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Abstract: In recent years, there has been an increasing demand for portable power sources as people
are required to carry more equipment for occupational, military, or recreational purposes. The energy
harvesting backpack that moves relative to the human body, could capture kinetic energy from human
walking and convert vertical oscillation into the rotational motion of the generators to generate
electricity. In our previous work, a light-weight tube-like energy harvester (TL harvester) and
a traditional frequency-tuneable backpack-based energy harvester (FT harvester) were proposed.
In this paper, we discuss the power generation performance of the two types of energy harvesters
and the energy performance of human loaded walking, while carrying energy harvesting backpacks,
based on two different spring-mass-damper models. Testing revealed that the electrical power in
the experiments showed similar trends to the simulation results, but the calculated electrical power
and the net metabolic power were higher than that of the experiments. Moreover, the total cost
of harvesting (TCOH), defined as additional metabolic power in watt required to generate 1 W of
electrical power, could be negative, which indicated that there is a chance to generate 6.11 W of
electricity without increasing the metabolic cost while carrying energy harvesting backpacks.

Keywords: energy harvesting; suspended-load backpack; spring-mass-damper model; human motion

1. Introduction

Walking in the fields while carrying heavy loads is a common task for soldiers and hikers.
Generally, heavier loads often induce more metabolic cost [1,2], higher ground reaction forces [3,4],
and greater muscle strain in shoulders [5,6]. As technology progresses, people are required to carry
more equipment for occupational, military, or recreational purposes. However, the electronic devices
are generally powered by rechargeable batteries, which increase the load applied to the human
body and could accelerate fatigue and increase the risk of injury. To address this problem, energy
harvesting techniques that convert human kinetic energy to electrical energy have received increasing
attention [7-12].

Considering that people are often carrying loads in a backpack, making alternations to a normal
backpack structure and installing energy harvesters in the backpack provide an opportunity to generate
electrical power from the loads. In addition, as most of the other energy harvesters are directly
worn on the human body, such as on the leg [13], at the knee [14], or the ankle [15], some limit the
freedom of the lower limbs or cannot be used under complex walking conditions. The alternations to
a backpack may also have the capability to reduce the negative biomechanical and kinematic effects
on the user and improve the user-device interaction. It has been reported that the suspended-load
backpack, which moves relative to the human body, could capture kinetic energy from human walking
and running and convert vertical oscillation into the rotational motion of the generators to generate
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electricity [16-19]. The suspension system could reduce the vertical movement of the backpack relative
to the ground by adjusting spring stiffness and damping coefficients to change the oscillating phase of
the backpack. Therefore, the process reduces the accelerative forces applied on the shoulders of the
human body, and then potentially improving the economy of loaded walking [20-23]. Researchers have
previously used body-load spring-mass-damper models of vertical motion, based on traditional
suspended-load backpacks in which the suspended load oscillated vertically relative to the human
body to analyze the energy performance of human walking during load carriage [24,25]. It has been
found from these models that cleverly choosing the suspension system parameters can save energy
expenditure of load carriage. Given energy harvesting techniques, aimed at low power loss and
improving energy efficiency, have been proved feasible [26-28], it is possible that the suspended-load
backpacks could capture the maximum amount of energy during human motion while minimizing the
participant’s metabolic rate.

However, in terms of the previously designed suspended-load backpacks, only two energy
harvesting backpacks succeeded in generating electricity, while simultaneously reducing the peak forces
on shoulders, and the metabolic cost of the participants were not measured in the experiments [17,29].
For the spring-mass-damper models, previous studies focused on how elastically-suspended loads
can affect the energetic cost of human walking, but the body-load model, which is also considered
energy harvesting, was not proposed. Additionally, the weight of the oscillating frames in the
suspension system was not taken into account in these models, which actually caused an increase in
human metabolic cost, such as the mass of Rome’s backpack (5.6 kg) [16], Xie’s backpack (6.5 kg) [17],
and Talarico’s backpack (6.8 kg) [18]. In general, there is little research discussing the relationship
between the generated electrical power and metabolic power during loaded walking.

In this paper, we discussed the power generation performance of the two types of energy
harvesters and the energy performance of human loaded walking, while carrying energy harvesting
backpacks, based on two different spring-mass-damper models. Our goal was to obtain the maximum
electricity while minimizing the participant’s metabolic consumption. In our previous studies,
a light-weight tube-like energy harvester (TL harvester) which was embedded in a backpack [30]
and a traditional frequency-tuneable backpack-based energy harvester (FT harvester), which could
also relieve accelerative load [17] were proposed. Given that the electromagnetic generators have
high energy density and do not need smart materials and external voltage source, compared to the
piezoelectric and electrostatic generators [31,32], electromagnetic generators were used to produce
electricity in both harvesters. The TL harvester utilized relative swing between the backpack and human
body while the FT harvester relied on a framework and gear trains to produce vertical movement.
The total cost of harvesting (TCOH), which was defined as an additional metabolic power in watts,
was required to generate 1 W of electrical power [33]. It was used to evaluate the relationship between
the generated power and additional metabolic power. Furthermore, experiments were performed to
evaluate the performance of the two energy harvesting backpacks.

2. Methods
2.1. Dynamic Model of the System

2.1.1. Spring-Mass-Damper Slip Model

We developed the spring-mass-damper slip model of the suspension system, which was presented
by Ackerman [24] and experimentally verified on a legged robot [34], to investigate the energy
performance of human body with a FT harvester based energy harvesting backpack (Figure 1a).
The slip model can be divided into three parts, including a simple leg model, a body load, and a vertical
suspension system. In the simple leg model, the dynamics of the legs are represented by the spring
stiffness kj, the damping coefficient c;, and the “effective length” L;, which provides input for the
system. Because the motion of the body center of mass (CoM) in the vertical direction during walking
could be seen as a sinusoid with fixed frequency and amplitude [35], the effective length function L;
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can be used as an actuator to vary the equilibrium length of the spring-leg to achieve motion similar to
the vertical center of mass displacement of the human body. Its value is given as a harmonic function:
Ly = Y sin(wt), where w is the frequency of the human center of mass during locomotion, which can
be empirically approximated to be a function of the human walking speed v and leg length R [36],
as shown in Equation (1), and Y is the leg actuator oscillation amplitude which depends on w, R and
v [37], as shown in Equation (2):
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Figure 1. Schematic of the FT harvester: (a) Spring-mass-damper slip model; (b) FT energy harvester
assembly mounted in the backpack [17].

The backpack load my = m; + my, is connected to the body via a suspension system with the spring
stiffness ko and damping coefficient, where m; and my, are the masses of the load in the backpack and the
harvester, respectively. The damping coefficient c; is composed of the mechanical damping coefficient
cm generated by friction between components and electrical damping coefficient c, generated by the
operation of the generator. It can be expressed as: ¢, = ¢y + ¢.. Details on the mechanical design of
the suspension system can be found in [17] (Figure 1b). As for the body load, because we take into
account the weight of the framework attached to the back of the body, the total weight of the body load
is my = my, + my, where my, and my are the masses of the human body and the framework, respectively.
The dynamic equations of this model are given by,

{ miyy + (k1 + k) yr —koyo + (c1 + €2)y; — 2y = kaLe + c1Ly 3)
mal, + kayo —kay1 + ey, —c2y; =0

where y; and y, are the vertical translations of the body and the backpack, respectively.
The representative parameters of the two models used to simulate human walking are shown
in Table 1. We select a representative participant (height: 1.8 m, leg length: 0.95 m, weight: 75 kg, speed:
5.5 km/h) from experiments in [17] to obtain leg length, walking speed and mass of the human body.
The effective leg stiffness and damping values are estimated by zhang et al. [38]. The masses of the FT
harvester based framework (5 kg), load (15 kg) and harvester (1.5 kg) are adapted from our previous
studies in [17,30]. The suspension stiffness and damping values are variables in the simulation.
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Table 1. Parameters for the spring-mass-damper model.

Parameter Description Values for Slip Model  Values for Swing Model
R (m) Leg length [17] 0.95 0.95
v (km/h) Walking speed [17] 5.5 5.5
k1 (N/m) Effective leg stiffness [38] 28,500 28,500
c1 (N s/m) Effective leg damping [38] 950 950
ko (N/m) Suspension stiffness Variable Variable
¢2 (N s/m) Suspension damping Variable Variable
my (kg) Body load [17,30] 80 75
my (kg) Backpack load [17,30] 16.5 16.5

2.1.2. Spring-Mass-Damper Swing Model

The spring-mass-damper swing model was used to study the energy performance of human body
with a TL harvester based energy harvesting backpack. The swing model also consists of three parts,
including a simple leg model, a body load, and a swing suspension system (Figure 2a). The simple leg
model is the same as what has been presented in Section 2.1.1. Since there is no framework attached to
the back of the body, the total body load m; = m,. In the swing suspension system, the backpack’s belt
is fixed at the waist A, and the harvester is embedded at the position B in the backpack. One end of the
straps is connected to the harvester and the other end is fixed on the shoulders of the body C. Details on
the mechanical design of the suspension system can be found in [30] (Figure 2b). The backpack rotates
with a fixed axis relative to point A, leading to the changing length of pulling wire x;,. The dynamic
equation of this model is given by,

dpd.sin@

o 5 ng%sine + myw*Ysin(wt) dz—csinQ 4

— 140 = (kaXpe + Cotpe)
where 14 is the equivalent of the moment of inertia (MOI) of the backpack, which is comprised of the
MOI of the harvester and the load in the backpack. s is the length between backpack B and shoulder C
at the equilibrium position. 0 is the angle between the backpack axis and the vertical axis, which is
formulated as,

0 &+ d2 — (xpc +5)° .
= arccos
2dyd, ©)
where dj, and d. are the lengths between shoulder C and waist A and between backpack B, and waist
A, respectively.
@ .
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Figure 2. Schematic of the TL harvester: (a) Spring-mass-damper swing model; (b) TL energy harvester
assembly mounted in the backpack [30].
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2.2. Electrical Power Generation

Based on the above two models, the electrical power generation can be calculated and compared.
Assuming that the velocity at the harvester input is 1, the angular velocity of the generator is defined
as Qg = igit/r, where ig is the ratio of the gearbox and r is the shaft radius at the input of the gearbox.
During human walking, the generator produces a voltage E, as follows,

E = Kg0y = Kyigit/ 1 (6)

where K is the back electromotive force constant of the generator. For the energy harvester, when the
internal resistance and external load resistance are R; and R, respectively, the transient electrical power
of the generator Pgy, is given by:

-2

Then, substituting Equation (6) into Equation (7), the electrical damping coefficient of the energy
harvester c, is given by,

ce = (Kgig/r) / (Ri +Ro) ®)

and the transient output power through the external load resistance can be written as follows:

Kgig )2 R, .2
(

Pour = ( u. )
r Ro +Ri)2

For a given generator, the electrical damping force and transient output power are functions of the

2 .,
u

IR’ when
1

velocity u and the gear ratio ig. From Equation (9), the maximum power is given by (ngg)

R; = R,. In the aforementioned two models, the calculated y; — i, and x;, represent the velocity u
respectively. Then, the average output power P;, which is obtained by integrating the transient output
power over a gait cycle T = 2t/w and dividing by T, is given by:

T
P,=1/T f Pouedt. (10)
0

In this part, we compare the output power of the two models under different spring stiffness kp
and gear ratios ig. As expected, in the slip model, for each gear ratio, P, is the highest when the natural
frequency of the load suspension wy = Vka/mj is turned near to the walking frequency w (Figure 3a).
Additionally, with the increase of the gear ratio, the harvester is less sensitive to change in stiffness.
This is because a higher gear ratio will produce a greater electrical damping force, resulting in slower
velocity 1, and the average output power changes more smoothly. At the load mass of 15 kg and the
velocity of 5.5 km/h, for a selected generator, when the gear ratio is between 15 and 20, the maximum
value of 14 W of average output power can be obtained. In contrast, in the swing model, the average
output power decreases with the increase of stiffness, and only about 7 W of maximum average output
power can be obtained at the gear ratio of 20. Compared to the slip model, the relative velocity u of the
swing model is slower under the same conditions, causing lower output power.
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Figure 3. Average output power versus spring stiffness under different gear ratios with walking
velocity v = 5.5 km/h and load mass m; = 15 kg: (a) Slip model; (b) Swing model.

2.3. Human Net Metabolic Power and TCOH Calculation

The instantaneous net mechanical power of the leg actuator P(t), which is derived from muscles

in human body;, is calculated by multiplying the leg force F; with the velocity L; and dividing by the
mass of human body m,,, where:

Fr=ki(Li=y1) +eaLe = i) + (m1 + mo)g (11)

P(t) = FiL;/my, (12)

The net mechanical work done by the leg actuator is equal to the net energy lost through the leg and
suspension damping. Because the dynamics of the leg actuator are vertically strained, we approximate
that the net mechanical power done by the leg actuator to vertically oscillate the system over each
step is correlated with the human net metabolic power. The mean power of the effective leg P,
which is considered as human net metabolic power input in the system, is obtained by integrating the
instantaneous net mechanical power P(t) over a gait cycle T = 2n/w and dividing by T, i.e., the mean
value of the product of the leg force F; and the velocity L; per step. Moreover, muscles perform positive
work with an efficiency of 25% when the body CoM is upward and negative work is performed by
muscles at an efficiency of —120% for downward motion [39,40]. Therefore, after considering the
efficiency 7; of muscles conducting mechanical work, the net metabolic power is given as:

25% if P(t) >0

T 21 /w
Py = 1/Tj(; P(t)/ndt = 1/Tf0 FiLe/nedt, my = { ~120% if P(t) <0

(13)

To quantify the relationship between the generated power and additional metabolic power during
harvesting, the total cost of harvesting (TCOH) was proposed by Shepertycky et al. [33], which is
defined as:

metab. power of elec. engagement — metab. power of normal walking
TCOH = .

elec. power (14)

Based on the calculation method above, the net metabolic power can be used to investigate the
energetic cost of human walking with an energy harvesting backpack, i.e., whether the human body
can benefit from these two harvesters and compensate the cost of carrying the devices during power
generation. Then, the TCOH can be used to select appropriate parameters to build the prototypes
with the goal of maximum electrical power output and minimum metabolic consumption. In this
part, we compare the net metabolic power and the TCOH of the two models under different spring
stiffness k and gear ratios ig. In the slip model, the trend of metabolic power consumption for each
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gear ratio presented in this paper is similar to the energy cost of the suspension system, calculated by
Ackerman [24]. The metabolic power consumption increases when wy is close to the resonant walking
frequency and the increase is less significant for higher gear ratio because of higher damping force.
Previous researchers [21,41] have proved that minimizing the suspension damping force is beneficial for
reducing metabolic power. In this work, except for mechanical damping force, the electrical damping
force is produced to generate electrical power, so a higher gear ratio also causes a less significant
reduction in metabolic power. Also, since we take the mass of the framework and harvester into
account, the total metabolic power consumption with electrical engagement is higher than that with
a normal backpack (Figure 4a). In other words, the TCOH is positive (Figure 5a). The TCOH firstly
decreases and then increases with increased stiffness, and the best TCOH for the slip system is at the
stiffness of 2000 N/m. In the range of 2000 N/m to 5000 N/m, even though the electrical power is
increasing, the faster increasing metabolic power makes the overall TCOH still rise.
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Figure 4. Net metabolic power versus spring stiffness under different gear ratios with walking velocity
v = 5.5 km/h and load mass m; = 15 kg: (a) Slip model; (b) Swing model.
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Figure 5. TCOH versus spring stiffness under different gear ratios with walking velocity v = 5.5 km/h
and load mass m; = 15 kg: (a) Slip model; (b) Swing model.

In the swing model, due to the absence of a framework, the total metabolic power is slightly
higher than that with a normal backpack, and a higher gear ratio leads to greater metabolic power.
With the increase of the stiffness, the oscillating velocity decreases, and the metabolic power also
decreases. In contrast to the slip model, the TCOH firstly increases and then decreases with increased
stiffness, and higher stiffness even results in a faster reduction in metabolic cost than the output power,
which causes the decrease of TCOH. When the gear ratio was less than twenty, the TCOH can be
negative in theory. It can be seen that the metabolic power and the TCOH in the swing model were
lower than in the slip model. However, since one of the purposes of designing power generating
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backpacks was to produce electrical power for electric equipment, the relatively low output power
limits the adjustment range of stiffness, which also indirectly restricts the maximum mass of the load.

3. Experimental Validation

3.1. Human Walking Experimentation

To evaluate our models, the FT harvester and the TL harvester were built based on the maximum
average output power and the best TCOH of the simulation results, and experiments were performed.
The key parameters of these two prototypes are listed in Table 2. Three different conditions were used
in the experiments: (1) The normal backpack condition (NOB); (2) the FT harvester based backpack
condition (FIB); and (3) the TL harvester based backpack condition (TLB). In each condition, three male
participants (N = 3, age: 24 + 3 years, height = 170 + 4 cm, weight = 60 + 5 kg) walked on a treadmill
at different velocities of 5, 5.5 and 6 km/h with external loads of 15 kg, respectively. The information
of these three participants is listed in Table 3. All participants were right-foot dominant, did not
have musculoskeletal injuries or diseases, and provided informed consent. The procedures were
approved by the Guangzhou First People’s Hospital Department of Ethics Committee. Each session
was applied for ten minutes of walking, and then a 35-min break was given after each session and
before the start of another session. The order of the conditions was randomized. The participants were
allowed at least a 24-hour break between conditions to minimize the impact of fatigue on metabolic
power measurement.

Table 2. Parameters of the prototypes.

Parameter FT Harvester TL Harvester
Generator DCX26L, Maxon DCX26L, Maxon
Gear ratio 21 21
External load resistance (Q) 2 2
Stiffness (N/m) 2800 1200
Weight of the harvester (kg) 15 1.5
Weight of the framework (kg) 5 0

Table 3. Information of the participants.

Participant Gender  Age (years) Height(cm)  Weight (kg)

1 Male 27 173 62
2 Male 21 166 55
3 Male 22 174 65

An Oscilloscope was used to record the voltage on the external load resistance R,, and then the
output electrical power could be calculated. A breath-by-breath portable gas analyzer (Cosmed® K5,
Rome, Italy) was used to measure human metabolic cost. We calculated the metabolic power based
on oxygen and carbon dioxide data gathered from each condition using the Brockway equation [42].
Net metabolic power was obtained by subtracting the resting metabolic power obtained during
a standing test before each condition from the metabolic power performed during the conditions.
The net metabolic power was then normalized by the body mass of each participant.

Statistical analysis was conducted in SPSS (ver. 24, IBM Corp., Armonk, NY, USA). To compare
the mean results of each participant under different conditions, we used paired ¢ tests for multiple
comparisons to verify the effect of the devices on metabolic cost and TCOH. The significance level was
set at p < 0.05 for all analyses.
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3.2. Results

The net metabolic cost was the lowest during the NOB condition under each walking velocity
(Figure 6). The net metabolic cost for the TLB condition was 9.13 + 6.44% and 11.9 + 4.19% lower
than that of the FTB condition at the velocity of 5.5, and 6 km/h, respectively. Therefore, there was
a reduction of 50.81 + 33.78 W and 70.51 + 25.47 W with the TLB condition compared with the FTB
condition, respectively. However, there was no statistically significant difference between conditions.
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Figure 6. Net metabolic cost and average output power of walking for each condition. Data are
means * SD.

For the FTB condition, the average output power was between 6.11 W and 11.53 W, and the
maximum output power occurred at the velocity of 5.5 km/h. For the TLB condition, the average
output power was between 3.37 W and 7.64 W. As the walking velocity increased, the output power
also increased. When calculating the TCOH, for the participant 1, the TCOH was always positive,
while for the participants 2 and 3, the best TCOH occurred at the velocity of 5 km/h, at which the TCOH
of the participant 2 in the FTB and the TLB conditions was —0.15, and —0.02, respectively, and that of
the participant 3 was —0.02, and —0.05, respectively (Figure 7). There was no significant difference
between conditions.

04 - H PILFTB © P1 TLB
i P2 FTB P2 TLB
P3 FIB P3_TLB
- [
L [
0.2 -
Jos) B
=]
@]
[—1
11+ J) AR VN b
02 \ . .
5 55 6
Velocity (km/h)

Figure 7. TCOH of three participants under three velocities. P1 represents the participant 1.
FTB represents the FTB condition. TLB represents the TLB condition.

4. Discussion

This paper presented the power generation performance of the two types of energy harvesters,
as well as the energy performance of human loaded walking while carrying energy harvesting
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backpacks. The trend of average output power was similar to that of simulation results. For all the
participants under the FTB condition, the generated electrical power was the highest when the natural
frequency of the load suspension was near the walking frequency, while under the TLB condition,
the electrical power increased with the increase of velocity. It is worth noting that the average output
power obtained in the experiment was lower than in the simulation. This is because the models only
considered the movement of the human body at a fixed distance in the vertical direction. However,
in the experiments, the hip displacement in the vertical direction, during walking, varies according to
the height of the participant, and the upper limb would bend after backpacking, which could further
reduce the relative distance and instantaneous speed between the energy harvester and the wearer.
When the participants walked at 5.5 km/h with a 15 kg load, the FT harvester and the TL harvester
generated electrical power of 11.53 W, and 5.26 W, respectively. Rome’s backpack harvester [16],
when used with a 38 kg load, produced 7.4 W at a walking speed of 5.6 km/h. The Energy Harvesting
Assault Pack (EHAP) [18] reported 1.5 W with a 15.9 kg load when walking at 4.83 km/h. Yuan’s energy
harvester [19] generated 3.29 W at a walking speed of 5.63 km/h when used with a 13.6 kg load.
When compared to others” work, the FT harvester generated higher electricity. Given that these two
harvesters were built based on the simulation results, with a specific walking speed and load mass,
the optimization of parameters can also help the harvesters perform better and generate more power,
even though the energy harvesters keep having new designs.

The average metabolic cost was the lowest during the NOB condition, and this may due to the
mass penalty and negative biomechanical effects of the harvesting system on the wearer, such as greater
forward lean, which could cause increased shoulder pain [5,18]. Although there was no statistically
significant difference, at the velocity of 5.5 and 6 km/h, all the participants consumed less metabolic
energy in the NOB condition than in the other two conditions. This showed that the current energy
harvesting backpacks could not reduce the human metabolic cost. Moreover, due to the weight of the
framework, the average metabolic cost in the FTB condition was higher than in the TLB condition,
but a statistically significant difference was also not found between the two conditions. For participant
2, at the velocity of 5 and 5.5 km/h, the metabolic cost under the FTB condition was even lower than
the TLB condition. Since the FT harvester was proved to relieve part of the accelerative load from the
wearer, this may potentially help reduce the metabolic cost during loaded walking, as was observed by
Rome et al. [20]. Compared with the simulation results, the net metabolic cost for all the participants
was lower. This is because we used a higher weight of body load (75 kg) and calculated the mechanical
work on the legs in the simulation, while in the experiments, the net metabolic power was obtained
by subtracting the resting metabolic power. This eliminated the effect of loads on human metabolic
consumption when standing.

During the experiments, the participants reported that it was harder for them to maintain body
balance under the two harvesting conditions. This was in line with the findings of [43], which showed
that the suspended load could affect the dynamic stability of human walking. When compared
to normal backpack, the suspended-load backpacks were still limited to their additional mass and
uncomfortable subjective feelings to the participants due to the relative motion of the human body,
resulting in additional metabolic consumption. This awkward subject feeling could be improved by
increasing the damping ratio of the load suspension to reduce oscillations and damp perturbations
more quickly. However, it represented a design tradeoff because the generated electrical power and
potential energetic benefits, which were offered by the suspension, would be compromised if the
damping ratio was too high [43].

When comparing the TCOH between the two conditions, the TL harvester did not show
an advantage at the velocity of 5 and 5.5 km/h due to the low electrical power. At the velocity
of 6 km/h, the electrical power generated by the TL harvester was slightly lower than the FT harvester,
and the participants produced less additional metabolic energy, which resulted in lower TCOH values.
With the increase of the velocity, the FT harvester may perform better on power generation and
energy performance of human loaded walking. Moreover, for the participants 2 and 3, the TCOH was
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negative at the velocity of 5 km/h, which showed that although the average metabolic cost in the NOB
condition was lower than in the other two conditions, the TCOH could help to express individual
energy performance, and could be used in the individual optimization of the energy harvesters to
improve user metabolic performance.

Although the two models were verified by experiments in this paper, some limitations should
be noted. First, the models could only explain the energy performance when the CoM of the human
body moves vertically in the sagittal plane, while the swing of the CoM in the horizontal plane was
ignored. Therefore, a three-dimensional human walking model may help to better predict the electrical
energy and human metabolic consumption. Additionally, in this experiment there were only three
participants, thus more tests are needed to learn more about the interaction between the wearer and
the harvester based backpack. Given that the participants performed differently with respect to the
two energy harvesters at the same velocity, the stiffness and damping coefficients should be adjustable
so that the device could be participant-specific for better performance.

5. Conclusions

In this study, we discussed the power generation performance of the two types of energy harvesters
and the energy performance of human loaded walking, while carrying energy harvesting backpacks
based on two different spring-mass-damper models. Experiments were performed to evaluate the
performance of the two energy harvesting backpacks. It was found that the electrical power in the
experiments showed similar trends to the simulation results, but the calculated electrical power and the
net metabolic power were higher than that of the experiments. In addition, the results demonstrated
that the TCOH could be negative, which indicated that there is a chance to generate electrical power
of 6.11 W without increasing the metabolic cost while carrying energy harvesting backpacks. Also,
the results suggest that a future design that conducts the optimization for individuals might be able to
improve user metabolic performance.
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