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Abstract— The knee has gradually become an important
research target for the lower extremity exoskeleton.
However, the issue that whether the flexion-assisted profile
based on the contractile element (CE) is effective through-
out the gait is still a research gap. In this study, we first
analyze the effective flexion-assisted method through
the passive element’s (PE) energy storage and release
mechanism. Specifically, ensuring assisting within an
entire joint power period and the human’s active movement
is a prerequisite for the CE-based flexion-assisted method.
Second, we design the enhanced adaptive oscillator (EAO)
to ensure the human’s active movement and the integrity
of the assistance profile. Third, a fundamental frequency
estimation based on discrete Fourier transform (DFT)
is proposed to shorten the convergence time of EAO
significantly. The finite state machine (FSM) is designed
to improve the stability and practicality of EAO. Finally,
we demonstrate the effectiveness of the prerequisite
condition for the CE-based flexion-assisted method by
using electromyography (EMG) and metabolic indicators
in experiments. In particular, for the knee joint, CE-
based flexion assistance should be within an entire joint
power period rather than just in the negative power
phase. Ensuring the human’s active movement will also
significantly reduce the activation of antagonistic muscles.
This study will aid in designing assistive methods from the
perspective of natural human actuation and apply the EAO
to the human-exoskeleton system.
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[. INTRODUCTION

ESEARCH on the knee exoskeleton has gradually

developed in recent years [1], [2], [3], [4]. The knee
exoskeleton can be used for patient rehabilitation training [5],
[6], [7] and the motion enhancement [8], [9], [10] of healthy
individuals. Wearable, flexible exoskeletons [11], [12] have
been widely used to assist healthy individuals due to their
high integration and flexible movement advantages. The power
source of the knee is its associated mono- and bi-articular
muscles [13]. The challenge of designing a knee exoskeleton
comes not only from structure and control methods [8], [9].
The complexity of multi-muscle-tendon units’ coordinated
movements [14], [15], [16] also poses a challenge for
exoskeleton assistance.

Some studies have developed assistance profiles based
on surface EMG signals [17], [18], [19]. Assistance
methods based on proportional EMG [20] and mechanical
measurements are compared. The test results show that
there is no significant difference in metabolic reduction.
However, muscle activation is higher based on the proportional
EMG control. The test results suggest that neural control
is more suitable for rehabilitation training. In [17], the
assistance profile is obtained through the neuromuscular
model. A variable stiffness profile [18] is also proposed based
on the skeletal-muscle model. The experimental results in
the abovementioned studies demonstrate that assistance based
on the neuromuscular model can reduce muscle activation.
However, physiological differences between participants and
muscle fatigue increase the experimental workload and the
difficulty of model calibration. In [21], the assistance profiles
based on biomechanics, impedance control and proportional
EMG are compared. The metabolic reduction under the three
conditions is nearly identical, which is in line with the
conclusion obtained in [20]. In contrast, participants prefer
a biomechanical or impedance-controlled assistance profile.
Currently, assistance profiles based on biomechanics are more
used for ankle and hip joints [12], [22], [23].

Other than the shape of the assistance profile, accurate
timing is also necessary for effective assistance. The assistance
profile [24] is a function of the gait percentage. Usually, the
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gait cycle is not a constant value. Therefore, the phase division
method based on the previous gaits [25] is challenging to
ensure the integrity of the assistance profile in the current
gait. The adaptive oscillator (AO) [26], [27] is proposed to
estimate the gait phase in previous research. However, the
learning time of AO is usually 2.5-3.5 minutes and even
longer. During the learning process, the output signal of AO
is random. It cannot be used to divide the gait or compensate
for the motion, limiting the practicality of AO in exoskeleton
assistance.

Regarding high-efficiency energy utilization, studies suggest
that the muscle-tendon unit’s PE should be thoroughly
evaluated during walking [28], [29], [30]. In [31], the
proportion of PE in the biological moment of the knee is
significantly higher than that in the ankle and hip joints.
Previous studies have shown that the metabolism is primarily
produced by the muscle-tendon unit’s CE [32], [33]. Therefore,
the lower energy consumption of the knee joint may be due to
its more efficient energy storage and release mechanism [34].
The flexion assistance based on CE [35] is designed at
terminal swing. Whether the CE-based knee flexion-assisted
method can be further optimized in other gait phases has yet
to be further studied [35], [36], [37]. Therefore, this paper
will analyze and detect the effectiveness of the CE-based
knee flexion-assisted method throughout the gait, which has
a guiding role in understanding exoskeleton assistance and
further research.

In that context, we develop an effective knee flexion-
assisted method based on the PE’s energy storage and release
mechanism. The partial torque generated by CE is replaced by
the assistance torque under the premise of ensuring assisting
within an entire joint power period and the human’s active
movement. The gait phase division and angle prediction
are designed based on EAO to ensure the integrity of the
assistance profile within each gait cycle and the human’s
active movement. To enhance the practicality of the EAO in
the human-exoskeleton system, we developed the fundamental
frequency estimation method based on DFT and FSM. Finally,
experiments demonstrate the effectiveness of the prerequisite
condition for assistance. Our contributions can be summarized
as follows.

1) To the best of our knowledge, we, for the first
time, analyze and detect the effectiveness of the CE-based
knee flexion-assisted method throughout the gait from the
perspective of natural human actuation.

2) We demonstrate that assisting within an entire joint power
period and the human’s active movement is not disturbed is
a prerequisite for effective the CE-based knee flexion-assisted
method.

3) We demonstrate that the proposed DFT and FSM can
significantly shorten the convergence time and enhance the
stability and practicality of the EAO in the human-exoskeleton
system.

This paper is organized as follows. Section II analyzes and
derives the effective assistance method. Section III describes
the corresponding control methods. The experimental results
are presented and discussed in Section IV and Section V. The
conclusion is given in Section VI.

encoder
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Fig. 1. The fixation mechanism of the knee joint.
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Il. ASSISTANCE METHODS
A. Exoskeleton

A wearable exoskeleton with Bowden cable as the
transmission is introduced in this paper. The knee exoskeleton
consists of a power unit and a fixation mechanism. The power
unit is integrated near the center of body weight to reduce extra
metabolic consumption. The fixation mechanism of the knee
joint shown in Fig. 1 is designed considering the advantages of
easy sensor installation (for detailed specifications, see [38]).
Two carbon fiber plates and a hinge form a rotational joint in
the sagittal and coronal planes of the knee joint, respectively.
Compared to the previous version, the baffle is replaced by
straps to facilitate the measurement of EMG signals. The
straps counteract the internal force generated by the inner
cable in the vertical direction of the lower limbs. On the other
hand, the sliding of the fixation mechanism along the direction
of the lower limbs is limited by a strap connected to the waist
belt. The weight of the fixation mechanism is 0.7kg. The knee
exoskeleton presented in this paper is applied to enhance the
sport’s ability of healthy individuals.

B. Flexion-Assisted Analysis Based on PE

The knee joint connects the femur and tibia. Muscle groups
are composed of flexor and antagonist muscles in parallel.
The knee biological moment is generated through the CE and
PE of all muscles. The force generated by CE depends on
joint angle and muscle activation [39]. The contraction of
CE is accompanied by energy consumption. The PE can be
equivalent to a nonlinear spring, as shown follows

Fp = fp()FY (1)
frly=e" " ®)
L=1"/r (1 = a(k) + 1) 3)

where F}' is the force generated by PE; fp(l) is the force-
length relationship of PE; Fg' is the maximum isometric
muscle force; / is the normalized muscle fiber length; I is
the length of muscle fiber; /i is the optimal fiber length; A is
constant; a(k) is the muscle activation.

The PE equation is written to gain a clearer understanding
of PE’s role in the knee joint’s net moment. Energy is stored
in the elastic element when the PE and tendon are elongated
during the negative work phase. In the positive work phase, the
stored energy is rereleased with the contraction of CE. PE’s
energy storage and release mechanism is a chain reaction after
the action of CE.

It can be seen from (1)-(3) that the stored energy in PE
decreases as muscle activation decreases during the negative
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Fig. 2. Designed assistance profiles based on joint power period.

work phase. If the assistance is not sustained during the
positive work phase, CE may need to increase to compensate
for the energy lost by PE during the negative work phase.

On the other hand, the knee joint’s motion changes will
affect each joint’s mechanical balance, the length of muscle
fibers and PE’s energy storage and release mechanism.
To ensure that the energy feedback mechanism is not
disturbed, the joint motion should not be significantly altered
due to the intervention of the exoskeleton. In other words,
assistance should be based on not hindering the human’s active
movement.

A set of experiments is first conducted independently to
verify the necessity of assisting within an entire joint power
period and human’s active movement. Compared with the
terminal stance, the demarcation between negative work and
positive work is more significant in the terminal swing and
initial contact. Therefore, we first design a set of comparative
experiments to verify the necessity of continuous assistance
in the terminal swing and initial contact. At terminal swing,
the flexion moment’s onset timing is between 70% and 80%
of the gait cycle, while the flexion moment’s peak timing is
between 90% and 95% [40]. We design four different assistive
curves shown in Fig. 2(a) within the statistical range to reduce
the influence of assist timing. Simulating human torque has
been used and proven effective in ankle joints [41], [42].
Additional unimodal curves shown in Fig. 2(b) are added as
comparative experiments to demonstrate the effectiveness of
assisting within an entire power period. Discrete points are first
defined within the statistical range of the joint torque curves.
The assistance profiles were then fitted by the cubic spline
method. The experiment is completed 2 times. The random
2 sets of profiles in Fig. 2(a) and the corresponding unimodal
profiles in Fig. 2(b) are selected in the first experiment. The
remaining profiles are selected in the second experiment. The
interval between experiments is 2 days. First, a 6-min standing
test is performed to test their basal metabolism. Participants
then rest for 5 minutes. When the experiment starts, the
participants walk without assistance for 6 minutes and then
walk with assistance in random order. Each assist mode lasts
6 minutes, with a 5-minute rest period between assistance
modes.

The net moment of the knee joint at the terminal swing,
initial contact and terminal stance all show flexion moments.
A preliminary assistance method for the knee is obtained
through the above analysis. The following content needs to
be considered. First, the partial torque generated by CE is

Cable force (N)

40

60 80 100
Gait cycle (%)

Fig. 3. Preliminary knee flexion-assisted profile.

replaced by the assistance torque under the premise of not
affecting the human’s active movement and the PE’s energy
storage and release mechanism. Therefore, the assistance
profile equivalent to the Bowden cable is preliminarily
obtained by subtracting the torque generated by PE [31]
from the net biological moment [38], [40], as shown in
Fig. 3. Second, the assistance profile is a function of the gait
percentage (0-100%). Even if the gait cycle is not a constant
value, the assistance profile within a gait cycle should be
complete and continuous.

[1I. CONTROL ARCHITECTURE
A. EAO Design Based on DFT and FSM

The joint angle during walking can be regarded as a periodic
signal. The parallel EAOs can learn the frequency and phase
changes of the joint angle. The gait is not entirely consistent.
Therefore, the natural frequency and output value of EAO are
set as a state variable, as shown below

$i (1) = i () + v1 (1) — On (1)) 4)
@(t) = v1(Oh (1) — On(1))cos(¢1 (1)) (5)
J
() = D ai(0)sin(gi (1)) + (1) 6)
i=1
& (1) = (O (t) — Op(1))sin(g; (1)) (7)

where ¢;(¢) is the phase of the i-th EAO; w(¢) is the EAO’s
fundamental frequency; v is the proportional coefficient; 6, (¢)
is the response value of EAO; «;(¢) is the amplitude of the
output signal of the i-th EAO; and n is the integral gain.

To improve the convergence speed of EAO, the joint angle
data for the 5 s time window are collected and preprocessed
by (8). The design method of EAO is slightly different for
control units with different sampling periods. Specifically, k
and P in (8) depend on the cycle periods of the corresponding
control unit.

P-1
X (k) = Zx(i)eijzn%" k=0,1,---,P—1
i=0

®)

where P = 5fs, fs is the sampling frequency of the joint
angle, fs = 250 Hz; and x(i) is sampled value of the i-th
joint angle in the time window.

The frequency corresponding to X (k) is shown in (9).

Je=k(fs/P) 9
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Fig. 4. Gait segmentation curve based on phase.
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Fig. 5. Control block diagram of FSM.

The initial value of the fundamental frequency w(0) is
obtained when (10) is satisfied for the first time.

IX(k+2)| = [X(k+ D] >20(XKk+ DI —[1XK)]) (10)
w(0) = 27 fr+2 (1T)

The gait segmentation curve based on ¢; is shown in Fig. 4.
However, ¢; does not coincide with the initial landing when
¢1 = 0. Therefore, the phase offset is introduced into the
calculated gait percentage. The corresponding phase offset
is a constant value, which is also the advantage of EAO in
estimating the gait phase. The gait percentage obtained based
on EAO is as follows

(p1 +0s) mod 2w
p =
2w

where os is the phase offset, os =
remainder operator.

The learning and switching of EAO are achieved based on
FSM, shown in Fig. 5. First, the human stands (ST) and waits
for the power switch (ps) to be turned on. Because of the
high flexibility, the inner cable may not be tensioned before
the experiment. When the power switch is turned on, the
motor rotates at a speed of 0.3 r/min until a preload of 10 N.
Subsequently, the constant-value force control mode (CFBC)
is switched based on knee joint angle compensation. Second,
when the assistance switch (asw) is turned on, the joint
angle data for the 5 s time window are collected to calculate
w(0). The switch can be turned off to ensure the safety of
participants in an emergency. Third, EAO learning (EAOL)
is initiated. The average error (ae) between the predicted
signal and the input signal in the 1.2 s time window, the
gait cycle (gc) and the maximum error (mae) are all used

(12)

3.075; and the mod is

as the judgment conditions for learning completion. When the
learning of EAO is completed, the displacement compensation
(CFBAO) is gradually switched to the predicted signal of the
EAO output within five gait cycles. Fourth, the force command
(FLBAO) is switched from a constant value to an assistance
profile based on the gait cycle of EAO. When the EAO needs
to be relearned, the control mode is switched to EAO learning.

B. Controller Design of Inner Loop and Outer Loop

The controller is discussed in detail to guarantee the force
loading performance in our previous study [38]. The system
control block diagram is shown in Fig. 6. First, a disturbance
observer (DOB) is designed to compensate for the disturbance
of the parameter perturbation and Bowden cable friction to
the inner loop. In the outer loop, an admittance control is
proposed. The feedforward model shown in (13) is designed
to compensate for the elastic deformation of the human-
exoskeleton interface. The iterative controller shown in (14)
is proposed to compensate for the inelastic deformation of
the human-exoskeleton interface and the displacement error
caused by the speed loop.

nCra1Cyraz
re(Craakg + 1)
0.0005
Tei
éci = %nai
0.0005

Tei

Oea = 13)

€F;_4

né; —— > 0.0005
K

€F;_y
0.0005 > x > —0.0005 (14)

ns; —0.0005 > fi-t
K

where n is the reduction ratio; C 41 and Cyy; are the fitting
coefficients, respectively; r, is the radius of the sheave; Fy is
the force command equivalent to the Bowden cable; §; is the
speed correction coefficient; er, , is the maximum force error
of the previous gait cycle; K is the comprehensive stiffness
of the transmission mechanism between the servo motor and
the fixation mechanism; 6,; is the current gait speed correction
value; and T; is the average value of the previous two gait
cycles.

A kernel-based nonlinear filter is introduced based on (6)
to predict the knee joint angle, effectively reducing additional
antagonist muscle activation caused by disturbance force.

> exp(h(cos(¢r(r) + Ap —¢;) — 1)w;
2 exp(h(cos(pi(t) + Ag —¢;) — 1))

Onfin, (1) = (15)

where h is the width of the kernel function; ¢; = %”i , N is
the number of kernel functions; and w; is the weighting factor.
The compensation term for human motion is as follows

) nrp s a, (1) — On1.a (1))
Onf.ny (1) = = f:2 d
Ve t

(16)

where rj, is the radius of the sheave at the knee joint. The
fundamental frequency estimation method is developed based
on DFT and FSM to enhance the practicality of the EAO in
the human-exoskeleton system.
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Fig. 7. The designed human-exoskeleton system.

IV. EXPERIMENT
A. Testing Protocol

Participants walk on a treadmill in 3 random sequences
at 4.5 km/h. The modes are: 1) normal participant walking
(NW) without the exoskeleton; 2) based on the traditional
displacement compensation, the participant walking with the
exoskeleton under zero force (ZF) command; 3) based on
EAO, the participant walking with the exoskeleton under
the assistance profile (AP). Experiments are performed
consecutively. Before the experiment begins, participants stand
for 10 minutes to test their basal metabolism. Each walking
task lasts 10 minutes, with a 10-minute break after the test.
The experimental data of 7.5-9.5 minutes are selected to ensure
the adaptability of the participants under different tasks.

Human metabolic rates are measured using indirect
calorimetry. The main method is to measure the participants’
oxygen consumption and carbon dioxide production during
exercise (COSMED, Italy). The rectus femoris (RF), vastus
medialis (VM), semitendinosus (SEM), long head of biceps
femoris (BF) and gastrocnemius (GAS) are selected to
investigate the effect of assistance on bi-articular and
antagonistic muscles. EMG signals are collected using a
wireless surface EMG system (DELSYS, MA, USA). The
EMG signal processing steps are as follows. First, the EMG
signal is high-pass filtered at 20 Hz using a fourth-order zero-
phase-shift Butterworth filter. Second, the signal is full-wave
rectified. Finally, the signal is low-pass filtered at 6 Hz using
a fourth-order zero-phase-shift Butterworth filter [43]. The
amplitudes of the pre-processed EMG signals are normalized
by the maximum under all assistance patterns. The root mean
square (RMS) of the EMG signal is chosen as the primary
indicator of muscle activity. One-way Analysis of Variance

(ANOVA) is used to analyze whether muscle activities reduced
significantly compared to NW. The significance level is set
o = 0.05. The designed human-exoskeleton system is shown
in Fig. 7. Sbrio-9636 is adopted as the lower computer to
improve the integration. The frequency of the control system
is 250 Hz. Finally, we also separately test the effectiveness of
the fast convergence of the EAO method at walking speeds of
4.5km/h, 5.5km/h, and 6.5km/h, respectively.

B. Participants

Seven healthy males are recruited to participate in this
experiment (age = 30 =5 years, mass = 75 £ 8 kg, height =
1.75 & 0.06 m). All participants had walking experience
wearing knee exoskeletons. All participants confirmed that
there was no gait disturbance or injury. Informed consent for
inclusion was given by each participant before participation in
the study, which was conducted according to the Declaration
of Helsinki. The study protocol of Registering Clinical Trials
(ChiECRCT20200319) was approved by the Chinese Ethics
Committee.

C. Results

The muscle activities and net metabolic rate under the
designed eight assistance profiles are shown in Figs. 8 and
9, respectively. The energy consumption of assisting within
an entire joint power period is lower than that of assisting
only in the negative power phase. With the decrease of energy
metabolism, muscle activity of the corresponding flexors and
antagonists decreases. At the initial contact, the flexor and
antagonistic muscles work together to withstand the impact of
landing. Optimal flexion assistance can replace part of the role
of antagonistic muscles, while reducing the muscle activation
of flexor muscles and antagonistic muscles. Notably, there is
also an increase in the antagonist’s muscle and a decrease
in the flexor muscle in Fig. 8. While energy consumption is
reduced, it’s not the best assistance mode. Experimental results
verify that knee flexion assistance should be performed within
an entire joint power period rather than just in the negative
power phase.

It can be seen from Figs. 10 and 11 that complex
responses of the muscles associated have been shown with the
exoskeleton application when the human’s active movement
is hindered. The RF and VM’s EMG in ZF mode increase
significantly in 15%-25% and 70%-80% of the gait phase,
respectively. On the one hand, the overall exoskeleton mass
is still borne by the human, which inevitably increases
muscle activity. On the other hand, the experimental results
demonstrate that additional antagonistic muscle is activated to
overcome the disturbance force generated by the exoskeleton.

The predicted joint angle can be used to improve the
transparency of the exoskeleton. The appropriate predicted
time can be obtained by debugging under constant force
command. According to Fig. 12, the experimental results show
that the EAO controller designed in this paper can effectively
reduce the disturbance force by more than 50%, thereby
reducing the antagonistic muscle’s additional activation.

Compared to NW, the AP mode decreases the mean EMG
of VM, SEM and BF by 25.9%, 6.1% and 7.5%, respectively.
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In terms of peak EMG, the muscles with a decrease are
VM, SEM and GAS, which are reduced by 27.6%, 7.2%
and 12.4%, respectively. The experimental results demonstrate
that assisting at terminal swing and initial contact can reduce
muscle activities.

Muscle activities of VM, BF, and SEM at terminal stance
remain almost low in both AP and NW modes, suggesting
that these muscles’ energy storage and return mechanisms
are not disturbed. The AP mode decreases the peak EMG of
GAS by 12.4% compared with NW. In terms of mean EMG,
muscle effort of GAS only decreases by 2.5%, which does not
drop as much as peak EMG. In addition, the activation of RF
also significantly increases. Correspondingly, the metabolism
in AP mode decreases only by 1.3%. Therefore, a metabolic
comparison experiment is added to verify whether assistance
at the terminal stance is effective. It can be seen from Fig. 13
that the metabolism decreases by 2.7% when assisting the knee
joint only at terminal swing and initial contact (APTI).

In Fig. 14, the maximum gait percentages obtained based on
the traditional method range from 80.7% to 112.4%, seriously
affecting the assistance profile. The method based on EAO
significantly improves the accuracy of gait phase division,
thereby ensuring the integrity of the assistance profile. The
initial value of the fundamental frequency w(0) corresponds
to the first peak in Fig. 15. The fundamental frequency
increases continuously with the increase in walking speed. The
experimental results in Fig. 16 can verify that the EAO method
proposed in this paper can effectively improve the convergence
speed of AO at different walking speeds. According to Fig. 17,
the convergence time of EAO is shortened from 200 s to 15 s
at speeds of 4.5km/h. The assistance profile designed in this
paper is shown in Fig. 18. The reduction in surface contact
stiffness also results in lower force-tracking performance at
80%-90% gait phase compared to previous studies. On the

VM SEM BF GAS RF

VM SEM BF GAS RF

VM SEM BF GAS RF

whole, the tracking effect can meet the assistance accuracy
requirements.

V. DISCUSSION

This study investigates the effectiveness of the CE-based
knee flexion-assisted method throughout the gait from the
perspective of natural human actuation. On the one hand,
we demonstrate that assisting within an entire joint power
period and ensuring the human’s active movement are
prerequisites for the CE-based knee flexion-assisted method.
On the other hand, the proposed DFT and FSM can
significantly shorten the convergence time and enhance the
stability and practicality of EAO in the human-exoskeleton
system.

A. Assisting Within an Entire Joint Power Period

The effective energy storage and release mechanism of PE is
the key factor for the high energy utilization of the knee joint,
which is also one of the distinctive features that distinguish
it from the ankle and hip joints. When flexion assistance is
performed during the negative work phase, the energy stored
in PE decreases as muscle activation decreases. During the
positive work phase, the energy stored in PE is released again
with the contraction of CE. The energy storage and release
mechanism of PE is a chain reaction after the action of CE.
The experiments in this paper prove that the shape of the
assisting profile should be planned within an entire power
period for the knee joint that involves energy storage and
release. For other joints, the assistance method proposed in
this paper can also be referred to as long as the power of a
complete assistance phase includes both negative and positive
work.

B. Human Active Movement

Exoskeleton assistance requires higher human-exoskeleton
coordination. In other words, if the exoskeleton cannot predict
the human motion intention in advance, the disturbance force
will be generated due to the system delay during knee
extension. At the same time, the activity of the antagonistic
muscle has to be forced to increase to counteract the negative
work produced by the disturbance force. The assistance effect
is attenuated due to the presence of disturbance force. The
best prediction time can be obtained by debugging and
observing the minimum disturbance force under the constant
force command. The EAO controller designed in this paper
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can effectively reduce the disturbance force by more than
50%, thereby reducing the antagonistic muscle’s additional
activation.

C. CE-Based Knee Flexion-Assisted Method

The effect of exoskeleton assistance depends on the
assistance profile and the accuracy of force tracking. The net

Fig. 14. The gait segmentation curves. (a) with the traditional method.
(b) with EAO.

Amplitude

Frequency (Hz)

Fig. 15. The frequency distribution obtained by DFT.

moment of the knee is jointly provided by the exoskeleton,
CE and PE. Energy is mainly consumed by CE. Therefore,
the preliminary assistance profile in this paper is obtained
by subtracting PE from the net biological moment. Complex
responses of the muscles have been shown with the
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exoskeleton application. The experimental results showed that,
except for RF, the activation of the other four muscles
decreased with assistance. Interestingly, the reduction in
activation is more pronounced in mono-articular muscles than
in bi-articular muscles. Previous studies [35] have shown that
when hamstring fibers exceed the optimal length, more muscle
fibers need to be recruited, which also requires more energy.
The optimal fiber length will be longer as the muscle activation
decreases, which means fewer muscle fibers are required to
output the same muscle force. Further, the corresponding
energy consumption will be less. VM’s EMG curve also
proves the correctness of the above analysis. At terminal
stance, all muscles except the GAS maintain a low activation.
Moreover, VM, BF, and SEM’s muscle activities in AP are
almost identical to those in NW, indicating that the energy-

returning mechanisms of all three muscles are not disturbed.
The GAS transfers energy distally by absorbing energy at the
knee during mid to TS, and then returning that energy at both
the knee and ankle during the pre- and initial swing. During
the negative work, the energy absorption of PE related to GAS
is reduced with the decrease of pEMG. When the energy is
transferred, ankle assistance should be added to ensure the
energy balance. Obviously, it cannot be achieved for single
knee assistance. Finally, the energy consumption comparison
demonstrates that assisting only at terminal swing and initial
contact is optimal.

D. EAO

The requirements for the accuracy of gait phase estimation
are higher for the knee joint. The gait percentage obtained
based on traditional methods [25] is not always 0-100%, which
will seriously affect the assistance profile. In this paper, the
motion signal’s phase feature is extracted based on EAO. The
results show that the gait can be accurately segmented using
the phase characteristics of EAO. The disturbance force is
reduced by more than 50% with EAO, significantly reducing
the corresponding antagonistic muscle activity. Moreover,
the DFT-based fundamental frequency estimation method
proposed in this paper significantly improves the convergence
speed of EAO. The control framework based on FSM also
improves the practicality of EAO.

E. Limitations

This study has some limitations. First, we adopt a simplified
model to facilitate the analysis of the prerequisite of flexion
assistance. More detailed quantitative analysis is still required.
Second, the EAO proposed in this paper needs to be further
optimized when the movement pattern changes frequently.
Third, as we tested, we only performed gait phase estimates,
force responses and EMG signals. Although the results
indicate some insights, further analyses are still needed.

VI. CONCLUSION

This study provides insights into the effectiveness of the
CE-based knee flexion-assisted method throughout the gait.
Specifically, assisting within an entire joint power period
and ensuring the human’s active movement are not disturbed
is a prerequisite for effective flexion assistance based on
CE. Moreover, assisting only at terminal swing and initial
contact is optimal. We then design the enhanced adaptive
oscillator (EAO) to ensure the human’s active movement and
the integrity of the assistance profile within each gait cycle.
The experimental results show that the angle prediction based
on the EAO can reduce disturbance force by more than 50%,
thereby reducing antagonistic muscle activation. The DFT
and FSM are proposed to shorten the convergence time and
enhance the stability and practicality of EAO, respectively.
The analysis and experiment highlight the importance of
designing assistive methods from the perspective of natural
human actuation. The mechanism we reveal would also aid the
further design of the knee or multi-joint exoskeletons. In future
work, we will further perform human-in-the-loop optimization
research based on the conclusions of this paper.
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