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A negative-work knee
energy harvester based on homo-phase
transfer for wearable monitoring devices

Hexiang Zhang,'-* Hao Wang,'? Zutao Zhang,"-*>* Yajia Pan,"* and Xiao Luo?

SUMMARY

Wearable health monitoring devices can effectively capture human body informa-
tion and are widely used in health monitoring, but battery life is an important
bottleneck in its development. A full negative-work energy harvester based on
the homo-phase transfer mechanism by analyzing human motion characteristics
was proposed in this paper. The system was designed based on the homo-phase
transfer mechanism, including a motion input module, gear acceleration module,
energy conversion module, and electric energy storage module. The output
performance in three human-level, downhill, and running states was tested,
respectively. Finally, we have evaluated the feasibility of an energy harvester
powering wearable health monitoring devices, and the harvester can generate
17.40 J/day power, which can satisfy the normal operation of a typical health
monitoring device. This study has certain promoting significance for the develop-
ment of a new generation of human health monitoring.

INTRODUCTION

In recent years, biosensors have made tremendous progress in both materials and functions.' For
example, biosensors based on fiber materials have improved the permeability and comfort of devices, "™
while wearable sensors based on nanosheets have shown higher potential due to their high surface area
ratio.””? Smart wearable devices equipped with various biosensors can effectively capture human body
information for health monitoring applications, greatly improving the ability of humans to resist dis-
eases.'%'? These electronic monitoring devices usually use batteries to provide energy. When the battery
runs out, they need to be replaced or recharged regularly, which is cumbersome and affects the stability of
health monitoring. Therefore, battery life has become a problem in the progress of wearable monitoring
equipment.''?

Human-based mechanical energy is a direct energy source for wearable health monitoring devices. Rele-
vant studies have shown that the human body consumes hundreds or even kilowatts of energy during daily
walking, while the power consumption of most health monitoring equipment is only at the milliwatt level.
Thus, just a small amount of mechanical energy from a person’s daily activities is sufficient to power a
wearable health monitoring device.'®"® The human body movements that can drive the biological energy
harvesters include: inertial excitation, force excitation, and relative motion excitation. Among them, energy
harvesters that utilize human body inertia include energy collection backpacks and eccentric rotor gener-
ators.'” Energy harvesters that use human body force excitation include touch generators and push
generators.”’ Human body relative motion excitation is generally considered as the relative motion be-
tween limbs caused by joint rotation. Compared with the previous two forms of excitation, researchers
seem to pay more attention to this aspect of research and have developed various forms of energy
harvesters, including knee joint energy harvesters, ankle joint energy harvesters, and hip joint energy
harvesters.”'? The knee joint has a large range of rotation when humans walk, which can produce a consid-
erable amount of mechanical energy. Therefore, researchers have developed various forms of knee joint
energy harvesters. For instance, Yan Bai ping et al. proposed a rotating magnetostrictive design that
can capture the oscillation energy of the knee during human walking. It is noteworthy that the collector still
exhibited good output power under periodic oscillation and low-frequency human walking.”* Fei Gao et al.
produced a knee joint piezoelectric energy harvester that utilizes the rotation of the knee joint to bend the
piezoelectric sheet, generating electricity.”” In addition, researchers have explored energy harvesters of
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Figure 1. Hotspot analysis diagram based on CiteSpace

other joints. For example, Dai dan et al. conducted a study on the collection of hip joint kinematic energy
during human walking. The experimental results showed that at a walking speed of 1.47 m/s, the voltage
and output power of the electromagnetic energy generator were 1V and 0.284 mW, respectively.”” E. Ro-
mero et al. proposed a miniature rotating energy harvester that uses an inertial axial structure consisting of
multiple permanent magnets and stacked micro-planar coils to extract electrical energy from multiple joint
positions during human movement.*

Avisual analysis of studies on human motion energy harvesting since 2010 was conducted using CiteSpace
software, and the clustered view is shown in Figure 1.7/*% It can be seen that previous studies have focused
more on the output power, conversion efficiency, wearability, and conversion mechanism while ignoring
the impact of the device on the metabolic consumption of the host.”” '

Recently, some researchers have tried to reduce metabolic consumption while generating electricity, to
reduce the impact on the host by selectively harvesting the negative work of human muscles.*~** The pos-
itive muscle work drives the body to move, and the collection of energy at that stage increases the burden
on the muscles and brings about additional metabolic consumption. The negative muscle can be imagined
as the brake braking of a car system, and theoretically, harvesting energy at this phase can reduce the
burden on the muscles without causing additional metabolic exertion. Therefore, in recent years, people
have also conducted to allow energy harvesters to generate electricity selectively.*”*" Some studies have
used potentiometers or sensors to monitor the rotation angle of the knee joint in order to control the timing
of the motor’s engagement. For example, Donelan proposed a wearable knee harvester that controls the
access to the generator load by using a potentiometer to detect the angle of the knee joint, a method that
allows flexible control of the timing of the generator.38 In addition, researchers have also controlled the
timing of power generation through various mechanical structures to reduce the burden on the host.
For example, some studies have utilized mechanical structures such as spring damping systems to replace
some muscle functions, while others have used gear separation between the pendulum gear and input-
output gear to control the connection of the generator.””** Similarly, Shepertycky et al. use a one-way
bearing and a coiled spring mechanism to make the cable intermittently connected to the generator de-
pending on the user’s gait phase.”’ Chan et al. use a roller-cable mechanism with a variable radius ratio
to control the access and disconnection of the generator.*” In addition, Liu et al. designed and compared
four types of ankle joint energy harvesters, of which two designs utilized gear transmission mechanisms,
and the other two designs combined spring and clutch mechanisms. These designs showed better energy
harvesting performance but had more significant impacts on the human body. The design utilizing spring
structures had less effect on the human body; however, it had lower energy harvesting ability. The design
combining the spring and gear transmission mechanism could balance both aspects.”’

2 iScience 26, 107011, July 21, 2023

iScience



iScience

Although some studies exist to enable energy harvesters to generate power during the negative muscle
work period through sensor detection and mechanical structure design, however, these studies still have
some shortcomings in practical applications. The use of sensors can detect the angle changes of joints
during human movement in real time and flexibly control the working state of the harvester; the electrical
power consumption of sensors and control circuits will reduce the output power of the device and affect its
performance in practical applications.*® For another passive control method that does not require sensors,
some mechanical structures are used in conjunction to achieve the same function. This method avoids the
sensing electronics consuming power, but the complex structure will increase the system’s weight and size,
bringing great inconvenience to the wearer's daily activities.***> A feasible solution is to combine the bio-
logical characteristics of human movement and design a simple and effective mechanism to harvest energy
from the human body without redundant or complex structures that would cause power loss and increase
the burden on users. By collecting mechanical energy from the human body while reducing the user’s
burden, it is possible to achieve an efficient energy harvesting process.

The most important issue in this field is how to design an energy harvesting system that could generate
power during the negative-work phase of human walking while meeting the requirements of small size
and lightweight without affecting the wearer’s activities. A full negative-work knee energy harvester
(NKEH) based on the homo-phase transfer mechanism by analyzing the biological characteristics of human
walking was proposed in this paper. The motion input module is engaged and disengaged by a one-way
bearing corresponding to the power generation module. In the swing extension phase, the one-way
bearing engages and transmits torque to drive the rotor rotation to generate electricity. In the other phases
of the gait cycle, the one-way bearing disengaged, and the energy harvester uses the rotor rotation inertia
to generate electricity. A rechargeable lithium battery stores the rectified and regulated electrical energy
and provides power to the wearable device. Based on the biomechanics of human motion, this study uses a
one-way bearing drive mechanism that does not require sensors to detect human knee swing angle and
avoids additional power consumption of the potentiometer. Meanwhile, the designed harvester can fully
use the rotor’s rotational inertia to improve energy harvesting efficiency.

Inspired negative-work knee energy harvester
Human walking and homo-phase transfer mechanism

Understanding the kinematics of human walking is essential for designing the knee energy harvester.
Human walking can be viewed as a series of periodic movements performed by the lower limbs; one of
the basic units of motion is called the gait cycle. During a gait cycle, the muscles alternately do positive
and negative work."® Figure 2A shows the swing angle and muscle work done by the knee joint during a
gait cycle, and the blue part above the zero power line represents positive muscle work, and the yellow
part below zero power represents negative muscle work.”” The whole gait cycle consists of three phases:
the stance phase, the swing flexion, and swing extension phase. Knee joint mainly plays a supporting role in
the stance phase, the swing angle is small, and muscles basically do not work. The knee joint is responsible
for lifting the leg to push human to walk in the swing flexion phase, and muscles do positive work. In the
swing extension phase, the knee joint is responsible for slowing down the leg, and muscles do nega-
tive work.

This paper proposes a homo-phase transfer mechanism based on the relationship between the knee's
swing angle muscles’ work during each phase of human movement; the basic working mechanism is shown
in Figure 2B. Using a gear train and one-way bearing transmission mechanism, the muscles do positive work
in the swing flexion phase, and the knee joint rotates clockwise. The one-way bearing is disengaged, and no
movement can be transferred. Correspondingly, in the swing extension phase, muscles do negative work
and the knee rotates counterclockwise. Through the gear train drive, the one-way bearing engaged in this
phase, transmitting motion and driving the energy harvester to generate electricity. This homo-phase
transfer mechanism ensures that the generator harvests full negative muscle work in the swing extension
phase and does not cause significant disturbance to the human movement.

System design

Based on the homo-phase transfer mechanism, we propose a full NKEH, which harvests the negative work
done by muscles during human movement to power wearable health detection devices. The system in-
cludes a motion input module, gear acceleration module, energy conversion module, and electric energy
storage module, as shown in Figure 3. The NKEH mounted at human knee joint through thigh and shank
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Figure 2. Human walking and homo-phase transfer mechanism
(A) Knee angle and muscle work during human walking cycle.
(B) Schematic diagram of homo-phase transfer mechanism.

wraps, and the motion input module transmits the knee motion to the energy harvester. A planetary gear
train is used in the gear acceleration module to amplify the human motion input. The energy conversion
module uses electromagnetic conversion to convert mechanical energy into electricity. A rechargeable
lithium battery stores the rectified and regulated electrical energy and provides power to the wearable
device.

Mechanical design

The installation schematic of NKEH is shown in Figure 4A. The NKEH is attached to a flexible pad, fixed to
the knee joint using two linkages and straps, and does not come into direct contact with the human body,
thus avoiding any potential harm to the user. The NKEH consists of a planetary gear train, a drive shaft, a
one-way bearing, a rotor, a stator, bearings, a central shaft, and an end cover; the structure and composi-
tions are shown in Figure 4B. Because the human body moves less frequently, which is not conducive to
energy harvesting, this paper uses a planetary gear train to accelerate the knee oscillation speed. The plan-
etary gear train consists of sun gear, three planetary gears, and a ring gear. Two linkages are connected to
the gear ring and stator, respectively, and fixed to the thigh and calf by wraps. When the knee joint swings,
the linkage drives the wheel system to rotate and transfer the body’s mechanical energy to the harvester.
The relevant design parameters of the gear train are shown in Table 1. To achieve homo-phase transfer, we
use a one-way bearing mechanism, which engages and disengages the drive shaft according to the gait
cycle phase. The stator is connected to the thigh linkage and fixed at the knee joint. Eight coils are evenly
distributed on the stator and the output voltages by connecting in series. The rotor is rotated around the
central axis by the driving force; eight magnets are distributed around the rotor. The design parameters of
the rotor and stator are shown in Table 2.
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Figure 3. The general architecture of the NKEH

The proposed NKEH harvests the full knee-negative muscles work based on the homo-phase transfer
mechanism; the specific working model is shown in Figure 4C. The state (i) is the swing flexion phase, where
the muscles do positive work, and the knee joint rotates to drive the drive shaft counterclockwise, the one-
way bearing and drive shaft are disengaged, no motion is transferred, and the energy harvester does not
generate electricity. State (i) indicates that the body is in the swing extension phase, the muscles do
positive work, the drive shaft rotates clockwise, and the one-way bearing and drive shaft engaged in this
direction, transferring torque, and the rotor rotates to generate current. State (iii) indicates that when
the body is in the standing phase, the knee joint does not rotate and there is no mechanical energy input
to the system, but the rotor keeps on rotating under the effect of rotational inertia and the device is still
capable of generating electricity.

The electrical energy storage module

Since the proposed NKEH is used to harvest the knee-negative muscle work, the induced current gener-
ated by the NKEH depends on the mechanical energy input from the knee joint. The voltage obtained
by the energy harvester has a high degree of instability due to the randomness of human movement. Un-
stable voltage is neither suitable for directly charging lithium batteries nor for powering electronic devices.
For this reason, we designed a rectifier-regulator circuit to manage the power generated by the NKEH. Fig-
ure 4D shows the specific circuit components and related parameters. Firstly, the rectifier diode converts
A.C. power into D.C. power. Then, the electricity is boosted by a simple and efficient PW5100 chip. Finally,
after the AM1117 chip voltage stabilization process, the power is stored in a small-size lithium battery. The
flow of energy transfer is shown in Figure 4E. The rectified, boosted, and regulated electrical energy powers
the wearable health monitoring device.

Weight analysis of the NKEH

The proposed NKEH is worn on the human body and harvests knee-negative muscle work. Therefore, to
ensure that the device is well wearable and does not interfere with human activity when worn, it is necessary
to have a lightweight design of the NKEH. In this paper, the lightweight resin material is used to manufac-
ture the main body of the harvester through 3D printing, and the linkages are made of 6061 aluminum alloy
with less density, which not only ensures the strength requirements but also achieves the lightweight
design requirements. Previous studies have shown that the mass of wearable devices needs to be

iScience 26, 107011, July 21, 2023 5
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Figure 4. System composition of NKEH and working principle based on homo-phase mechanism
) Installation schematic of the NKEH.
B) Structure and compositions of the NKEH.

D) Voltage regulation and storage circuit.

(A)
(
(C) The working models based on homo-phase transfer mechanism.
(
(E) Energy transfer flowchart.

controlled at 5% of the user’s own weight in order not to cause inconvenience to the user’s daily activities.
The mass of the proposed NKEH (with linkages) is only 186 g, which is completely within the permissible
mass range for human wearers.

Table 1. Design parameters of the planetary gear train

Parameter Value Parameter Value
Modulus 0.5 mm Planetary gear teeth 40
Pressure angle 20° Pitch diameter of planetary 20 mm
Ring gear teeth 90 Sun gear teeth 10
Pitch diameter of ring gear 45 mm Pitch diameter of sun gear 5mm
Outer diameter of ring gear 50 mm Drive shaft length 22 mm
Inner diameter of bearing 3mm Outer diameter of bearing 6 mm
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Table 2. Design parameters of the rotor and stator

Parameter Value Parameter Value
Diameter (rotor) 38 mm Turns (each coil) 690
Diameter (magnets) 10 mm Number (coils) 8

Thickness (magnets) 5mm Resistance (each coil) 20Q

Outer diameter (stator) 50 mm Type (magnets) NdFeB-N50
Inner diameter (stator) 40 mm Number (magnets) 8

Outer diameter (coils) 10 mm Type (one-way bearing) HF0306
Length (one-way bearing) 6 mm Thickness (coils) 4 mm

Modeling and analysis

Gear train model and power generation

The lower frequency and amplitude of human movement result in a correspondingly small angular velocity
of knee oscillation, which is not conducive to the drive for power generation. Therefore, we designed a
planetary gear train to accelerate the system input, and Figure 5A demonstrates its operating schematic.
The knee angular velocity is basically constant during the swing phase, and the outer side of gear ring is
connected to the calf linkage. Therefore, its rotation speed w1 is the same as the knee rotation speed wy:

w1 = Wo (Equation 1)

The planetary gear is internally meshed with the ring gear; according to the gear transmission character-
istics, we can calculate the planetary gear rotational angular velocity w;:

Wy = —Ww) = —w = —Ww1 (Equation 2)
2

where mis the modulus, 1 is the radius of the ring gear’s pitch circle, z; is the teeth number of the ring gear,
ry is the radius of the planetary gear’s pitch circle, and z; is the teeth number of the planetary gear. The sun
gear is externally meshed with the planetary gear, and it is possible to get the sun gear rotational angular
velocity ws:
w3 = r—zwz = @(m = Z—zwz (Equation 3)
r3 mz3 Z3

where z3 and r3 are the teeth number and the radius of the pitch circle of the sun gear, respectively.
Substituting Equation 2 into 3, w3z can be calculated by:

¥4 z . .
w3 = 2 1 = Loy = i (Equation 4)
2323 Z3
where iis the transmission ratio; in the swing extension phase, the drive shaft and the one-way bearing are
engaged. The rotor rotates with the drive shaft, and its speed w can be written as:
w = w3 (Equation 5)

Thus, the relationship between rotor speed and angular velocity of knee joint rotation can be obtained as:

w = iwg (Equation 6)

From Equation 6, the rotor speed is positively related to the gear train’s transmission ratio and the rota-
tional angular speed of the human knee. At this time, since this paper uses the electromagnetic conversion
method, the output voltage is written as the following equation:

E = nNBL*v = nNBL*wR (Equation 7)

where n and N represent the number and turns of coils, respectively. R is the radius of the rotor, L* repre-
sents the coils’ effective length, and B represents the magnetic flux density. The output current | can be
given as:

,_ _E _nNBLwR
B R,'+R0 B R,'+R0

where R; and R, are the resistance of coils and the load resistance of the system, respectively.

(Equation 8)
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Figure 5. Motion transfer analysis and dynamic modeling of the NKEH
(A) Operating schematic of the planetary gear train.
(B) The dynamic model of the energy conversion module.

Based on the homo-phase transfer mechanism, the NKEH is driven by the knee joint rotation to generate
electricity in the swing extension phase. The system has no mechanical energy input and the device relies
on the rotatory inertia of the rotor to generate electricity in the standing and swing flexion phases, and the
output voltage depends on the rotor's rotational speed. Figure 5B is the dynamic model of the energy
conversion module in NKEH; the rotation process is mainly subjected to the magnetic moment M, and
the frictional moment M,,, and M, can be expressed as:

M. = f.R (Equation 9)

where R is the radius of the rotor and f, represents the electric-magnetic damping force which depends on
the magnetic field and induced current:

f. = NBIL* (Equation 10)
Substituting Equation 8 into 10, f. can be written as:
nN?B2L* wR 4
f = R (Equation 11)
The frictional moment M,, can be expressed as:
M., = fur (Equation 12)

where ris the radius of the drive shaft and f,, is the damping force; it can be expressed as the product of the
rotational damping factor ¢*, mass, and angular velocity in rotational motion:

fr, = mc*w (Equation 13)
The rotor rotates around the central axis and the rotation equation can be expressed as:
M = Jw (Equation 14)

where J represents the moment of inertia of the rotor and M represents the torque on the rotor, mainly
including the magnetic torque and the friction torque so that M can be expressed as the sum of M. and M,,,.

M= M.+ M, (Equation 15)
Substituting 9, 11, 12, and 13 into Equation 15, M then can be written as:
nN?B? L wR? .
= TR’O&)+ mcrwr (Equation 16)
Substituting Equation 16 into 14, the expression of rotational angular acceleration @ can be obtained:
nNZBZL*ZwRZerC* .
_— w
W = Ri+Ro . (Equation 17)

Therefore, the rotor’s angular velocity of rotation under the effect of rotational inertia can be expressed as:

Oy = w — ot (Equation 18)
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In this phase, the output voltage of NKEH is:
Ew = nNBL'wR (Equation 19)
Substituting Equation 17 and Equation 18 into 19, E can be written as:

nN2B2 L (»R?

+mc*wr
R,'+R0

Egx = nNBL'R| w — t (Equation 20)

J

In the swing extension phase, the output power of NKEH P; can be given as:
P, = PRy = ( (Equation 21)

During the rotor inertia drive phase, the output power of the NKEH P, can be given as:

nNBL*wR\ ?
— ") Ry
R;+R0

2

nNZBZL*ZwRZerC*wr
ANBLR| o — — FitRo - t
E% .
P, = R - Ry (Equation 22)

The above-mentioned analysis shows that various factors play a role in the output power of the system,
including the parameter settings of the coils and magnets, the transmission ratio of the planetary wheel
system, the external load, and the swing speed of the knee. Also, the system has no mechanical energy
input in the stance phase and swing flexion phase and relies on the rotor inertia to generate power.

Simulation of the dynamic models

The energy conversion module is a key of the system; in this part, simulation software is used to optimize
the design of the energy conversion module of the NKEH. Two energy conversion models are simulated
and modeled using COMSOL Multiphysics dynamic modeling software. The first energy conversion model:
the pole of two adjacent magnets is different. The second energy conversion model: the pole of two
adjacent magnets is the same. Figures 6A and 6B show the magnetic field strengths of the two models.
It can be visualized from the figure that the magnetic field strength is higher in the first model. Then, the
output power was calculated using COMSOL Multiphysics software. Figures 6C and 6D show the two
models’ output curves at a speed of 240 r/min. The figure shows that the first conversion model’s output
power is 66 mW, while the output power of the second conversion model is only 6.8 mW. It is possible
to conclude that the first energy conversion model has better output performance. Therefore, in the
next experiments, this pole configuration is used.

Experiments details

In the experimental section, we first made a prototype of the NKEH. Figure 7A shows the overall structure
and components of the prototype. The energy harvester is installed at the knee joint through two linkages,
which are made of 6061 aluminum alloy with high strength and the planetary gear train, rotor, and stator are
3D printed using a lightweight resin material. In this paper, a small vibrating table is designed and manu-
factured to test the output performance of NKEH. The processing and assembly diagrams of the vibrating
table are shown in Figures 7B and 7C. The structure diagram of the vibrating table is shown in Figure 7D.
The vibrating table comprises a frame, a stud, a disk, two shafts, four axle seats, two linear bearings, two
knuckle bearings, and a motor. The vibrating table converts the rotation of the motor into linear recipro-
cating vibration according to the crank-slider principle and realizes the frequency variation of vibration
excitation by controlling the speed of the motor and the position of the disc connection hole.

Before conducting the NKEH energy collection experiment, we tested the stability and durability of the sys-
tem under reciprocating motion. The vibration table provided the excitation, and the test conditions were
set to the maximum operating condition (excitation frequency of 4 Hz and swing angle of 90°). After 72,000
reciprocating motions, we inspected the structure and function of the system. The results showed that the
connecting rod, transmission mechanism, and power generation structure were not damaged, and the
gear surface showed slight wear but did not affect the actual operation. At the same time, the power
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Figure 6. Simulation of the dynamic models
(A) Magnetic flue density of the first model.

(B) Magnetic flue density of the second model.
(C) Output curve of the first model.

(D) Output curve of the second model.

generation capacity of the NKEH did not decrease. Considering that human walking excitation is usually in
the range of 1-2 Hz, the damage caused by the system is even smaller. Therefore, the stability and dura-
bility of the system meet practical usage requirements.

In the experimental part, vibrating table experiments were first conducted on NKEH, as shown in Figure 8.
The NKEH is installed on the vibration table, the digital oscilloscope records the voltage signal of the en-
ergy collector, the resistance box is used to provide external load, and the USB disk is used to collect exper-
imental data. The maximum excitation frequency in this part of the experiment is 4 Hz, and the maximum
rotation angle is 90°. Then, we mounted the NKEH on the human knee and analyzed the output perfor-
mance at walking and running conditions, and the application of the device was analyzed through the
experimental data. Finally, we designed and conducted sensor power experiments to test the feasibility
of the proposed NKEH to power the sensors.

RESULT AND DISCUSSION

Test on the vibrating table

In this section, we have conducted vibrating table test on the NKEH. The value of the load determines the
output power; therefore, it is necessary to find the optimal load for the system. Load experiments were first
carried out using a resistor box to adjust the external load, and the excitation frequency was adjusted to
1 Hz and the swing angle to 90°. Figures 9A and 9B show the output voltage waveforms, the specific output
voltage value, and the output power value under different loads. It is obvious to see that the output voltage
increases with increasing load, while the output power shows an increase and then decreases, reaching a
maximum at a load of 160 Q. Therefore, the optimal load for the NKEH is determined to be 160 Q based on
the experimental results.

Secondly, the effects of motion frequency and swing angle on the output performance of the NKEH were
analyzed. The swing angle was set to 90° and the load resistance is set to the optimal resistor value of 160 Q;
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Figure 7. Prototype of the NKEH and schematic of the vibrating table
(A) Prototype and components of the NKEH.

(B) Processing of the vibrating table.

(C) Assembly of the vibrating table.

(D) Components of the vibrating table.

the NKEH's output characteristics were tested under different excitations conditions. Figure 9C illustrates
the output voltage waveform, and Figure 10A shows the variation of output root-mean-square (RMS)
voltage and output power of NKEH with increasing excitation frequency at a certain swing angle. The
output RMS voltage and power of NKEH increased with the increase of frequency, and the minimum
was 1.01 V and 6.35 mW, while the maximum was 5.22 V and 170.56 mW. Then, the excitation frequency
was set to 2 Hz and the load resistance is set to the optimal resistor value of 160 Q; the NKEH's output per-
formance was tested at different swing angles. Figure 9D demonstrates the output voltage waveforms. The
output RMS voltage and power of NKEH increased with the increase of swing angle, and the minimum was
0.52V and 1.67 mW at the motion angle of 15°, and the maximum was 2.46 V and 37.70 mW at the motion
angle of 90°, as shown in Figure 10B.

Figures 10C and 10D show the trends in output voltage and output power for different excitations, respec-
tively. It can be seen that the RMS voltage and output power of the system increase with the swing angle,

Switching power

( peed controller

\ |

Figure 8. Schematic of the vibrating table experiment setup
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Figure 9. Output characteristics of the NKEH under the vibrating table-based experimental testing
(A) Voltage waveform under different resistances.

(B) Voltage and power under different resistances.

(C) Voltage waveform under different excitation frequencies at the optimal load.

(D) Output voltage waveform under different swing angles at the optimal load.

under the same excitation frequency. When the swing angle is the same, the RMS voltage and output po-
wer of the system increase with the increase of the excitation frequency. When the swing angle is 15° and
the excitation frequency is 1 Hz, the RMS voltage and output power of the system are the minimum values,
which are 0.25 V and 0.40 mW, respectively. When the swing angle is 90° and the excitation frequency is
4 Hz, the RMS voltage and output power of the system are the maximum values, which are 1.07 V and
170.56 mW, respectively. This leads to the following conclusions: The output performance of the NKEH in-
creases as the excitation frequency and swing angle increase.

Human motion test

This part of the experiment was designed to investigate the NKEH's output properties at different motion
excitation of the human body. The NKEH was mounted at the knee joint of the tester, as shown in Fig-
ure 11A. A resistor box provides an external load (set to 160 Q) and uses an oscilloscope to record the
output voltage signal. In order to more comprehensively simulate the daily activities of people, three
human movement states are set: running, level walking, and downhill walking. Figure 11B shows the output
performance of NKEH under different human motion states. The output RMS voltage is 0.62 V, while the
output power is 2.41 mW when the tester is level walking.

In contrast, when the tester walks downhill, the RMS voltage and power are 0.72 V and 3.24 mW, respec-
tively. This is because the knee does more negative muscles work in a downhill walking state, which is
consistent with previous scholarly studies. When the tester runs, the knee joint oscillation angle and fre-
quency increase significantly compared to walking, so the NKEH has better output performance.
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Figure 10. Vibrating table-based experimental results
(A) Output performance at different motion frequencies.
(B) Output performance at different swing angles.

(C) Variation curves of output RMS voltage.

(D) Output power variation curves.

Application of the NKEH

Figure 11C shows that the proposed NKEH provides energy to the wearable health monitoring device by
harvesting the knee-negative muscle work. Wearable health monitoring devices mainly consist of various
monitoring sensors, Table 3 lists the types and power of some commonly used health monitoring sensors.
A wearable health monitoring device typically consists of three modules: the monitoring sensor module,
the communication module, and a power management circuit module. Usually, the power management
circuit is always on, and the sensor and communication modules are intermittently turned on. Assuming
that the sensor reading time is 1 ms, the interval of sensor reading data is 1s, so the actual working time
of the sensor is 86.4 s per day. Similarly, the size of the data read each time is assumed to be 1 byte.
When the data transmission speed is 10 kbps, the actual working time of the transmission module is
only 8.64 s as shown in Table 4.

The human test experiment, as mentioned previously, demonstrates that the output power of NKEH is
different in different human movement states. Therefore, the daily power generation can be estimated
by analyzing the movement state of humans. Assuming that the user of NKEH walks 8000 steps per day
with a stride length of 0.65 m and speed of 1.2 m/s, after calculation, we can get the daily walking time
of 1.2 h for users. Considering that people rarely run under normal circumstances, it is assumed that the
daily running time of the human body is only 0.15 h. The daily sleep time is assumed to be 8 h, except
for the above state; the rest of the time is regarded as no movement state. On this basis, the one-day power
generation of the NKEH installed on the human body can be obtained. As shown in Table 5, the NKEH can
generate about 17.40 J of energy a day, while the total daily power consumption of the human health moni-
toring device is about 13.55 J, which indicates that the NKEH designed in this paper can provide sufficient
electricity for the health monitoring device.

iScience 26, 107011, July 21, 2023 13
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Figure 11. Human movement experiments and applications of the NKEH
(A) Experiment setup.

(B) The NKEH's output performance under different motion excitation.

(C) Applications of the NKEH.

Finally, the sensor power supply-based experiments were performed. The test experiment’s overall layout
and the circuit’s partial schematic are shown in Figures 12A and 12B. The AC-DC converter is used to realize
the AC-DC current conversion; the booster module increases the voltage, and a supercapacitor is used to
release and store the power for this sensor power supply experiment. Firstly, a capacitor charging exper-
iment was conducted under human motion excitation. Figure 12C shows the voltage change curves when
charging different capacitors (220, 470, 1000, and 2200 pF). It can be seen from the figure that the voltage of
the small capacitor rises faster, and the energy harvester can charge a 220 pF capacitor fromO0to 4 Vin just 3
s. As the capacitance of the capacitor increases, the charging speed slows down and the maximum voltage
of the capacitor decreases accordingly. According to the energy storage formula of the capacitor: E = CU%/
2, the energy stored in the capacitor during the charging process can be calculated. Taking a 220 uF capac-
itor as an example, the energy stored in the capacitor can be calculated as 2.75*1072 J. Based on the energy
storage theory of the capacitor, the electrical heat generated during the charging process is equal to the
energy stored in the capacitor, which is 2.75*1072 J. At this point, the output power of the energy harvesting
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Table 3. Typical health monitoring sensor types and power

Type Power (mW)
GPS sensor 75
Blood pressure sensors 25
Temperature sensor 1.8
Breathing sensors 15
Humidity sensor 0.2
Heart rate monitoring sensor 20

machine is 2.1 mW, and the charging time is 3 s. Therefore, the energy input to the energy collectoris W =
Pt =6.2*10"2J. It can be calculated that the electrical heat loss during the charging process is 44.35%, and
the circuit energy loss is 11.3%. Meanwhile, to test the practical application of NKEH, a temperature and
humidity sensor power supply test was conducted, as shown in Figure 12D. By using NKEH to charge a
supercapacitor to drive a wireless temperature and humidity sensor, after 150 s, NKEH successfully drove
the normal operation of the sensor. After 200s, the system successfully drove the sensor Bluetooth module,
allowing users to view sensor data on their mobile phones, demonstrating the huge potential of NKEH in
wireless monitoring applications for human body.

Comparison of typical joint energy harvesters

This paper proposes a full negative-work knee energy harvester based on the homo-phase transfer mech-
anism, which is designed to operate in sync with the biological characteristics of human walking. Table 6
provides a comprehensive comparison of the proposed energy harvester for lower limbs with existing
counterparts in terms of various factors such as joint positions, mass or size, power generation, and working
mechanism. Compared to [25] and [26], the proposed energy harvester operates solely during the negative
work phase of a human's walking cycle, thereby reducing any supplementary metabolic load. Moreover, the
proposed energy harvester has a significant enhancement in power generation compared to [25], [26], and
[47], allowing it to meet the power requirements of microbiological sensors. While [38] and [48] have
achieved higher power generation during the negative work phase, they employ a potentiometer and sen-
sors to detect the knee joint angle, which is an unnecessary power-consuming process. Furthermore, the
prototypes of [38] and [48] are weighty, more than 1 kg, and do not prioritize the user’s comfort, potentially
disrupting their daily activities. In contrast, the proposed harvester has a total weight of only 0.17 kg,
providing minimal interference to the wearer. Furthermore, this study avoids using energy-consuming
potentiometers or sensors, indicating that all the energy harvested can be fully utilized to power a wearable
health monitoring device.

Conclusions

In this paper, we propose a full NKEH based on the homo-phase transfer mechanism. Unlike the traditional
human energy harvester, the proposed NKEH only harvests knee-negative work and does not harvest knee-
positive work. Also, this paper controls the transmission of motion and power generation based on the
homo-phase transfer mechanism instead of using potentiometers. Using the COMSOL Multiphysics
dynamic modeling software to optimize the design of the energy conversion module and the optimal
magnetic pole combination model is obtained. To test the output performance of the NKEH and the effec-
tiveness of powering wearable health detection devices, we designed the test bench and conducted ex-
periments. First, we analyzed the NKEH's output performance at different excitation conditions; the output
performance was positively correlated with the motion frequency and the swing angle. Then, we wore the

Table 4. Power consumption of health monitoring devices

Type Power (mW) Time (s) Consumption (J)
Monitoring sensors 137 86.4 12.25
Communications 60 8.64 0.52

Power management 0.009 86400 0.78

Total - - 13.55
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Table 5. The amount of electricity generated by the NKEH one day

State Time (h) Power (mW) Daily power generation (J)
Running 0.15 12.95 6.99

Motionless 14.65 0 0

Walking 1.2 2.41 10.41

Sleeping 8.0 0 0

Total 17.40

NKEH on the human knee joint and conducted different human motion excitation experiments. The output
power was 3.24 mW when the tester was downhill walking, which is increased compared to the output po-
wer of 2.41 mW during downhill walking, and the output power of the NKEH was substantially increased
when the tester was running, which could reach 12.95 mW. Finally, the practical application of the proposed
NKEH was analyzed, and the calculated results showed that the NKEH worn on a human could generate
17.40 J/day power, which can satisfy the normal operation of a typical health monitoring device. In
conclusion, the proposed NKEH can generate large sustainable electrical energy without extra effort
from the human body, showing great potential to realize self-powering of human health monitoring

equipment.

Limitations of the study

This paper proposes a full negative-work knee energy harvester that is specifically designed to power hu-
man health monitoring equipment and does not cause significant disturbance to the human movement.
However, given the limitations of our experimental equipment and technical conditions, there are still
some areas that require further improvement in future research endeavors.
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Figure 12. Sensor power supply experiment of the NKEH
(A) Overall experimental setup.

(B) Partial experimental setup.

(C) Charging different capacitors.

(D) Temperature and humidity sensor power supply test.
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Table 6. Comparison of typical joint energy harvesters

Research Joint Weight or sizes Power Mechanism Negative work phase
Romero?® Ankle 2.0 cm? 0.43 mW Micro-rotation No
Donelan® Knee 1.6 kg 4.8 W Potentiometer Yes
Ibrahim®/ Knee 19.24 cm? 58 uW Triboelectric Yes
Shepertycky*® Knee 1.06 kg 0.25W Sensors Yes
Dai®® Hip 126.8 cm? 0.28 mW Rotary motor No
This paper Knee 0.17 kg 12.95 mW One-way bearing Yes

(1) In this study, we have focused on utilizing the homo-phase transfer mechanism to harvest a signif-
icant amount of negative work during the swing extension phases of knee oscillation. However, it is
important to note that there may be a small amount of negative work during other stages of the hu-
man gait cycle that have not been utilized in our paper. Future research should pay close attention to
this aspect.

S

Moreover, it is worth noting that due to the limitations of our experimental equipment, we were un-
able to test the metabolic capacity of our subjects in this study. Further research in this area is
required to advance our understanding and knowledge in this field.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Software and algorithms

Microsoft Visio 2019 Microsoft https://www.microsoft.com/zh-cn/microsoft-365/visio/flowchart-software
Origin 2018 Originlab https://www.originlab.com/

COMSOL Multiphysics 5.5 COMSOL https://cn.comsol.com/

Other

DS1102Z-E digital oscilloscope RIGOL https://rigol.com

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by
the lead contact Zutao Zhang (zzt@swjtu.edu.cn).

Material availability

This study did not generate new unique reagents.

Data and code availability

® All data reported in this paper will be shared by the lead contact upon reasonable request.
® This paper does not report original code.

® Any additional information required to reanalyze the data reported in this paper is available from the
lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

In the Human motion test and Application of the NKEH, the experimenter was an adult male (25 years of
age) in good health with a normal level of movement. There was no physical or physiological discomfort
after completion of the Human Energy Harvesting experiment. The experimenter provided written
informed consent prior to participation. The experimental procedures were approved by the School of Me-
chanical Engineering, Southwest Jiaotong University. The experiment took 120 to 150 min to complete and
participants were compensated for their time (200RMB).

METHODS DETAILS

All methods can be found in the text, please check the Human walking and homo-phase transfer mechanism for
the starting point of System design. Please check the System design for structural design. Please check the
MODELLING AND ANALYSIS for theoretical models and simulations of the system. Please check the EXPERI-
MENTS DETAILS for prototyping and setting up experiments. Please check the Application of the NKEH to
know the application potential of the device. Using Microsoft Visio 2019 to generate visual images in the manu-
script. Origin 2018 was used to process experimental data and generate visual images in the manuscript. The
dynamic modeling software COMSOL Multiphysics 5.5 was used to simulate the magnetic field distribution.
The oscilloscope (RIGOL DS1102) is used to evaluate the output characteristics of the equipment. In addition,
a presentation video is provided to more vividly introduce the whole paper, as shown in video S1.

QUANTIFICATION AND STATISTICAL ANALYSIS

Microsoft Visio 2019 is used to generate the visual images in the manuscript. Origin 2018 is used to process
experimental data and generate visual images in the manuscript. The dynamic modeling software
COMSOL Multiphysics 5.5 is used to simulate magnetic flux distribution and magnet force. The voltage sig-
nals are captured by the digital oscilloscope (RIGOL DS1102).
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