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Abstract
Regenerative braking is a well-known technology applied in electric vehicles to achieve high energy efficiency through an 
energy-recovery mechanism. The same concept has been applied to robotic applications, such as legged robots, lower-limb 
prostheses, and biomechanical energy harvesters. In particular, a biomechanical energy harvester enables humans to gener-
ate watts of power while simultaneously assisting in the braking of human joints during walking. In this study, a systematic 
analysis of a biomechanical regenerative braking energy harvester was conducted. First, we reviewed the design considera-
tions of each harvester component and designed an energy-harvester prototype with high power density through a systematic 
design process. Subsequently, the dynamics of the designed harvester and its effect on human biomechanics were analyzed 
through device testing and human testing. The designed harvester demonstrated a power density of 3.3 W/kg for level-ground 
walking during device testing. We evaluated muscle activities and joint kinematics in versatile walking scenarios such as 
sloped walking. In level-ground and downhill walking, the hamstring muscle activity was assisted by the braking torque 
simultaneously generating 1.2 W and 0.7 W, respectively, during negative work phase. Meanwhile, we confirmed that the 
braking torque was generated rather in the positive work phase interfering the quadriceps muscle activity. Comparing previous 
knee-joint-driven biomechanical regenerative braking energy harvesters, our harvester shows relatively high power density 
level even with slower walking speed and without any special mechanism.

Keywords  Energy harvesting · Electromagnetic generator · Regenerative braking · Systematic analysis

1  Introduction

Wearable energy-harvesting technology generates electrical 
energy based on the kinetic or thermal energy of a human 
body [1, 2]. As conventional lithium-ion or lithium-poly-
mer rechargeable batteries have limited charge capacity and 
portability [3], wearable energy-harvesting devices have 
emerged owing to their advantages of continuous power 
supply and environment-independent characteristics. Wear-
able energy harvesters can be classified in several ways, 
depending on the energy source of the human body and the 
electrical power generation principle. First, the method of 
harvesting energy through body temperature mainly involves 
attaching a thermoelectric or pyroelectric generator to the 
skin to convert the heat of the human body into electricity 

[4]. An electrical power density of 0.45–18 μW/cm2 can be 
harvested through this method [5–7]. Another harvesting 
method uses kinetic energy from the human body. Humans 
produce a large amount of biomechanical power in their 
daily lives. In particular, several tens of watts is generated 
in the lower extremity joints during walking, which is the 
most frequent activity performed by humans [8]. The piezo-
electric [9], triboelectric [10], and electromagnetic [11, 12] 
energy-harvesting methods are generally applied to harvest 
the kinetic energy of human motion. These harvesting meth-
odologies generate electrical power of several milliwatts and 
can be applied as energy sources in self-powered electronic 
devices or wearable biomedical sensors [13, 14].

Additionally, wearable devices that require high electri-
cal power of several watts also exist. For example, hundreds 
of watts of electrical power is required to operate tactical 
devices per soldier in modern warfare [15]. Electrical heat-
ing garments, which are clothes designed for outdoor activi-
ties in cold weather, require a power of ~ 10 W [16]. In addi-
tion, an electrical energy of ~ 66 J or an electrical power of 
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66 W per single gait cycle is required to actuate a wearable 
powered exoskeleton or prosthesis [17, 18]. In the field of 
exoskeletons and prosthetic limbs, energy-efficient mecha-
nisms or actuators have been proposed to reduce driving 
power. A representative example, compliant actuation, has 
been realized by adding elastic elements for energy stor-
age and return [19–21], or by connecting elastic elements 
to actuators, such as in series elastic actuators [22]. In the 
case of actuators, a high power density is secured through 
a quasi-direct-drive, which consists of a high-power motor 
and low-speed transmission [23, 24]. In addition, regenera-
tive braking technology, used in hybrid/electric vehicles and 
legged robots [25], is being applied to prosthetic lower limbs 
[26–28].

Regenerative braking has also been applied in wearable 
energy harvesting for high electrical power generation [29]. 
As shown in Fig. 1, when the mechanical power of human 
joints is delivered to the transmission, the joint angular 
velocity is amplified for generating several watts of power. 
The generator simultaneously produces electrical power and 
back-electromotive force (EMF)-based reaction torque. The 
reaction torque is also amplified through the transmission 
and acts on the human joint. The harvested electrical power 
is transmitted to a power management circuit, which recti-
fies or manages power to be suitable for applications, such 
as electronic devices or batteries. A controller can switch 
the generator on/off or adjust the amplitude of the electrical 
power based on human bio signal information. As the human 
lower-limb joints propel and brake continuously during the 
gait cycle, the reaction torque of the harvester was utilized 
as a braking torque by only operating the harvester in the 
negative work phase of the lower-limb joint. Specifically, the 
harvester assists in the deceleration of knee flexor muscles 
only in the swing extension phase, which requires a large 
amount of braking torque, using a one-way clutch. Owing 
to this joint-assisting function during walking, the harvester 
has recently been called an “energy-harvesting exoskeleton”. 
The cost of harvesting (COH) and the total cost of harvesting 
(TCOH) were proposed [29, 30]. The COH is the amount 
of additional metabolic power required to generate 1 W of 
electrical power, whereas the TCOH is the metabolic power 
that reflects not only the harvest cost but also the additional 

metabolic power required to carry or wear the harvester. As 
the metabolic power is efficiently saved in this regenerative 
braking energy-harvesting technology, a low COH of 0.7 
was achieved while harvesting an electrical power of 4.8 W.

After the concept and core mechanism were introduced 
[29, 30], various biomechanical regenerative braking energy 
harvesters (BRBEHs) were studied, as shown in Table 1. 
Most studies have implemented novel functions for the 
harvester through improved transmission mechanisms. 
Mechanisms that use a bidirectional gear train [36] or vari-
able transmission [37, 38, 44] to harvest a larger amount 
of energy or to control the amplitude of the braking torque 
within a gait cycle have been proposed. Furthermore, a 
device for harvesting energy while simultaneously assisting 
both negative and positive work by combining an elastic 
mechanism has been studied [41, 42]. Finally, the energy 
harvester was extended from the knee to the ankle joint in 
some studies [39, 43]. The aforementioned cases were pas-
sive types that relied on the movement of the knee using a 
one-way clutch according to the first prototype concept. To 
overcome the limitations of the passive type, some stud-
ies have attempted energy harvesting optimized for walking 
through a biosensor-feedback-based control system [34, 35, 
45]. As the harvester has been studied continuously, its size 
and mass have been reduced to increase the power density. 
Electrical power was harvested from a minimum of 0.3 W 
to a maximum of 6.5 W during a gait cycle while achieving 
a COH of − 0.56 to 3.9.

An analysis of the structure and mechanism of previous 
harvesters shows that each harvester has different structural 
or dynamic characteristics, but similar human joint–trans-
mission–generator–control system configuration. The per-
formance of the harvester is affected not only by the charac-
teristics of each component but also by the combination of 
components. For example, two combinations of components, 
namely, a high-power generator with a low transmission 
ratio [30] and a low-power generator with a high transmis-
sion ratio [35], can generate the same amount of electrical 
power, but other properties of these combinations, such as 
braking torque and efficiency, are different. In most earlier 
studies, the concept of BRBEH was proposed and verified 
through the simplified selection of components with average 
performance. However, if the design parameters are deter-
mined through a systematic design process that reflects the 
characteristics of each element, a high-end BRBEH can be 
designed in terms of design and operation. Several para-
metric studies have been conducted to determine the design 
values of BRBEHs. In [31], a high-efficiency BRBEH was 
designed by predicting the device efficiency and electrical 
power according to the gear ratio. Another study compared 
the device efficiency of different commercial generators 
and electrical loads [32]. In other studies, the knee joint 
torque was predicted according to the change in the spring Fig. 1   Block diagram of a biomechanical energy harvester
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or damping constant of the proposed mechanism [41, 42]. 
However, previous studies focused only on one or two of the 
components and did not reflect the comprehensive features 
of the BRBEH in the design process. To the best of our 
knowledge, the design considerations for each BRBEH ele-
ment have not been studied in detail.

In this study, we systematically investigated the BRBEH 
from two aspects. First, the characteristics and design con-
siderations for each element of the harvester were deter-
mined based on an analytical model. Subsequently, we pro-
posed a systematic design process for an energy harvester 
based on the analysis results. According to the design pro-
cess, we designed the BRBEH with the goal of maximizing 
power density. From the second perspective, we conducted 
an experimental analysis by building an energy-harvester 
prototype for investigations that could not be reflected in 
the theoretical model, such as human biomechanics. In par-
ticular, the joint kinematics and muscle activities during 
sloped walking were explored. To the best of our knowl-
edge, previous BRBEHs were designed and tested based on 
level-ground walking. Experiments on sloped walking were 
conducted in only two studies [35, 47], but the harvested 
power and COH were measured without biomechanical or 
systematic analysis. As the joint mechanics of sloped walk-
ing is different from those of normal walking, this analysis 
can provide design insights to broaden the applicability of 
BRBEHs.

2 � Analysis of the Energy‑Harvesting System

Figure 2 shows the structural configuration of the BRBEH 
system. There are two representative form factors of BRB-
EHs depending on the wearing positions as shown in 
Table 1. Most previously studied BRBEHs had a “hard-type” 
structure, which is directly fastened to the joint with rigid 
frames. In this structure, the braking torque or force of the 
harvester will be delivered accurately, but wearability may 

be reduced. To overcome this problem, the form factor of 
the soft exoskeleton has been reflected, and this “soft-type” 
structure allows the harvester to be worn remotely from the 
joint [30, 42, 44, 45]. In contrast to the hard-type structure, 
the force or torque may not be transmitted accurately. The 
prototype in this study was designed to be directly connected 
to the joint, according to the most widely used hard-type 
form factor. We attempted to minimize the metabolic penalty 
owing to the carrying of a mass by arranging the main ele-
ments of the harvester close to the pelvis, which is close to 
the center of gravity of the human body, using a timing belt, 
like in remote cable-driven harvesters [48].

The prototype mainly consists of a timing belt, three-
stage spur-gear train transmission, and generator. The trans-
mission and generator are placed near the thigh side in a 
compact arrangement. On the shank side, a one-way clutch is 
installed on the input shaft to transmit the knee joint power 
only during knee extension. The timing belt connects the 
shank and thigh sides. The working principle is the same 
as that of the general BRBEH described above. When knee 
motion is input to the shaft aligned with the knee joint, it is 
transmitted via the timing belt to the transmission and gen-
erator. Electrical power is then generated from the generator, 
and the braking torque is transmitted back to the knee joint 
through the transmission and timing belt.

2.1 � Analytical Model of the Energy Harvester

When a human joint runs an energy harvester, the human 
joint velocity (ωh) is delivered to the one-way clutch and 
the transmission. As most previous studies adopted a pas-
sive one-way clutch as the negative work selection method 
of joints, a harvester equipped with a transmission based on 
a one-way clutch is proposed as a general model. Through 
a one-way clutch, the input transmission velocity (ωt) is 
amplified by the transmission ratio (rt) and is transmitted 
to a generator.

where ωg denotes the generator velocity. The generator pro-
duces a back-EMF voltage E proportional to its own velocity.

where Kg denotes the generator constant. The induced elec-
tric current in the generator (Ig) is determined by the internal 
resistance of the generator (Rg) and the electrical load of the 
external circuit (RL).

The harvested voltage (VL) and electrical power (PE) are 
the values of the electrical load as follows:

(1)�g = rt ⋅ �t,

(2)E = Kg ⋅ �g,

(3)Ig =
E

Rg + RL

.

Fig. 2   Structural configuration of the BRBEH
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The generator torque (τg) from the generator is related 
to the generator constant and the induced current as 
follows:

The reaction torque (τr) is the amplified generator 
torque through the transmission, which is then applied to 
the human joint.

where ηt denotes the transmission efficiency. By substituting 
Eqs. (1), (2), (3), and (6) into (7), the reaction torque can be 
expressed in terms of the transmission velocity.

where Cg denotes the damping constant provided by the 
generator [43]. In addition to the reaction torque from the 
generator, there is inertia torque in the harvester. The overall 
inertia of the energy harvester consists of two main parts: 
the generator inertia (Jg) and transmission inertia (Jt). Inertia 
appears differently depending on the specific location. To 
describe the inertial torque applied to the user, the equivalent 
inertia (J) of the input shaft is expressed as follows:

The inertia torque applied to the user is defined as 
follows:

There are other reaction torque components, such as fric-
tion torque, but they are not included in this model because 
there are various models depending on the design. The total 
braking torque (T) exerted on the user is expressed as

The mechanical power of the harvester (PM) is the 
product of the total torque and the angular velocity of the 
transmission:

The device efficiency (ηd) of the energy harvester can 
be defined as follows:

(4)VL = Ig ⋅ RL,

(5)PE =
V2
L

RL

.

(6)�g = Kg ⋅ Ig.

(7)�r =
�g ⋅ rt

�t
,

(8)�r = Cg ⋅ �t, Cg =
(Kg ⋅ rt)

2

�t ⋅ (Rg + RL)
,

(9)J = Jt + r2
t
⋅ Jg.

(10)𝜏i = J ⋅ 𝜔̇t.

(11)T = 𝜏r + 𝜏i = Cg ⋅ 𝜔t + J ⋅ 𝜔̇t.

(12)PM = T ⋅ �E.

The relationship between the angular velocity of the 
human joint and transmission velocity is determined by 
the engagement condition of the one-way clutch, as shown 
in Fig. 3. In the engagement condition, the transmission 
velocity is determined by the angular velocity of the 
human joint multiplied by the mechanical coupling effi-
ciency (ηc), which reflects the velocity loss, as shown in 
Eq. (14). There is a possibility of imperfect delivery of the 
joint motion to the transmission owing to joint misalign-
ment between the harvester and the human joint, or the 
structural deformation of the cuff or brace connecting the 
human body and the harvester. Under the disengagement 
condition, the velocity of the human joint is not delivered 
to the harvester, and the braking torque of the harvester is 
not transmitted to the human joint. At this time, the veloc-
ity of the transmission decays exponentially, as shown in 
Eq. (15).

where ω0 and t0 represent the velocity of the transmission 
and the time at which disengagement occurs, respectively.

The engagement and disengagement thresholds are as 
follows [43]:

(13)�d =
PE

PM

=
V2
L
∕RL

(�r + �i) ⋅ �t

.

(14)Engagement ∶ �t = �c ⋅ �h,

(15)Disengagement ∶ �t = �0e
−

Cg

J
(t−t0),

Fig. 3   Schematics and velocity comparison of the engagement and 
disengagement conditions of the one-way clutch. The components in 
the schematics are labeled as follows: ① one-way clutch, ② transmis-
sion, and ③ generator
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Disengagement occurs when the angular velocity of the 
transmission is higher than that of the input part, owing to 
the overrunning effect from the inertia of the transmission. 
By contrast, the acceleration of the human joint should be 
higher than the time constant (Cg/J) of the transmission to 
maintain the engagement.

2.2 � Biomechanics of the Human Lower‑limb Joint

The dynamics of human gait should be carefully consid-
ered to implement the BRBEH technology effectively. The 
amplitude of the negative power of the joint should be suf-
ficiently high to require braking assistance. The range of 
motion (RoM) of the joint in the negative work phase is 
also an important factor. As the generation power and brak-
ing torque amplitude of an electromagnetic generator are 
proportional to the input velocity, as shown in Eqs. (2) and 
(8), securing a high RoM has greater potential for the practi-
cal usage of BRBEHs. Finally, there should be a substantial 
contribution of the muscle to the negative work of the joint. 
Unlike positive work, passive elements, such as ligaments, 
also contribute to the work in addition to muscles in the 
negative work of the joint [49]. As passive elements do not 
require metabolic energy, braking assistance with an energy 
harvester would be less effective if the negative work con-
tribution of the passive elements of the joint is equal to or 
greater than that of the muscles.

In level-ground walking, the knee joint is responsible for 
most of the negative work during the gait cycle; hence, most 
previous energy harvesters were operated based on knee 
joint motion. In particular, the swing extension phase of the 
knee joint has been adopted as a generation phase because of 
the wide RoM and the practical use of the hamstring muscles 
for negative work. In some studies, the negative work of 
the ankle joint was utilized [39, 43]; however, the harvested 
electrical power was lower than that of knee-joint-based 
harvesters because the RoM of the ankle joint is relatively 
narrower than that of the knee joint. As the hip joint has less 
than 20% of the negative work section during gait, this joint 
was not used.

However, caution should be exercised when applying the 
same assisting strategy in other gait environments because 
the biomechanics of joints are different from those in level-
ground walking. A typical example is sloped walking [50]. 
In the case of uphill walking, a significant amount of positive 
work to propel the body upward occurs at all joints, whereas 

(16)Engagement ∶ 𝜔t = 𝜂c ⋅ 𝜔h and −
Cg

J
≤ 𝜂c ⋅ 𝜔̇h,

(17)Disengagement ∶ 𝜔t > 𝜂c ⋅ 𝜔h or −
Cg

J
> 𝜂c ⋅ 𝜔̇h.

the portion of negative work decreases significantly. Thus, 
even in the case of the knee joint, regenerative braking can 
be an energetic penalty. For example, knee swing exten-
sion, which is the optimal period for regenerative braking 
on level ground, is undesirable because it is a positive work 
phase in uphill walking. Therefore, even if a small amount 
of biomechanical energy is harvested compared with that in 
level-ground walking in the same gait phase, the COH may 
be higher during uphill walking. Conversely, in downhill 
walking, a significant amount of potential energy is absorbed 
by the muscles, and the negative work portion increases at 
all joints. Thus, for the knee joint, a harvesting strategy 
similar to that for level-ground walking can be adopted 
because the knee joint produces three times more negative 
power [50]. In addition, the energy storage capacity of the 
ankle joint increases during downhill walking, resulting in a 
greater fraction and amplitude of negative work. Therefore, 
the harvester can support the negative work of the ankle 
joint more effectively than that during level-ground walking. 
Other physiological characteristics, such as muscle activity 
or joint kinematics on sloped walking, other than the joint 
perspective view, will be described later in the experimental 
analysis. Although our study focused on sloped gait, other 
gait conditions, such as running or squatting, also exist and 
may be considered.

2.3 � Energy‑Harvester Components

As previously mentioned, the configurations of all previ-
ous energy harvesters can be divided into three main parts: 
transmission, generator, and control system. In this section, 
the main roles and important design considerations for each 
element are analyzed.

2.3.1 � Transmission

The transmission amplifies the human joint angular veloc-
ity and braking torque. The core design parameters are the 
transmission ratio (rt) and inertia (Jt). If the transmission 
ratio is too low, the harvester generates a small amount 
of electricity. By contrast, an excessively high transmis-
sion ratio generates excessive reaction torque that impedes 
walking. This also reduces the transmission efficiency. The 
inertia of the BRBEH plays two primary roles. First, the 
inertia drives the generator similar to a flywheel, enabling 
continuous energy generation. Moreover, the inertia torque 
is applied to the knee in addition to the reaction torque. If 
the intensity of the inertial torque is high, an inordinate brak-
ing torque may act, and the amount of power generation 
may need to be adjusted to prevent this phenomenon. The 
transmission inertia contributes to the generation of inertia 
torque in the harvester. However, as shown in Eq. (9), the 
inertia of the generator is amplified by the square of the 
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transmission ratio and shows more dominant characteris-
tics. Thus, it is beneficial to adjust the transmission ratio 
and generator inertia, rather than the transmission inertia, 
to control the inertial torque. Structurally, the transmission 
usually determines the mass and volume of the harvester; 
therefore, it is necessary to design the transmission to be 
compact and lightweight. Most harvesters adopt the tradi-
tional spur-gear train structure, and there are cases in which 
cables or spring mechanisms are applied for more effective 
energy harvesting.

2.3.2 � Generator

As a source of electrical power and braking torque, a rotary 
electromagnetic generator must have a high power density, 
high efficiency, and compact structure. Designing a genera-
tor specifically for the BRBEH may be the best choice to 
achieve these properties. However, to save time and cost, 
commercial three-phase brushless DC (BLDC) motors with 
flat structures were used as generators in all previous har-
vesters. Therefore, in this study, the characteristics of the 
generator were identified based on the parameters of a com-
mercial BLDC generator.

Figure 4 shows a graph summarizing the mechanical and 
electrical parameters of commercial generators with respect 

to their rated power and nominal voltage [51]. These gen-
erators have a realistic range that does not exceed the rated 
torque and voltage when combined with a generator-inde-
pendent variable, and hence, they have been widely applied 
in the previous studies [29, 30, 34, 36, 40]. The mechanical 
properties of inertia (Jg) and mass in Figs. 4a, b, respectively, 
increase rapidly as the generator has larger power capacity. 
The nominal voltage does not affect the mechanical proper-
ties of the generator. Thus, if a high-power generator is used, 
the penalties of mass and inertia must be considered, despite 
the benefits of electrical power. The electrical characteristics 
of the generator are shown in Figs. 4c, d. The generator con-
stant (Kg), which is a proportionality constant between the 
EMF and rotation speed, had no significant correlation with 
the power of the generator. The internal resistance (Rg) of 
the generator decreases as the rated power increases, because 
thicker copper wires are used to withstand the higher cur-
rent in the high-power generator. The generator constant and 
internal resistance increase simultaneously as the nominal 
voltage increases. This is because a generator with a high 
nominal voltage has thin wires with several turns, whereas 
low-nominal-voltage generators are made with thick wires 
and few turns. From the viewpoint of power generation, it is 
advantageous to use high-nominal-voltage generators with 
high generator constants. Although the output current and 

Fig. 4   Comparison results of 
commercial generators accord-
ing to the generator power and 
nominal voltage; a mass, b 
inertia, c generator constant, 
and d internal resistance. An 
empty space without a bar 
indicates that the combination 
does not exist
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braking torque decrease as the internal resistance of the gen-
erator increases, this can be compensated by adjusting the 
external electrical load (RL), as shown in Eqs. (3) and (8). 
Finally, for stable operation, the generated current should 
not exceed the maximum continuous current of the generator 
during harvesting.

2.3.3 � Control System

Unlike other harvesters that focus on efficiently storing and 
managing harvested electricity, the BRBEH control system 
has two essential roles: (1) selectively activating the har-
vester by detecting the negative work of the human joint 
during the gait cycle and (2) controlling the braking torque 
profile. In the first method of selecting the negative work 
of a human joint, the most representative method involves 
selecting the work passively according to the motion direc-
tion of the joint using mechanical components or mecha-
nisms. This method can be implemented simply without a 
complex gait detection algorithm; however, it lacks sophis-
tication and cannot respond to changes in the walking 
environment. Some studies have implemented algorithms 
to detect the gait cycle through biosensor-based feedback 
and select a negative work phase based on the gait cycle in 
the controller [34, 35, 45]. Based on the selected negative 
working phase, the harvester is electrically controlled on/
off, and electrical power is harvested in all negative work 
phases, offering more negative work support compared 
with mechanical passive control. The second function was 
to control the braking torque profile. The optimal braking 
torque profile for each human joint remains an open issue. 
Recently, a strategy to generate braking torque by subtract-
ing the torque generated through passive elements from the 
joint torque was proposed, and it showed excellent braking 
assistance for human joints [45]. Therefore, generating an 
optimal braking torque profile is key to reducing the COH 
during harvesting. According to Eq. (8), there are two meth-
ods for controlling the torque profile: changing the transmis-
sion ratio and changing the electrical load value according 
to the gait cycle. First, in the case of changing the trans-
mission ratio, mechanical systems, such as continuously 
variable transmission [38] and variable-radius drums [44], 
were adopted. This method has a higher efficiency than the 
electrical control method; however, the mechanism becomes 
more complicated and may not respond immediately. The 
second method involves changing the electrical load through 
a converter circuit [34, 35, 45]. In this case, a fast response 
is possible, and a more sophisticated torque profile can be 
created. However, the energy losses can be higher than those 
of the mechanical systems. For simplicity, in most studies, 
harvesting was performed without changing the transmission 
ratio and electrical load during the gait cycle. In this case, 
the torque profile was proportional to the angular velocity of 

the joint. In addition, by selecting a load equal to the resist-
ance of the generator, maximum power transfer was achieved 
[39, 42, 43, 47]. In terms of harvesting power, this passive 
electrical load method may be sufficient; however, torque 
profile control is essential for a more advanced BRBEH.

Finally, power electronic circuits for managing and 
storing harvested power with the maximum efficiency are 
required for BRBEHs. As only one study on power electron-
ics has been conducted [52], it is not discussed in this paper. 
However, to minimize the COH, the use of power electron-
ics should be considered as an important control method to 
minimize metabolic energy.

3 � Design Process of Energy Harvester

In this section, a BRBEH is designed through a systematic 
design process that can determine design parameters based 
on a comprehensive observation of the performance of the 
harvester according to the characteristics of the harvester 
components. Notably, the suggested design procedure selects 
a commercial generator, rather than designing a custom gen-
erator according to the trends of previous studies.

Figure 5 shows a flowchart of the systematic design pro-
cess of the BRBEH. First, the design goals, given conditions, 
constraints, and design variables were selected. Candidates 

Fig. 5   Flowchart of the systematic design process of the BRBEH
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for commercial generators were selected at this stage. Sub-
sequently, a parametric study was performed for each gen-
erator candidate. The generator-dependent variables were 
predetermined to a single value concurrently with the candi-
date selection. Using an analytical model of the BRBEH, the 
performance of the harvester was calculated by varying the 
generator-independent variables, such as the transmission 
ratio and electrical load. The optimal solution that best satis-
fies the design objective within the constraints was obtained 
for each generator candidate. If a solution exists, the final 
generator and design variables are determined by compar-
ing the design results for each generator. In the absence of 
a satisfactory solution, the design variables and constraints 
should be adjusted.

Table 2 summarizes design objectives, in addition to the 
design variables, given conditions, and constraints. The 
design objective was to maximize the power density, which 
is the harvested electrical power divided by the system mass 
(ms). The design variables were set as the generator con-
stant, internal resistance, transmission ratio, and electrical 
load. The generator constant and internal resistance values 
were determined using a commercial generator. The seven 
50 and 70 W commercial BLDC motors introduced earlier 
were selected as generator candidates for use in the design 
process. The specifications of each motor is summarized in 
Table S1 [51]. In studies using these generator candidates or 
other generators with similar specifications, values ranging 
from 39 to 113 for the transmission ratio and 1–75 Ω for the 
electrical load were used. Reflecting these ranges, the design 
ranges of the transmission ratio and electrical load were set 
to 30–120 and 1–20 Ω, respectively. Although the maximum 
load was lowered to 20 Ω, the characteristic change in the 
harvester according to the change in the electrical load could 
be sufficiently observed.

As a condition, a harvester system with a fixed transmis-
sion ratio and constant load of an electrically passive type 
was adopted. The harvesting period in the gait cycle was set 
as the knee swing extension with a one-way clutch while 
walking on level ground, and the general knee joint angle 
profile with a walking speed of 1.2 m/s for a healthy adult 
was applied to the model [53]. It is assumed that the knee 
joint angle profile is unaffected by the braking torque of 
the harvester. As the mass and inertia of the transmission 
are proportional to the transmission ratio, they were set as 
increasing quadratic functions according to the transmis-
sion ratio. The range of inertia was 0.02 to 0.26 kg m2, and 
the range of mass was 1–4 kg. As a constraint on harvester 
performance, the maximum generated braking torque was 
limited to 7 N·m, which is half the knee joint torque, so as 
not to interfere with walking [31]. The maximum generated 
voltage was set to 30 V because rectification is difficult when 
the voltage is too high. The minimum harvested power per 
gait cycle was set to 2 W for meaningful harvesting. Finally, 
the minimum device efficiency was set to 0.8.

Figure 6 shows the results of the systematic design 
process according to the transmission ratio and electrical 
load for generator G4 among the generator candidates. As 
depicted in Figs. 6a, b, as the transmission ratio increased, 
the electrical power and braking torque increased, and they 
had a reciprocal relationship with the electrical load. The 
generated voltage in Fig. 6c was insensitive to the change 
in the electrical load and had a linear relationship with the 
transmission ratio. The device efficiency was unaffected 
by the transmission ratio and had a logarithmic relation-
ship with the electrical load as shown in Fig. 6d. This 
is because the efficiency of the transmission was set to 
a constant value, and only the efficiency of the electric 
circuit changed according to the electrical load. If the 

Table 2   Design objective, 
variables, conditions, and 
constraints for energy-harvester 
design

Design objective Maximize power density

Design variables Generator constant (Kg)
Internal resistance (Rg)
Transmission ratio (32 < rt < 120)
Electrical load (1 < RL < 20)

Given conditions Generation phase: knee swing extension with one-way clutch
Terrain: level ground
System mass (kg): quadratic function of transmission ratio
(1 < ms < 4)
Transmission inertia (kg·m2): quadratic function of transmis-

sion ratio (0.02 < Jt < 0.26)
Transmission efficiency (ηt): 0.95
Mechanical coupling efficiency (ηc): 0.9

Constraints Braking torque (T) < 7 Nm
Generated voltage (VL) < 30 V
Harvested electrical power (PE) > 2 W
Device efficiency (ηd) > 0.8
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transmission efficiency changes considerably according 
to the input torque, this aspect should be reflected in the 
model. The power density is shown in Fig. 6e. Owing to 
the mass penalty for a high transmission ratio, the change 
in the power density according to the transmission ratio 
became more gradual compared with that of the electrical 
power. Figure 6f shows a power density contour plot of 
the BRBEH, which satisfies the design constraints. Areas 
that violate the constraints are colored in blue and located 
above and below the design area. The reason for the limi-
tation of the upper area was the generation of an exces-
sively high braking torque. When the transmission ratio 
was too high, the maximum value of 7 N·m was exceeded 
owing to the increase in the inertia torque even though 
the torque of the generator was decreased by lowering the 
generated current by increasing the electrical load. The 

lower limiting area indicated that the generated power was 
too low.

For generators other than G4, the designable area showed 
a similar pattern according to the generator-independent 
design variables; however, the boundary between the upper 
and lower restricted areas differed depending on the char-
acteristics of the generator. First, the change in the avail-
able design area according to the electrical properties of the 
generator was confirmed as shown in Fig. 7a. In this case, 
the mechanical properties were identical for each generator. 
As the generator constant increased, a BRBEH that satis-
fied the constraint using a lower transmission ratio could 
be designed, resulting in an increasing efficiency and power 
density. Therefore, it is recommended that this aspect be 
actively utilized by selecting a generator with a high genera-
tor constant. However, the upper limit of the transmission 

Fig. 6   Parametric analysis for generator G4 according to the transmission ratio and electrical load; a electrical power, b braking torque, c gener-
ated voltage, d device efficiency, e power density, and f available design area

Fig. 7   a Comparison of the 
design results depending on the 
generator constant (V/rad/s) and 
internal resistance (Ω). b Com-
parison of the design results 
depending on the inertia of the 
generator (g cm2)
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ratio was lowered concurrently to satisfy the maximum brak-
ing torque constraint. The internal resistance affected the 
left boundary of the design area. As the internal resistance 
increased, the electrical load was increased to satisfy the 
device efficiency constraint.

In contrast to the previous case, the design results of the 
harvester were compared by changing the mechanical prop-
erty of the generator, as shown in Fig. 7b. The generator con-
stants and internal resistances of generators G1 and G4 were 
similar; however, their inertias were significantly different 
owing to the rated power. In a generator with high inertia, a 
lower transmission ratio is required to satisfy the maximum 
braking torque constraint. The amount of harvested electrical 
power and braking torque from the generator were similar 
when the generators had similar electrical characteristics. 
However, as mentioned earlier, the inertia of the generator 
plays a decisive role in producing the inertia torque. Thus, it 
is preferable to select a generator with low inertia to increase 
the ratio of the generator torque to the inertia torque of the 
BRBEH.

Finally, the design variables were determined based on 
the results of the design comparison. Table 3 presents the 
optimal design results, in which the power density for each 
generator was maximized. To maximize the power density, 
the design results tended to have a minimum transmission 
ratio within the range that satisfied the constraints. No design 
results satisfied the constraints for the G3 and G7 generators. 
These generators have a much higher generator constant and 
internal resistance than the other generators; hence, a gear 
ratio of 40 or less is required to satisfy the braking torque. 
Simultaneously, the electrical load had to be sufficiently high 
owing to the efficiency constraints. Unfortunately, this case 
did not generate the minimum required electrical power. 
As a final design result, a G4 generator with a transmission 
ratio of 54 and an electrical load of 3.2 Ω with the highest 
power density was selected. The predicted power density 
with this model was 1.95 W/kg, and the generated power 
per gait cycle was 3.07 W.

4 � Experimental Analysis of the Energy 
Harvester

4.1 � Fabrication and Testing Protocol

In the experimental analysis, the physical characteristics of 
the harvester and their effect on human biomechanics dur-
ing the gait cycle were analyzed. The prototype was built 
according to the design results, as shown in Fig. 8a. For con-
venience, the transmission ratio was slightly adjusted from 
54 to 56. The frame and gear were made of an aluminum 
alloy. The total mass of the system was 610 g, and including 
braces made of 3D-printed thermoplastic polyurethane, it 
was 980 g. As shown in Fig. 8b, two braces were installed 
on the thigh, and one was installed on the shank. The brace 
worn on the shank was attached as close as possible to the 
foot to increase the moment arm.

The test bed was set up to analyze its quantitative 
performance and dynamic characteristics as shown in 
Fig. S1. In the test bed, BRBEH protype is driven by the 
emulating servo motor that simulated the motion of the 
knee joint. After the test bed was set up as described in 
Supp. S1, the braking torque and electrical power gener-
ated during the operation of the harvester were evaluated. 
For performance evaluation according to the walking 

Table 3   Optimal design results 
for each generator

*Solution did not exist in case of G3 and G7 generator

Generator Gear ratio Electrical 
load (Ω)

Power density 
(W/kg)

Electrical 
power (W)

Maximum braking 
torque (N·m)

Device 
efficiency

G1 64 2.3 1.57 2.84 6.76 0.81
G2 68 4.9 1.43 2.74 6.76 0.80
G4 54 3.2 1.95 3.07 6.77 0.82
G5 58 5.8 1.75 2.91 6.66 0.81
G6 60 8.3 1.74 2.98 6.90 0.80

Fig. 8   a Fabricated energy-harvester prototype, and b view of the 
device worn by the user
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environment, knee joint motion profiles were applied to 
the emulator for walking on flat ground with a walking 
speed of 1.2 m/s and for uphill/downhill walking at a 
speed of 0.47 m/s and an inclination of 30° [53]. To check 
the behavior of the harvester depending on the electrical 
load, the experiment was performed by increasing the 
electrical load from 5 to 20 Ω in steps of 5 Ω, although 
the designed value was 3.2 Ω. In addition to these four 
cases, no-load conditions, where the electrical load was 
not connected, were added to the experimental conditions.

In the human experiment, we focused on how the brak-
ing torque of the harvester affected human kinematics 
and muscle activities through motion capture cameras 
and surface electromyography (EMG) sensors as shown 
in Fig. S2. Four healthy male subjects (age: 27 ± 3 years, 
height: 180 ± 5 cm, weight: 80 ± 1 kg, mean ± standard 
deviation) participated in the experiment. The experi-
mental conditions were as follows: (1) no-device state, in 
which the harvester was not worn, (2) no-load state, and 
(3) four different electrical loads connected as described 
above. As with the device testing, three walking terrains 
were established: level-ground, uphill, and downhill 
walking. The walking speeds were 1.2 and 0.97 m/s in 
level-ground walking and sloped walking, respectively, 
and the slope was 10°. Detailed experimental protocol 
was introduced in Supp. S2. The protocol was approved 
by the Institutional Review Board of Ajou University.

4.2 � Device Testing

Figure 9 shows the results of device testing for each walking 
condition. Based on the angular velocities observed with the 
encoders, a transmission delay and overrunning occurred 
from the one-way clutch. For the angular velocity, indicated 
in the first row of the graph, the blue line is the reference 
knee joint profile and is identical to the profile applied to 
the input shaft of the harvester. The other line represents the 
velocity of the transmission passing through the one-way 
clutch. Unlike the model, a delay of approximately 0.2 s was 
observed when the transmission was engaged or disengaged. 
This can be caused by the delay angle of the mechanical 
clutch [54]. The one-way clutch utilized in this study has a 
gap of 1°–2° between the inner and outer rings, and it takes 
time for the rock to wedge between the inner and outer rings. 
This is called the delay angle, which depends on the torque 
capacity and the number of repetition cycles of the one-way 
clutch. In most previous studies using one-way clutches, it 
was not possible to determine whether these characteristics 
occurred because the velocity was not measured. Only one 
study analyzed the dynamic characteristics [32]; however, 
in this case, delay and overrunning were not observed. It 
could be attributed to the unique characteristics of each 
commercial one-way clutch and differences in the BRBEH 
design parameters. The second phenomenon, caused by the 
one-way clutch, is overrunning, in which the velocity of the 
transmission becomes higher than the input velocity. This 
is because the transmission continues to maintain a high 
velocity owing to the flywheel effect after disengagement 

Fig. 9   Device testing result; a downhill walking, b level-ground walking, and c uphill walking
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from the input shaft. When the one-way clutch was removed 
and tested, both characteristics disappeared.

The characteristics of delay and overrunning owing to the 
one-way clutch require several points to be considered in the 
harvester modeling and operation. Effective deceleration is 
only possible when the correct timing is provided within a 
gait cycle of the human body; thus, for more efficient har-
vesting, evaluating the one-way clutch delay timing carefully 
through human testing is required. In the case of overrun-
ning, the advantage is that a higher power can be produced 
within the gait cycle than that with the knee joint velocity 
profile. However, the timing of disengagement caused by 
overrunning should be carefully considered. After disen-
gagement occurs, the braking torque of the harvester cannot 
be transmitted to the knee joint, and thus, braking assistance 
may not be achieved as intended. In addition, if the flywheel 
effect is too strong, the generator continues to run until the 
next gait cycle, thereby affecting the next braking assistance.

The torque profile of the harvester was applied to the joint 
peaked at the time of disengagement. The differences in the 
maximum torque according to the change in the electrical 
load were insignificant owing to the nearly identical disen-
gagement timings. The measured total braking torque for 
level-ground walking was approximately 8 N·m. The aver-
age generator torque and inertia torque estimated through 
the generator velocity and modeling were 2.3 and 5.3 N·m, 
respectively. The remaining torque component was the 
friction torque generated by the belt or frame, which was 
approximately 2 N·m. The ratios of the three torque com-
ponents were the same for the other walking conditions, 
as listed in Table S2. The high inertia torque and friction 
torque resulted in a system efficiency of 0.6, which was 
lower than expected. The electrical loss from the rectifier 
circuits may also have contributed to the reduction in the 
device efficiency.

Braking assistance was performed in the swing extension 
phase, in which the knee joint performed negative work, 
similar to that in previous studies on level-ground walk-
ing, even with the occurrence of a delay effect. In addition, 
the braking torque was generated at an appropriate time in 
downhill walking, where negative work was performed in 
the swing extension phase. However, in downhill walking, 
the negative work of the knee joint was the largest in the 
stance flexion phase, which accepts the body mass [50]. 
Owing to the unidirectional nature of the one-way clutch, the 
harvester did not drive during flexion. Thus, the opportunity 
to harvest more power and assist in the negative work of the 
knee joint was missed. Additionally, during uphill walking, 
the harvester generated braking torque in the positive power 
phase, hindering body propulsion.

The average generated powers were 3.2, 0.4, and 2.5 W 
for level-ground, uphill, and downhill walking, respectively. 
Furthermore, the average power densities of the harvester 

were 3.3, 0.3, and 2.6 W/kg for level-ground, uphill, and 
downhill walking, respectively. The system was built to be 
lighter than the weight specified in the modeling, result-
ing in a slight increase in power density compared to the 
design result. As the gait speed for level-ground walking was 
approximately twice that for sloped walking, the harvested 
powers from level-ground walking and sloped walking can-
not be directly compared. When comparing the power gen-
eration during uphill and downhill walking, lower power 
was generated during uphill walking because of the lower 
knee joint acceleration than that during downhill walking. In 
terms of both the generation timing and power, a harvester 
equipped with a one-way clutch is not suitable for sloped 
walking, and a system that can respond more adaptively 
according to the walking environment is required.

4.3 � Human Testing

The kinematics and muscle activities did not show any sig-
nificant difference with the change in the electrical load. 
The device testing results showed that adjusting the electri-
cal load was less effective in altering the braking torque. 
Thus, the result obtained when an electrical load of 15 Ω 
was applied was selected as the representative result. The 
average powers harvested during the experiment were 
1.2 ± 0.36, 0.2 ± 0.07, and 0.7 ± 0.22 W for level-ground, 
uphill, and downhill walking, respectively. The maximum 
braking torques estimated by the analytical model were 4, 
2.6, and 3.2 N·m for level-ground, uphill, and downhill walk-
ing, respectively. Compared with device testing, approxi-
mately three times lower electrical power was harvested. 
Owing to this power loss, the power densities of the har-
vester were reduced to 1.2, 0.2, and 0.7 W/kg, respectively, 
for level-ground, uphill, and downhill walking. The reason 
for the reduced electrical power was a decrease in the knee 
joint RoM owing to the braking torque, as shown in the kin-
ematics results described later. In addition, the instantane-
ous center of rotation of the knee changes according to the 
rolling and sliding motions between the tibia and the femur 
[55]. However, the designed harvester did not reflect the 
kinematic characteristics of the knee, resulting in reduced 
mechanical coupling efficiency (ηc).

Figure 10 shows the kinematics of the lower-limb joints 
according to the harvester operation for each gait condition. 
As the designed harvester does not interfere with the ankle 
joint structurally, statistical significance via a paired t-test 
of the ankle joint RoM was not observed compared with the 
no-device condition, as shown in Table S3. The knee joint 
showed a significant difference (p < 0.05) between the no-
device condition and walking with braking assistance dur-
ing sloped walking. There was no statistical difference in 
level-ground walking, but the RoM of the knee decreased 
numerically. The knee was less extended in swing extension 
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owing to the braking torque of the harvester, as in previous 
studies [29, 30]. The sum of the knee flexion torque pro-
duced by the hamstring and the device torque may be higher 
than that during normal walking [29]. Even in the stance 
phase, the knee joint was more flexed than in the no-device 
condition, and it was restored to a state similar to that in the 
no-device condition when entering the swing flexion phase. 
In the swing extension of downhill walking, the kinematic 
change was the same as that during level-ground walking. In 
the stance phase of the harvesting mode, the knee angle that 
was less extended in the previous swing phase was main-
tained until the stance started, and it followed the profile 
of normal gait without a significant change. During uphill 
walking, the knee maintained a more flexed state, as if the 
profile was shifted upward compared with normal walking, 
because it was mostly composed of the extension applied by 
the braking torque during the gait cycle.

The hip joint angle profile was not changed according 
to the harvester engagement in level-ground and down-
hill walking. However, the RoM of the hip joint decreased 
slightly owing to the flexion of the joint in uphill walking. 
This appeared to occur to compensate for the step length 
reduced by the joint angle of the knee to maintain the gait 
for climbing the incline. The step length and width did not 
have any significant change in other walking environments 
and harvester conditions. These two parameters can increase 
the metabolic cost when deviating from the optimal condi-
tions [56]. Although the designed BRBEH did not impose a 

penalty on gait owing to the change in step length or width, 
the metabolic cost may increase owing to the change in kin-
ematics [30].

The muscle activity was calculated as the average of the 
muscle signals of the entire gait cycle. To check the effec-
tiveness of the harvester on the muscles, the average EMG 
signals of swing extension (70–100%) on level-ground/
downhill walking and stance extension (0–30%) on uphill 
walking were separately observed in addition to the average 
signal during the entire gait. These periods are the phases in 
which the braking torque primarily acts. The measurement 
results for the hamstring and quadriceps muscle groups are 
presented in Figs. 11 and 12, respectively.

In the swing extension phase of level-ground walk-
ing, the semitendinosus activity of the hamstrings was 
decreased up to 27% compared with that during normal 
walking, showing a significant difference in the load con-
dition, as shown in Fig. 11b. However, the biceps femoris 
showed increased activity compared with that during nor-
mal walking. This appears to be due to the mispositioning 
of the EMG sensor, rather than the braking torque from the 
harvester. The brace fixing of the harvester interfered with 
the electrode attachment position of the biceps femoris. 
Thus, the electrode position was slightly adjusted from the 
recommended position [57]. In addition, as the muscle was 
closest to the installation position of the harvester, there 
may have been an increase in activity owing to the carry-
ing mass or pressure from the harvester. The tendency of 

Fig. 10   Joint kinematics over the stride from heel strike (0%) to heel strike (100%); a downhill walking, b level-ground walking, and c uphill 
walking
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the biceps femoris activity to increase when the harvester 
was equipped was also observed during sloped walking.

Negative work assistance through wearable devices 
is much more difficult than positive work assistance and 
requires sophisticated control. The eccentric contraction of 
muscles in negative work is already more efficient than the 
concentric contraction in positive work [58]. In addition 
to the muscles, negative work is supported by the energy 
return mechanism of soft tissues. If the harvester interferes 
with this mechanism, the activity of the antagonist muscle 
can be increased to ensure joint stability in response to the 
device [45]. However, there was no significant difference 
in the quadriceps activity during level-ground walking, as 

shown in Fig. 12b. The designed harvester did not interfere 
with the natural energy return mechanism.

The change in the semitendinosus muscle activity dur-
ing downhill walking was the same as that during level-
ground walking, showing a slight decrease in the swing 
extension phase, as shown in Fig. 11a. By contrast, the 
activity of the quadriceps muscles slightly increased dur-
ing downhill walking, as shown in Fig. 12a. Unlike walk-
ing on level ground, downhill walking requires strong 
negative work by the quadriceps for mass acceptance 
from the start of the stance [59]. Owing to the braking 
torque of the harvester, the downhill gait started with the 
knee flexed more than that in the normal gait. This flexion 

Fig. 11   Average hamstring muscle activity; a downhill walking, b level-ground walking, and c uphill walking

Fig. 12   Average quadriceps muscle activity; a downhill walking, b level-ground walking, and c uphill walking
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pre-stretched the quadriceps muscle, which in turn dis-
turbed the eccentric contraction.

Both hamstring and quadriceps muscle movements 
increased during uphill walking, as shown in Figs. 11c and 
12c. When the ipsilateral leg moves in the stance phase, the 
primary muscle for the vertical propulsion of the body is the 
quadriceps muscle [59, 60]. At this time, the braking torque 
of the harvester would be a burden on the quadriceps, result-
ing in an average increase in the muscle activity by 10%. 
The hamstring acts as a hip extensor in the gait cycle, and its 
activity increases because a larger hip extension is required 
in inclined gait [61]. Although the designed harvester does 
not apply a direct moment to the hip joint, the dynamics of 
braking torque, such as the inertial effect, may interfere with 
the role of the hamstring as a hip extensor. The results of 
an EMG experiment with increased muscle activity during 
uphill walking showed the limitations of the harvester based 
on the one-way clutch.

The limitations of human testing, other than the structural 
problems of harvesters, should also be mentioned. Owing 
to the COVID-19 pandemic, we were unable to recruit suf-
ficient participants to ensure statistical significance. In addi-
tion to the error owing to the positioning of the EMG sensor 
electrode mentioned above, the marker-based motion capture 
system may have caused kinematic errors owing to soft tis-
sue artifacts, such as skins [62]. An analysis of the COH, 
TCOH, joint moment, and joint power was not possible 
owing to the lack of equipment. Experimental analyses of 
various slopes and walking speeds were also not performed.

4.4 � Performance Comparison and Improvements

Table 4 shows the results of performance comparison with 
previous knee-joint-driven passive-type BRBEHs, which 
had the same configuration as the prototype. As the operat-
ing conditions of each harvester are different, it is difficult 
to compare the power density accurately. For example, some 

studies extended the harvesting period from knee extension 
to flexion. In addition, the walking speed in this study was 
1.2 m/s, which was slightly lower than that in other stud-
ies (1.5 m/s); hence, the amount of power generation may 
decrease. Nevertheless, the designed harvester has a high 
power density compared with other harvesters without a 
special mechanism. The results show that the BRBEH can 
be designed to have a high power density under the given 
design conditions through the proposed systematic design 
process.

Furthermore, it is possible to achieve higher power densi-
ties of BRBEH than the current state by modeling and design 
improvements. First, delay effect of one-way clutch and fric-
tion torque should be reflected in the modeling. The delay 
effect can be simulated by applying time delay function to 
the angular velocity (ωh) of the human joint in Eqs. (14) 
and (15). Instead of predicting the delay time by modeling, 
clutch testing could be performed experimentally. Although 
modelling all the friction torque for mechanical components, 
such as clutch, bearings and belt, is complicated, at least 
the overall friction can be modeled by simplifying it as a 
function proportional to joint velocity. Second, the experi-
mental results of joint kinematics change should be applied 
to the joint profile in the model. In the results of this study 
and previous studies, the angular velocity of the joint where 
the braking torque acts is generally lowered. To reflect this 
change of angular velocity, the maximum and minimum val-
ues of the velocity profile can be adjusted by multiplying 
the reduced velocity ratio obtained in the experiment. Fur-
thermore, if the dynamics of the human body are analyzed 
using a musculoskeletal model, the BRBEH can be designed 
more precisely by predicting the kinematics of the joint [63]. 
Lastly, the linkage and brace connecting the human body 
and the harvester should be improved to secure wearability 
and transmit joint torque more accurately. This improvement 
aims to increase mechanical coupling efficiency (ηc), which 
is the critical flaw of the current prototype.

Table 4   Performance 
comparison with previous 
knee-joint-driven passive-type 
BRBEHs

*Device testing results
L Level-ground walking, U Uphill walking, D Downhill walking

Research Device 
mass (kg)

Average har-
vested power (W)

Power density (W/kg) Assistance timing

Li et al. [29] 1.6 4.8L 3L Swing extension
Shepertyky et al. [30] 2.7 5.2L 1.9L Swing extension
Cervera et al. [34] 1.5 6L 4L Swing extension
Fan et al. [40] 1.8 4.1L 2.3L Flexion and extension
Wu et al. [47] 0.54 5.4L/6.5D 10L/12D Flexion and extension
This study* 0.98 3.2L/0.4U/2.5D 3.3L/0.4U/2.6D Swing extension



454	 International Journal of Precision Engineering and Manufacturing-Green Technology (2023) 10:437–456

1 3

5 � Conclusion

In this study, a systematic analysis of the BRBEH was 
performed. Based on previous studies, the functional 
characteristics of the BRBEH system elements were 
reviewed. Subsequently, a design process that can reflect 
the characteristics of each component was suggested, and 
the harvester prototype was designed according to the 
design process. Several important design considerations 
were identified. To reduce the effect of the inertia of the 
BRBEH, a generator with low inertia needs to be selected 
rather than designing a low-inertia transmission. A high 
generator constant is advantageous in terms of power gen-
eration; however, if the constant is too high, it may be dif-
ficult to secure sufficient braking torque for gait assistance 
and high device efficiency simultaneously. Our harvester 
prototype was designed to have a high power density of 
3.3 W/kg, simultaneously generating a braking torque of 
8 N·m and an electrical power of 3 W in the device testing. 
Finally, the effect of harvesters on human biomechanics 
were analyzed through human testing. In particular, the 
effectiveness of the harvesters in sloped walking, which 
has not been explored in previous studies, was verified.

For more sophisticated energy harvesters, there is still 
a lack of information on the dynamics of the energy har-
vester and the interaction between the device and human. We 
showed that the dynamics of the energy harvester can affect 
the performance and can be considered in the design pro-
cess. However, there exists a discrepancy in power estima-
tion owing to friction and play in the transmission and slack 
in the braces. Moreover, the device may change the biome-
chanics of the human gait, resulting in an unexpected perfor-
mance. Our results suggested that more tailored analytical 
models and optimization processes are required. Second, 
the device itself must be improved. Although we improved 
wearability by placing the core elements close to the center 
of mass of the human body and fixing them using a flex-
ible cuff, there were still structural limitations that adversely 
affected walking. The misalignment of the knee joint and 
harvester reduced the mechanical coupling efficiency and 
caused discomfort. The additional metabolic cost incurred 
by carrying a total mass of 2 kg would also be a burden to 
normal human activities. In addition, the use of a one-way 
clutch interferes with the muscles during uphill walking. 
Future harvesters could be developed into anthropomorphic 
driving mechanisms that embody human knee movement 
with a compact and lightweight structure. Finally, our human 
testing result of sloped walking indicated the need for an 
adaptive control strategy that can adjust the on–off braking 
torque according to the gait environment. Hence, custom-
ized BRBEH control electronic circuits will be crucial in 
overcoming the functional limitations of current BRBEHs.
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