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Abstract— A little volume of lower extremity amputees needs
hip disarticulation prostheses (HDPs). This situation makes it
hard to invite hip amputees for prostheses test. The traditional
evaluations for HDPs mostly refer to the questionnaires from
the amputees and lack of quantitative criteria. In this article,
we proposed a gait simulation and evaluation (GSE) system
for HDPs testing. The GSE system contained a prosthetic thigh
simulation robot that could reproduce the trajectory of human
movement. We trained the simulation robot to walk with the
tested HDPs using an adaptive neural network (ANN) control
method. The ANN method was proposed to solve the unstable
motion and large trajectory tracking error when the simulation
robot was disturbed by the tested HDPs. The gait kinematic and
kinetic data were collected to analyze the performance of the
tested HDPs. The GSE system provided a stable test environment
that opens up new possibilities for the HDPs test under controlled
conditions.

Note to Practitioners—Most of the prosthetic tests are based
on amputees, especially hip disarticulation prostheses (HDPs).
This work provides a gait simulation and evaluation system
based on the quantified evaluation, which can repeatedly test
the prostheses. The testing system improves the efficiency of
the development of HDPs and decreases the security of the
test with hip amputees. Furthermore, the system has backward
compatibility for other lower limb prostheses (prosthetic knee
and ankle).

Index Terms— Adaptive neural network (ANN), gait simula-
tion, hip disarticulation, prosthesis, quantitative criteria.

I. INTRODUCTION

IP disarticulation is an amputation removing the entire

extremity through the hip joint capsule [1], [2].
Less than 1% of the amputees are either hip disarticula-
tion or hemipelvectomy amputees. The amputations are often
applied when malignancy, untreatable ischemia, or fulminant
infection. The historical mortality rate of hip disarticulation
exceeds 50% after the tumor resections [3], [4]. Besides
the vascular and traumatic diseases, some injuries caused by
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low incidences, such as traffic accidents, electric stroke, and
warfare injuries, also lead to hip disarticulation [5].

A number of studies were published to describe the devel-
opments of the hip disarticulation prostheses (HDPs) and its
evaluation methods [6]-[8]. The general evaluating methods of
HDPs were taking the subjective feeling of the amputees by
questionnaire previously [9], [10]. The traditional methods of
the HDPs evaluation have some limitations: low repeatability
[11], [12], time-consuming [13], qualitative assessment [14],
and difficulties in HD subjects recruitment [15], [16]. To
investigate the energy consumption by the hip joint amputees
with HDPs walking, Chin ef al. [6] and Campbell and Robert-
son [17] recruited seven hip amputated subjects (more than
60 years old) to test the energy consumption of amputees with
different HDPs. Their test progress was hard due to the terrible
health condition of the subjects. In order to obtain more
valuable results without the influence of the subjects’ health
condition, researchers from the Grenoble University Hospital
tested the efficiency of the HelixP (a hydraulic HDP, from
Otto Bock HealthCare GmbH, D). They collected the clinical
data and walking parameters by inviting three young hip joint
amputees [18], [19]. The test cost four days, which was a long-
term experiment for the tested subjects. Schnall et al. [20]
(from the Department of Veterans Affairs, USA) designed
quantitative measures of energy cost and gait characteristics of
a young soldier who was a unilateral traumatic hip amputated.
However, only one subject’s data analysis was not persuasive
enough to evaluate the effectiveness and characteristics of
prosthesis. Ludwigs et al. [5] analyzed the gait pattern of six
hip joint amputees. The objective of his experiments was to
compare two different prosthetic hip joints: Helix>P and the
7E7. The kinematics and kinetics data were recorded by six
charge-coupled cameras and two force plates [5], [21]. The
externally produced sagittal moments were calculated with
ground reaction forces (GRFs) and coordinates of joint axes.

Robotic testing introduced new concepts, designs, and con-
trol systems for prosthetic lower limbs’ developments. Human
subject test clearances, safety, and the lack of repeatability
associated with human trials can be reduced or eliminated
with automated testing. Many scientific research institutions
have begun to develop special test platforms to test the
prostheses instead of recruiting amputees for every test during
the development of the prostheses [22]. In studies of prosthetic
knees, many researchers utilized robotic equipment to simulate
the thigh motion and evaluate their developing prosthetic
knee performance. By the more efficient testing methods,
they had achieved better results for the optimization of the
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prostheses [23], [24]. Cao et al. [25] tested a speed adaptive
control method for a prosthetic knee during swing flexion with
a robotic function simulation and evaluation platform. The
platform had two main functions: 1) simulation of velocity
changes and the real-time detection of knee angle and 2)
imitation of the hip drive of the prosthetic knee to evaluate
the swing performance [25]. Davis er al. [13] developed a
tibia robot to test transfemoral prosthetic limbs [26]. The
robot accurately simulated the motion of a human tibia and
could test prostheses under different terrains. Unlike human
tests, the robot provides a kind of testings in which prostheses
could be tested under repeatable conditions. The robotic tests
avoided liability and risk issues, which were common in the
prostheses tests with amputees [13].

Beyond that, compared with the previous studies on the
testing platforms for prosthetic knee and ankle [13], [23],
the performances of prostheses were studied through standard
quantitative parameters, and the problems of lower limb pros-
thesis could be proposed to advance down design improve-
ments. Kim and Oh [23] and Davis [13] each developed
their prosthetic test platforms for knee prosthesis research.
The leg simulator designed by Kim and Oh [23] was used
to test the joint position and velocity of an above-knee
prosthesis. The simulator had only three DOFs, including the
hip flexion/extension and the knee joint angle, which ignored
that the human body gravity center changes had effects on
lower extremity movements. However, normal walking not
only consists of the movement of the extension and flexion
of the thigh but also includes the movement of the hip joint
with the connection to the pelvis in the space. The movement
of the thigh can be taken as a composition of these two
movements. Therefore, in the process of ground interactive
prosthesis testing, it was not comprehensive to only consider
the hip joint as a fixed swing joint but neglect the change
of human body gravity center. The trunk applies the force
to legs during walking affected the kinetic performances of
the tested prostheses. Our research suggested that the human
body gravity center’s movement should not be neglected
during the lower limb prostheses test. A tibia robot was
used to optimize the GRF of transfemoral prosthetic limbs
by the research team of Davis er al. [13]. Their research
solved such an unknown nonlinear dynamic system and
took the interface force/torque as optimization references of
robotic HDP.

The objectives of this research are to solve the problems
in the current HDPs research and tests, including: 1) lack
of amputees for the prosthetic tests; 2) the safety of the
hip disarticulation subjects could not be guaranteed at the
preliminary research stage; and 3) quantitative and repeatable
parameters could not be obtained systematically with the hip
disarticulation subjects. Therefore, we developed a prosthetic
gait simulation and evaluation (GSE) system that could sim-
ulate the pelvic track in natural human gait and drag the
HDPs to walk on a treadmill. An adaptive neural network
(ANN) control method was proposed to solve the problem of
unstable motion and large trajectory tracking error when the
manipulator was disturbed by the dragged HDPs.
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Column elevator

Pressure measuring treadmill

Fig. 1.  Compositions of the GSE system. The tested prostheses (HDP,
prosthetic knee, and foot) are in the blue dotted oval.

TABLE I
D-H PARAMETERS OF PTSR

Link 6 d(@m) a(m) «(@ad) m (kg
1 61 0365 0.07 —7/2 6.78
2 02 0 0.285 0 8.33
3 03 0 0.04 —7/2 3.97
4 64 0.279 0 w/2 3.41
5 05 0 0 —7/2 1.79
6 s  0.106 0 0 0

II. METHODS
A. Gait Simulation and Evaluation System

The GSE system, as shown in Fig. 1, contains a prosthetic
thigh simulation robot (PTSR), a six-axis force sensor, and
a pressure measuring treadmill. The treadmill was used to
analyze the GRF. The PTSR for pelvic trajectory reproduction
was six degrees of freedom (DOFs) manipulator (RT-Sim
simulator, Beijing Links Co., Ltd.) and its D-H parameters
were listed in Table I. In the structure of the system, as shown
in Fig. 2, the trajectory data collected by the camera-based
motion analyzer are smoothed by a Gaussian smoother. The
smoothed trajectory is mapped into the PTSR workspace with
an alignment of PTSR’s initial position. The tested HDP and
the end-effector of PTSR were connected rigidly with a six-
axis force sensor (M3713B, Sunrise Instruments Co., Ltd.).
The force sensor could monitor the interface force/torque
between the tested HDP and the PTSR. The direction of six
forces/torques was presented in Fig. 3. A pressure measuring
treadmill (FDM system, zebris Medical Gmbh, German) was
used to set constant speed and measured the GRF of the
prostheses. Finally, the final joints’ information of PTSR is
reordered by the ANN controller to improve the stability of the
end-effector. As the lengths of the whole measured prosthetic
legs (including the thigh, shank, and foot), were not the same,
a column elevator was used to adjust the PTSR’s basement
height.

The gait parameters studied in this research could be
divided into three categories: kinematics, kinetics, and mutual
information [12]. The kinematic parameters included joint
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Fig. 2. Structure of the GSE system. The trajectory data collected by the camera-based motion analyzer are smoothed by a Gaussian smoother. The smoothed
trajectory is mapped into the PTSR workspace with an alignment of PTSR initial position. Finally, the final joints” information of PTSR is reordered by the

ANN controller to improve the stability of the end-effector.
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Fig. 3. Introduction of multidimensional force collection with M3713B.

angle, angular velocity, and walking speed. The kinetic para-
meters contained angular acceleration and joint torque. The
monitored mutual information included plantar pressure and 6-
D interface force/torque at the end-effector of PTSR. Further-
more, symmetry analysis could be conducted with the contrast
between the original gait data and the collected parameters.

B. ANN Tracking Control for PTSR

The ANN was widely used in nonlinear system control,
such as machining and grinding on the industrial production
line, and trajectory planning in autopilot, in order to obtain
better stability [27]. Except for the original data smoothing,
an ANN tracking control was proposed to solve prosthetic
kinetics uncertainties and improve PTSR’s robustness.

Considering the dynamic equation of the six-DOF PTSR
to a lumped disturbance and delayed states described by the
following nonlinear differential equation:

Mj(q)g +Cj(q,q)q + Gj(q) =1 — 145 (D

where M (q) is the symmetric positive definite inertial matrix,
Cj(g,q)q is the vector of coupled Coriolis and centripetal

torques, G;(g) is the vector of gravitational torques, 7 is
the vector of joint torques, 7y, is the vector of external
disturbance torques, and ¢, ¢, and ¢ are the vectors of the
joint displacement, velocity, and acceleration, respectively. The
forward kinematics can be written as

E=d(g), ¢=J(9). 2
Thus, the backward kinematics can be written as
q = Ji(q)é
Gg=J" (@< +Jiq) ©))

where J(q) is the Jacobian matrix of PTSR, J;(¢) € R™"
is the generalized inverse matrix of J(g), and f,é ,E e R™
represent the displacement, velocity, and acceleration in the
task space. According to the abovementioned transformations,
the dynamics (1) is converted as

MEE+CEEHE+G(E) =u—f )

where M, (¢) is the symmetric positive definite inertial matrix,
C: (¢, &)¢ is the vector of the coupled Coriolis and centripetal
torques, G;(¢) is the vector of the gravitational torques, u
is the force of the manipulator end-effector, and f is the
disturbance from the tested HDPs. From the joint space to
the task space, the related matrices are formulated as
M (&) = J[T (Q)Mj @)J1(q)
Ci(&,6) = I @ICi(q, @) T1(9) + M;(q)d ()]
G((&) = I @)Gj(9)
u=J/ (@ (5)
Considering that the robot dynamics model is known and
x1 = q and xp = ¢ are defined, (2) is converted to state space
form
X1 = x2
B =M (x) (@ — 10— Cj(x1,x2)x2 = Gj(x1)).  (6)

Define the Cartesian space signals as

el = X1 — Xgq @)
o1 = —Kjep + x4 )
e = X3 —oj. )
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¢é1 and é; are derived by (7) and (9) as

el =e+ay — xq4
é = Mfl(m)(f — 14 — Cj(x1,x2)x2 — Gj(x1)) —a1. (10)

During the HDP testing, the inertia matrix M;(g) and the
vector of coupled Coriolis and centripetal torques C;(q, §)q
are uncertain [16]; here, we use M;4(q) and Cjq(q,q)q to
represent the defined reference matrix. The uncertain inertia
and Coriolis parts M;,(¢g) and Cj,(g, ¢)q are as follows:

Mj(q) = Mja(q) + M;ju(q)
Cjlg,q) = Cjalg,q) + Cjulq, 9). (1)

Taking the interaction torque between the PTSR and the
tested HDPs tygpp into consideration, the Cartesian space
dynamic neural network based on adaptive control is modified,
supposing the dynamic model, by adding the rypp, to

tp = —e1 — Kaez + t4 + R y(Z) + Cja(x1, x2)a1 + tHpP
(12)

where y(Z) represents the radial basis function (RBF)
neural network, kT is the weight estimation, and Z =
[xlT, sz , ég, le]. The optimal weight x* is constructed for easy

deduction

k' =argmin { sup |v;(Z)|} (13)
ki €R! ZeQy

where v;(Z) € R” is the estimation error and k¥ = x* — & is
the weight error. Here, we estimate &*Ty (Z) by Ty (Z)

Ty (Z) = Mj(x1)a1 + Cju(xi, x2)x2

+Gj(x1) + Mju(x1)é2 —v(Z) (14)
and the adaptive law of neural network fci
ki = —Ti(yi(Z)esi + oik) (15)

where o; is a small positive constant and I'; is a symmetric
positive matrix; considering (10) and (14), we have

e = Mj_dl(xl)(Tf — 14 — Cjr(x1, x2)x2

—x*Ty(Z) —v(2)). (16)
Another assistive variable e3 is defined as
ez = y(e2) + 4. 17

Take the derivative of e3 to get
3 = 73+ R(ex)én
= i4+ R(e)M ] (x1)
x (17 =t = Cjx(xr,x2)x2 =Ty (2) —=v(2))  (18)

where R(ep) is the derivate of y(ep) with respect to e

é3 = R(e)M; (x1)(ry — Cjr(xr, x2)xa —2a)  (19)
where ¢3 is the estimation of e3 and could be get from
g =e3— x(e2). (20)
From (24) and (27), we have
T4 =14 —Tg =e3 — &3 = é3. 2n
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From the abovementioned analysis
ta = ta — R(e)M;} (x)Ga + 1T y(2) +v(2)). (22)

The error signals, e, ez, 74, and x, are proved to be semiglobal
uniform bounded as Proof 1 in the Appendix.

II1. EXPERIMENTS

The subject test was approved by the Ethics Commit-
tee of the Shanghai University of Medicine and Health
Science (No. 2019-ZYXM1-04-420300197109053525); the
experimental nature and possible risks were informed of the
subjects; and the final consent was obtained from the subjects.

A. Gait Test With Amputee

The purpose of testing hip disarticulated subject’s gait was
to adjust whether the gait and pelvic trajectory data were
suitable for the GSE system to evaluate the performance of
different HDPs (refer to Table II). Here, we use symmetry
index (S7) of the gait to estimate the gait of hip disarticulation
subject [28]

2Xr — X
S — (Xr L)
Xr+ XL

where X is the right limb data and X is the corresponding
data for the left limb. The prosthetic leg side was X7, and the
healthy side was Xg in this work. Xg and X represented
different kinds of the lower limb data (including the joint
angle, velocity, torque, and GRF) for different SI calculations
but not an isolated parameter that is measured by a sensor.
SI = 0 represents the perfect symmetry and + showing limb
dominance.

In each gait cycle, the average hip angle SI was less
than 0.2, and the average knee angle S/ does not exceed
0.15, which was an acceptable gait symmetry range for the
GSE system. First, we collected the gait parameters of a hip
disarticulated subject by a real-time motion analysis system
(Jiangsu NEUCOGNIC MEDICAL Co., Ltd.) and the FDM
system. The experimental sense of amputee testing on the
treadmill can be seen in Fig. 4. During the walking experi-
ments, the prosthetic leg for the amputated subject consisted of
a prosthetic foot (1C10 Terion, Otto Bock HealthCare GmbH,
D), a prosthetic knee (3R60, Otto Bock HealthCare GmbH, D),
and a traditional hip prosthesis (7E7, Otto Bock HealthCare
GmbH, D). From the analysis of the gait data, the mean S/
values of the amputated subject’s bilateral hip joints in the
stance and swing phase were 35.8% and 23.7%, respectively,
which exceeded the acceptable symmetry range. The gait of
the amputee wearing the original uniaxial hip amputation
prosthesis was asymmetric pathologic according to the gait
symmetry measurements. Therefore, it was ineffective to test
the HDPs with the gait data of the amputees.

We studied the possibility of taking the gait data of a
nonamputee instead of the amputees. The recruitment standard
was that the body shape of the nonamputees should be similar
to the amputated subject (including the height and weight).
This system’s ultimate goal is to train the newly developed
and intelligent prosthesis based on a standard trajectory test

x 100% (23)

Authorized licensed use limited to: University of Shanghai For Science and Technology. Downloaded on November 30,2020 at 10:34:32 UTC from IEEE Xplore. Restrictions apply.



This article has been accepted for inclusion in a future issue of this journal. Content is final as presented, with the exception of pagination.

XINWEI et al.: GSE SYSTEM FOR HDPs

TABLE 11
PARAMETERS OF THE TEST HDPS

Name Weight(g)  Motion range(°) Drive form Joint mechanism category =~ Max. support(kg)
Otto 7E7 875 130 passive-spring single axis 100
Helix3P 990 130 passive-hydraulic polycentric 100

RCM HDP 2460 145 active-motor single axis 120

Fig. 4. Hip disarticulated amputee test on the treadmill.

TABLE III
TESTED SUBJECTS’ CHARACTERISTICS

Gender  Age(years) Height(cm)  Weight(kg) mean SI(%)
HD M 31 175 60 29.75
H1 M 26 177 72.5 15.31
H2 M 27 176 79 17.64

HD represents the hip disarticulated subject
HI1 and H2 represent the two healthy subjects

reproducing so that it can help the amputee recover a more
symmetrical gait. Moreover, if those trajectories are used to
train the prosthesis and optimize the intelligent prostheses’
parameters, the optimized prosthesis cannot approach the ath-
letic performance of the sound side. The previous experiment
by the HD subject is to illustrate that it is inadvisable to test
the prostheses with the trajectory of the amputated side.

The healthy data would be more suitable for exploring
the control strategy of the prosthesis. The basic gait parame-
ters of healthy subjects under constant speed were obtained
through experiments. In the nonamputee gait data collection
experiments, two subjects were recruited, and the detailed
information of them was shown in Table III.

The pelvic trajectories of nonamputees were collected by the
camera-based motion analyzer (Vicon, Oxford, U.K.). After
the calibration of the test system, the markers were attached
to the measurement points (skin) of the subjects, respectively,
on the toe, heel, ankle, calf, knee, thigh, anterior superior iliac
spine, and posterior superior iliac spine (see Fig. 5).

The subjects were required to walk on the test platform
several times, and their gait data were collected after they
adapted to the platform. During the experiments, the nonam-
putees were instructed to walk on the treadmill at speeds of
0.5, 1, and 1.2 m/s, respectively. The data collected from the

Posterior superior iliac spine

® Pelvic trajectory markers
© Lower limb movement markers

Fig. 5. Markers’ position in a normal walking gait cycle test.

motion analyzer often contain unwanted noise. This noise was
generated by the process being monitored and the measure-
ment system itself. To eliminate the noise of joint velocity
and acceleration, the Gaussian scale space was employed to
smooth the raw data.

The human pelvic trajectories reproducing method proposed
in this study is based on position-time information. Given
the influence of human body weight on the parameter assess-
ment, the authors agree that, under some same experimen-
tal conditions, such as walking speed, human body weight
would inevitably cause the change of motion parameters of
prostheses. However, this study aimed to compare different
HDPs under the same experimental conditions (including the
human body weight) as possible. Therefore, as long as the
bodyweight of the tested subjects is in the maximum support
range of HDPs, this research’s experimental requirements will
be met.

B. HDPs Tests by the GSE System

In the experiments, the kinematic, kinetic, and mutual
parameters of the tested HDPs were collected. Three different
HDPs: 1) Otto Bock HealthCare GmbH, D; 2) Helix3P (Otto
Bock HealthCare GmbH, D); and 3) RCM HDP (from the
authors’ research team) were tested by the GSE system at the
at speeds of 0.5, 1, and 1.2 m/s, respectively. The parameters
of the three HDPs were listed in Table II. Considering the
significance of the experiment to the later adaptation of the
HDPs, 1C10 Terion (Otto Bock HealthCare GmbH, D) was
selected as the foot, and 3R60 (Otto Bock HealthCare GmbH,
D) was selected as the knee for the measurements. During
the test of three HDPs, the prosthetic knee joint and ankle
joint are fixed. In order to ensure that the overall sizes of the
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Fig. 6. Statistical results on pelvis position tracking of PTSR in three planes
(x, y, and z refer to sagittal, coronal, and frontal planes).

three prosthetic systems are consistent with each other, three
thigh tubes that were used to connect the HDPs and prosthetic
knee were customized with different sizes. The parameters
including pelvic trajectory, kinematic parameters of the HDPs
(joint angle and velocity), kinetic parameters of hip torque,
interface force/torque between PTSR and the HDPs, and GRF
with pressure testing treadmill were collected for analysis.

IV. RESULTS AND DISCUSSION
A. Results

1) Pelvic Trajectory: Fig. 6 indicated the position tracking
of the pelvic trajectories in direct position mode and ANN
compensating mode in space under the walking speed of 1
m/s. Compared with the direct position control, the tracking
error of the pelvic trajectories under ANN compensating mode
was decreased by 45.2%, 37.1%, and 39.3% (p < 0.05) in
sagittal, coronal, and frontal planes, respectively. The average
position tracking error under the speed of 0.5 and 1.2 m/s was
also decreased by 34.9% and 41.6%, respectively.

Fig. 7 indicated the velocity tracking of the pelvic trajec-
tories in direct position mode and ANN compensating mode
in space under the walking speed of 1 m/s. Compared with
the direct position control, the tracking error of the pelvic
velocity under ANN compensating mode was decreased by
38.9%, 27.6%, and 40.5% (p < 0.05) in sagittal, coronal,
and frontal planes, respectively. The average velocity tracking
errors under the speed of 0.5 and 1.2 m/s were also decreased
by 29.3% and 38.2%, respectively.

2) Gait Symmetry: Fig. 10 shows the mean symmetry index
of gait parameters. The symmetry index of the measured
prosthesis is the degree of symmetry between kinematic and
dynamic parameters of the prosthesis and the original tra-
jectory acquisition experiment by the able-bodied subjects.
The symmetries of the prostheses’ kinematic parameters were
improved in different scales. The mean symmetries of the
joint angle and angular velocity are increased by 10.5% and
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Fig. 7. Statistical results on pelvis velocity tracking of PTSR in three planes
(x, y, and z refer to sagittal, coronal, and frontal planes).

11.7% (p = 0.009), respectively. The mean symmetries of
the joint torque and GRF were significantly increased by 8%
and 6% (p = 0.013), respectively. It was found that the ANN
method for pelvic trajectory simulation effectively improved
the symmetry of kinematic and kinetic performances of the
tested HDPs compared with the direct position control.

3) Kinematic and Kinetic Parameters of the HDPs: Fig. 8
shows the angles and joint velocities of three tested HDPs. Due
to little damping of the passive HDPs, the joint accelerations
of those HDPs were larger than RCM HDP at the beginning of
the stance phase by 20%-33%. The joint angle and velocity of
RCM HDP were more similar to the gait of the nonamputees.
The mean joint angle of RCM HDP was significantly bigger
than 7E7 and Helix’P by 21.5° and 17.3° (p = 0.013),
respectively. The maximum extension of RCM HDP reached
55% of a whole gait cycle. This was approximately close to
the nonamputees (at 60%) rather than other HDPs (at 21%).
Until the flexion was initiated after 70% of the gait cycle,
the hip angle of 7E7 and Helix?P changed to the extension.
However, the flexion started at the end of the maximum
extension straight away with the RCM HDP at 55% of the gait
cycle on average. For power saving, the maximum extension of
RCM HDP was limited to 110°, which satisfied the amputees’
walking requirements. The moments from —0.15 (flexion)
to 0.46 Nm/kg (extension) produced by RCM HDP during
stance mostly were active moments (as shown at the bottom of
Fig. 8). This kind of active moment represented the robustness
of the prosthesis. Due to limitations of the prosthetic system
dynamics model, the passive moments of 7E7 and Helix3P
were not achieved by the GSE system.

4) Interface Force/Torque Between PTSR and HDPs:
The mean (and standard deviation) values of the interface
force/torque collected by M3713B under different walking
speeds were listed in Table IV. From the test results, both
interface force and torque increased with the increase in the
walking speed, especially the mean force of the z-axis, F-,
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Fig. 9.

Mean GRF of three tested HDPs. *significant, and p < 0.05.

and the mean torque around the y-axis, 7. The mean force of =~ was the maximum force direction of the interface. The mean

the z-axis, F7, in a gait cycle ranged from 50 to 62 N, which
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Fig. 10. Symmetry of the ground GRF during the prosthetic test. *significant,
p < 0.01, **significant, and p < 0.015.

TABLE IV

MEAN INTERFACE FORCE/TORQUE (AND STANDARD DEVIATION)
BETWEEN PTSR AND 7E7

speed(m/s)
0.5 1 1.2

Mean fx  10.51(0.81)  11.42(0.91) 12.39(0.12)
Force fy  11.39(2.63) 13.91(3.09)  17.30(2.27)
N) fz  50.26(4.54) 55.63(3.95) 61.47(5.15)
Mean 7, 0.38(0.048)  0.26(0.08)  0.42(0.014)
Torque Ty 1.54(0.19) 3.13(0.07) 4.67(0.15)
(Nm) Tz 1.09(0.67) 1.45(0.31) 1.22(0.03)

1.54 to 4.67 Nm because the main motion of the tested HDPs
was in the sagittal plane.

5) Ground Reaction Force: Fig. 9 shows the mean GRF
of Otto 7E7 collected by zebris pressure measuring treadmill,
at speeds of 0.5, 1, and 1.2 m/s, respectively. The maximum
GRF in common practice could be found in the middle of
the stance phase. Under the ANN control, the mean GRF
between 7E7 and treadmill was significantly larger than the
value under the direct position control by 5 N/ecm? (p = 0.023)
at the end of the stance phase. Especially at higher speed,
the maximum plantar force of the tested HDP was increased
by 7 N/em?, which meant the stable tracking contributed to the
ideal environment contacts of the tested HDPs. Each gait cycle
of the unilateral leg could be divided into the swing phase
and stance phase according to whether the foot is in contact
with the ground or not. For ordinary subjects, the swing
phase accounted for around 60% of the gait cycle, and the
stance phase accounted for 40%, respectively. From the GRF
analysis, the ANN method for PTSR increased the swing phase
initiation by 11.34% (p = 0.018) on average compared with
the direct position control. The proportion between the two
gait phases with ANN was closer to standard data from GCI
references than direct position control by 24.86% (p = 0.027)
on average.
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B. Discussion

This study developed a GSE system that could simulate
the pelvic track in human natural gait and drag the HDPs as
pelvic does to test the HDPs. The experimental results proved
the feasibility of testing prostheses with the robotic system
instead of amputees only.

The pelvic trajectory reproducing was proven to be stable
in the position and speed loop, as shown in Figs. 6 and 7.
In comparison with the previous tests, the proposed GSE
system precisely solved the problems: low repeatability [11],
[12], time-consuming [13], qualitative assessment [14], and
difficulties in HD subjects recruitment [15], [16]. The stable
repetition of the pelvic trajectory indicated that our approach
for testing prosthetic components was effective and valid. The
kinematic and kinetic parameters of the tested HDPs during
the tests could be easily collected, as shown in Figs. 8 and 9.
These safety and dynamic parameters of the prostheses could
be utilized to verify and optimize the tested HDPs before the
tests participated with amputated subjects.

From the results of GRF (see Fig. 9) and symmetry index
(see Fig. 10), this study found that the ANN control was
effective in handling the unknown nonlinear dynamic system.
When the end-effector of the PTSR was in a rigid connection
with the tested HDPs, the ANN control had a better perfor-
mance than direct position control and significantly improved
the GRF and symmetry of the tested HDPs. From the GRF
analysis, the ANN method for PTSR increased the swing
phase initiation compared with the direct position control. The
ANN method made the proportion between two gait phases
closer to standard data of GCI references than direct position
control. The GRF of prosthetic legs characterized the walking
stability of the amputees. It was required to be symmetric
to the intact side as well. The low plantar pressure indicated
that the stability of the stance phase was insufficient, and it
was prone to fall and other safety problems. Excessive plantar
pressure showed that the vibration absorption capacity of each
joint was insufficient during the contact between the prosthetic
side and the ground. Without considering the prosthetic knee
and ankle, for the nondynamic hip prosthesis, the hip joint
damping could be adjusted to reduce the GRF, whereas, for
the dynamic hip prosthesis, the impedance control was needed
to improve the flexibility of the active hip joint by replacing
the position-velocity control. The SI of the optimized active
HDP GRF was still up to 31.5%, which was difficult to meet
the target value.

There were still some limitations of this research to be
solved. First, the stance phase of the tested prostheses was
longer than the reference data from the GCI data set in the
GRF results’ aspect. The main reason for the asymmetry
was that the trajectory reproducing based on the position-
time strategy and the track acceleration in the sagittal plane is
different from the normal human body’s actual acceleration.
Normal walking consists of the movement of the extension
and flexion of the thigh and includes the movement of the
hip joint with the connection to the pelvis in the space. The
movement of the thigh can be taken as a composition of these
two movements. Therefore, in the process of ground interactive
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prosthesis testing, it is not comprehensive to only consider
the hip joint as a fixed swing joint but neglect the change
of human body gravity center. The inertial movement in the
center of gravity of the human body’s sagittal plane should be
considered to counteract the different accelerations caused by
the previous trajectory reproducing method. Second, the pelvic
trajectories collected from the camera-based motion analyzer
should be smoother for reproduction.

V. CONCLUSION

This article developed a GSE system that can simulate
the pelvis motion to test different HDPs with a PTSR. The
proposed ANN solved the unstable motion and large trajectory
tracking error when the simulation robot was disturbed by
the tested HDPs. The performance of the simulation robot
was consistent with the proof of the closed-loop system
stability and convergence. The GSE system provided a safe
test environment that cannot be obtained with human subjects.

The robotic testing opened up new possibilities for pros-
thetic tests under controlled conditions. In particular to the
hip disarticulated amputees, the personal customized HDP for
them was an open research question in further work. This
simulation method of the human body feature point movement
can be utilized to repeatedly evaluate multiple wearable types
of equipment under the same testing environment without real
subjects.

APPENDIX

Proof 1: Consider the Lyapunov function candidate
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From the abovementioned analysis, we proved that error

signals, eq, e2, 74, and «, are semiglobal uniform bounded.
Under the control of (19), all the condition parameters could

be measured and the initiation (x1(0), x2(0), 74(0), %; (0)) €
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Q. Therefore, the error signals, e1, €2, 74, and x, were limited
in Q,, Q,, Qz,, and Q;

Q. = {e1 e R"[|le1|| < v/ D}
" D
Q, =1e2 eRler]| < [——
lmin(de)
Q;, = {74 e R"||Z]l < VD)
Q; = 1% e RP|&| < (32)

where D = 2(V2(0) + C2/p2), and [ is the number of train
nodes in neural network.
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