf the Internet. An ideal method is to harvest energy from everyday activities
with little or no interference on the natural functions of the human body, such as
with the backpack energy harvesters [4]. The ankle joint has been interest for energy
harvesting [?][95]. However, they all share one or several of the following problems:
cumbersome, limits ankle motion, perturbs gait, heavy.

From literature, it is clear that the calf muscles do negative muscle work during the
terminal stance phase. The goal of energy harvester design in this paper is to harvest
that negative muscle work, while at the same time, does not influence the normal
human gait. Several attempts have been published [?][95], however, the performance
is still not satisfying in terms of the amount of power harvested, the model of the
harvester is not clear, the design criteria is not clear.

Inspired by the positive and negative energy expenditure insight [8] [19], one can hy-
pothesize that if the negative work done by human muscles can be replaced partially
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by a regenerative device (similar to regenerative brake in vehicles), energy can be
harvested while assisting human motion. To harvest negative work from the human
body, an ankle energy harvester is proposed and prototyped in this paper. A rotatory
generator is attached alongside the shank without any modification to the shoe or
the body, and is driven by ankle motion during walking. The simple design a frame
and a generator makes sure only negative work is harvested from human walking
while making fabrication and application of this device convenient. The lightweight
design (100 g / 0.22 lbs.) aims to have a minimal effect on natural human gait
and metabolic cost. Experiment studies show that 0.30.05W of power was harvested
during 4.8 km/h walking. The device is shown to harvest energy only during the
negative work phase, so it has the potential to not increase the metabolic cost. The
torque generated by the energy harvester is in the same direction as the gastrocne-
mius muscle, thus it is trying to assist the muscle doing negative work. The energy
harvesting modeling and the parameter choice criteria are built. The design concerns
raised, such as harvest weight, working phase, constraint to the walking gait, are ad-
dressed. This energy harvester has huge potential applications in powering wearable
and mobile electronic devices. The design process and design considerations can be
applied to ankle energy harvesters and other human body energy harvesters alike.

The rest of this paper is organized as follows. Section 2 will present human body
dynamics, with a focus on the dynamics of the ankle and the negative work phase of
gait. The design of the ankle energy-harvesting device will be presented in Section
3. The design ensures that only negative work is harvested during human walking.
System parameters are identified, and system modeling is described in Section 4.
Experiment validation during treadmill walking will be presented in Section 5. Dis-
cussion and conclusions will be given in Section 6 and Section 7 respectively.

5.2 Negative work in the ankle during human walk-

ing

Understanding human walking kinematics and kinetics is a prerequisite for designing
a human body energy harvester. Humans walk through a complex orchestration of
muscle forces, joint motions, and neural motor commands [90]. Through millions of
years of evolution, the walking pattern is optimized such that metabolic cost is min-
imized [2]. A simplified model of walking can be described as an inverted pendulum
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[90]. The power dissipated by friction in joints during walking is negligible compared
to the power required for walking [18]. During steady speed walking on level ground,
the kinetic and potential energy does not change when comparing the start and end
of a cycle. Based on the inverted pendulum model, the positive work done by the
muscles is dissipated by negative muscle work and damping in the human body. The
negative and positive work from the lower extremity joints in human walking has
been previously described in the literature [1] [19].

Typical human walking results in approximately 5 cm of center of mass (COM)
vertical motion during each gait cycle [77]. According to the inverted pendulum
model [90], human walking is illustrated in Figure 5.1. The terminal stance is defined
as the time from heel rise until the other limb contacts the floor [91]. In the terminal
stance, the COM follows a trajectory of an arc with the pivot at the standing ankle.
In the vertical direction, the COM goes down by ∆h = 5cm during the terminal
stance. The gravitational potential energy change during terminal stance can be
approximated as

W = mg∆h (5.1)

where m is the mass of the human body and g is the gravitational constant. Assum-
ing an average human weight of 70 kg [92], and the average human walking frequency
as 1 Hz, i.e. two steps per second [48], the potential energy change is 35J , and the
power rate of potential energy is 70W . This potential energy is then transmitted
into three parts at the end of the terminal stance phase: COM kinetic energy, mus-
cle negative work, and potential energy stored in the Achilles tendon. As shown in
Figure 5.1, The COM velocity increases from v1 to v2 such that the kinetic energy
is increased. The transition in the terminal stance results in the ankle angle α to
decrease from 90° to an acute angle.

During terminal stance, calf muscles do negative work to brake the human body [8].
The calf muscle and the tendon can be modeled as an actuator and a spring [93]. The
tendon (spring) is stretched such that energy is stored. The positive and negative
work from the ankle can be adapted from [1] [8] and are shown in Figure 5.2.

During terminal stance, calf muscle do negative work to the human body [8]. The
calf muscle and the tendon can be modeled as an actuator and a spring [93]. The
tendon (spring) is stretched such that energy is stored. This force acts like brake
force for cars. The positive work and negative work from ankle can be adopted from
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Figure 5.1: Inverted pendulum model of human walking. This figure is processed
from video purchased from third party.

[8] [1] and shown in Figure 5.2.

From Figure 5.2, the positive and negative energy from the ankle can be calculated
and is listed in Table 5.1. The work in A1 A4 is the integration of power in the
corresponding period (red shaded area).

Phase Energy exchange
A1 -0.6J
A2 0.3J
A3 -9J
A4 23.7J

Table 5.1: Power exchange in the ankle during walking. The negative energy is
denoted as negative. [1]

There is -9J of energy in A3, which is the targeted energy source of our device during
the terminal stance phase (Table 5.1). Any active muscle will consume metabolic
energy, whether it is doing positive work, negative work, or no work at all [13]. It is
assumed that the negative energy harvester will reduce the negative work the muscle
has to do. In this way, the energy harvester will not burden the wearer. It is noted
that is a consideration with the device design, the validity of the assumption was not
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Figure 5.2: The full cycle of ankle angle α, velocity, and power during walking. Ankle
angle α is defined as the angle between the shank and the foot. (Modified based on
[1][8] under Creative Commons Attribution License and with open access.)
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Figure 5.3: The full cycle of human walking. The energy-harvesting phase is in the
terminal stance. This figure is processed from video purchased from third party.

It should be noted that the energy harvester cannot harvest all of the -9J of negative
work in phase A3 because natural human gait dynamics must be maintained.

5.3 Design of negative work ankle energy harvester

We developed a wearable negative-work-harvester prototype to harvest the negative
work done by the ankle joint during the terminal stance. As shown in Figure 5.5,
during the initiation of the terminal stance, the angle between point M1 and N1 with
respect to pivot O1 is 6 M1O1N1, which is also referred to as α1. O1 is the center
of the ankle joint. According to the solution of triangles, the length of MN can be
calculated as

MN =
√
OM2 +ON2 − 2×OM ×ON × cosα (5.2)

This angle will change to 6 M2O2N2 (or α2) as the person approaches the end of the
terminal stance. Due to the angular change from α1 to α2, the length of M1N1 will
be decreased to M2N2. Taking advantage of this change, a harvester can be attached
between point M and point N and harvest energy in the terminal stance.

The negative-work-harvester is shown in Figure 5.5. It consists of three parts: an
electromagnetic rotatory generator (Maxon, 200142), a round bar, and a hollow rod.
The round bar attaches to the shoe at one end and can pivot around the attachment
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point. The pivot joint has three degrees of freedom, i.e. x, y, and z axial rotation,
minimizing the risk of confining the natural motion of the ankle joint. The hollow
rod is held in place against the shank by means of a strap. The round bar is inserted
in the hollow rod, allowing relative motion between the two driven by the ankle
motion during the terminal stance. A string is fixed to the top end of the round
bar, exits out from an opening of the hollow rod, and is fixed to the generator shaft
on the other end. The motion of the round bar relative to the hollow rod causes
the length of string to change, initiating a winding mechanism on the generator
shaft that transmits the linear motion in the string to the rotational motion of the
generator. In this way, the relative motion between points M and N is transmitted
to the generator, and power is generated. During the power generation phase, the
rubber band on the back of the generator is wound and resets the generator to the
initial position after the power generation phase ends to prepare for the next cycle.
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Figure 5.4: The modeling for energy harvesting working mechanism. a) low leg po-
sition in the starting (P1) and end (P2) of the terminal stance. b) energy harvesting
phase in gait cycle. The energy harvesting phase is between P1 and P2, which is
corresponding to (A) and (B) in b) (b) is modified based on [1][8] under Creative
Commons Attribution License and with open access.)

The timing of the sequence is shown in Figure 5.4. The string will be loose when
α ≤ 90°, as illustrated before point A in Figure 5.4. The rubber band will hold the
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Figure 5.5: CAD model of the ankle energy harvester. a) Overall view; b) zoomed
view of the generator c) backside view of the generator. The shoe model is created
by Jason Lewis via GrabCad Community

generator in the initial position. When α ≤ 90° and decreasing, the string will be
tight and will drive the generator to rotate by winding mechanism, as illustrated by
the shaded area D in Figure 5.4. In this period, the rubber band will wind as the
generator rotates and potential energy is stored. When α ≤ 90° and increasing, as
illustrated by the shaded area E in Figure 5.4, the stored energy in the rubber band
will drive the generator back to the initial position. The α ≤ 90° period at the heel
strike is small. Due to the small motion of the ankle in that period, the power that
can be produced by the generator in this phase is ignorable. This design ensures that
the harvester engages at the right time and all the energy harvested is from phase
D, when the calf muscle is doing negative work.

The device prototype is shown in Figure 5.6. The generator is of alternating current
(AC) and has three phases. The detailed parameters of the generator are shown in
Table 5.2.

As almost any increased weight carried by the wearer will result in an increase in
metabolic cost [13], the system is designed to be lightweight at only 100 g in order
to reduce the metabolic cost of using the device. The weight distribution of each
component is shown in Table 5.3.

The device is mounted on the ankle and shown in Figure 5.6.
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Figure 5.6: a) The negative energy harvester prototype; b) The device worn by a
user.
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Term Value
Torque constant kt 2.7× 10−4Nm/A
Speed constant ke 2.7× 10−3V/rpm

Terminal resistance Ri 1.2Ω
Rotor inertia Jg 9.3× 10−6kg ∗m2

Shaft radius r 4mm

Table 5.2: Parameters of generator.

Item Weight
Generator 75 g
round bar 6 g
hollow bar 18 g

Total 99 g

Table 5.3: Weight constitution of the harvester.

Fixing strap 1 is used to fix the harvester to the shank (Figure 5.6). As the skin is
not rigidly fixed to the human skeleton, fixing strap 2 circles around the heel and is
fixed to the upper end of the hollow rod.

5.4 Modeling

The modeling of the ankle energy harvester is shown in Figure 5.7.
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Figure 5.7: Modeling of the ankle energy harvester.
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The torque τ provided by the harvester is

τ = Jeα̈ + ceα̇ + k(α− π

2
) (5.3)

where Je is the equivalent rotational inertia of the generator rotor. ce is the damping
provided by the generator. k is the spring stiffness. The equivalent Je, ce, and k can
be calculated from the system modeling. From Eq. 5.2, take derivative of both sides
with respect to time, obtain

vMN =
d(MN)

dt
=

2×OM ×ON sinα

2
√
OM2 +ON2 − 2×OM ×ON cosα)

α (5.4)

Then consider the generator shaft diameter as r, the angular velocity of the generator
ω is

ω =
vMN

r
=

2×OM ×ON sinα

2r
√
OM2 +ON2 − 2OMON cosα

α̇ (5.5)

Therefore the gear ratio from ankle to generator is

n =
ω

α̇
=

2×OM ×ON sinα

2r
√
OM2 +ON2 − 2OM ×ON cosα

(5.6)

The rotational inertia of the generator rotor is Jg and the damping term provided
by the generator is

cg =
ktke

Rinternal +RLoad

(5.7)

where kt and ke are the torque constant and speed constant of the generator re-
spectively. Rinternal and RLoad are the internal resistance and load of the generator
respectively. The derivative of this step can be found in [54]. The spring stiffness of
the rubber band is measured as krubber, and consider the winding radius at the back
end of the generator is rback, the rotational torque krotation provided by the rubber
band is

krotation = krubberr
2
back (5.8)

Therefore, the equivalent rotational inertia Je, electrical damping ce, and spring
stiffness k at the ankle are

Je = n2Jg = OM2ON2 sinα2

(OM2+ON2−2×OM×ON cosα)r2
Jg

ce = n2cg = OM2ON2 sinα2

(OM2+ON2−2×OM×ON cosα)r2
ktke

Rinternal+RLoad

k = n2krotation = OM2ON2 sinα2

(OM2+ON2−2×OM×ON cosα)r2
krubberr

2
back

(5.9)
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Jg,kt,ke,Rinternal can be obtained from the generator datasheet. The krubber,rback,RLoad,OM ,ON ,r
can be measured from the system. In this way, the torque on the ankle is obtained
and a function of ankle angle α. More energy will be stored as kinetic and potential
energy if the rotational inertia Je and spring k term increase. As the energy stored
will be eventually harvested by the generator, those two terms can assist with the
energy harvesting process. The question arises: which term should we increase to
harvest more energy? Damping, inertia, or spring? Or they are the same? To answer
this question, we have to look into the ankle angle profile α and the torque profile of
the shank muscle, as illustrated in Figure 5.8.
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Figure 5.8: Ankle angle and torque profile. (The figure is modified based on [1] [8]
under Creative Commons Attribution License and with open access.)

As illustrated in Figure 5.8, the energy-harvesting phase is in 50 − 80% of the gait
cycle. In this period, the ankle decrease from 90° to 83°, and the velocity profile
decrease from 2 rad

s
to 0 rad

s
. This will result in the torque profile illustrated as the

solid and dash red line in Figure 5.8 c). As the goal of the energy harvester is to assist
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the ankle doing negative work, the spring torque is much better than the damping
torque. The spring torque profile is the same as the muscle torque, and therefore
is there to assist ankle muscles when needed. The damping torque is large at the
beginning of the energy-harvesting phase, and small at the end of the same phase.
It can be interpreted that the torque is there when it is not needed and disappear
when the ankle needs it. This is the reason why damping torque is not preferred.
The generator velocity is zero at the beginning of the energy-harvesting phase. It
will suddenly increase to catch with the ankle motion. This will result in a large
angular acceleration and hence large inertia torque. A similar force profile will be
produced with the damping torque and hence is not welcomed. In conclusion, in
order to produce a torque profile similar to the ankle muscles, spring is preferred
over damping and inertia term.

5.5 Experiment validation

The performance of the ankle energy harvester was tested by a human participant
(M. L., height: 172 cm, weight: 80 kg) walking on a treadmill at a constant velocity
of 4.8 km/h (3 mph) while wearing the ankle energy harvester. Three resistors with
1 W resistance each were connected to each phase of the generator to dissipate the
energy harvested according to Figure 5.9. The voltage output of the generator was
collected by measuring the voltage on one resistor as shown in Figure 5.9. The other
two phases are identical to this phase except for a 120° phase difference.
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Figure 5.9: Treadmill experiment setup. The volunteer (M. L.) walks at 4.8 km/h
with the harvester.
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The electrical power output is calculated by

P =
V 2

RL

(5.10)

where V is voltage measured on the output of the generator. The experiment result
is shown in Figure 5.10.
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Figure 5.10: Experimental results. a) voltage output; b) power output. Treadmill
test with a constant speed at 4.8 km/h (3 mph). The average power for one phase
is 0.05 W . There is one generator on each leg and each generator has three phases.
Two-legs combined result in total power output 0.3± 0.05W

From Figure 5.10, 0.3 ± 0.05W of average power can be harvested from the ankle
energy harvesting device. In order to illustrate the negative work harvested from
the ankle motion, the energy-harvesting phase is compared with a full gait cycle and
shown in Figure 5.11.
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Figure 5.11: Energy harvesting period in a full gait cycle. The photos are from
testing with the participant walking on a treadmill at 4.8km/h (3 mph).

The rotational velocity of the generator can be obtained from the voltage by ω = V
ke

,
where V is the voltage produced by the generator, and ke is the generator speed
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constant. The motion of MN is measured with a displacement sensor (LMC(R)
13-100 by P3 America). The whole energy harvesting process was videotaped and
the keyframes were identified. Heel strike, terminal stance, and swing phase can all
be identified from the video and compared with the generator rotation profile Figure
5.12.
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Figure 5.12: Energy harvesting in complete gait cycle.

The energy-harvesting phase is clearer when the power output is plotted and com-
pared with the walking cycle. From Figure 5.12, it is clear that the energy-harvesting
phase corresponds with stance. It is also noted that 0.003 J energy is harvested before
the terminal stance (denoted as A in Figure 5.12 b)), which is considered negligible
compared with 0.05 J of total energy harvested during one gait cycle. Due to the
winding of the rubber band, there is still some energy during the push-off phase,
which is denoted as ”stored elastic energy in Figure 5.12 b), which comes from the
potential energy in the rubber band. It is not driven by the shank. The calf mus-
cle activity is also recorded by recording the EMG signal of the medial and lateral
gastrocnemius muscle.

The displacement is the relative motion between the rod and hollow rod and mea-
sured by displacement sensor (LMC(R) 13-100 by P3 America). The force is picked
up by the force sensor illustrated in Figure 5.6 (lower end of the rod). The me-
dial and lateral gastrocnemius EMG signal is picked up by Bagnoli EMG system by
DELSYS. From Figure 5.13, it can be observed that the energy harvesting happens
when the gastrocnemius muscle is doing negative work, i.e. in 0.45-0.65 s in the time
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Figure 5.13: Energy harvesting vs gastrocnemius muscle activity in the time domain.
a) harvester displacement (between the rod and the hollow rod); b) force on the
harvester; c) EMG signal in lateral and medial gastrocnemius muscle.
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domain, during which only force is obvious in the harvester. The soleus muscle is
active as observed from the EMG graph, and it is doing negative work.
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Figure 5.14: Torque analysis on the ankle joint: the muscle torque and the harvester
torque.

From Figure 5.13, it is shown that the gastrocnemius muscle active and force active
period is overlapped in 0.45-0.65 s. As illustrated in Figure 5.14, the shank moves
clockwise pivoting ankle joint O. The gastrocnemius muscle is active and providing a
counter-clockwise torque τmuslce. As the motion is clockwise and the gastrocnemius
muscle torque is counterclockwise, the gastrocnemius muscle is doing negative work.
In the meaning time, the harvester provides an extending force Fharvester, and hence
resulting a counterclockwise torque τharvester. The direction of τharvester is the same
as the τmuscle. Hence, the harvester is assisting the gastrocnemius muscle in doing
negative work.

Apply the parameters to the Eq. 5.3 (refer to appendix for details), obtain torque
on the ankle τ = 7.4× 10−2α̈+ 2.4α̇+ 8.5× e9.1(α−1.6) × (α− 1.6). The ankle angle,
ankle velocity, and ankle acceleration from literature [8] [13] can be compare with
experiment data, the comparison result can be found as Figure 5.15.
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From Figure 5.15, the ankle angle measured from the experiment matches with the
data from the literature with acceptable error. However, the experimental angle ve-
locity and acceleration data cannot match the data from the literature. The following
are the possible reasons we have speculated but yet to verify:

1. The soft skin and soft tissue in the human body are not modeled. The connection
between the harvester and the human body is modeled as rigid. However, the human
skin is very flexible in small-scale motion. As a result, the velocity is supposed to be
some large value in the initial contact (at time zero in Figure 5.15), but due to the
soft connection, the velocity starts with some value close to zero.

2. The influence of the harvester on the ankle angle. The harvester will have torque
on the ankle and that will change the acceleration and velocity of the ankle angle.
However, since there is no specific equation to describe the interaction between the
human body and the harvester, the interaction is not modeled. Instead, the hu-
man ankle angle is treated as definite input to the harvester. This might cause the
difference between the experiment result and the modeling result.

3. Different from person to person. The experiment is from a single person. However,
the difference between individuals is quite large. As observed from the experiment
we did, the difference between individuals can be as much as 100%. 4. The changing
shaft diameter due to the winding mechanism. The string will cumulate on the shaft
because of the winding mechanism. The shaft radius is 0.0025m before winding, but
can increase to 0.004m after winding for multiple rounds.

As a result, the experimental data can be explained roughly but not in detail.

This device was compared with biomechanical energy harvesting devices in literature
based on the power harvested, weight, and negative work phase and the results are
shown in Table 5.4. The metabolic cost increase due to the extra mass that has to
carry is derived from [97]. Note that the human body is set at a typical value of
80kg.

From the comparison in Table 5.4, the current device is the lightest while harvesting
substantial power. It is noted that the harvester we presented has a decent power
ratio (power harvested / metabolic power increase due to weight carrying), but it is
still lower than the critical value of 1.
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Device Position Power Weight Position metabolic efficiency Negative
Backpack [4] Backpack 5.6W 5.6kg Back (3.6 W/kg) 20 0.28 NA

Knee [3] Knee 5.0W 1.6kg Knee (6.0 W/kg) 9.6 0.52 Yes
Ankle [94] Ankle 1.0W 0.60kg Ankle (1.7 W/kg) 9.6 0.10 Yes
Ankle [95] Ankle 0.35W 0.40kg Ankle (16 W/kg) 6.4 0.05 Yes
Current Ankle 0.30W 0.10kg Shank (6.1 W/kg) 0.60 0.50 Yes

Table 5.4: Performance comparison between different biomechanical energy harvest-
ing (EH) devices.

5.6 Discussion

When assessing energy harvesting devices, five main factors must be considered: the
muscles negative work phase during each motion, the means by which the device is
attached to the body, the convenience of use of the device, the additional weight of
the device on the amount of effort expended by the wearer, and finally the effect of the
harvesting energy device on the body [1]. At the same time, the energy harvester
should not affect the users preferred gait, as almost any deviation from the users
natural gait will increase the metabolic cost [96]. As a result, the harvester should be
designed to not impede the natural human motion. At the same time, the harvester
should be as light as possible to decrease the impact on the human body. The cost
of carrying weight on the human body is characterized in [97] and show that distal
leg loads increase the metabolic rate required for swinging the leg. For electrical
power generation over a longer duration, it would be desirable to harvest energy
from everyday activities such as walking and backpacking. The energy harvester was
designed by following the design criteria mentioned above.

However, due to the design goal of being lightweight and minimizing the influence on
natural human gait, the power harvested is only 0.3 W, which is much less than the
1 W case previously published by our group [94]. There is a balance of harvesting
more power and not impeding the wearer. We plan to do further experiments with
the harvester while measuring the metabolic cost to evaluate the influence of the
energy harvester on the wearer.

Chapter conclusions

In this paper, we designed an ankle energy harvester that only harvests negative
work during human walking. The energy harvester mounts on the foot and harvests
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energy during the ankle negative work phase. The harvester weighs less than 100g
and is non-invasive. Treadmill experiments show that 0.3 ∓ 0.05W of energy can
be harvested during human walking (4.8 km/h or 3 mph). The device is shown to
harvest energy only during the negative work phase, so it has the potential of not
increasing the metabolic cost. Experiment results also show that the harvester is
having torque at the same time and direction of the shank muscle, indicating the
harvester is trying to assist the muscle doing negative muscle work. The modeling,
design considerations, and parameter choice are discussed in detail. Harvesting en-
ergy with the potential of not increasing the burden on the human user is a promising
way to power wearable and mobile electronic devices. Even though no clear evidence
is shown this harvester can be net-zero harvester (energy harvesting at no increase
of metabolic cost), this paper paves ways towards that goal. Further work should be
done to improve the amount of power harvested and investigate the influence of the
harvester on human metabolic cost and human gait.

5.7 Appendix

Apply OM = 0.12m, ON = 0.3m, α = 90°, and r = 0.0025m to Eq. 5.6, and
obtain n = 89. Apply Jg = 9.3 × 10−6kgm2, krubber = 64e25xN/m,rback = 0.041m,
Rinternal = 1.2Ω,RLoad = 1Ω, kt = 2.55 × 10−2Nm/A, kt = 2.55 × 10−2V/rad to
Eq. 5.9 and obtain Je = n2Jg = 7.4 × 10−2kgm2, ce = n2cg = 2.4Ns/rad, k =
n2krotation = 8.5Nm/rad. Then apply to Eq. 5.3 and obtain torque on the ankle
τ = 7.4 × 10−2α̈ + 2.4α̇ + 8.5 × e9.1(α−1.6) × (α − 1.6). The spring stiffness of the
rubber is a little bit complicated due to the winding part. Even though the length
of the rubber between the fix point and the winding wheel is does not change due to
winding, the effective part (the length of the original rubber in length L) changes.
The changing of effective length will change the stiffness. The photo of the winding
mechanism and its illustration is shown in Figure. 5.16.

As illustrated in Figure. 5.16, the original length of the rubber band is L and the
effective length is L′ after winding by length x. Equation can be obtained as

L− L′ =
∫ x

0

L′

L
dx (5.11)

Solve the equation and obtain
L′ = Le−

x
L (5.12)
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Figure 5.16: Rubber band spring illustration.

The original stiffness of the rubber band can be measured as kbase, as the spring
stiffness is inverse proportional to the rubber band length, the effective rubber band
stiffness is

krubber(x) = kbase
L

Le−
x
L

= kbasee
x
L = kbasee

25x = kbasee
25x (5.13)



Chapter 6

Energy Harvesting tile/paver

6.1 Chapter introduction

Developments and deployment of smart infrastructure and the global expansion of
digital inter-connectivity have been increasingly shaping our day-to-day activities.
This is particularly evidenced by the Internet of Things where connectivity has ex-
tended to everyday objects, enabling them to send and receive data. Ubiquitous
sensing is key to the Internet of Things [98]. However, powering the sensors can be
a problem, especially in far and remote places. Running long wires or replacing bat-
teries to power sensors can be costly, inconvenient, or even impractical. Harvesting
energy from the ambient environment could be a key source for providing off-grid
power supply for sensors used in smart infrastructure, structural health monitoring,
and environment sensing [10] [23] [99]. As sensors and communication systems require
less and less power, energy harvesting becomes more promising. Both piezoelectric
[29] [100] [101] [102] and electromagnetic [103] [104] [105] [39] [106] transducers have
been used at small-scale, mid-scale and large-scale energy harvesting.

Energy harvesting from the human body and human motion has many applications,
including powering wearable and mobile devices [107]. Rome et al. [4] designed
an energy harvesting backpack by using an electromagnetic generator to harvest
kinetic energy from human walking. They experimentally obtained a maximum out-
put power of 5.6W . Donelan et al. [3] designed an electromagnetic energy harvester
based on the motions of knees and legs. Their experiments demonstrated that an

113
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average power of 5W can be harvested from these motions, while causing little ex-
tra human effort. Researchers have long been focusing on harvesting energy from
the interaction between the human foot and the ground. MIT Media Lab’s energy
harvesting shoes proved capability of harvesting average 1.3mW from PVDF stave,
8.4mW from PZT unimorph and 250mW from electromagnetic generators [84] [70].
Fu et al. designed energy harvesting shoes based on footstep-induced airflow and
harvested 6mW from pedestrians [108]. Wu et al. came up with an electromagnetic
wearable 3-DoF resonance human motion energy harvester and harvested 2.3mW
[109]. Hsu et al. devised a novel ultra-high power density energy harvesting method
based on reverse electro-wetting [110]. They fabricated small lightweight energy har-
vesting devices capable of producing a wide range of power for the application of
energy harvesting shoes.

Energy harvesting tiles have received attention because of multiple potential appli-
cations that include powering infrastructure sensors, ambient lighting fixtures, and
nearby communication systems [111]. Zhao et al. [112] designed a cymbal-based
piezoelectric energy harvester embedment in the asphalt pavement to harvest energy
from automobiles. Their numerical simulation results showed a potential maximum
power output of 1.2mW from passing vehicles. Xiong and Wang [113] installed a
piezoelectric energy harvester on a public roadway and demonstrated the ability to
harvest an average output power of 2 3mW and a peak power of 100mW from pass-
ing trucks. Sharpes et al. [114] presented the concept of a piezoelectric tile energy
harvester that is placed below the floor surface. They showed that the output energy
from footsteps could be used for building automation or control in smart buildings.
Yao et al. [16] used triboelectric material to design a triboelectric nano-generator.
They were able to harvest 0.5mW of power from human steps. Although these dif-
ferent approaches used to harvest energy from tiles are interesting and meaningful,
they do not take full advantage of the potential energy. As a result, the amount of
energy harvested is still at the mW level.

Another approach to harvest energy from footsteps is the electromagnetic-based
energy-harvesting tile. Pavegen has commercialized electromagnetic-based energy-
harvesting tiles that convert the floor’s up-and-down motion to the rotational motion
of an attached generator to produce electricity [89]. Taliyan et al. [115] designed
a footstep energy-harvesting device that uses a DC generator. Their experimen-
tal results show that 3 ∼ 5J of electrical energy can be generated from each step.
However, the tile top panel displacement is 3cm, which is not only uncomfortable
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for pedestrians, but also would not conform to the Americans with Disabilities Act
(ADA) [116]. This act limits the amount of the vertical height difference between
pavement joints. Bhatia et al. [117] designed an energy harvesting tile using rack
and pinions. They were able to harvest 0.36W average power. The displacement
of the device’s top panel varied 13 ∼ 38mm, which incurs the same comfort and
regulatory code issues as the Taliyan tile [115]. Furthermore, their overall efficiency,
which is less than 20%, is still low. Another company, Waydip came up with an
energy harvesting tile called Waynergy that can harvest 0.3 ∼ 0.6J of energy per
step. Considering the energy potential, their overall efficiency is 13.6% [118].

In summary, the overall efficiency of existing research on energy harvesting tiles is
less than 20%. The energy output is far below the available potential energy during
human walking. This paper presents a novel design of energy harvesting tile that
efficiently harvests energy from human walking and makes them more useful in real-
world applications. A DC generator is used to convert kinetic energy into electricity.
A one-way-clutch is placed between the gears and the shaft to extend the energy
harvesting period. Based on the mechanism of this clutch, energy harvesting con-
tinues even after the top panel reaches its displacement limit. The period of energy
harvesting is further enhanced by using a flywheel that is attached to the electric
generator rotor. A complete dynamic model is developed with the consideration of
the Coulomb damping, electrical damping, and mechanical damping. Based on this
model, system parameters are analyzed to optimize energy harvesting performance.
The role of the flywheel and the load resistance is analyzed and discussed. Experi-
ments are carried out to verify the dynamic model. The experimental results match
well with numerical simulations. The experimental results show that the energy har-
vesting tile can produce an average power output of 3.6W over 0.5s of the step time,
with a peak power of 12W . The output of electrical energy is 1.8J per step. It is
shown that 75% of the theoretically available potential energy during human walking
is transmitted to the energy harvesting tile. This exceeds values in the published
research work by a significant margin. The flywheel’s influence on energy harvesting
in walking, fast walking, and running conditions are compared and discussed.

This paper is organized as follows: Section 2 describes the working principle, design,
and fabrication of the proposed energy harvesting tile. In Section 3, the dynamic
model of the energy harvesting tile is developed and analyzed. The electric load and
flywheel are optimized to harvest more energy with high efficiency. The tests and
results of the proposed energy harvesting tile are presented in Section 4. Conclusions
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are provided in Section 5.

6.2 Concept, design and prototype

6.2.1 Concept

According to literature [9] [119], human walking induces a 500 ∼ 1000 N dynamic
force on the ground. In this section, the conceptualization and design of the pro-
posed tile to harvest human motion energy efficiently are discussed. The idea is that
when a pedestrian steps on the tile, it gently shifts 6mm downwards and harvests
the work done by this motion. Compared with the pedestrian’s height and stride
length, a displacement of 6mm is small. This motion likely has a negligible effect
on the human effort of walking. Although seemingly slight, this displacement can
be used to generate electrical energy. Importantly, the 6mm displacement also falls
within the range recommended by the Americans with Disabilities Act [116].

Rack-

pinion

Generator
Step down

a) b)
Flywheel

One-way-clutch engage One-way-clutch disengage

Gears Shaft

Driving shaft 

cannot follow

Figure 6.1: Working principle of the energy harvesting tile: (a) step down; (b) free
rotation.

The working principle of the proposed energy harvesting tile is shown in Figure 6.1.
The pinion gear rotates counter-clockwise when the step force acts on the rack. The
shaft rotates with the pinion gears. The one-way-clutch is engaged and the gears be-
tween the shaft and the generator rotate and drive the generator to rotate clockwise.
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As shown in Figure 6.1(b) , when the displacement of the rack reaches its limit or the
movement of the rack cannot keep up with the rotational motion of the generator,
the one-way-clutch disengages. This disengagement enables the generator to keep
rotating due to the rotational inertia and to continue harvesting energy. A flywheel
is attached to the end of the generator to increase the rotational inertia. This design
enables the generator to have continuous output power while fully harvesting the
potential energy.

6.2.2 Design and prototype

In order to make the energy harvesting tile easy to assemble and scale up to deploy
as part of a pathway, the proposed tile is made of energy tile modules as shown in
Figure 6.2. Taking the average human stride length of 72 cm [48] into consideration,
the modular energy harvesting tile is designed to have a size of 40cm× 40cm× 5cm.

5
cm

40cm

Figure 6.2: CAD design of the energy harvesting tile: (a) 3D view; (b) top view.

As shown in Figure 6.2, the cover (top panel) of the box will move up-and-down
when it is stepped on. Four rack-and-pinion, one at each corner, are then used to
transmit the up-and-down motion to the rotation motion of the shafts. Thus, the
panel can always drive the generator no matter whether the step force is applied.
Bevel gears synchronize the motion of all the three shafts. When the top panel
reaches its displacement limit of 6 mm (stopped by the wall of the box) or the
top panel cannot keep up with the rotation of the generator anymore, the one-way-
clutch disengages. Meanwhile, the generator continues to rotate due to inertia and
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to produce electrical energy. The flywheel attached at the high-speed shaft of the
electric generator extends the duration of the rotation. When the step is released,
the generator is disengaged by the one-way clutch. The springs in the four corners
reset the top panel to its original position. Figure 6.3 shows the prototype assembly
of the presented energy tile.

Supporting 

spring

Rack-pinion

Generator Gearbox

Power output

Flywheel

Gears

One-way-clutch

Bevel gear

Top panel

Figure 6.3: Prototype of the energy harvesting tile (one module).

6.3 Modeling and simulation

6.3.1 Potential Energy

Human walking results in a Vertical Ground Reaction Force (VGRF) on the ground.
Tongen et al. [9] measured typical walking, speed walking, and running VGRF pro-
files, as shown in Figure 6.4.



Mingyi Liu Chapter 3. Energy Harvesting Tile 119

Figure 6.4: Typical vertical ground reaction force (VGRF) for one step during walk-
ing, speed walking and running [9].

The potential energy from the human walking is given by:

W =

∫
Fds (6.1)

where W is the work done; F is the VGRF and S is the displacement of the tile’s top
surface. Based on the VGRF shown in Figure 6.4, a force of 800 N, and a total top
panel displacement of 6 mm, the total potential energy is estimated to be 4.8 J. 3.2
System modeling 3.2.1 Modeling of the generator The generator shown in Figure 6.5
can be modeled as a voltage source with internal and load resistances. An equivalent
model is shown in Figure 6.4.

The voltage V produced by the generator is calculated as:

V = keω (6.2)

where ke is the speed constant of the generator; w is the rotational angle of the
generator rotor; θ̇ is the generator rotational velocity. According to Kirchhoff’s
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Figure 6.5: Modeling of the electrical generator.

voltage law:

kew = iRi + iRL ⇒ i =
kew

Ri +RL

(6.3)

where i is the current,Ri and RL are respectively the internal and load resistances of
the generator. The torque produced by the generator is written as:

τg = kt ⇒ i =
(ktke)w

Ri +RL

(6.4)

where τg denotes the torque produced by the generator and kt is the torque constant
of the generator. As such, the force produced by the generator is proportional to
rotational velocity θ̇ and the generator can be treated as a damping term with a
damping coefficient ce given by:

ce =
ktke

Ri +RL

(6.5)

6.3.2 Overall model

Based on the above modeling of the generator and the working principle, the energy
harvesting tile can be modeled as a mass-spring-damper system as shown in Figure
6.6. The response upon a human footstep has two phases: Phase I during the step-
down and Phase II during the free rotation.
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Figure 6.6: Working principle of the energy harvesting tile. Phase I: the step down
and Phase II: free rotation.

As the step force F acts on the top surface of the tile, the rack and pinion turn the
vertical displacement into a rotational motion. As shown in Figure 6.6, the input is
the step force F during which the one-way-clutch engages. When the one-way-clutch
engages, the top panel displacement will be coupled with the generator, i.e. y = θr

n
,

where θ, n and r are respectively the rotational angle of the generator rotor, the
overall gear ratio that consists of the gears and gearbox, and the radius of the pinion
gear. The governing equation of motion during Phase I is written as:

Jω̇ + (cm + ce)ω + Tf =
F − ky
nr

(6.6)

where J is the equivalent rotational inertia, which is the total rotational inertia of the
generator rotor, flywheel, and gearbox. The parameters cm and ce represent respec-
tively the equivalent mechanical damping and electrical damping of the system. The
mechanical damping force is modeled as viscous damping force cm θ̇ and Coulomb
damping torque Tf . The parameter k is the total stiffness of the four supporting
springs in parallel. The springs are designed to push the tile top panel back to its
original position after the foot releases. When the top panel hits the walls of the
supporting box or the top panel cannot keep up with the rotation of the generator,
the one-way-clutch disengages. At that time, the system becomes a mass-damping
system as presented by Phase II in Figure 6.6. The corresponding governing equation
becomes:

Jω̇ + (cm + ce)w + Tf = 0 (6.7)
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As the step force F decreases, the springs will push the top panel back to its original
position. Overall, the governing equations are written as follows:{

(Jθ̇ + (cm+ ce)θ̇ + Tf = F−ky
n
r; y = θr

n
F > ky, y < 0.006(PhaseI)

Jθ̈ + (cm+ ce)θ̇ + Tf = 0;F > ky, y = 0.006(PhaseII))
(6.8)

Based on this model and the input force, the output of the energy harvesting tile can
be predicted. The numerical results are presented in the next section. In addition,
a comparison between numerical simulation and experimental results is presented in
Section 4.

6.3.3 Simulation and parameter optimization

All of the system parameters can be obtained from datasheets (Table 1) except
the system’s mechanical damping cm and the Coulomb damping torque Tf. These
two parameters depend on the system assembly and material characteristics. They
cannot be obtained directly. For this paper, these parameters are determined by
fitting numerical simulation to experimental results. The experimental VGRF shown
in Figure 6.7 (a) constitutes the input to the system model. By varying cm and
Tf and then getting the smallest error between the two results, the value of cm
and Tf were determined. With this approach, the values of these parameters were
determined to be cm=0.011 Nms/rad and Tf = 2.9× 10−3Nm. The input force and
fitting results are presented in Figure 6.7 (a) and (b), respectively.

a) b)

Figure 6.7: Parameter identification result: (a) Vertical Ground Reaction Force
(VGRF) from experiments; (b) voltage output comparison.
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Table 6.1: System parameters of the energy harvesting tile.

Symbol Quantity Parameter meaning
J 2.5× 10−5kgm2 total rotational inertia of generator rotor and the flywheel
r 7.5× 10−3m radius of the pinion gear
ce 0.012Nms/rad equivalent electrical damping (load resistance: 10ω)
cm 0.011Nms/rad mechanical damping
k 3.6× 104N

m
total stiffness

n 52 overall gear ratio
kt 5.3× 10−2Nm/A torque constant
ke 5.3× 10−2V s/rad speed constant
Ri 2Ω internal resistance
Tf 2.9× 10−3Nm Coulomb damping torque

Upon determining all of the parameters, the VGRF data obtained from experiments
is used as an input to the system model. The system has a flywheel attached to
the end of the generator. The flywheel has 1.9 times the rotational inertia of the
generator rotor. The results are presented in Figure 6.8.

As shown in Figure 6.9 at the onset of phase I, the generator starts to rotate when
the input force is applied to the top panel. When the top panel cannot keep up with
the rotation of the generator or stopped by the sidewalls of the energy harvesting tile,
the one-way-clutch disengages and the generator continues to rotate due to inertia,
as shown in Figure 6.9 (b). If the friction force is small compared to the damping
force, it can be neglected in the model. The rotational velocity can be modeled as:

w = e
−(cm+ce)
J(t−t0) w0 (6.9)

where ω = θ̇ is the rotational velocity of the electric generator, t0 is the disengage-
ment time and w0 is the rotational velocity when the one-way-clutch disengages. As
such, the rotational velocity follows an exponential decay, as shown in Figure 6.9
(b). Because the voltage output is proportional to the rotational velocity, it follows
the same exponential decay rate. The kinetic energy stored as rotational inertia is
harvested, as shown in Figure 6.9 (c). As the foot lifts off, the top panel is pushed
back to its original position by the springs. With this design, more energy induced
by the footstep can be harvested. Different electrical loads will result in different
dynamic profiles and, thus result in different levels of energy output. In order to find
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Phase IIPhase I
Phase IIPhase I Phase IIPhase I
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a) b) c)

Figure 6.8: Numerical simulation results of the energy harvesting tile: (a) top panel
displacement; (b) generator rotational angular velocity; (c) power output. All system
parameters are from the energy harvester prototype. 10 ω load resistor is used in
the simulation.

out the optimal load resistance for maximum energy output, the system is simulated
using different values of the load resistance. The variations of the displacement, ro-
tation speed of the generator’s shaft, and the power output as a function of the load
resistance levels are presented in Figure 6.9.

The electrical energy output W is determined by integrating the output power over
the time span of one-step. It is defined as follows:

W =

∫ ts

te

Pdt (6.10)

where P is the power output and ts and te are respectively the starting and ending
points of energy harvesting over the period corresponding to one footstep. When
the load resistance is small, the equivalent damping is large. It will take a relatively
long time for the top panel to reach its limit. This is illustrated by the 1 ω case in
Figure 6.9. The rotational velocity is small due to the increased working time. The
small rotational velocity means a small voltage output. The electrical efficiency is
calculated by:

ηe =
RL

Ri +RL

(6.11)
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a) b) c)

Figure 6.9: Variations of the (a) top panel displacement; (b) generator rotational
speed; (c) power output as the load resistance changes.

where the electrical efficiency ηe decreases whenRLdecreases. Therefore, the energy
efficiency is low, and total energy output is low when load resistance is small. When
the load resistance is large, as illustrated with 50 Ω case in Figure 6.9, the top panel
velocity and the generator rotational velocity are large. Thus, the output voltage
is large. However, the electrical power output U2

Ri+Ro
will become small becauseRLis

large. Therefore, the level of harvested energy is low. Based on the above analysis, it
is determined that in both small and large load resistance cases, the output electrical
energy is small. The energy output reaches its maximum in the middle range of the
load resistance. In order to find the optimal resistance for the maximum energy
output, a profile of different energy outputs based on different load resistance is
simulated and presented in Figure 6.10.

Figure 6.10 shows that the electrical energy harvested per step is low for both small
and large load resistance cases. The energy output reaches its maximum when load
resistance Ro=7 ω. In this way, the optimal load resistance can be found by modeling
and simulation. The numerical simulation helps the experiment design process by
guiding the choice of system parameters. Based on the performance of the generator
in the test, 70% generator efficiency is assumed in this figure. As shown in Eq. 6.6,
when the foot touches the top panel, the governing equation of motion is written as:

θ̈ =
Fr−kyr

n
− (cm+ ce)θ̇ − Tf

J
(6.12)
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Figure 6.10: Harvested energy versus load resistance.

When the foot touches the top panel, both the top panel displacement y and gen-
erator rotational velocity θ̇ are small. The Coulomb damping Tf is designed to be
small. As a result, the acceleration of the rotational angle θ = Fr/Jn will be large,
i.e. the step force is mostly used to push the rotor to accelerate. This will lead
to a large θ in a short time. As the one-way-clutch is engaged in this phase, the
top panel will move down with the rack quickly. However, as shown in Figure 6.4,
the step force F is small when the foot starts to touch the ground. The mechanical
energy input to the tile W =

∫
Fds will be small. This is illustrated by the no

flywheel enclosed line area in Figure 6.11. In order to solve this problem and harvest
more energy, a flywheel is added. The flywheel makes rotational inertia J large and
hard to accelerate. Then the step force F reaches its full extent shortly after the
foot touches the top panel. In this way, the mechanical energy input W =

∫
Fds

increases, as shown in by the flywheel line in Figure 6.11. This simulation is done
by feeding the VGRF profile from the experiment to the system’s equation of motion.

A numerical simulation of the system was performed to compare the three rotational
inertia in Figure 6.11. The mechanical energy input to the energy harvesting tile is
calculated by the enclosed area of the force-displacement loop. As the equivalent in-
ertia increases, the mechanical energy input increases. The increase rate slows down
and eventually reaches a maximum value, i.e. the potential energy. The reason is
that the VGRF will increase due to the increase in the rotational inertia. However,
the VGRF cannot exceed the force on solid ground as shown in Figure 6.4 [9], be-
cause the motion of the tile will yield less VGRF compared with force yield by solid
ground. So the mechanical energy input to the energy harvesting tile has a satura-
tion relationship with the size of the flywheel. The input energy is small when the
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Figure 6.11: Comparison of force-displacement loop of the energy harvesting tile
with different flywheel rotational inertia.

flywheel size is small. The input energy increases and eventually reaches a maximum
value. The maximum value is equal to the theoretical potential energy.

The simulation result is obtained by inputting the vertical ground reaction force
(VGRF) from experiments. However, the VGRF profile will change due to the change
in the flywheel rotational inertia and external electrical load resistance. This is
illustrated by the force profile with and without a flywheel in the experiment section.
The change of force profile will result in a different displacement profile. The total
mechanical energy input into the energy harvesting tile is the enclosed area by the
force-displacement loop. As we cannot obtain the vertical ground reaction force for
all the conditions we simulated, a typical vertical ground reaction force is used for all
simulations. Because of this, the simulation results do not match the experimental
results very well. The simulation is performed by using Coulomb friction estimated
from experiments. However, the actual friction in the system will vary at different
VGRFs and will be more complicated than the current model. In this sense, the
numerical results only show the trend in the energy change to guide the design.
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6.4 Experiments and evaluation

In order to verify the output power of the energy harvesting tile, we tested it using an
Ozark Trail 500-Lumen Spotlight. It turns out that the harvested energy is enough
to power the torch light at its specified conditions. The result is shown in Figure
6.12.

Figure 6.12: Experiment: upon stepping on the top panel, the prototype powers an
Ozark Trail 500-Lumen Spotlight.

In order to compare the experimental results with the numerical simulation, evalua-
tion sensors were employed to test the prototype. The tested setup is shown in Figure
6.13. A force sensor (PCB Model 208C03) is used to measure the VGRF on the top
panel. A laser ranger (Micro Epsilon optoNCDT 1302) measures the displacement
of the top panel. The system output is connected with a resistor (load resistance) to
dissipate energy. The voltage on the resistor was measured. All the measurements
were transferred to digital signal by a data acquisition system Coco-80 with three of
its channels working simultaneously: voltage, displacement and force.

The force sensor was attached to the bottom of the test subject’s shoes. The subject
was asked to walk several steps in order to reach a steady speed. Then the subject
stepped on the energy harvesting tile. The results of the experiment are shown in
Figure 6.14, and are compared with numerical simulation using the same measured
input VGRF fed to the system model.
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Figure 6.13: Test experiment setup.

a) c) d)b)

Figure 6.14: Experimental results: (a) Force input measured from experiments, (b)
top panel displacement, (c) voltage output and (d) power output. The load resistance
is 10 ω and the subject tested has a body weight of 80 kg.
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As shown in Figure 6.14, the experimental results match quite well with the numerical
simulation results. This verifies the accuracy of the presented model. The mismatch
at the top panel displacement can be explained by the backlash in the gears and the
deflection of the transmission system. The mismatch can be noted from the delay in
the experimental top panel displacement and the simulation data in Figure 6.14(a).
The top panel displacement in this experiment is 7 mm, which is different from the
designed 6 mm. Given the 400 mm 400 mm panel dimensions, a slight tilt of the top
panel would easily result in a 1 2 mm displacement difference in the measurement.
In order to find out the optimal resistance for maximizing the energy output per
step, the relationship between the harvested energy and load resistance is mapped
by changing the load resistance. The corresponding experimental results are shown
in Figure 6.15.
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Figure 6.15: Energy harvesting performance with respect to the load resistance. The
flywheel has 1.9 times the rotational inertia of the electric generator.

The average energy output from six individual tests is plotted with errorbar. A
line is fitted to the experimental data. This line shows the general power output
trend for both with and without flywheel cases. The flywheel has 1.9 times the
rotational inertia compared with the generator rotor. Thus, the total rotational
inertia in the case with the flywheel is 2.9 times the system without a flywheel. The
average total energy for each step can be 1.8 J with the flywheel and a 10Ωload
resistance. Aikaterini and Ji [48] [48] measured the human walking conditions in
various locations, and estimated the average walking frequency to be around 2 Hz,
i.e. the average step time is 0.5 s. Therefore, the average power output per person
from the energy harvesting tile is 3.6 W. Considering the movement of the top panel
of the energy harvesting tile is 6 mm, a total potential energy of 4.8 J can be obtained,
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which is body weight times displacement (80kg × g × 6mm). This is shown by the
enclosed dash rectangular area in Figure 6.16(e) and (f). However, by analyzing
the enclosed area of the force-displacement loop from the experiment, we found that
2.2 J (without flywheel) and 3.6 J (with flywheel) mechanical energy out of the
4.8 J maximum potential energy is input into the energy harvesting tile, which are
45.8% and 75% of the maximal potential energy. For the with flywheel case, the
mechanical energy input into the tile increases by 63.6% compared with the case
without a flywheel.

For the energy harvesting tile with flywheel, the total mechanical energy input is 3.6
J and the electrical energy output is 1.8 J, which indicates that 50% of mechanical
energy is transferred into electric energy. The energy lost results from mechanical
damping, friction, and motor efficiency loss. Without flywheel, 1.1 J of the 2.2 J
mechanical energy input in converted into electricity. This indicates that flywheel
increases the capture ratio of mechanical energy but didn’t increase the energy con-
version ratio from mechanical energy to electricity. The experiments so far are all
based on normal walking conditions. In order to find out the influence of the flywheel
in fast walking and running conditions, more experiments were performed and the
results are shown in Figure 6.17.

As shown in Figure 6.17, the energy harvesting tile has more electrical energy output
in faster walking conditions. This is because faster walking results in more vertical
ground reaction force from impulse than slower walking and the flywheel stores more
energy. The flywheel increases the amount of energy harvested for normal walking
conditions. However, during fast walking and running conditions, the flywheel does
not have an obvious effect of increasing energy output. The reason is that in the
case with a flywheel, the force-displacement loop enclosed area is already close to
saturation during walking conditions. (As shown by the rectangular enclosed area
in Figure 6.16(f). Fast walking and running will not make the enclosed loop signifi-
cantly larger. For the case without flywheel, fast walking and running steps induce a
larger acceleration motion of the harvester, which makes the force-displacement loop
enclosed area much larger compared with normal walking conditions. This explains
why the flywheel significantly increases the electricity output in normal walking but
not in fast walking and running.
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a) b)

c) d)

e) f)

Figure 6.16: Force-displacement analysis: (a) time domain data of force and displace-
ment of the system without flywheel; (b) time domain data of force and displacement
of the system with flywheel (1.9 times of the generator rotational inertia); (c) time
domain electric power output for the system without flywheel; (d) time domain elec-
tric power output for the system with flywheel; (e) force-displacement loop of the
system without flywheel; (f) force-displacement loop of the system with flywheel.
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Figure 6.17: Energy output comparison of system with and without flywheel in
walking, fast walking and running conditions.
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6.5 Why the flywheel can improve the power per-

formance

We have shown both by simulation and experiment that more power can be harvested
by increasing the flywheel. The question here is why that is the case? In order to
answer that question, I have built a model and prove it mathematically.

I have updated the figure to illustration more clearly. The human step force can
be obtained from the literature. The motion of the energy harvester top panel is
limited by 6 mm to not bother with human walking and ensure safety. The equation
of motion is

V GRF = meẍ+ ceẋ (6.13)

where x is the top panel motion and maximums at 6 mm. The scientific question is
how to obtain the maximum power within limited motion with a known force profile.

After the foot contacts the ground, the VGRF increases from 0N to 1000N in approx-
imately 0.2s (observed from Figure 6.4, the walking case). The problem is simplified
as obtain the largest energy in the step function force. The equation of motion is

V GRF = meẍ+ ceẋ (6.14)

With input as
V GRF (t) = 5000t (6.15)

The Laplace transform of the displace x is

x(t) =
V GRF (t)

mes2 + ces
(6.16)

with Laplace transform of the input as

F (V GRF (t)) =
5000

s2
(6.17)

Then the response is

X(s) = L(x(t)) = L(V GRF (t))
ces+mes2

= 5000
s2

1
ces+mes2

= 5000
ce

1
s3
− me

ces2
+ m2

e

c2es
− m2

e

c2e

1
s+ce/me

(6.18)
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Inverse Laplace transform can obtain

x(t) = L−1(X(s)) =
5000

ce
[
t2

2
− me

ce
t+

m2
e

c2
e

− m2
e

c2
e

e−
ce
me

t] (6.19)

As the Taylor series of e−
ce
me

t = 1− ce
me
t+ c2e

m2
e

t2

2
− c3e

m3
e

t3

6
+O(t2),

x(t) = 5000/ce[
t2

2
− me

ce
t+ m2

e

c2e
− m2

e

c2e
(1− ce

me
t+ c2e

m2
e

t2

2
− c3e

m3
e

t3

6
+O(t3))]

= 5000
ce

[ t
2

2
− me

ce
t+ m2

e

c2e
− m2

e

c2e
+ me

ce
t− t2

2
+ ce

me
t3

6
+O(t3)]

= 5000[ 1
me

t3

6
+O(t3)]

≈ 2500t3

3me

(6.20)

Solve
2500t3

3me

= 0.006 (6.21)

and obtain

t0 =
3

√
0.018me

2500
(6.22)

From x(t) obtain ẋ(t)

ẋ(t) =
2500t2

me

(6.23)

Then the power harvested is

P = Fv = Fẋ(t) = 5000t
2500t2

me

= 50002 t3

2me

(6.24)

Then the energy collected is the integration of the power over time

E =
∫ t0

0
50002 1

me
t3

2
dt

= 50002 1
me

t4

8

3
√

0.018me
2500

0

= 50002 0.018me
2500

4
3 1

8me

= 50002 0.018
2500

4
3 m

1
3
e

8

(6.25)
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Then do partial differential equation of energy E over me, which will lead to

∂E

∂me

= 50002

4
3

√
0.018
2500

)

8

1

3
m
− 2

3
e > 0 (6.26)

This indicates that the energy harvested will increase as the increase of me.As a
result, this proves mathematically that increase of me will increase the power har-
vested. If the force is closer to a step response, such as in the case of running, the
power harvested is closer to W = FS, which F is force and S is travel distance, in this
case it is 0.006m. As a result, the energy harvested is a fixed value. This analysis
explains why in the experiment, the flywheel cannot increase the energy harvested
in the running case.

Chapter conclusions

We presented the design, modeling, analysis, simulations, and experimental tests of
a novel high-efficiency energy harvesting tile. Based on the novel design, high power
output and high energy harvesting efficiency are obtained. A complete dynamic
model is developed. Based on the modeling and simulation, optimal parameters are
obtained. The role of the components, such as load resistance and the flywheel, is
analyzed and discussed in order to harvest more energy at a high rate of efficiency.
The flywheel’s influence on energy harvesting in walking, fast walking, and running
conditions are compared and discussed. The experimental results match well with
numerical simulations. For the first time, the design criteria of electromagnetic based
energy harvester tile are presented The experimental results show that the energy
harvesting tile can produce an average power output of 3.6 W over 0.5 seconds
of the step time, with a peak power of 12 W in walking conditions. The output
electrical energy is 1.8 J per step. 75% of all the theoretically available potential
energy is transmitted into the energy harvesting tile and 50% of them converted into
electricity. This is significantly higher than the values published in the literature.
The top panel displacement is around 6 mm, which will likely have a negligible effect
on the pedestrian’s walking behavior. By increasing the amount of harvested energy
at small tile top panel movement, this paper shows an applicable amount of energy
can be obtained while not affect human walking. The presented dynamic model,
analytic method, and optimization method can also be used in the design of similar
vibration energy harvesting devices.



Chapter 7

Conclusions and future work

In this dissertation, different topics on energy harvesting from the human body for
mobile and wearable devices are presented.

1. An energy harvesting backpack is built. Mechanical Motion Rectifier (MMR)
was introduced to the energy harvesting system and makes the generator rotates in
one direction instead of rotating back-and-forth, thus decrease the inertia term and
increase the frequency bandwidth.

2. One more spring is added and by taking advantage of the inerter in the generator,
a large equivalent mass can be achieved by using a small physical mass. In this way,
one more degree of freedom is obtained, and thus having two resonance frequencies
instead of one. Large power can be obtained by tuning the two resonance frequencies
around the target frequency. This leads to more power output and thus the benefits
of the 2DOF system are obtained without adding a large physical mass.

3. By adding MMR to the 2DOF system, the effect of the equivalent mass of the
generator rotor me is decreased and the stroke response is frequency domain is much
more flat. This result in a small peak stroke.

4. A harvester is designed to harvest negative work from human walking while does
not impede normal human gait. This is the first harvester designed on the ankle to
harvest negative work with experimental validation. Pilot experiments (with the hu-

137
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man participant as the first author himself) show that the device harvests 0.3±0.05W
of power and works at the muscle negative work phase, and is trying to assist the
muscle. A model of the harvester is built to guide the harvester design.

5. Designed an energy harvesting tile/paver that can harvest the impact energy in
human walking. The system harvests the most power while the effect on normal
human walking is controlled. The modeling of the human foot and the harvester
is built. The modeling points out how and why more power can be harvested by
parameter tuning. The modeling is validated by experiment.

The future work is summarized as follows:

1. In the backpack design, the human body is considered as a constant fixed am-
plitude sinusoidal vertical input to the backpack. However, in the real application,
there might be an interaction between the human body and the energy harvesting
backpack. Future work should be done either by modeling and/or experiment to find
out the inter influence between the human body and the energy harvesting backpack.

2. Even though it is shown by the pilot experiment (by the author himself) that
the negative energy harvester harvests energy from the negative muscle work phase,
no solid experiment is done to show that the harvester is assisting the human walk-
ing, and no validation has shown that the negative harvester will not increase the
metabolic cost required for walking. Future work should recruit multiple participants
to statistically show that the negative energy harvester will assist human walking and
will not increase the metabolic required for walking.

3. In terms of energy harvesting and the extra metabolic cost for harvester weight
carrying, none of the previous work or the work in this dissertation has reached the
critical point (i.e. the power harvested is the same as the extra metabolic cost of
weight carriage). Further work still needs to be done to increase the power output,
and decrease the device weight.

4. Although this dissertation present pioneer work and the cost has not taken into
consideration, a real application has to consider the cost v.s. benefit, and compete
with currently existing technologies (such as batteries). In order to make the energy
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harvester practical, future work should be done to make the harvester low in cost
and practical for everyday use.

5. When designing the energy harvesting backpack, more consideration is put on the
power output, broad bandwidth. Human comfort is simply considered by having a
stroke control. There should be some trade-off between the energy harvesting and
human comfort but the details are not clear. Future work can focus on this trade-off
and figure how to balance those two.
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