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ABSTRACT In order to synchronize the motions of the above-knee amputee’s limbs and smart pros-
thetic knee in practical applications, the principle of a Rayleigh oscillator-based reference angle generator
(RORAG) for the motion control of smart prosthetic knees is proposed. The central pattern generator (CPG)
model of the lower limb in this paper uses a pair of phase-coupling Rayleigh oscillators to imitate the human’s
lower limb’s biological CPG, where the used Rayleigh oscillators are improved to exactly represent the
motion characteristics of the lower limb. A frequency control method for the CPG model is proposed to
synchronize the thigh reference angle, which is generated by the lower limb’s CPG model, with the swing
angle of the above-knee amputee’s residual thigh. The RORAG model is developed by using the real-time
simulation system. An experimental system is developed to verify the performance of the RORAG model in
two terms of the curve shape and motion synchronization. Further, in order to estimate the application value
of the proposed RORAG model in two terms of the real-time and accuracy, a bio-guided motion platform
system is developed and fabricated. On this motion platform system, the RORAG model is used to control
a prosthetic knee prototype. The experimental results show that the developed RORAG model can imitate
the subject’s knee joint’s swing angle accurately in real time. Therefore, the proposed RORAG is effective
in practical applications.

INDEX TERMS Motion characteristics, reference angle generator, prosthetic knees, Rayleigh oscillator.

I. INTRODUCTION

Synchronization with the amputee is a key fact to a smart
prosthetic knee, because it determines the coordination of
the prosthesis with the amputee. Therefore, the synchronized
motion controlling of the smart prosthetic knee has been a
popular research field since the last decades [1]-[4]. Com-
pared with the finite state machine controlling methods [5],
trajectory tracking control methods are widely applied on
the lower limb prosthesis because of their synchronism with
the amputee’ motion [6]-[12]. In this case, the reference
angle is an important factor to determining the motion per-
formance of the smart prosthetic knee. Over the past few
decades, some researchers have used the trajectory tracking
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control to control the smart prosthetic knee. For example,
Wang et al. [6] and Akdogan et al. [7] proposed the com-
puted torque and PD control for the smart prosthetic knee.
Popovic and Kalanovic [8] applied Lyapunov direct method
to the trajectory tracking control for the smart prosthetic knee.
On this base, he proposed the optimal control further [9].
Kalanovic et al. [10] proposed the neural network and PD
control method. Kim and Oh [11] proposed a combination
control method by combining the iterative learning method
with the computed torque and PD control method. As well,
Scandaroli et al. [12] proposed the model reference adaptive
control. The above mentioned control methods need the ref-
erence angle, which are currently obtained by fitting the pre-
collecting data sets of the human’s lower limb’s swing angles,
as the control target when controlling the smart prosthetic
knee. Although the fitted reference angle can well imitate
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the swing of the lower limb, they can only generate some
limited reference angles, which makes it difficult to adjust
the amplitude and frequency of the smart prosthetic knee’s
swing angle in real time in the walking process. Therefore,
it can be imagined that the realization of a reference angle
generator that reflects the motion characteristics of the human
body’s lower limb in the form of the control parameters,
such as the amplitude, phase difference and frequency, will
have important significance for the efficient control of the
prosthetic knees.

Biological studies indicate that the amplitudes and fre-
quencies of the rhythmic motions of organisms are adjusted
by the central pattern generator (CPG), which is a kind of
neural network distributed throughout the lower thoracic and
lumbar regions of the spinal cord [13]-[15]. On these bases,
to generate the adjustable reference angles for walking con-
trol, CPGs were introduced into the walking robot control
strategies by some researchers. It is found that CPG has sig-
nificant advantages such as self-excitation, phase interlock,
and dynamic regulation parameters [14], [15]. For exam-
ple, Conradt [16] designed a CPG model of the serpentine
robot based on Kuramoto oscillator, which realized the crawl-
ing control in different environments. Morimoto et al. [17]
designed a CPG model of the bipedal robot based on
Hopf oscillator. Zielinska [18] designed a CPG model of
the two-legged walking machine based on VDP oscillator.
Torrealba et al. [19] used sines and cosines as the prosthesis’
CPG model. We [20] also proposed a cardioid oscillator to
model rhythmic motions with asymmetric time ratios in the
CPG model. As a classic oscillator, Rayleigh oscillator is
also used as CPG model. De Pina er al. [21] designed a
CPG model of the bipedal robot based on Rayleigh oscilla-
tor. On this basis, Nandi et al. [22] established the mutual
coupled CPG model to imitate the motions of the lower
limb. Mondal et al. [23] optimized the parameters of the
Rayleigh oscillator using Genetic algorithm to match an
actual human locomotion captured by the intelligent gait
oscillation detector biometric device. Kumar et al. [24] stud-
ied the phase difference between the oscillator entrained
response and the external excitation in the case of a floor
subjected to a harmonic lateral motion. Prakash et al. [25]
proposed a hybrid Van der Pol-Duffing—Rayleigh oscillator
to accurately represent the lateral force acting on a rigid floor
due to human walking. And we [26] proposed a CPG-based
coupling control method for synchronously controlling the
two degrees of freedom robot based on the study for the
Rayleigh oscillator’s control parameters. These above men-
tioned CPG models, which are applied to the biped robots,
imitate coordinated motion among the limb’s joint via mul-
tiple Rayleigh oscillators. However, there are two problems
when the CPG technology of the biped robot is applied to the
human prosthesis. First, multiple control parameters of the
Rayleigh oscillators have to be adjusted at the same time to
change the curve shape of the reference angle of the biped
robot. Due to the coupling relationship among the control
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parameters, both the amplitudes of the reference angles and
the phase difference between the different reference angles
are simultaneously affected by a single control parameter.
Therefore, it is difficult to quickly obtain the curve shape
of the reference angle to imitate the biological lower limb’s
motion characteristics through once adjustment for multiple
control parameters of the Rayleigh oscillators. Second, unlike
the biped robots, the above-knee amputee’s remaining limbs
are controlled by their own biological CPG, while not the
established CPG model. Currently, the prosthetic knee’s ref-
erence angle generated by the CPG model either does not take
into account the synchronization with the limbs of the above-
knee amputee, or uses the above-knee amputee’s previous
gait cycle time as its subsequent gait cycle time. But in the
actual walking process, the current gait cycle time is not
necessarily the same as the last gait cycle time, especially
when the walking speed changes. Therefore, in the practical
applications [27], [28], it is necessary not only to establish
a CPG model that is easy to quickly adjust online, but also
to consider the synchronization between the established CPG
model and the above-knee amputee’s biological limbs.

In order to solve the above problems, the principle
of a Rayleigh oscillator-based reference angle generator
(RORAG) for motion control of smart prosthetic knees is pro-
posed. The specific contributions of this work are: (1) a refer-
ence angle generator, whose parameters are corresponding to
the motion characteristics of the biological lower limb, is real-
ized by improving a pair of phase-coupling Rayleigh oscilla-
tors. In the study, the values of the attenuation and coupling
parameters (81, c1, 62, ¢2) based on experimental experience,
and the values of the amplitude control parameters (g1, g2)
based on equation (6) are used to set the control parameters
of the Rayleigh oscillators, so that the Rayleigh oscillators
are controlled by only one frequency control parameter 2.
Based on this empirical data set, the Rayleigh oscillators
generate the stable curves. Then, based on the stable curves
generated by the Rayleigh oscillators, the amplitude of the
curve is adjusted according to equation (7). This method
avoids multiple control parameters to be adjusted at the same
time. Our proposed reference angle generator is stable and
easy to implement, which is conducive for the practical appli-
cations; (2) the synchronization between the established CPG
model and the above-knee amputee’s limb’s biological CPG
is realized. A frequency control method for the lower limb’s
CPG model is proposed to match the frequency of the thigh
reference angle generated by the CPG model with the swing
frequency of the above-knee amputee’s residual thigh; (3) the
corresponding experimental system is specially developed
and fabricated to verify the effectiveness of the proposed
RORAG in practical applications. An experimental system
is established to verify the RORAG model in two terms of
the curve shape and motion synchronization. Further, a bio-
guided motion platform system is developed and fabricated
to verify the RORAG model in two terms of the real-time and
accuracy.
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FIGURE 1. Block diagram of the RORAG.
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FIGURE 2. Time histories of the state variables ¢, and 6,.

Il. PRINCIPLE

The block diagram of the proposed RORAG is shown in
Figure 1. According to Figure 1, the RORAG is composed
of alower limb’s CPG model, a sensing unit, and a frequency
control unit. The lower limb’s CPG model is established by
using a pair of phase-coupling Rayleigh oscillators, whose
parameters can imitate the motion characteristics of the bio-
logical lower limb. The sensing unit is used to measure the
thigh’s swing angle. The frequency control unit controls the
frequency control parameters of the CPG model to synchro-
nize with the swing frequency of the above-knee amputee’s
residual thigh.

A. LOWER LIMB’S CPG MODEL

In this study, the lower limb’s CPG model uses a pair of
phase-coupling Rayleigh oscillators [21], [22] to imitate the
swing angles of the thigh and knee joint. The phase-coupling
Rayleigh oscillators can be expressed as

él — 41 (1 —C]19.12) é] + Q%Ql - 619292 =0

]’ R : M
02— 8 (1 — q203) 62 + Q362 — 2010, =0

where 6; (i = 1, 2) is the state variable generated by the ith
(i = 1, 2) Rayleigh oscillator; 2; (i = 1, 2) is the frequency
control parameter of the state variable 6;; ¢; (i = 1, 2) is the
amplitude control parameter of the state variable 6;; §; (i =
1, 2) is the attenuation parameter of the state variable 6;; and
¢i (i =1, 2) is the coupling parameter between two Rayleigh
oscillators.

When Q; = 2Q) = 4m, q1 = 4q> = 1/372, 8, = 0.1,
c1 = 0.0001, 6 = 0.1, co = 0.0001, the time histories of the
state variables 6 and 6, are shown in Figure 2. In Figure 2,
the curve shape of the two state variables are approximately
cosine waves with a frequency ratio of about 1:2. Therefore,
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FIGURE 3. Block diagram of the improved Rayleigh oscillators.

it is assumed that the mathematical expressions of the desired
state variables 6, and 0, are

@

601 = Aj cos (wt)
6r = A cos (Qwt)

where A| and A; are respectively the amplitude of the state
variables 61 and 6;; and w is the gait frequency.
Substituting equation (2) into equation (1), we can get

Q2A; cos (ot) + 81 wA sin (wt)

+c1wA3 sin (4ot) + 81q1w°A3 sin Gort) /4

= w?Aj cos (wt) + 381q10°A7 sin (1) /4

Q3A; cos Qut) + (28wA; + cr2wA? /2) sin Qwt)
+28,q20° A3 sin (60t)

= 4w?A, cos Qut) + 682q2w3A; sin (2wt)

3)

According to the harmonic balance method [29], the higher
harmonics generated during the oscillation process are sup-
pressed by the low-pass linear term in the oscillator. So the
parameters (g, €2;) can be expressed as

Q] =w
Q) =2w

a2 = (48242 + €2A2) [ (128,00%A3)

According to equation (4), the frequency control parame-
ters €2; can be determined by the gait frequency w, and the
amplitude control parameters qi can be determined by the
attenuation parameter §, and the coupling parameter c;.

Figure 3 shows the block diagram of the improved
Rayleigh oscillators based on the motion characteristics of
the lower limb. In Figure 3, the Rayleigh oscillators are
improved through the frequency adjustment module and the
amplitude adjustment module. Through the frequency control
parameter 2;, the frequency adjustment module adjusts the
corresponding gait frequency w, thereby the frequencies of
the state variables 61 and 6, are adjusted in real time. Then,
through the amplitude control parameter qi, the amplitude
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FIGURE 4. Time histories of the human'’s thigh’s swing angle (6;) and the
knee joint's swing angle (). (Point a, which is the pole of the thigh’s
angle, is considered as the cut-off point between the stance phase and
the swing phase. Point b is the pole of the knee joint’s angle. A; is the
amplitude of the thigh’s angle. Ay; is the amplitude of the knee joint’s
angle when the knee joint is bent during the stance phase. Ay, is the
amplitude of the knee joint's angle when the knee joint is stretched
during the stance phase. Ay is the amplitude of the knee joint's angle
when the knee joint is bent during the swing phase, Ay, is the amplitude
of the knee joint's angle when the knee joint is stretched during the
swing phase, and T is the gait cycle time.).

adjustment module adjusts the amplitudes of the state vari-
ables 61 and 6,, and finally generates the thigh reference angle
(6;_r) and the knee joint reference angle (6 _Rr).

In order to generate the reference angle that imitates the
motion characteristics of the thigh and knee joint, the relevant
control parameters of the Rayleigh oscillators need to be set
according to the motion characteristics of the lower limbs.
The time histories of the human’s thigh’s swing angle (6;)
and the knee joint’s swing angle (6x) are shown as Figure 4.
As shown in Figure 4, the motion characteristics of the sub-
ject’s lower limb can be reflected in the form of the param-
eters. Therefore, for different objects or different walking
modes, the motion characteristics of the lower limbs can be
extracted in the form of parameters (A, Ax1, Ax2, Ax3, A4, T)
according to Figure 4. According to the value of the extracted
lower limb’s motion characteristic parameters, the control
parameters of the Rayleigh oscillator can be set as follows.

According to the human knee joint’s motion characteristics
T and T in Figure 4, the frequency control parameters of the
Rayleigh oscillator can be set to

9150
91>0

Qo =20 =2a)=271/T2,

Q) =2Q) =20 =21 /(T — T»), )

WhenA| =1,A,=1,8; =6 =0.1, ¢c; = ¢ = 0.0001,
the amplitude control parameters of Rayleigh oscillator can
be set to

= (413)/(372). o1 <0
q1 = (4 (T TZ) ) ( 2) él >0 (6)
g2 = (400177)/(1200072), 6 <0
g2 = (4001 (T — T2)%)/(120007%), 6; >0

Based on the motion characteristics of the lower limb,
the amplitudes of the state variables 6; and 6, are adjusted
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FIGURE 5. Time histories of the thigh reference angle (6; r) and knee joint
reference angle (¢ gr) generated by the improved Rayleigh oscillators.

by the amplitude adjustment module, so we can get

fr = Adh + 5

9k_R=—Ak191+%, 6, <06, <0

Ok R = —Ax201 +Axg — % 6, <06,>0 o
Ok R = —Ax361 + Axa — % 61 >06,<0

Ok R = —Axa61 + %, 6, >06,>0

Axa = Az + A1 — Ak, Contraint

where 91 is the derivative of the state variable 61; 6; r is the
thigh reference angle; and 6k r is the knee joint reference
angle. Based on equations (5), (6), and (7), the time histories
of the thigh reference angle (6; r) and knee joint reference
angle (6 r) generated by the improved Rayleigh oscillator
are shown in Figure 5. In order to verify the effectiveness of
the improved Rayleigh oscillators in the term of the curve
shape, the knee joint reference angle (6x_r) generated by the
improved Rayleigh oscillator is compared with the actual
subject’s knee joint’s swing angle (6 _,) in Figures 8 and 9 of
Section III-B1. In addition, in Figures 15-20 of Section IV-B,
the effectiveness of the reference angle generator model is
further verified in the practical applications.

B. FREQUENCY CONTROL UNIT

According to Figure 3, the Rayleigh oscillator needs to set
the frequency control parameter 2; and the amplitude control
parameter g;. According to the biological studies [13]-[15],
not only a human being’s various limbs can coordinate their
motions in a stable manner, but also the swing amplitude of
the limbs is basically stable under the control of the biological
CPG. Therefore, the amplitude control parameter qi can be
measured according to the specific prosthetic wearer. When
the empirical data are used to set the control parameters of
the Rayleigh oscillators, the phase difference between the
knee joint reference angle (6 r) and the thigh reference
angle (6; r) is interlocked. Therefore, based on the phase-
interlocking relationship of the lower limb’s CPG model,
the synchronization between the knee joint reference angle
(6x_r) and the above-knee amputee’s thigh stump’s swing
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angle (6;_,) can be converted to the synchronization between
the thigh reference angle (6; r) and the above-knee amputee’s
thigh stump’s swing angle (6;_,). In order to solve the above
mentioned problems, the frequency control method for the
lower limb’s CPG model is proposed. The frequency control
method consists of two parts.

In the first part, the frequency control parameter €2; of the
thigh reference angle (6; r) in the current gait is adjusted in
real time by comparing with the thigh stump’s swing angle
(6r_a1) in the last gait. Based on the thigh stump’s swing
angle (6;_,) measured by the sensing unit, the change value
(A6, ,) of the swing angle within the sampling time can be
obtained. Compared with the change value (A8 4) of the
thigh stump’s swing angle at the corresponding period of the
last gait, the adjustment equation of the frequency control
parameter 21— of the thigh reference angle (6; r) can be
obtained as

Qp_
(Kp (Ab_al — A _a) + K (A6l — ABia)) Qi _a,
_ étfa <0 (8)
(KP (Aetfa - AQtfal) + Kp (Aétfa - Aétfall)) Q17211,
ét_a >0

where Q) 4 is the frequency control parameter in the last
gait; Aét_a is the angle velocity of the thigh stump within the
sampling time of the current gait; Aét_al is the angle velocity
of the thigh stump at the corresponding period of the last gait;
and Kp and Kp are proportionality coefficients. In the stance
phase, A6; , and A6; 4 are both negative values. If A6, , is
smaller than A6; 4, it means that the walking speed becomes
faster. If Af;_, is larger than A6 4, it means that the walking
speed becomes slower. In the swing phase, A6; , and A6, 4
are both positive values. If Af;_, is larger than A6, ), it means
that the walking speed becomes faster. If Af;_, is smaller than
AB;_a1, it means that the walking speed becomes slower.

In the second part, the end times of the thigh reference
angle (6, ry) and thigh stump’s swing angle (6; ) in the last
gait may be inconsistent, which will cause the start times
of them in the subsequent gait are inconsistent, so the time
difference (At) between them needs to be corrected. Consid-
ering that the curve shape of the thigh reference angle (6; r)
may be different from that of the thigh stump’s swing angle
(6;_a), the logical judgments of the start time and end time of
the time difference (Ar) are shown in Figure 6.

As shown in Figure 6, 1 is used to indicate in the stance
phase, and O is used to indicate in the swing phase. The
judgment parameters (A and B) are expressed as

A=1, 6,=<0
A=0, 6,>0
) .t_d> (9)
B=1, 6Rr<0
B=0, 6r>0

where @, , is the derivative of the thigh stump’s swing angle
0;_a, which is used to distinguish the swing phase and stance
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FIGURE 6. Logical judgments of the start time and end time of the time
difference (At): (a) the time of the stance phase of the thigh reference
angle (¢; gr) is the same to that (¢; ;) of the thigh stump in the
acceleration state, (b) the time of the stance phase of the thigh reference
angle (¢; gr) is shorter than that (¢; ) of the thigh stump in the
acceleration state, (c) the time of the stance phase of the thigh reference
angle (¢; gj) is longer than that (6; ;) of the thigh stump in the
acceleration state, (d) the time of the stance phase of the thigh reference
angle (6; g) is the same to that (6; ;) of the thigh stump in the
deceleration state, (e) the time of the stance phase of the thigh reference
angle (¢; g) is shorter than that (¢; ;) of the thigh stump in the
deceleration state, and (f) the time of the stance phase of the thigh
reference angle (6; r) is longer than that (6; ;) of the thigh stump in the
deceleration state. -

phase of the thigh stump; and ét_R is the derivative of the thigh
reference angle 6; r, which is used to distinguish the swing
phase and stance phase of the thigh reference angle.

The proposed logical judgments use a two-dimensional
array C = {A, B} for judging the start time and end time of the
time difference (At). As shown in Figures 6(a), 6(b), and 6(c),
the moment when C changes from {0, 0} to {1, O} is used as
the start time of the time difference (Af). The moment when
C changes from {1, 0} to {1, 1} is used as the end time of the
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time difference (Az). As shown in Figures 6(d), 6(e), and 6(f),
the moment when C changes from {0, 0} to {0, 1} is used as
the start time of the time difference (Af¢). The moment when
C changes {0, 1} to {1, 1} is used as the end time of the time
difference (At).

According to the judged start time and end time, the value
of the time difference (Afr) is calculated. As shown in
Figures 6(a), 6(b), and 6(c), the thigh stump’s swing angle
(6r_a) is faster than the thigh reference angle (6; r), thus
the time difference (At) is a positive value. As shown in
Figures 6(d), 6(e), and 6(f), the thigh stump’s swing angle
(6;_a) is slower than the thigh reference angle (6; r), thus
the time difference (At) is negative value. According to
equations (8) and (9), the frequency control parameter £2; of
the lower limb’s CPG model is obtained as

Q= Qi | + KAt (10)

where K; is a proportionality coefficient. According to equa-
tion (10), the frequency control parameter €21 is adjusted in
real time, so that the thigh reference angle (6; r) is synchro-
nized with the thigh stump’s swing angle (6; a).

Ill. EXPERIMENTAL VERIFICATION

A. EXPERIMENTAL SETUP

In order to experimentally verify the proposed RORAG in
two terms of the curve shape and motion synchronization,
the schematic diagram and the photograph of the experimen-
tal system are respectively shown in Figure 7(a) and 7(b)
respectively. As shown in figure 7, an experimental setup
is composed of a real-time simulation system, a subject,
a sensing unit, a host computer and a motorized treadmill. The
real-time simulation system (type: dSPACE DS1103 based on
MATLAB/Simulink) is used to establish the RORAG model
and acquire the signals through the 1st order Butterworth
low-pass filter. The subject, who is a normal person, is used
to provide the natural swing angles of the thigh and the
knee joint. The sensing unit includes the angle sensor 1 and
angle sensor 2. The angle sensor 1 (AS1, type: WDD35S2,
linearity: 0.1%, Shanghai HuiRen Limited Company) is used
to measure the angle of the subject’s thigh. The angle sensor 2
(AS2, type: WDD35S2, linearity: 0.1%, Shanghai HuiRen
Limited Company) is used to measure the angle of the
subject’s knee joint. The angle sensors (AS1 and AS2) are
fixed to the subject by the hinge, whose first, second and
third links are fixed to the subject’s torso, thigh and shank,
respectively. During assembly, the rotation centers of the
angle sensors (AS1 and AS2) should be fixed coaxially to
that of the subject’s hip joint and knee joint, respectively.
The motorized treadmill (type: KPT-460FA, China ShuHua
Limited Company) is used to adjust the walking speed of the
subject.

In experiments, the real-time simulation system accesses
the signals measured by the angle sensors via its AD converter
module. Then the measured signals are filtered by using 1st
order Butterworth low-pass filter. According to the filtered
signals of the subject’s thigh and the established RORAG
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FIGURE 7. Experimental system: (a) the schematic diagram and (b) the
photograph (1-angle sensor (AS1); 2-angle sensor (AS2); 3-motorized
treadmill; 4-host computer; 5-dSPACE DS1103).

model, the thigh reference angle (6; r) and knee joint refer-
ence angle (6 _r) is calculated, where a sampling frequency
of 20 Hz is used to acquire the change value of the swing
angle (A6; ;) mentioned in Section II-B. Finally, the calcu-
lated thigh reference angle (6; r) and knee joint reference
angle (6 r) by the RORAG model and the filtered swing
angles (6; , and 6 ,) of the subject’s thigh and knee joint
are collected by the real-time simulation system into the host
computer for real-time display and record.

B. EXPERIMENTAL RESULTS AND ANALYSIS

1) CURVE SHAPE

The RORAG model is established by the real-time simula-
tion system according to equations (5)-(7), and (10). When
Axi = 105, Ao = 2.5, Ax3 = 36, and Ay = 44,
the time histories of the knee joint reference angle (6x r)
generated by the RORAG model and the actual subject’s knee
joint’s swing angle (6 _,) is shown in Figure 8, and the time
history of the angle error between them is shown in Figure 9.
In Figure 9, the maximum absolute angle error between the
knee joint reference angle (6x_r) generated by the RORAG
model and the actual subject’s knee joint’s swing angle (6x_,)
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FIGURE 8. Time histories of the knee joint reference angle (6 g)

generated by the RORAG model and the actual subject’s knee joint's
swing angle (6 _j)-

Angle error (°)

” s ‘ ‘
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FIGURE 9. Time history of the angle error between the knee joint

reference angle (6, r) generated by the RORAG model and the actual

subject’s knee joint's swing angle (6 ,)-

Angle (°)

Time (s)

FIGURE 10. Time histories of the thigh reference angle (6; ) generated
by the RORAG model and the subject’s thigh’s swing angle (6; ,) in the
first walking process.

is 3.04 °, the maximum relative angle error is 6.76 %, and the
root mean square error (RMSE) is 1.21 °. The experimental
result shows that the curve shape of the knee joint reference
angle (6 _r) generated by the RORAG model can match with
the motion characteristics of the actual subject’s knee joint’s
swing angle (6 a).

2) MOTION SYNCHRONIZATION

The subject performed two walking processes on the motor-
ized treadmill, whose walking speeds are respectively from
0.85 m/s to 0.92 m/s and from 1.09 m/s to 0.98 m/s. In the
first walking process, the time histories of the thigh reference
angle (6; r) generated by the RORAG model and the subject’s
thigh’s swing angle (6; ,) are shown in Figure 10, and their
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FIGURE 11. Gait cycle times of the thigh reference angle (¢; r) and the
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FIGURE 12. Time histories of the thigh reference angle (6; r) generated

by the RORAG model and the subject’s thigh’s swing angle (6; ,) in
the second walking process. B
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FIGURE 13. Gait cycle times of the thigh reference angle (6, r) and the
subject’s thigh’s swing angle (6; ,) in the second walking process.

gait cycle times are shown in Figure 11. In the second walking
process, the time histories of the thigh reference angle (6; r)
generated by the RORAG model and the subject’s thigh’s
swing angle (6; ;) are shown in Figure 12, and their gait cycle
times are shown in Figure 13. The RMSEs, the maximum
absolute errors, and the cumulative errors between the gait
cycle time of the thigh reference angle (6; r) and that of
the subject’s thigh’s swing angle (6; ) in two walking pro-
cesses are shown in Table 1. In Figures 11, 13 and Table 1,
the traditional method [20]-[23], [26] that uses the subject’s
previous gait cycle time as its subsequent gait cycle time
is added for comparison. In Table 1, in the first walking
process, the RMSE between the gait cycle time of the thigh
reference angle (6; r) and that of the subject’s thigh’s swing
angle (6;_,)is 0.014 s, the maximum absolute error is 0.030s,
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TABLE 1. RMSEs, max absolute errors, and accumulative errors between
the gait cycle time of the thigh reference angle (¢; g) and that of the
subject’s thigh’s swing angle (6; ,) in two walking processes.

First walking process Second walking process

RMSE Max Accumulative RMSE Max Accumulative
absolute absolute
Or 0.014s 0.030s 0.054s 0.016s 0.030s 0.0035s
Traditional  0.028s 0.050s 0.120s 0.077s 0.160s 0.010s

and the cumulative error is 0.054 s. The RMSE between
the gait cycle time of the traditional method and that of the
subject’s thigh’s swing angle (6; ;) is 0.028 s, the maximum
absolute error is 0.050 s, and the cumulative error is 0.120 s.
In the second walking process, the RMSE between the gait
cycle time of the thigh reference angle (6; r) and that of the
subject’s thigh’s swing angle (6; ;) is 0.016 s, the maximum
absolute error is 0.030 s, and the cumulative error is 0.0035 s.
The RMSE between the gait cycle time of the traditional
method and that of the subject’s thigh’s swing angle (6; »)
is 0.077 s, the maximum absolute error is 0.160 s, and the
cumulative error is 0.010 s. The experimental results show
that the proposed frequency control method is more effective
than the traditional method. Using the proposed frequency
control method, the curve shape of the knee joint reference
angle (6x_r) can match with the motion characteristics of the
subject’s knee joint’s swing angle (6 ,), and the thigh refer-
ence angle (6; r) is synchronized with the subject’s thigh’s
swing angle (6;_,).

IV. APPLICATION VERIFICATION

A. EXPERIMENTAL SETUP

In order to verify the effectiveness of the proposed RORAG
in the application process, the schematic diagram and the
photograph of the specially developed bio-guided motion
platform system [30] are respectively shown in Figure 14(a)
and 14(b). In Figure 14, the bio-guided motion platform
system is composed of a real-time simulation system, a sub-
ject, a sensing unit, a host computer, a motorized tread-
mill, a motion platform, and a prosthetic knee prototype.
The real-time simulation system, the subject, the sensing
unit, the host computer, and the motorized treadmill are the
same as described in Section III-A. The motion platform
was developed and fabricated to imitate the swing of the
subject’s thigh. The main component of the motion plat-
form is the thigh simulator, which is used to simulate the
subject’s thigh structure. The sensing unit is used to mon-
itor the swing angles of the subject’s thigh and knee joint
in real time. In this experiment, a four-bar linkage pros-
thetic knee based on magnetorheological effect [31]-[33]
developed in our laboratory is used as the prosthetic knee
prototype. The developed prosthetic knee prototype [34] is
mainly composed of the four-bar linkage and the integrated
magnetorheological (MR) damper. The four-bar linkage is
used to imitate the instantaneous center of the rotation
of the subject’s knee joint. The integrated MR damper,
which is controlled by the controllable current driver (type:
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FIGURE 14. Bio-guided motion platform system: (a) the schematic
diagram and (b) photograph. (1-subject; 2-motion platform; 3-sensing
unit; 4-motorized treadmill; 5-thigh simulator; 6-tested prosthetic knee
prototype; 7-host computer; 8-dSPACE DS1103; and 9-controllable current
driver).

KH-10A, accuracy: 0.5 %, Wahan ZHONGXING Company),
is used to imitate the damping force of the subject’s knee
joint.

In experiments, on the one hand, according to the sub-
ject’s thigh’s swing angle (6; ,) monitored by the sensing
unit, the thigh simulator’s swing angle (6;_,) tracks the
subject’s thigh’s swing angle (6; 4) in real time. Accord-
ing to the filtered thigh simulator’s swing angle (6 ,) and
the established RORAG model, the knee joint reference
angle (6 r) is calculated. On the other hand, the calcu-
lated knee joint reference angle (6x r) is used as the refer-
ence angle of the prosthetic knee prototype. Driven by the
thigh simulator, the prosthetic knee prototype’s swing angle
(6x_p) tracks the knee joint reference angle (6x_r) in real
time. Finally, the knee joint reference angle (6x_r) generated
by the RORAG model, the filtered subject’s knee joint’s
swing angle (6x_a), and the prosthetic knee prototype’s swing
angle (6x_p) are all collected by the real-time simulation
system into the host computer for real-time display and
record.
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FIGURE 15. Time histories of the subject’s knee joint's swing angle (6 ),

the knee joint reference angle (6 r), and the prosthetic knee prototype’s
swing angle (6 _p) in the first walking process.

Angle (°)

FIGURE 16. Time histories of the subject’s knee joint's swing angle (6 ,)
and the knee joint reference angle (6 gr) when ignoring the delay time in
the first walking process. B

B. EXPERIMENTAL RESULTS AND ANALYSIS

The subject performed two walking processes on the motor-
ized treadmill, whose walking speeds are respectively from
1.22 m/s to 0.95 m/s and from 0.78 m/s to 1.14 m/s. In the
first walking process, the time histories of the subject’s
knee joint’s swing angle (6 ,), the knee joint reference
angle (6x_r) generated by the RORAG model, and the pros-
thetic knee prototype’s swing angle (6k_p) are shown in
Figure 15. The time histories of the subject’s knee joint’s
swing angle (6x_,) and the knee joint reference angle (6x r)
when ignoring the delay time are shown in Figure 16, and
the time history of the angle error between them is shown in
Figure 17. In the second walking process, the time histories
of the subject’s knee joint’s swing angle (6 _,), the knee joint
reference angle (6 r), and the prosthetic knee prototype’s
swing angle (6k_p) are shown in Figure 18. The time histories
of the subject’s knee joint’s swing angle (6 ,) and the knee
joint reference angle (6x_r) when ignoring the delay time are
shown in Figure 19, and the time history of the angle error
between them is shown in Figure 20.

According to Figures 15 and 18, the delay time between
the subject’s knee joint’s swing angle (6 ,) and the knee
joint reference angle (6x r) is about 0.096 s. Consider the
delay time (about 0.080 s) between the subject’s thigh’s
swing angle (6 ,) and the thigh simulator’s swing angle
(6¢_p) [30], the delay time between the thigh simulator’s swing
angle (6_p) and the knee joint reference angle (6 _r) is about
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FIGURE 17. Time histories of the angle error between the subject’s knee
joint’s swing angle (d ,) and the knee joint reference angle (6 g) in the
first walking process. B

Angle (°)

FIGURE 18. Time histories of the subject’s knee joint’s swing angle (6 ).
the knee joint reference angle (6 g), and the prosthetic knee prototype’s
swing angle (6 _p) in the second walking process.

Angle (°)

Time (s)

FIGURE 19. Time histories of the subject’s knee joint's swing angle (¢ )
and the knee joint reference angle (6 _g) when ignoring the delay time in
the second walking process.

0.016 s. The experimental result shows that the developed
RORAG model can generate the reference angle for the pros-
thetic knee prototype in real time.

The delay time between the knee joint reference angle
(6x_r) and the prosthetic knee prototype’s swing angle (6 _p)
is about 0.036 s. So the delay time between the thigh simula-
tor’s swing angle (6;_,) and the prosthetic knee prototype’s
swing angle (6x_p) is about 0.052 s. Because the response
time of the human body is approximately between 0.15 s and
0.40 s [35], the knee joint reference angle (6x_r) generated by
the RORAG model can achieve the synchronization between
the thigh simulator’s swing angle (6_p) and the prosthetic
knee prototype’s swing angle (6x_p). It should be note that
the delay time in Figures 15 and 18 is caused by both the
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FIGURE 20. Time histories of the angle error between the subject’s knee
joint’s swing angle (6 ,) and the knee joint reference angle (¢ g) in
the second walking process. B

calculation time of the controller and the response time of the
actuator. Therefore, the delay time cannot be compensated
by the RORAG algorithm. The delay time could be reduced
by using both the controller with faster calculation speeds
and the actuator with shorter response time, but it cannot be
completely eliminated.

According to Figures 16 and 17, in the first walking pro-
cess, the maximum absolute angle error between the knee
joint reference angle (6x r) and the subject’s knee joint’s
swing angle (6x ,) is 10.39 °, the maximum relative angle
error is 23.09 %, and the RMSE is 2.96 °. According to
Figures 19 and 20, in the second walking process, the max-
imum absolute angle error between the knee joint reference
angle (6 _r) and the subject’s knee joint’s swing angle (6 _a)
15 9.54 °, the maximum relative angle error is 21.20 %, and the
RMSE is 2.53 °. In each of the two experiments, the RMSEs
between the knee joint reference angle (6x r) and the sub-
ject’s knee joint’s swing angle (6 ,) are both less than 3 °.
The experimental result shows that the knee joint reference
angle (6 r) generated by the RORAG model can accurately
imitate the subject’s knee joint’s swing angle (6x_a).

According to the analysis of the above experimental
results, the developed RORAG model can imitate the swing
angle of the subject’s knee joint accurately in real time.
Therefore, the proposed RORAG is effective in practical
applications.

V. CONCLUSION

In order to synchronize the motions of the above-knee
amputee’s limbs and smart prosthetic knee in practical appli-
cations, the principle of the RORAG for motion control of
smart prosthetic knees is proposed. The specific contributions
of this work are: (1) a reference angle generator, whose
parameters are corresponding to the motion characteristics
of biological lower limb, is realized by improving a pair of
phase-coupling Rayleigh oscillators; (2) the synchronization
between the established CPG model and the above-knee
amputee’s limb’s biological CPG is realized. A frequency
control method for the lower limb’s CPG model is proposed
to synchronize the frequency of the thigh reference angle
generated by the CPG model with the swing frequency of the
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above-knee amputee’s residual thigh; (3) the corresponding
experimental system is specially developed and fabricated to
verify the effectiveness of the proposed RORAG in practi-
cal applications. The RORAG model is developed by using
the real-time simulation system. An experimental system is
established to verify the RORAG model in two terms of
the curve shape and motion synchronization. Further, a bio-
guided motion platform system is developed and fabricated
to verify the RORAG model in two terms of the real-time
and accuracy. The delay time between the knee joint refer-
ence angle (6 r) generated by the RORAG model and the
thigh simulator’s swing angle (6 ) in the motion platform
system is about 0.016 s. The RMSE between the knee joint
reference angle (6 r) and the subject’s knee joint’s swing
angle (6 _,) is less than 3 °. The experimental results show
that the developed RORAG model can imitate the subject’s
knee joint’s swing angle accurately in real time. Therefore,
the developed RORAG is effective in practical applications.
The proposed and developed RORAG can be effectively used
for motion control of the smart prosthetic knees to promote
the development of the relevant technology of the smart
prosthetic knees, and has important research value and social
significance.
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