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Abstract—The exploration of biomechanical energy harvesting has taken places for more than a decade, with the purpose
to enable more wearable electronics to power themselves by
scavenging the energy associated with the local body motions.
In the studies of energy harvesting backpack, most of the
previous designs were built by responding to the inertiadriven excitation in the vertical direction during walking. Based
on scrutiny of the human walking posture when wearing a
backpack, we find that the vertical movement of the backpack
only dominates in brisk walking or jogging. The horizontal
swing plays a more significant role when the walking speed
is lower than 4 km/h, which is the normal walking speed of
healthy people. According to this finding, this paper proposes a
light weight and non-resonant type backpack harvester for harvesting energy under different walking speeds. A prototyped
harvesting backpack is manufactured, tested, and validated
with the theoretical model. The experiment shows that, when
the test subject walks at 4 km/h wearing a backpack of 1.5 kg,
the prototyped harvester, whose weights is 0.5 kg, can harvest
about 0.3-watt power. Testing results also show that the energy
harvesting function in the proposed design does not impede the
walking posture.

I. I NTRODUCTION
Energy harvesting from human motions has caught extensive research efforts during the last decade [1]. The driven
force comes from the power demands of the rapidly developing wearable electronics, which aim at better monitoring of
our body health. By properly harnessing the biomechanical
energy associated with different body motions, considerable
power can be produced for providing the everlasting electricity to the local devices.
Walking is the most common movement in our daily
life. Therefore, it is also the research target of most biomechanical energy harvester designs. The earliest designs for
energy harvesting from human walking can date back to
around 2005, where the energy harvesting and additional
human effort were simultaneously emphasized in the energy
harvesting backpack [2], [3]. Later studies investigated the
energy harvesting shoes [4], [5]; knee brace [6], [7]; and
also different sorts of backpack designs [8]–[11].
Most of the backpack designs are based on the inertiadriven mechanisms [2], [3], [8], [9]. The base excitation
is introduced by the vertical movement of the center of
mass of the wearer during walking. The payload is usually quite heavy (30–50 kg) to match the low-frequency
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resonance of human walking. The vibration is maximized
under specific walking speed, which produces the vertical
base movement around the resonant frequency. Xie and
Cai [8] have developed the stiffness tuning mechanism to
broader the harvesting bandwidth, such that energy can be
more efficiently harvested under different walking speeds.
The harvested power is about 4–10 W. Other than the
inertia-driven mechanisms, Shepertycky et al. [10], [11]
have developed the lower-limp-driven backpack. In their
design, the generator in the backpack is directly driven by a
long cable connecting to the foot. Such design produced 9
W power during walking. The lower-limp-driven backpack
is much lighter than those in the inertia-driven designs;
however, the long cables seems quite cumbersome.
In the previous backpack designs, the backpack movement, relative to the back of the wearer, was modeled only in
one dimension, i.e., the vertical direction. However, in reality, a backpack is movable in the plane of the wearer’s back.
Its movement should be evaluated in a two-dimensional way.
Given such insufficiency in the previous studies, this paper
investigates the relative backpack movement in both of the
vertical and horizontal directions and develops an energy
harvesting backpack to capture energy from the movements
in these two directions during walking.
II. BACKPACK M OVEMENT T EST
Before designing the energy harvesting backpack, we
carry out human subject tests for evaluating the relative
backpack movement in the two-dimensional back plane.
The test is carried out by a male adult, whose age is 25,
height 1.7 m, leg length 0.84 m, weight 65 kg. The test
subject wears the backpack with four different payloads
(2.0 kg, 2.7 kg, 3.4 kg, and 4.1kg, including the 0.5 kg
net weight of the backpack and harvester) and walks under
five speeds. The testing setup is shown in Fig. 1. The
relative displacement is measured by two differential inertial
measurement units (IMU), which are installed at the test
subject’s back and the bottom of the backpack, respectively.
The horizontal relative movement is denoted as x, while the
vertical relative movement is denoted as y. Fig. 2 shows
the measurement results under different walking speeds and
different payloads. From the measurement results, we can
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Fig. 2. The relative backpack movements under different walking speeds
and different payloads. (a) 2.0 kg payload. (b) 2.7 kg. (c) 3.4 kg. (d) 4.1
kg.

observe that no matter how much the payload is, there
is critical walking speed, at which the average horizontal
movement curve crosses the vertical one. Below such critical
speed, i.e., relative slow walking, the horizontal movement
is larger than the vertical one; while above such speed, i.e.,
brisk walking, the vertical movement is more significant and
dominates in the backpack movement.
In the previous studies, all analyses have only considered
the side view of the walking posture [2], [3], [6]. Given
the model simplification from 3D to 2D on human walking
posture, the energy associated with the horizontal backpack
movement was not properly exploited before. In the inertiadriven designs, the horizontal movement was eliminated
by the vertical rail. In general, the horizontal movement
is induced due to the shoulder rotating and waist twist
during low-speed natural walking. The alternately rotating
shoulders and the twisting waist produce alternating excitation to the two straps of the backpack, which induces
a relative horizontal displacement between the subject’s
back and the bottom of the backpack. When the walking
speed gets higher, the arms fold up for adapting to higher-
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(c)

Fig. 4. The manufactured prototype and operation of the sprung-hub
generator. (a) The prototype. (b) The engaged state. (c) The disengaged
state.

frequency swing; the shoulder swing and waist twist get
smaller. As the strides getting larger, the vertical motion
of the center of the mass goes larger. Therefore, the vertical
inertial excitation becomes more dominant under high-speed
walking or jogging.
III. E NERGY H ARVESTING BACKPACK
Given the new insight on the horizontally and vertically
relative movements of the backpack, we propose a new
energy harvesting backpack design to harness the energy
associated with the motions in both of the two directions.
The energy harvesting device and its installation are shown
in Fig. 3. The energy harvesting device is made of a
unidirectional sprung-hub generator, which is installed at the
bottom of the backpack. The cable wheel (outer ring) of the
sprung-hub is driven by a cable, whose far end is fixed on
the waist belt of the wearer.
The proposed design can simultaneously deal with the
relative horizontal and vertical movements between the
wearer’s back and the backpack. Given the relative movement is around 30–60 mm, as shown in Fig. 2, the diameter
of the cable wheel is designed to be 60 mm. Therefore,
the maximum rotational angle of the sprung hub is about
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100◦ . If the rotational angle is larger than that, the linear
spring should be replaced by a coil spring. The generator is
a commercialized dc machine. The associated accelerating
gearbox has a gear ratio of 100 : 1. A unidirectional clutch
is installed between the sprung hub and the generator. With
the unidirectional clutch, the generator works only when
the backpack moves away from its stable position, where
the outside part of the cable is shortest. It has no hindering
effect on its way back. Such design makes sure that the
cable can have a fast return to its shortest state and ready
for the next stroke.
The mechanical framework and sprung hub are manufactured by a 3D printer. The gross weight of the whole device,
including the framework, cable, sprung hub, spring, clutch,
gearbox, and the generator is 500 g, which is much lighter
than that in those inertia-driven backpacks. The pictures of
the manufactured prototype are shown in Fig. 4(a). Its two
engaged and disengaged operation modes are shown in Fig.
4(b) and (c), respectively. When the cable wheel rotates
clockwise, the unidirectional clutch is engaged (illustrated
by the two black solid arrows in Fig. 4(b)). The dragging
cable drives the generator to generate electricity. When
the cable wheel rotates counterclockwise, the unidirectional
clutch is disengaged (illustrated by the solid black arrow and
the black dashed arrow in Fig. 4(c)). The restoring spring in
the hub recovers the cable and rolls it up on the cable wheel.
Because the cable movement does not have any direction
constraint, such design can respond to both horizontal and
vertical cable drags.

equivalent resistive load is connected to the output of the
generator, the output current is
Ig = Vg /(Rs + Rl ),

(4)

where Rs and Rl are the source and load resistance, respectively. A reactive torque is produced due to the back
electromagnetic force, i.e.,
Tg = Kt Ig ,

(5)

where Kt is torque constant (Nm/A). Given the gear ratio
of n, the reactive torque transmitted the cable wheel is
Tr = nTg .

(6)

Besides the electromagnetic damping torque, the rotating
acceleration or deceleration also produce inertia torque to the
cable wheel. Therefore the total input torque is formulated
as follows
Ti = (Tr + Je ω̇i )/ηm .
(7)
Je is the equivalent moment of inertia of the whole rotating
system, including the cable wheel, gearbox, and generator; ω̇
is the rotational acceleration; ηm is the mechanical efficiency
of the gear chain. With Ti , the input force can be expressed
as follows
Fi = Ti /r.
(8)
Therefore the input mechanical power is
Pm = Fi ẋ = Ti ωi .

(9)

The output electrical power can also be obtained as follows
IV. P OWER A NALYSIS
A theoretical model is developed following the formula
of [10] for evaluating the harvested power obtained by the
energy-harvesting backpack. In the theoretical model, given
the extending displacement of the cable x, the input velocity
is estimated as follows
ẋ ≈ ∆x/∆t.

(2)

where n is the gear ratio of the gearbox; ωi is the input
rotational velocity; r is the radius of the cable wheel. The
output voltage of the dc generator is proportional to the
rotational speed, i.e.,
Vg = Kg ωg .

(3)

kg is the electromotive force constant (V/rpm), which is
provided in the datasheet of the dc machine. When an
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(10)

The power harvesting efficiency is expressed as follows
η = Pe /Pm .

(11)

In particular, when the equivalent moment of inertia Je is
negligible, the overall efficiency can be approximated by

(1)

During the clutch engagement, the cable converts the linear
movement into the rotational movement of the sprung hub.
The rotational movement is then inputted into the accelerating gearbox, such that to turn the generator in higher speed
for the electromagnetic power generation. The rotational
speed of the generator is formulated as follows
ωg = nωi = nẋ/r,

Pe = Ig2 Rl .

η≈

Rl
Kg
ηm .
Kt Rs + Rl

(12)

The overall conversion efficiency depends on the mechanical
gear-chain efficiency ηm and electrical load-source relation.
V. H UMAN S UBJECT T ESTS
Human subject tests are carried out with the prototyped
energy-harvesting backpack to evaluate its energy harvesting
capability. The testing setup is shown in Fig. 5. In the tests,
three healthy adult volunteers wear the energy-harvesting
backpack with different payloads and walk on the treadmill
at different setting speed. All volunteers are male. Their ages
are 25 ± 2; body heights are 1.70 ± 0.06 m; leg lengths
are 0.84 ± 0.042 m; body weights are 65 ± 8 kg. None of
the subjects had any past or present injuries affecting their
body movements.
The body motions and joint angles of the subjects are
captured by the motion capture system Perception Neuron,
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Fig. 5. The setup for human subject walking test.

which is manufactured by Noitom Ltd. The input mechanical average power is indirectly evaluated based on the
measurement results of the cable force (measured with a
force sensor) and the rotational speed (measured with an
encoder connected to the shaft of the dc machine). The
output electrical average power is evaluated based on the
measured voltage history across the load resistor.
A. Harvested Power
In the harvested power tests, the three subjects are required to wear the backpack of the same weight 1.5 kg and
walk under five different speeds from 2.16 km/h, 2.77 km/h,
3.38 km/h, 4.00 km/h, to 4.61 km/h. Each subject carries out
the walking at one speed for 20 seconds. They take a two
minutes rest between two walks at different speeds. After
finishing the five speeds, they take a three minutes break
and repeat the whole test twice, such that to minimize the
measurement errors.
Fig. 6 shows one of the measurement cases of the instant input and output power in the unidirectional energy
harvester. It can be observed from the power profile that
the power generation is intermittent because of the periodic
engagements and disengagements of the clutch. The output
power is less than 50% of the input power in any instant,
which implies that the efficiency of the generator is a
little less than 50% in general. The instant power only
gives some idea about the intermittent working principle
of the proposed backpack harvester. The overall energy
harvesting performance is further evaluated by using the
average harvested power in the following analyses.
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Fig. 7. The average harvested power under different load resistances when
walking with the speed of 4 km/h.
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Fig. 7 shows the harvested power, i.e., the power consumed by the load resistance Rl , and its variation under
different load resistances when walking with the speed of
4 km/h. The experimental result shows that, when the load
resistance increases from 0 to 10 Ω, the output power first
increases then decreases. The maximum output power 0.3
W is attained at about 5 Ω load resistance.
Fig. 8 shows the maximum average output power as a
function of the walking speed under the constant optimal
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9 shows one set of the angle records and the summarized
flexions (maximum angles) of the subjects while wearing a
1.5 kg backpack and walking at a constant speed of 4 km/h.
From the three sub-figures on the left-hand side, wearing
the energy harvesting backpack does not cause significant
harmful influence to the three joints. From the three subfigures on the right-hand side, the average flexions are
similar in the three cases. The variations are even minimized
for all the three joints when walking with load (energy
harvesting function). Such phenomenon is of interest. It
reveals that walking with the designed energy harvesting
backpack can improve the homogeneity and stability of the
walking motions, rather than doing harm to the human body.
This possible improvement should be subjected to further
scrutiny in our future work.
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Fig. 9. The joint angle and flexion records while walking with the proposed
backpack design.

5 Ω load resistance. The experimental result shows that
the output power rises with the increase of the walking
speed, which matches the increase of the relative movement
between the wearer’s back and the backpack. In this test
case, the payload of our backpack is only 1.5 kg. On the
contrary, for the inertia-driven energy-harvesting backpack,
the harvested power is just about 0.5 W when walking at
about 4 km/h with a 15 kg payload [3]. The comparison
speaks the advantage of our backpack design. In the inertiadriven backpack, to generate more power under different
walking speed, the resonant frequency of the backpack
might also need to be tuned by adjusting the payload or
stiffness of the backpack [8]. In our design, as we can
observe from Fig. 8, such tunning is not necessary1 .
B. Effect on Human Walking Postures
Besides the harvested power, which can be generated
while walking, the effect of energy harvesting using the
proposed design on human walking postures is also of
interest for making sure its safety and comfort to the
wearers. With the help of the motion capture system, we
manage to record the angle histories of all walking related
joints including the hip joint, knee joint, and ankle joint. Fig.
1 The preliminary testing results under one specific 1.5 kg payload is
shown in this paper. The comparison to more payload cases will be carried
out in our future study.
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This paper has proposed a new energy-harvesting backpack design, which can harness the energy associated with
both the vertical and horizontal movements of the backpack
while walking. The necessity of such design was validated
with the walking tests under different walking speeds and
different payloads. The configuration and working principle
of the proposed design were introduced in details. The
experimental results have validated the feasibility of the proposed design. The prototyped device can produce about 0.3
W power output when the subject wears a 1.5 kg backpack
and walk at a constant speed of 4 km/h. The test on human
walking posture shows that harvesting the biomechanical
energy associated with human walking using the proposed
backpack does not bring any significant harmful effect to
the wearer. On the other hand, it can even improve the
homogeneity and stability of the walking motions.
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