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Bioinspired methods are becoming increasingly important in
the face of the complexity of today’s demanding applications.
Biological inspiration in robotics is leading to complex struc-
tures with sensory-motor coordination, in which learning
often plays an important role in achieving adaptation. In
addition, rehabilitation robotics has produced exciting new
ideas and novel human assistive devices in the growing field
of biomedical robotics. The science and technology of reha-
bilitation robotics will progress through the collaboration
among robotic researchers, medical doctors, and patients.

This special issue focuses on the theoretical and techno-
logical challenges of evolutionary transformation from bio-
logical systems to intelligent robots. There were 14 original
research papers that were finally accepted in this special
issue after formal peer reviews. The accepted papers can be
further classified into two related topics including rehabilita-
tion and human assisting systems and bioinspired manipula-
tor system for fine manipulation, surgery, robotics, and
human-robot interaction applications.

Among the rehabilitation and human assisting systems,
a big focus was on the lower limb and upper limb applica-
tions. H. Woo et al. investigated how climbing assistance
by a robotic exoskeleton affects energy consumption.
Despite lack of individual optimization, assistive joint torque
applied to the hip and knee joints reduced metabolic cost
and cardiovascular burden of stair climbing in healthy
young males. The prediction of sensor data can help the exo-
skeleton control system to get the human motion intention
and target position in advance, so as to reduce the human-

machine interaction force. S. Zha et al. designed a human
motion capture system to acquire human walking joint data
and proposed a method for optimizing parameters of
Takens’ nonlinear prediction algorithm. Compared with
the original Takens prediction algorithm, the prediction
angle obtained by the improved prediction PSO-Takens
algorithm was more closely related to the actual motion
angle data of the human body, with a smaller error rate
and smooth features. Robotic exoskeletons (RE) for motor
rehabilitation can provide the user with consistent, symmet-
rical, goal-directed repetition of movement, and balance and
stability. K. K. Karunakaran et al. evaluated the therapeutic
effect of RE training on the loading/unloading and spatial
temporal characteristics in adolescents and young adults
with chronic ABI. Results showed improved step length,
speed, and an overall progression towards healthy bilateral
loading, with linearity of loading showing a significant ther-
apeutic effect (p < 0:05). These results suggested that high
dose, repetitive, consistent gait training using RE has the
potential to induce recovery of function in adolescents and
young adults diagnosed with ABI. K. Park et al. imple-
mented the optimal design of a motorized prosthetic leg
and evaluation of its performance for stair walking. Devel-
oped prosthetic leg includes two degrees of freedom on the
knee and ankle joint designed using a virtual product devel-
opment process for better stair walking. The DC motor sys-
tem was introduced to imitate gait motion in the knee joint,
and a spring system was applied at the ankle joint to create
torque and flexion angle. The motorized prosthetic leg was
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optimally designed while maintaining structural safety
under boundary conditions based on the human walking
data, and its knee motions were synchronized with normal
human gait via a PD controller. The results from this study
might help amputees in their rehabilitation process and be
applied to the area of biped robots that try to mimic human
motion. The upper limb rehabilitation robots can be devel-
oped as an efficient tool for motor function assessments.
Circle drawing has been used as a specific task for robot-
based motor function measurement. C. Wang et al. used
the robot-assisted and constrained circle drawing move-
ments for upper limb to increase the consistency of muscle
synergy features. In upper limb rehabilitation training by
exploiting robotic devices, the qualitative or quantitative
assessment of human active effort is conducive to altering
the robot control parameters to offer the patients appropri-
ate assistance, which is considered an effective rehabilitation
strategy termed as assist-as-needed. Accordingly, a shoulder
passive torque prediction method based on a backpropaga-
tion neural network (BPANN) was proposed to expand the
shoulder passive torque-angle relationship by S. Li et al.
Experiments were carried out to measure the kinematics
and torques on the shoulder joint of 3 healthy subjects,
and the measurement data was used as training set and test-
ing set of a three-layer BPANN to test the prediction effect.
Surface electromyography- (sEMG-) based hand grasp force
estimation plays an important role with a promising accu-
racy in a laboratory environment, yet hardly clinically appli-
cable because of physiological changes and other factors. J.
Wang et al. proposed an easy-to-implement method to
quantitatively estimate muscle fatigue and evaluated the
effect of muscle fatigue on hand grasp force estimation.
The experiment results demonstrated that the incorporation
of muscle fatigue metrics explicitly in the grasp force estima-
tion had a substantial impact on the performance.

Biology systems have showed good references and inspi-
ration for engineers to develop new manipulation, robot sys-
tem, and sensing systems. X. Ma et al. proposed a new
catheter operating system of the surgical robot and designed
a new mechanical structure of force feedback to measure the
near-end force during the operation. A new controller, BP
neural network PID controller, was designed by X. Ma
et al., which could improve the axial and rotary motion
accuracy of the system in remote operation. Simulation
results show that the proposed BP neural network PID con-
troller has good dynamic response quality. In addition, the
robot of neurointerventional surgical has been continuously
investigated and improved though 10 animal experiments.
The robot system can realize the cooperative operation of
the guidewire, and the catheter and has a force feedback sys-
tem with good accuracy and stability. And various mechan-
ical performance indexes basically meet the needs of vascular
intervention surgery. J. Jiang et al. designed a passive ultra-
sound probe position and posture adjustment mechanism
to assist doctors performing prostate scans and puncture
interventions. In this paper, the forward kinematic analysis
of the mechanism, the simulation of the centering effect,
the development of the physical prototype, and related
experimental research were presented.

Therefore, this special issue presents the most recent
advances in modeling, design, analysis, control, implemen-
tation, and therapeutic testing of the human assistive reha-
bilitation systems, bioinspired prosthesis, manipulators,
surgical robots, and sensing systems. We hope the knowl-
edge and information will be good references and basis for
further development in those fields for human centered
science and technology.
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The upper-limb rehabilitation robots can be developed as an efficient tool for motor function assessments. Circle-drawing has
been used as a specific task for robot-based motor function measurement. The upper-limb movement-related kinematic and
kinetic parameters measured by motion and force sensors embedded in the rehabilitation robots have been widely studied.
However, the muscle synergies characterized by multiple surface electromyographic (sEMG) signals in upper limbs during
human-robot interaction (HRI) with circle-drawing movements are rarely investigated. In this research, the robot-assisted and
constrained circle-drawing movements for upper limb were used to increase the consistency of muscle synergy features. Both
clockwise and counterclockwise circle-drawing tasks were implemented by all healthy subjects using right hands. The sEMG
signals were recorded from six muscles in upper limb, and nonnegative matrix factorization (NMF) analysis was utilized to
obtain muscle synergy information. Both synergy pattern and activation coefficient were calculated to represent the spatial and
temporal features of muscle synergies, respectively. The results obtained from the experimental study confirmed that high
structural similarity of muscle synergies was found among the subjects during HRI with circle-drawing movement by healthy
subjects, which indicates healthy people may share a common underlying muscle control mechanism during constrained
upper-limb circle-drawing movement. This study indicates the muscle synergy analysis during the HRI with constrained circle-
drawing movement could be considered as a task for upper-limb motor function assessment.

1. Introduction

The upper-limb rehabilitation robots can provide continu-
ously haptic assistance or resistance to stroke patients with
motor impairments in order to help them restore the motor
function of upper limbs [1]. Since it was early developed in
the 1990s [2], the upper-limb rehabilitation robot has been
gradually recognized as an effective medical device which
could assist some stroke patients to restore or improve their
motor functions of upper limbs [3]. Besides training, rehabil-
itation robots have a potential to be considered as an objec-
tive rehabilitation assessment tool due to a plenty of sensors

could be integrated into robotic systems and motor functions
(i.e., range of motion, force, velocity, and muscle tone and
strength) of upper limbs could be quantitatively detected
and analyzed [4, 5]. Those assessment results can be obtained
after training and provided to physicians locally or remotely
in order to optimize the rehabilitation therapy. Moreover,
some assessment results are also analyzed during the training
process and provided to patients in order to visualize the
rehabilitation progresses and enhance their training
motivation.

Circle-drawing is one of typical human-robot interaction
(HRI) tasks which are widely applied to quantitatively
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evaluate upper-limb motor function by using rehabilitation
robots [5]. The ability to accurately implement this move-
ment task is related to coordination of both elbow and
shoulder joints. Therefore, circle-drawing-related kinematic
(i.e., roundness, area, averaged speed, and jerk) and kinetic
(HRI force) parameters measured by motion and force sen-
sors embedded in the rehabilitation robots have been widely
studied as the potential assessment metrics for upper-limb
motor functions [4, 6, 7]. However, the muscle synergies
characterized by multiple surface electromyographic
(sEMG) signals in upper limbs during HRI with circle-
drawing movements are rarely investigated.

Tropea et al. compared the muscle synergies of upper
limbs in stroke patients and healthy subjects and observed
that the difference can reflect the functional deficit induced
by the neural damages [8]. Scano et al. clustered the muscle
synergies of stroke patients into five groups and found a
deep characterization and relationship with clinical assess-
ment methods [9]. The previous studies strongly suggested
that muscle synergy analysis may be a potentially promising
method for assessing motor function stroke patients. How-
ever, it remains unclear whether the consistency of normal
or abnormal muscle synergy patterns in upper limbs for
stroke patients is good enough for rehabilitation assess-
ments. The main challenge is the multiple degree-of-
freedom and redundancy for upper-limb movements, which
may cause a large variation of muscular activation patterns.

Hence, in this study, the end-effector upper-limb reha-
bilitation robot (EULRR) which was developed in the lab

was used as a tool to assist and confine the circle-drawing
movements and measure the outcome of HRI tasks. The
robot-assisted and constrained circle-drawing tasks for
upper-limbs movement were used to increase the consis-
tency of muscle synergy features. Both clockwise and coun-
terclockwise circle-drawing tasks were implemented by all
healthy subjects using right hands. The sEMG signals were
recorded from six muscles in upper limb, and nonnegative
matrix factorization (NMF) analysis was utilized to obtain
muscle synergy information. Both synergy pattern and acti-
vation coefficient were calculated to represent the spatial and
temporal features of muscle synergies, respectively. Recon-
structed sEMG data were compared with the raw data in
order to verify the effectiveness of NMF algorithm. The mus-
cle synergy features of upper limb in HRI with two direc-
tions of circle-drawing movements were analyzed, and the
consistency of muscular activation patterns was discussed.

2. Methods

2.1. Participants. Twelve healthy adults (10 males and 2
females and with average ages of 25 ± 1 years old) and two
stroke patients (2 females, 67 and 39 years old, Brunnstrom
stages III and IV) were involved in this study, who are all
right-hand dominant, with no known neurological diseases,
no muscular or skeletal impairments history of the upper
limbs and the trunks, and no functional abnormalities.
Before starting the experimentations, all the subjects signed
an informed consent. The study was approved by the

(a)

180°

Clockwise

X

Y

Counterclockwise

Rocker
O

R = 10

Start/End point0°360°

(b)

Figure 1: Setup and experimental design. Participants were asked to keep their upper body stable, and their forearm was tied to the joystick
of EULRR. (a) Participants sit on the left side of EULRR to implement circle-drawing movement by using their right hands; (b) the
illustration of clockwise and counterclockwise circle-drawing movements with constraint of EULRR system.
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Ningbo Institute of Materials Technology & Engineering,
Chinese Academy of Sciences. Informed consent was
acquired from each subject.

2.2. EULRR System and sEMG Acquisition Device. The
EULRR system mainly consists of motor, belt, reducer,
frame, rocker, sensor, and a tray with a grip in space coordi-
nates. The system has 5DOF in total: the rocker moves along
the three axes; the rotation DOF of tray turns around Z-axis
and Y-axis. The movement of X/Y direction is transmitted
to the reducer by the X/Y shaft motor through the belt pul-
ley and then transmitted to the frame by the reducer. The
movement of Z direction is transmitted by the Z shaft motor
through the pulley to the inside of the screw [10]. A 6-axis
force/torque sensor is attached between the tray and the
end of rocker to measure the force/torque exerted by the
subjects. sEMG signal acquisition equipment uses TRIGNO
wireless sEMG system (Delsys Inc., Massachusetts, USA)
which has 16 4-channel sEMG and acceleration acquisition
sensor, wireless transmission range is up to 20m, sensor
delay is less than 500μs (less than a sampling period), sEMG
signal sampling rate is about 2000Hz, baseline noise is less
than 750nV, it has 16-bit signal resolution, and sensor elec-
trode is Ag-AgCl electrode with high conduction efficiency.

2.3. Upper-Limb Circle-Drawing Movement Tasks. After the
sEMG electrode placement, the participants were asked to
sit on the left side of the EULRR system and carried out all
the tasks by using their right hands in the horizontal plane,
as shown in Figure 1. In order to avoid unnecessary muscle
compensation, they were informed to keep trunk steady and
only use the upper limbs to complete the full circle-drawing
movement by moving the joystick of EULRR, which con-
strained the circle radius of 10 cm. All subjects were
instructed to carry out a series of trials (10 times per task).
Subjects were asked to perform ten counterclockwise and
clockwise circle-drawing movements from the start point
arranged along the circular trajectory in a horizontal plane

by holding a handle of joystick with a self-comfortable speed
in different directions. Before starting the experiment, sub-
jects performed a simple learning process under the guid-
ance of instructors in order to complete the tasks smoothly.

2.4. sEMG Data Acquisition. During the circle-drawing
tasks, the sEMG signals were recorded from six upper-limb
muscles including anterior deltoid (AD), posterior deltoid
(PD), biceps brachii (BB), triceps brachii (TB), flexor carpi
radialis (FCR), and extensor carpi radialis (ECR). Electrodes
were placed in accordance with the guidelines of sEMG for
noninvasive assessment of muscles (SENIAM) [11]. Each
recorded site was cleaned with alcohol and scrub cream
before placing the electrodes. All the data were collected at
the sampling rate of 2000Hz.

2.5. Muscle Synergy Analysis. The collected sEMG signals
were preprocessed according to the following steps before
extracting muscle synergies: band-pass-filtering (20-
400Hz), subtracting signal mean values to remove direct
current offsets, then rectified, and enveloped. Each row of
the preprocessed sEMG matrix (Vm×t , where m is the num-
ber of muscles and t is the recorded time) [12] was normal-
ized with respect to its submaximal [13] and sampled into
1000 points. Because we rectified the EMG data, all compo-
nents of the synergy are nonnegative is reasonable. NMF
algorithm [12, 14] was chosen here to extract synergy pat-
tern matrix Wm×r and activation coefficient matrix Hr×n.
So the synergy decomposition as the equation Vm×n =
Wm×r ×Hr×n. A vector of Wm×r represents the relative
weighting of muscles in each module, and the coefficient
Hr×n represents the neural command that specifies how
much each synergy will contribute to a total muscular activ-
ity pattern [15]. During the extraction, the number of syn-
ergy vector (r) was increased successively from one to six,
and for each iteration of r, the NMF was repeated 20 times,
and the repetition with the lowest residuals of reconstruction
was selected.

Preprocessing

Filter

Remove mean
value 

Rectify

Envelope

Experiment devices
Envelope matrix

Normalized

VAF

Synergy number r

Active clockwise

Active
counterclockwise 

Comparison

Synergy 
structure

Recruitment
pattern

Data collection Muscle synergy
extracting

Synergy
analysis

Circle-drawing with
robot-assisted

Healthy subject

Extracting sEMG features

Extracting muscle synergies

V
m×n

 = W
m×r

 × H
r×n

W
m×r

H
r×n

V
m×n

Figure 2: The illustration of sEMG data preprocessing and muscle synergy analysis.
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Various methods have been used to determine the
appropriate number of muscle synergies underlying a given
dataset [16, 17]. The criterion of variance account for
(VAF) [18–20] was adopted here in the following equation:

VAF = 1 −
∑i,j V −Vrð Þ2ij

∑i,jVij
2 , ð1Þ

in which Vr is the reconstructed EMG matrix and the V is
the initial EMG matrix. The number of synergy vectors (N
) that sufficiently recaptured the original EMGs was then
defined as the minimum number (r) when VAF exceeded
90% in more than half of the subjects in both groups. We
checked the goodness of reconstruction of global and indi-
vidual muscle’s EMG at N synergy components, which is
sensitive to both shape and amplitude of the signals [21].

In summary, the muscle synergy features were analyzed
in different movement directions of circle-drawing during

human-robot interaction in healthy and stroke subjects. This
study mainly includes sEMG data collection during circle-
drawing movement with the EULRR assisted, sEMG data
preprocessing, and muscle synergy extraction and analysis.
The first two parts can be used to obtain the processed
sEMG signals. The muscle synergy features can be obtained
by analyzing those processed sEMG data. The procedure of
sEMG data preprocessing and muscle synergy analysis is
shown in Figure 2.

3. Results

3.1. sEMG Results during Circle-Drawing Movement. The
mean and normalized sEMG signal envelopes of 10 times
of counterclockwise and circle-drawing movements are
shown in Figure 3. The sEMG features in the process of
HRI with circle-drawing movements were analyzed. The
sEMG result for the counterclockwise circle-drawing move-
ments is shown in Figure 3(a). Firstly, the BB and TB were
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Figure 3: The typical sEMG results of six muscles in upper limb during the HRI with circle-drawing movements. (a) The sEMG results for
counterclockwise circle-drawing movements; (b) the sEMG results for clockwise movements.
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activated in pairs and showed a negative correlation, which
might indicate that TB contraction (relaxation) and BB
relaxation (contraction) happened simultaneously and BB
was activated slightly earlier at temporal domain. Secondly,
the AD and PD were activated in pairs and showed a nega-
tive correlation. PD was activated slightly earlier at temporal
domain. The sEMG result for the clockwise circle-drawing
movements is shown in Figure 3(b). Firstly, the BB and TB
were activated in pairs and showed a negative correlation.
TB was activated slightly earlier at temporal domain. Sec-
ondly, the AD and PD were activated in pairs and showed
a negative correlation. AD was activated slightly earlier at
temporal domain.

3.2. The Results of Muscle Synergy Analysis. In the current
study, we used VAF > 90% as the threshold to determine
the number of muscle synergies. The mean VAF of all
healthy subjects’ 10 times circle-drawing movement demon-
strated three muscle synergies can be appropriate for the
sEMG data analysis. In Figure 4, the black solid curves rep-
resent the raw sEMG data, and the blue dotted line repre-
sents the reconstructed sEMG data. It can be seen that

three types of muscle synergies were sufficient to reconstruct
the original sEMG signal. According to the analysis on two
stroke patients’ data, two muscle synergies can be extracted
from the raw sEMG data.

We used the model of time-invariant synergies to extract
the muscle synergies [22]. A typical muscle synergy analysis
result of counterclockwise circle-drawing movement tasks
by healthy subjects is shown in Figure 5. The W represents
synergy patterns, and H represents activation coefficients,
and targeted muscle numbers 1-6 represent AD, PD, BB,
TB, FCR, and ECR, respectively. The results demonstrated
that the first synergy pattern mainly includes AD, and the
corresponding activation coefficients were mainly activated
at the ending of movements for all subjects. The second syn-
ergy pattern mainly includes BB, FCR, and ECR; meanwhile,
the corresponding activation coefficients were mainly acti-
vated at the beginning of movements. The third synergy pat-
tern mainly includes PD and TB; meanwhile, the
corresponding activation coefficients were mainly activated
at the middle process of movements.

Figure 6 shows a typical muscle synergy analysis result
for clockwise circle-drawing movements conducted by the
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healthy subjects. The results indicated the first synergy pat-
tern includes AD, and the corresponding activation coeffi-
cients were mainly activated at the ending of movements.
The second synergy pattern mainly includes BB, FCR, and
ECR; meanwhile, the corresponding activation coefficients
were mainly activated at the middle process of movements.
The third synergy pattern includes PD and TB; meanwhile,
the activation coefficients were mainly activated at the begin-
ning of movements.

Figure 7 shows a typical muscle synergy analysis result
for counterclockwise circle-drawing movements imple-
mented by stroke subjects. The first muscle synergy pattern
includes AD, BB, and FCR which are all flexion muscles,
and the corresponding activation coefficients were mainly
activated at the ending of movements. The second muscle
synergy pattern includes PD, TB, and ECR which are all
extensor muscles, and the corresponding activation coeffi-
cients were activated from the beginning to the middle
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Figure 5: The typical results of muscle synergies of upper limbs for healthy subjects during the HRI with counterclockwise circle-drawing
movements. (a) The synergy pattern and activation coefficients for the first synergy; (b) the synergy pattern and activation coefficients for
the second synergy; (c) the synergy pattern and activation coefficients for the third synergy. The structure of synergy represents the synergy
pattern of muscle synergies, and the recruitment mode represents the activation coefficients of muscle synergies.
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processes of movements. Compared to the results for the
healthy subjects, the curve of activation coefficients for
stroke patients has four peaks which might be induced by
impaired muscular function of patients.

Figure 8 shows a typical muscle synergy analysis result
for clockwise circle-drawing movements implemented by
stroke subjects. The first muscle synergy pattern includes
PD, TB, and ECR which are all extensor muscles, and the
corresponding activation coefficients were mainly activated
at the ending of movements. The second muscle synergy
pattern includes BB, TB, FCR, and ECR; meanwhile, the cor-

responding activation coefficients were activated at the
beginning of movements.

4. Discussion

Upper-limb rehabilitation robot could provide high-inten-
sity, repetitive, task-specific, and interactive exercises for
stroke patients. The robot could be effective to achieve the
desired training functions, informing the subject to complete
the task as well as enabling them to reduce unnecessary mus-
cle activation [23]. Besides the training, the rehabilitation
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Figure 6: The typical results of muscle synergies of upper limbs for healthy subjects during the HRI with clockwise circle-drawing
movements. (a) The synergy pattern and activation coefficients for the first synergy; (b) the synergy pattern and activation coefficients
for the second synergy; (c) the synergy pattern and activation coefficients for the third synergy. The structure of synergy represents the
synergy pattern of muscle synergies, and the recruitment mode represents the activation coefficients of muscle synergies.
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robot also can be developed as an efficient assessment tool
for patients’ upper-limb motor functions [24].

The structure of muscle synergy for a specific task may
contain useful information on the residual ability of neuro-
muscular control in the poststroke patients. Stroke patients
often have upper-limb problems due to abnormally high
spasticity of muscles in the shoulder and elbow joints [25,
26]. Circle-drawing movement requires the coordination of
both shoulder and elbow joints with multijoint movements.
This task can be considered as a kind of task-specific, rhyth-
mic, interactive training as well as an objective, reliable
means of monitoring the change progress of patient’s
upper-limb motor function. Regarding the clinical practice,
some kinematic indexes including circle area and roundness
can give useful objective information regarding arm function
of stroke survivors [6]. During robot-assisted rehabilitation
process, it needs to promote the patients’ muscle synergy
to enhance the biomechanical functions of patients’ upper
limbs. Muscle synergy is helpful to increase understanding
of the mechanisms involved in restoration of upper-limb
function poststroke patients.

In this study, the constrained circle-drawing movements
for upper limb were used as a task for motor function assess-
ment. The results obtained from the experimental studies

confirmed that high structural similarity of muscle synergies
was found among the healthy subjects during HRI with
circle-drawing movement, indicating that the healthy people
may share a common underlying muscle control mechanism
during constrained upper-limb circle-drawing movement. It
was found that the muscle activation patterns regarding
counterclockwise and clockwise circle-drawing movements
demonstrated a complementary mode, which indicated that
the activation coefficients of muscle synergies may be
affected by the moving directions.

The results of muscle synergy analysis for stroke patients
demonstrated the number of muscle synergy decreases when
compared with the healthy subjects. The similar phenome-
non was also found by Cheung et al., and this reduction of
synergy number may be due to the neural function changes
after patients’ cortical damage [19]. The activation coeffi-
cients of muscle synergy for stroke patients were also found
to be different when compared with the healthy subjects.
There were more peaks in the activation coefficient curve,
especially during the HRI with counterclockwise circle-
drawing movements. This feature of activation coefficients
might be related to the abnormal motor function of patients’
upper limbs as well as their discontinuity of circle-drawing
movements. This study indicates the muscle synergy analysis
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Figure 7: The typical results of muscle synergies of upper limbs for stroke patients during the HRI with counterclockwise circle-drawing
movements. (a) The synergy pattern and activation coefficients for the first synergy; (b) the synergy pattern and activation coefficients
for the second synergy. The structure of synergy represents the synergy pattern of muscle synergies, and the recruitment mode
represents the activation coefficients of muscle synergies.
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during the HRI with constrained circle-drawing movement
could be considered as a task for upper-limb motor function
assessments.

There are still several limitations in this study. Firstly,
the sEMG signals are normalized to the peak value for a spe-
cific task [27]. However, the maximal isometric voluntary
contraction (MVC) may not represent the real maximal acti-
vating level of muscles during the complex movements [28].
The MVC measurements in patients are usually affected by
their varying degrees of motor deficits. This might bring a
larger intersubject variability [29]. Nevertheless. the sEMG
variations between different tasks and the same task col-
lected at different recovery stages in the same patients could
not be intuitively comparable by this normalization method
[28]. In future study, a proper method of sEMG normaliza-
tion is needed to be considered.

Secondly, the number of extracted muscle synergies has
been proposed to reflect the complexity of motor control
[16]. As mentioned in Methods, we extracted the number
of muscle synergies by using VAF for all participants. A
threshold needs to be set by experience. The thresholds
may be different between healthy subjects and stroke
patients. Therefore, a more objective approach to determine
the number of muscle synergy is needed to be further
developed.

Thirdly, due to the limited clinical resource, the sam-
ple size of stroke patients was only two in this study. The
trend of decrease of muscle synergy number was found
when the stroke patients were compared with healthy
subjects, but there was no statistical evidence due to small
sample size. A larger sample size of stroke patients with
similar disease stage will be considered in the future
study.

Abbreviations

HRI: Human-robot interaction
sEMG: Surface electromyography
NMF: Nonnegative matrix factorization
EULRR: End-effector upper-limb rehabilitation robot
AD: Anterior deltoid
PD: Posterior deltoid
BB: Biceps brachii
TB: Triceps brachii
FCR: Flexor carpi radialis
ECR: Extensor carpi radialis
SENIAM: Surface EMG for noninvasive assessment of

muscles
VAF: Variance account for
MVC: Maximal voluntary contraction.
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Many robotic exoskeletons for lower limb assistance aid walking by reducing energy costs. However, investigations examining stair-
climbing assistance have remained limited, generally evaluating reduced activation of related muscles. This study sought to
investigate how climbing assistance by a robotic exoskeleton affects energy consumption. Ten healthy young participants
wearing a robotic exoskeleton that assists flexion and extension of hip and knee joints walked up nine flights of stairs twice at a
self-selected speed with and without stair-climbing assistance. Metabolic cost was assessed by measuring oxygen consumption,
heart rate, and the time to climb each flight of stairs. Net oxygen cost (NOC) and total heart beats (THB) were used as measures
of metabolic cost, accounting for different climbing speeds. Stair-climbing assistance reduced NOC and THB by 9.3% (P < 0:001
) and 6.9% (P = 0:003), respectively, without affecting climbing speed. Despite lack of individual optimization, assistive joint
torque applied to the hip and knee joints reduced metabolic cost and cardiovascular burden of stair climbing in healthy young
males. These results may be used to improve methods for stair ascent assistance.

1. Introduction

Various robotic exoskeletons for lower limb assistance have
been developed to aid walking, the most common method
of human locomotion. Investigations of walking mechanics
have provided the foundation for the development of such
robots. Kinematics of lower limb joints have been used to
determine the range of motion and the degree of freedom
of robotic joints [1], whereas kinetics have been used to
determine the required robot joint power [2]. Together, kine-
matics and kinetics have provided important insights into the
development of appropriate walking assistance methods.

The benefits of walking assistance provided by robotic
exoskeletons have been evidenced as reduced energy costs.
For instance, ankle exoskeletons utilizing pneumatic muscles
to assist ankle plantar flexion have been shown to reduce the
metabolic cost of walking [3–5]. However, these exoskeletons
were not fully mobile, as they were powered by an external air

pressure source, with the energy cost advantage observed
only on a treadmill at a constant walking speed.

The metabolic cost benefits of the portable autonomous
ankle exoskeleton developed by Mooney et al. [6, 7] were
similarly verified in a controlled environment. Recent studies
demonstrated that walking assistance by a tethered multi-
joint soft exosuit significantly reduced metabolic costs [8,
9]. Furthermore, an autonomous version of the soft exosuit
reduced the metabolic cost of walking together with a carry-
ing load [10, 11]. In a case study of overground walking assis-
tance with two subjects, the autonomous soft exosuit also
reduced the metabolic cost of loaded walking over a 500m
cross-country trail [12].

Although stair climbing is almost as frequent as walking,
the biomechanical characteristics of the two types of motion
are distinct from each other. Relative to walking, stair climb-
ing, characterized by large joint moment and power,
increases joint flexion in the hip, knee, and ankle in the
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sagittal plane. During stair climbing, power generation in the
knee joint is dominant relative to power absorption, and the
total positive network of the joints is larger than that during
walking [13, 14]. Given that stair climbing requires consider-
able joint torque, positive power, and positive network, assis-
tance provided by a wearable robot is expected to reduce the
energetic cost of ascent by providing assistive torque to the
wearer’s joints.

Previous reports have proposed climbing assistance
methods facilitated by robotic exoskeletons. Despite utilizing
different exoskeletons, actuators, sensors, and target users,
several studies have verified, using electromyography, the
effects of stair-climbing assistance on subjects capable of per-
forming voluntary leg motions [15–17]. Yet, to date, the
effects of exoskeleton-mediated climbing assistance on ener-
getic costs have not been considered, with a limited number
of studies analyzing the metabolic effects of assistance for
other related motions. For instance, assistance provided by
a knee exoskeleton during step-up-and-down [18] and squat-
ting [19] exercises has been shown to reduce the heart rate
and the metabolic equivalent of task [20], respectively. Pres-
ently, we sought to investigate the energy consumption effect
of stair-climbing assistance provided by a robotic exoskele-
ton. Specifically, we tested oxygen consumption and heart
rate during a nine-flight stair climb in the absence or pres-
ence of assistance from an autonomous (i.e., fully mobile)
robotic exoskeleton with rigid frames and braces providing
assistive torque to the hip and knee joints.

2. Materials and Methods

2.1. Participants. Nondisabled male subjects (N = 10, age =
28:3 ± 1:7 years, weight = 68:8 ± 5:5 kg, height = 173:8 ±
5:1 cm) participated in this study. None of the subjects have
been diagnosed with musculoskeletal or neurologic disorders
affecting walking or stair climbing. Ethical approval was
granted by the institutional review board and ethics commit-
tee (4-2017-0578).

2.2. Robotic Exoskeleton. The robotic exoskeleton used in this
study (Figure 1) consisted of active hip and knee joints and

passive ankle joints. Active joints were powered by electrical
motors with a gear ratio of 76 : 1, with assistive torque deliv-
ered to the wearer’s joints in the sagittal plane. Active joints
adopted a series elastic actuation mechanism [21, 22],
enabling accurate control of the interaction torque between
robot and human joints. Dynamic ankle-foot orthosis was
used as the passive ankle joint to support the weight of the
exoskeleton and to provide a sufficient degree of freedom in
the wearer’s ankle joint. Foot pressure under the metatarsal
joint and the heel was measured using silicon tubes and air
pressure sensors to estimate the ground reaction force [23].
All algorithms required to operate the exoskeleton, such as
sensor signal processing and the control algorithm, were
implemented using the embedded control board (sbrio
9651, National Instruments, TX, USA) and software (Lab-
VIEW 2015, National Instruments, TX, USA). The embed-
ded control board and battery, enclosed in a backpack,
enabled the exoskeleton to be fully mobile. The total weight
of the robotic exoskeleton was 13 kg.

2.3. Assistance Strategy for a Stair-Climbing Motion. Com-
mon robotic joints are actuated by motors and gear reducers
to amplify output torque to the desired magnitude. However,
such a gear train is associated with large resistive torque. To
remove the resistance and allow the wearer to move freely
without discomfort, the robotic exoskeleton used a zero-
impedance control (ZIC) algorithm [21, 24–26]. As shown
in Figure 2, the ZIC application reduced the interaction tor-
que between robotic and human joints such that it lies under
0.87Nm. Also, it allowed the wearer to move the joint much
faster with reduced resistive force.

Following ZIC-mediated removal of resistance, assistive
torque can be provided via an assist-as-needed strategy [27,
28], which requires the determination of the timing for the
application of the assistive torque. Previous studies [5, 29,
30] have used actuation onset timing, with a predefined assis-
tive force provided at onset timing determined based on the
percentages of a gait cycle. Presently, we employed a similar
strategy for the stair-climbing assistance.

An investigation by Riener et al. of stair-climbing biome-
chanics and motor coordination [13] revealed substantial

Active hip joint

Active knee joint

Signal processing
Control algorithm implementation
Gait phase detection

Control board & battery

Passive ankle joint

Air pressure sensors

1 active DOF (F/E)

3 passive DOF

Ground reaction force estimation
AFO
(Modular Dynamic AFO,
Fillauer, Chattanooga, TN, USA)

2 passive DOF
Rotation angle measurement

1 active DOF (F/E)
Rotation angle measurement

Figure 1: A robotic exoskeleton for lower limb assistance. DOF: degree of freedom; AFO: ankle-foot orthosis; F/E: flexion/extension.
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extension torque of the hip and knee joints during the early
section of the stance phase. Flexion torques are also observed
in both joints during the initial section of the swing phase.
The developed assistive joint torque profile for stair climbing
emulated the joint torques during the early sections of the
stance and swing phases. The assistive torque profile for the
hip and knee joints can be simplified and parameterized as

τo tð Þ =
−0:5 τp cos

π

tp
t − tið Þ

 !
− τp

 !
, if t ∈ ti, ti + 2tp

� �
,

0, otherwise,

8>><
>>:

ð1Þ

where ti, τp, and tp indicate onset time, peak value of the
assistive torque, and time to reach, τp, respectively. When
τoðtÞ = 0, the desired interaction torque is zero, indicating a
zero-impedance mode. Positive and negative values of τp
indicate extension and flexion torque, respectively. To pro-
vide assistive torque during the early section of both phases,
ti can be set as the time when each phase is detected by ana-
lyzing the ground reaction forces [23]. Determination of
onset timing by phase detection, rather than via percentage
of gait cycle assessment, allowed the synchronization of assis-
tive torque with the wearer’s motion regardless of climbing
speed changes. To prevent assistive torque for level-ground
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Figure 2: Reduced mechanical impedance (resistive force) on the knee joint of the robotic exoskeleton after applying ZIC: (a) an arbitrary
motion applied to the joint; (b) a resistive force against motion inputs; (c) a mechanical impedance defined as the magnitude of the ratio
of the resistive force to the joint velocity in the frequency domain.
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walking during the stair climb, the assistance algorithm
assessed the current ground state. The workflow of stair-
climbing assistance is shown in Figure 3.

The τp and tp, not optimized for each subject, were set
empirically using preliminary experiments (Table 1). The
assistive torques defined in the time domain were equally
applied to all subjects after initiation of motion. However,
their application varied in a subject-specific manner based
on stair-climbing speed and stance cycles (Figure 4).

2.4. Experimental Protocol. The subjects were asked to rest for
at least 5min in a sitting position. Subsequently, oxygen con-
sumption and heart rates were measured for 2min in a stand-
ing position using a portable metabolic system (K4b2,
COSMED, Rome, Italy) and a heart rate monitor (TICKR
X, Wahoo, Atlanta, United States), respectively. Following
the establishment of the resting heart rate (±5 beats per
min), the subjects climbed nine flights of stairs (total of 195
steps; 20 steps per level through the 7th floor and 25 steps
per level from the 7th floor to the 10th floor) twice at a self-
selected speed. One trial was carried out without assistance
(i.e., zero-impedance mode), with stair-climbing assistance
applied for the other trial, and the order of trials was random-
ized. Subjects rested for at least 10min between trials. During
climbing, oxygen consumption, heart rate, and time to climb
each level were measured. A practice period was provided to
help subjects adapt to the wearable robot, with a maximum of
two practice periods allowed.

2.5. Data Processing. A custom m-file (MATLAB, Math-
Works, Natick, MA, USA) was used for data processing. Oxy-
gen consumption and heart rate values were smoothed to
eliminate measurement noise and outliers using smooth.m,
with span = 10%, and method = rloess, where span is the
length of the moving window as a percentage of the raw data,
with the rloess method applying a second-order regression to
the raw data from which the outlier is excluded [31]. Net oxy-
gen cost (NOC) was calculated as the difference between the
oxygen consumption rate and the average resting oxygen con-
sumption rate divided by the stair-climbing speed [32]. Total
heart beats (THB) [33] during the climbing session were cal-
culated by numerical integration of the heart rate. The average
climbing speed was calculated by dividing the number of steps
by the climbing time. NOC, THB, and average climbing speed
of the two climbing trials were compared using a paired t-test,
with P values < 0.05 considered statistically significant. The
paired t-test was performed using SPSS ver. 24 (SPSS Inc.,
Chicago, IL, USA).

3. Results and Discussion

3.1. Results. On average, stair-climbing assistance reduced
NOC and THB by 9.3% (P < 0:001) and 6.9% (P = 0:003),
respectively (Figure 5). For all subjects, although the average
speed per level varied during climbing, no significant
between-trial differences were observed (Figure 6).

4. Discussion

4.1. Stair-Climbing Speed. In contrast to previous studies uti-
lizing treadmills, the present experiments were conducted
using nine flights of physical stairs. Despite the lack of a con-
trolled experimental environment with strict regulation of
climbing speed and motion analysis, these results more closely
reflect real-life circumstances. With the ability to self-select
climbing speed, the subjects demonstrated individual and

ZIC
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no no

yes

yes yes

Stair-climbing
assistance

Stance
detected?

Extension assistance
(hip & knee)

Flexion assistance
(hip & knee)

Swing
detected?

On stair?

Figure 3: Workflow schematic of the stair-climbing assistance
provided by the robotic exoskeleton. ZIC: zero-impedance control.

Table 1: Defined assistive torque parameters. τp: peak value of the
assistive torque; tp: time taken to reach the τp.

Joint
Stance phase Swing phase

τp tp τp tp
Hip -27Nm 0.25 s 16Nm 0.2 s

Knee -29Nm 0.25 s 12Nm 0.2 s
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Figure 4: Example of knee extension torque for different stance
times with the same tp (0.25 s). AVG and STD indicate the mean
and standard deviation of the stance time of the subject, respectively.
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within-climb differences in ascent speeds. However, the ZIC
and assist conditions did not result in significant differences
in the average stair-climbing speeds. These results indicated
that, under the conditions tested, stair-climbing assistance
has no effect on climbing speed.

4.2. NOC Reduction. Multiple studies of exoskeleton assis-
tance [3–11], utilizing a treadmill environment to regulate
walking speed, evaluated steady-state values of oxygen con-
sumption and heart rate as indices of metabolic cost. Pres-
ently, we also considered the self-selected climbing speed
for the assessment of metabolic cost. Plasschaert et al. previ-
ously defined NOC as the difference between the average
oxygen consumption rate during walking and that during
resting divided by the average walking speed [32]. Substitut-
ing the average climbing speed (steps/min) into the equation,
we found that the metabolic cost decreased by 9.3% in the
presence of stair-climbing assistance.

4.3. THB Reduction. In a manner similar to NOC, the heart
rate should also be analyzed in a nonsteady state induced
by climbing speed changes. Hood et al. defined the THB
index as the ratio of THB during the exercise period to the
total traveled distance [33]. As the subjects covered the same
climbing distance in the present study, unadjusted THB
values were considered. In addition to serving as an accurate
and convenient estimate of energy expenditure, the heart rate
also directly reflects the cardiac burden of a person. Pres-
ently, THB decreased by 6.9% following robotic exoskeleton
assistance, suggesting that climbing assistance can reduce
cardiovascular burden.

4.4. Methodological Issues and Limitations. The present study
used a trunk-hip-knee-ankle-foot- (THKAF-) type multi-
joint robotic exoskeleton [34]. Exoskeletons of this type have
been used to provide full assistance to paraplegic patients to
move their legs. Using such exoskeletons on nondisabled
wearers requires the exoskeletal joints to have zero imped-
ance, or zero torque [35]. Ankle exoskeletons for walking
assistance have provided energetic cost advantages due to
negligible device weight and minimal interference in joint
function. Multijoint soft exosuits, utilizing special actuation
and power transmission mechanisms, have also considerably
reduced metabolic costs due to limited weight andminimized
resistive force. During stair climbing, the function of the knee
joint (i.e., torque, power, and work) supersedes that of other
joints [14], with most exoskeletons for stair-climbing
assistance previously developed as knee-type devices. Thus,
stair-climbing assistance using a THKAF-type exoskeleton
was expected to be effective for metabolic cost reduction.

Despite its considerable weight, the THKAF-type exo-
skeleton was sufficiently portable to perform experiments
using a physical stair environment. However, our experi-
ments were limited in their ability to obtain data for
biomechanical analyses, including measurements of muscle
activity and of human motion in a three-dimensional space.
Lack of kinematic and kinetic information, as well as of elec-
tromyography data, represents a limitation of this study that
hinders direct comparisons with other works. Despite this

drawback, this study demonstrated, for the first time, reduc-
tion in climbing-associated energy consumption using a
THKAF-type exoskeleton.

Presently, equal assistive torque was provided to all sub-
jects, with parameters (Table 1) empirically determined using
preliminary studies. However, subject-specific assistive tor-
que parameters may maximize the assistance effect for
individual subjects. Recent studies have demonstrated that
optimization of individual assistive force profiles can further
reduce energy consumption [11, 36]. Thus, subject-specific
optimization of the assistive torque provided by the exoskel-
eton tested here may result in improved climbing assistance
effects. However, despite identical assistive torques, the pres-
ent study demonstrated effective stair-climbing assistance for
all subjects.

Multiple studies have compared metabolic costs between
robotic assistance and no-robot or unpowered conditions [5,
8, 9, 36, 37]. However, the use of nondisabled subjects profi-
cient in performing the tested physical tasks unassisted can
mask the effects of assistance. The assistance effect can only
emerge when the assistance overcomes the negative effects
on energy consumption of factors such as exoskeleton
weight, robot-imposed limitations in joint degree of freedom,
and resistive forces of robotic joints [35]. Ding and colleagues
[8, 36] used a tethered actuation system to facilitate assis-
tance without increasing the weight load on the subjects. In
cases where power sources could not be separated from the
robot body, unpowered conditions have been used as con-
trols to identify the assistance effect [5, 37]. However, it is
also necessary to guarantee compliance of the robotic joints
using specific mechanisms or control algorithms. Presently,
as the actuation parts of the exoskeleton could not be
separated from the robot body, ZIC was applied to ensure
compliance of the robotic joints, with the metabolic cost
compared to that under conditions of applied assistance.
Thus, the possibility that the exoskeleton increases metabolic
costs relative to no-robot conditions represents another
limitation of this study. Such limitations, reported in other
studies [3, 4], can be addressed by reducing exoskeleton
weight, improving wearability, and ensuring greater degree
of freedom of leg joints.

5. Conclusions

Stair-climbing assistance provided by an exoskeleton that
assists flexion and extension of hip and knee joints reduced
the metabolic cost and cardiovascular burden in healthy
young males climbing nine floors of stairs.
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Surface electromyography- (sEMG-) based hand grasp force estimation plays an important role with a promising accuracy in a
laboratory environment, yet hardly clinically applicable because of physiological changes and other factors. One of the critical
factors is the muscle fatigue concomitant with daily activities which degrades the accuracy and reliability of force estimation
from sEMG signals. Conventional qualitative measurements of muscle fatigue contribute to an improved force estimation model
with limited progress. This paper proposes an easy-to-implement method to evaluate the muscle fatigue quantitatively and
demonstrates that the proposed metrics can have a substantial impact on improving the performance of hand grasp force
estimation. Specifically, the reduction in the maximal capacity to generate force is used as the metric of muscle fatigue in
combination with a back-propagation neural network (BPNN) is adopted to build a sEMG-hand grasp force estimation model.
Experiments are conducted in the three cases: (1) pooling training data from all muscle fatigue states with time-domain feature
only, (2) employing frequency domain feature for expression of muscle fatigue information based on case 1, and 3)
incorporating the quantitative metric of muscle fatigue value as an additional input for estimation model based on case 1. The
results show that the degree of muscle fatigue and task intensity can be easily distinguished, and the additional input of muscle
fatigue in BPNN greatly improves the performance of hand grasp force estimation, which is reflected by the 6.3797% increase in
R2 (coefficient of determination) value.

1. Introduction

Surface electromyography (sEMG) is the recording of myo-
electric signals of muscle fiber contraction captured by elec-
trodes attached on the surface skin. Due to this electrical
manifestation, sEMG has the ability to represent the muscle
activation level and contains rich information of muscle
force. This ability is widely applied in the accurate estimation
of human joint moment which holds significant importance
for robot control system design. Human hand grasp force
estimation is one of the compelling applications among all
of these implementations. The manipulability and dexterity
of prosthetic hands, human-assisting devices, and telerobots
are facilitated by grasp force estimation. Yamanoi et al. used
sEMG signals to determine hand posture and estimate grip

force simultaneously for a myoelectric hand [1]. Kim et al.
obtained grasp force through upper limb forearm sEMG to
control a teleoperation system in real-time [2]. Peternel
et al. proposed a muscle fatigue-based method for human-
robot collaboration, by which the robot’s physical behaviour
can be adapted online to human motor fatigue [3]. It should
be noticed that the effectiveness and robustness of these
applications are depended on the validation of the sEMG-
based force estimation which is highly affected by the proper-
ties of sEMG signals.

The relationship between sEMG signals and muscle force
is mostly extracted by either machine learning-based method
or model-based method. Machine learning methods, such as
artificial neural network [4] and support vector machines [5],
enable the direct mapping from sEMG signals to desired
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force estimation. The model-based method takes advantage
of the musculoskeletal dynamics and incorporates the
human knowledge of physiology and motor functionality
in an explicit way [6]. The disadvantages of the model-
based method are that a general musculoskeletal system
modeling for force estimation is still missing which is
attributed to the unknown properties, and the correspond-
ing parameters are inherently difficult to identify. Machine
learning-based methods mitigate the gap with a compro-
mised yet acceptable interpretability. Among all the
modalities, sEMG together with classic regression models
has been mostly investigated. Naeem et al. estimated joint
force from EMG signals based on a back-propagation neu-
ral network (BPNN) [7]. Yang et al. compared different
pattern regression methods to optimize the relationship
between sEMG signals and hand grasp force [8]. Zhang
et al. used linear discriminant analysis (LDA) to realize
pattern recognition and artificial neural networks (ANN)
to establish the relationship between sEMG signals and
fingertip force in each hand grasp modes [9].

Most current research is confined within the improve-
ment of accuracy and reliability for sEMG-based grasp force
estimation through a single optimisation of regression algo-
rithms in a laboratory environment instead of a clinical
scenario. And the practical factors in clinical settings such
as fatigue, sweating, and electrode shift are normally ignored
[10]. As one of the most critical factors, muscle fatigue influ-
ences the force estimation to a large extent in sEMG-based
applications [11]. In daily activities, muscle fatigue leads to
failure of force generation to a required value at a normal
muscle activation level [12]. When a muscle becomes
fatigued, the amplitude-related features of its sEMG signals
are notably affected [13]. A typical example is that the root
mean square (RMS) of sEMG increases when muscle fatigue
happens. In grasp force estimation, RMS is the main feature
adopted for EMG-force regression. As a result, the perfor-
mance of the pretrained force prediction model deteriorates,
which is attributed to the unstable RMS representation of
sEMG signals. It has been demonstrated that the variant of
amplitude-based representation of sEMG-like multiscale
RMS (MRMS) gets almost doubled under fatigue condition
in a laboratory environment [14]. It is reasonable to incorpo-
rate muscle fatigue in sEMG-based grasp force estimation
instead of solely depending on the plausible consistency of
sEMG signals.

Frequency domain-based method is mostly explored to
estimate muscle fatigue from sEMG signals by the analysis
of mean frequency (MNF) or median frequency (MDF)
[15]. A general conclusion summarises the decreasing shift
of MNF or MDF along with the increase of muscle fatigue
[15]. Xie et al. applied MNF derived via Hibert-Huang
transform to analyse fatigue sEMG signals [16]. Fernando
et al. used the ratio of MNF to average rectified value
(ARV) as the index of muscle fatigue and muscle fatigue
is detected when MNF/ARV falls below a predetermined
baseline [13]. Despite the promising results shown by the
transition between nonfatigue and fatigue status, the fre-
quency domain metrics exhibit without a determined
trend of shifting during singly-fatigue status [17]. An intu-

itive difficulty brought by this property is seen in the esti-
mation of muscle fatigue using solely frequency metric-
based sEMG signal representation. Thus, a more indicative
metric is desired to function robustly during the lasting
fatigue. The definition of fatigue as any reduction in the
maximal capacity to generate force [12] allows the adop-
tion of the loss of maximal voluntary contraction (MVC)
to estimate muscle fatigue, where the degree of muscle
fatigue is represented by the variant exerted force which
is relatively accurate to be measured by additional tangible
sensors.

Muscle fatigue has to be taken into account in order to
acquire accurate grasp force from sEMG signals. However,
so far nobody has been able to explain the relationship
between muscle fatigue and sEMG’s time-domain features.
Even the conclusions of some studies are completely oppo-
site. In this paper, we propose an algorithm to quantitatively
estimate the degree of muscle fatigue and evaluate the results
by three distinct methods. The substantial effect of muscle
fatigue on the performance of hand grasp force estimation
is preliminarily demonstrated with experiments on 10
healthy subjects. As the muscle fatigue detection and grasp
force estimation are improved, we believe that current
applications such as presented in [1–3] will be benefited from
our proposed method.

2. Forearm Muscle Fatigue Evaluation

Based on the fact that muscle force will decline steadily dur-
ing a sustained maximal contraction as shown in Figure 1, it
is straight to adopt MFL as the index for evaluation of muscle
fatigue. In this section, the definition of the proposed force-
based metric is given with an emphasis on the case of static
contraction for application.

2.1. Maximum Force Loss (MFL). The proposed method to
estimate muscle fatigue depends on the measurement of
maximal voluntary contraction, which is performed by exert-
ing maximum hand grasp force. To acquire reliable contrac-
tion measurement, an easy-to-implement protocol is
designed in this paper. At the beginning of a measurement
session, the maximum force value is exerted by the subjects
and recorded as MVCi. After repetition of predefined types
of static contraction, the force value is recorded for multiple
trials as MVCt. The maximum hand grasp force, as shown
in Figure 2, will decrease over contraction tasks and reflects
the remained muscle force capacity at the end of each trial.
The termination of a session is determined by the failure to
accommodate the exertion of required force which indicates
that the muscle is too fatigued to accomplish contraction
tasks. The required force value is recorded as MVCf. MFL is
finally defined as the following:

MFL =MVCi −MVCt , ð1Þ

whereMVCi andMVCt correspond to the initial and current
MVC force.

To eliminate individual differences, the ratio of the vari-
ant maximum hand grasp force to the initial value is adopted

2 Applied Bionics and Biomechanics



as the index of the degree of forearm muscle fatigue, defined
as

MFL = MVCi −MVCt

MVCi
: ð2Þ

2.2. Case Study of Static Contraction. The definition given in
the previous section indicates the importance of required
force in forearm muscle fatigue estimation. The greater the
required force becomes, the less contraction time to maintain
the required force level lasts and the muscle is easier to fall
into fatigue state. In a case study where subjects perform
static contraction tasks by maintaining the required hand
grasp force level as steadily as possible, it is necessary to

incorporate the influence of required force on muscle fatigue
and MFL can be further redefined as

MFL = MVCi −MVCt

MVCi −MVCf
, ð3Þ

whereMVCf corresponds to the MVC force in the exhausted
condition. The proposed muscle fatigue metric MFL can vary
from 0 to 1 where 0 indicates the nonfatigue condition and 1
indicates the exhausted condition during static contraction
tasks. Equation (3) is adopted together with the assumption
of static contraction to estimate muscle fatigue in the follow-
ing sections.

3. Hand Grasp Force Estimation

In this preliminary study, back-propagation neural network
(BPNN) is adopted to build sEMG based hand grasp force
estimation model.

3.1. Experimental Protocol. Ten subjects (seven males and
three females, mass 61:1 ± 3 kg, height 1:70 ± 0:03m, all
right-handed) have been recruited in the experiment study.
The subjects gave written informed consent before the exper-
iment, and the study was approved by the ethics committee
of Wuhan University of Technology. The experiment is con-
ducted with solely nondominant hands, i.e., the left hands, of
our recruited subjects, where muscles are more prone to
fatigue during the measurement session [18]. The subjects
are asked first to seat in a comfortable position with their
forearm rest on the table. The sleeve with sEMG electrodes
embedded is worn on the subject’s forearm with appropriate
fixation to avoid the electrode shifting. A hand-muscle devel-
oper is held by the subjects’ nondominant hand. A pressure
sensor is attached to the hand-muscle developer for the mea-
surement of grasp force. With the forearm muscle initially at
rest, the captured sEMG with an amplitude at 0 uV is secured
prior to the measurement session. Then, the subject is asked
to hold the hand-muscle developer in the nondominant
hand, with the chair height subsequently adjusted to form
an obtuse angle between the forearm equipped with sensor
and the upper arm (shown in Figure 3). The sEMG signals
are easily interfered by cable movements or the surface elec-
trodes relative movement caused by sleeve slipping ground
the forearm. Thus, the subject is required to maintain his
posture as much as possible throughout the session to reduce
these artefacts.

There are three sessions for one subject to perform:
named 50%, 60%, and 70% session. At the beginning of one
session, the subject is instructed by visual hints to conduct
a 5-second hand grasps at MVC by exerting maximum hand
grasp force with the hand-muscle developer, and the force is
recorded as MVCi. Then, a 10-minute rest is provided. After
the break, the subject is asked to perform a hand grasp with a
muscle contraction at x% MVCi (x = 50, 60, 70, according to
which session is performed) as steadily as possible for 10 sec-
onds. This grasp force is recorded asMVCf. Then, a 5-second
grasp at MVC is performed immediately, without a rest, and
the maximum hand grasp force is recorded as MVCt. After
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that, another loop of 10-second x%MVCi steady contraction
and 5-second MVC contraction is performed and repeated
multiple times continuously, without a break untilMVCt falls
below MVCf. Then, one session is finished and a 30 minutes
rest is given for the purpose of recovering from the muscle
fatigue and preparing for the next session. The subject is pro-
vided with visual hints throughout the experiments to ensure
their adaption to the force variance. The entire experimental
procedure of one session is shown in Figure 4.

3.2. Data Acquisition. In this study, three muscles closely
related to hand grasp are selected to record the sEMG sig-
nals, which are palmaris longus, flexor carpiulnaris, and
extensor digitorum. A 16-channel electrode-embedded
sleeve (ELONXI, UK) is used to cover the aforementioned
forearm muscles to collect the sEMG signals where pal-
maris longus, flexor carpiulnaris, and extensor digitorum
mainly correspond to 1-channel electrode, 3-channel elec-
trode, and 5-channel electrode, respectively, as shown in
Figure 5. The reference electrode is at the subject’s wrist.
Before wearing the electrode sleeve, the skin is cleaned
by alcohol, and a 10-minute-rest is given after the elec-
trode attachment to improve the contact of the electrode
with skin to reduce the resistance within [19]. sEMG sig-
nals are amplified by a factor of 5000 with linear range
20Hz to 500Hz and sampled at 1000Hz. The FingerTPS
system (Pressure Profile Systems, Inc. (PPS), USA), origi-
nally utilised for capturing the tactile force on the finger
pulp, is used to measure the hand grasp force in the
experiment. Since the finger pulp is not the optimum pres-
sure point during hand grasp, a highly sensitive capacitive-
based pressure sensor is fixed to the appointed position on
hand-muscle developer (shown in Figure 3). The sample
frequency is 100Hz controlled by the PC clock. The sEMG

signals and force measurements are captured and synchro-
nized simultaneously during the experiment.

3.3. Data Processing. The relation between sEMG and force
signals is extracted in an offline scheme. Two Sallen-Key fil-
ters are employed to band-pass filter raw sEMG signals at a
bandwidth between 20Hz and 500Hz. In addition, a notch
filter with central cut-off frequency at 50Hz (UK power line
frequency) is used to remove the power line interference.

The sEMG signals of each channel are segmented by the
overlapped windowing technique [20] with a 300ms window
and 100ms window shift for feature extraction. In this study,
RMS and MNF/ARV [21–23] are selected as sEMG features.
Except for sEMG signal processing, the mean value of hand
grasp force data is adopted in each analysis window.

3.4. Force Estimation Methods. BPNN is used to learn the
association between sEMG signals and hand grasp forces.
In order to evaluate the effect of muscle fatigue on hand grasp
force exertion, we propose the following three methods and
compare them with locally acquired experiment data.

Time-domain feature driving machine learning-based
method (TMLM, as shown in Figure 6): train the BPNN with
pooled training data from all muscle fatigue status together.
The inputs of BPNN are three muscles’ sEMG feature RMS,
forming the feature vector

RMSi×n½ �, ð4Þ

where i is the channel and n is the number of window shift.
And the output is the measured hand grasp force. All the data
acquired under three distinct hand grasp force levels are
formed as the training/testing data for the BPNN.

Combined feature driving machine learning-based
method (CMLM, as shown in Figure 7): train the BPNN with

Electrode

Pressure sensor

ELONXI hardware box

Subject’s non-dominant hand

Hand-muscle developer

16-channel electrode-embedded sleeve

Figure 3: Experimental setup.

4 Applied Bionics and Biomechanics



combination of time domain and frequency domain features.
MNF is often employed for the expression of muscle fatigue
information in sEMG-based force estimation. And Japanese
researchers further proposed MNF/ARV, which has achieved
good results in muscle fatigue detection [13]. So, a combined
feature vector is given as

RMSið Þn, MNFi/ARVið Þn
� �

R2 = 1 − ∑N
k=1 Fk − F∧kð Þ2

∑N
k=1 Fk − �Fk

� �2 ,
ð5Þ

where i is the channel and n is the number of window shift.
Fk denotes the actual hand grasp force, F̂k is the predicted
hand grasp force, �Fk is the average of actual hand grasp force,
and N is the number of testing data.

This method is identical with the above method in output
and selection of training/testing data.

Fatigue feature driving machine learning method
(FMLM, as shown in Figure 8): train the BPNN with
estimated muscle fatigue value as an additional attribute.
An additional input of the degree of muscle fatigue estimated
by using (3) in combination with the RMS features is
provided to the BPNN and expressed as

RMSi×n,MFLi×n½ �, ð6Þ

where i is the channel and n is the number of window shift.
The output and selection method of training/testing data
remain the same for all methods, as shown in the following
three figures.

All methods adopt the BPNN architecture for force esti-
mation, whose performance is dependent on the choice of
network structure, training data, and testing data. The net-
work structure is adjusted by setting different number of
nodes from 2 to 20 in the hidden layer with the optimal
results [24] provided by a three-layer BPNN. And a Log-
Sigmoid function is selected as the transfer function in the
network.

S xð Þ = 1
1 + e−x

, ð7Þ

where x is the input and e is the exponential function. More-
over, a four-fold cross validation is adopted to avoid random
classification of training data and test data from affecting the
prediction results, which helps ensure the reliability and
stability of the model.

Start

Y

N

5-second hand
grasp at MVC

Record MVCi

10 minutes
rest

MVCf = X %
MVCi

10-second
hand grasp at

MVCf

5-second hand
grasp at MVC

Record MVCt

MVCt > MVCf

30-minute rest
prepare for the next session

Figure 4: Diagram of the experimental procedure of one session.

Extensor digitorum (back) Palm of non-dominant hand

Flexor carpiulnaris (front) Palmaris longus (front)

Figure 5: Diagram of the experimental procedure.
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Figure 9: Continued.
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In this study, R2 is used to evaluate the estimation perfor-
mance of three methods, which can be expressed as

R2 = 1 − ∑N
i=1 Fi − F∧ið Þ2

∑N
i=1 Fi − �Fi

� �2 : ð8Þ

The R2 can be comprehended as the percentage of the
response variable variation that is explained by a linear
model [25] and ranges from 0 to 1. In general, the higher
the R2, the better the model fits the data.

T-tests were used to verify differences in TMLM, CMLM,
and FMLM between different conditions. Differences among
subjects are not considered in this paper, as muscle-level
dynamic variation is commonly existed. p < 0:05 is consid-
ered statistically significant for all tests.

4. Results and Discussion

In this paper, an algorithm to quantitatively estimate the
degree of muscle fatigue is introduced. And the effect of mus-
cle fatigue on hand grasp force estimation is evaluated by
conducting three distinct comparison methods. The experi-
mental results of one subject are shown in Figure 9. They
are sEMG signals, RMS, and MNF/ARV of three muscles in
different levels of static contraction tasks, actual hand grasp
force, maximum hand grasp force, and MFL of each sample
in different levels of static contraction tasks. These selected
features, seen in Figure 10, can basically reflect the force
and muscle fatigue information.
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Figure 9: Data of static contraction tasks. (a) sEMG signals of three muscles. (b) RMS of three muscles. (c) MNF/ARV of three muscles (d)
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Table 1: Gradient of MFL.

MVCf 50% MVCi 60% MVCi 70% MVCi

Gradient 0.0077 0.0108 0.0532
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4.1. Results of Muscle Fatigue Estimation. The experiments
last for 300 s, 240 s, and 50 s corresponding to 50% MVCi
(250N), 60% MVCi (300N), and 70% MVCi (350Nkg) in
static contraction tasks, respectively. Figure 10 shows the
estimation results of muscle fatigue by the proposed method.
Dot arrays of different colors represent the estimation results
at different force levels. Through linear fitting, it can be
directly seen that MFL grows linearly with the increase of
contraction time, which is in accordance with Vøllestad’s
assumption [12] of muscle fatigue’s variety law during a sus-
tained and steady contraction. In addition, the results show
that the gradient of time-varying MFL varies at different

levels of static contraction. The greater the required force
becomes in static contraction, the faster MFL rises, shown
in Table 1, which implies that the task intensity can also be
distinguished through the proposed metric. The feasibility
of the proposed method is recognized in static contraction
tasks to estimate muscle fatigue quantitatively.

4.2. Results of Hand Grasp Force Estimation. In order to
weaken effect of network structure, initial weights, and bias
values on the estimation performance, the neural network
is retrained ten times at different numbers of nodes (from 2
to 20) in the hidden layer.

Table 2: R2 (mean ± sd) of predictions in TMLM.

Number of nodes 2 3 4 5 6

R2(mean ± sd) 0:6530 ± 0:0314 0:7037 ± 0:0037 0:9093 ± 0:0205 0:6933 ± 0:0083 0:4682 ± 0:0949
Number of nodes 7 8 9 10 11

R2(mean ± sd) 0:8328 ± 0:0095 0:8201 ± 0:0013 0:7978 ± 0:0311 0:7738 ± 0:0183 0:8610 ± 0:0406
Number of nodes 12 13 14 15 16

R2(mean ± sd) 0:8259 ± 0:0007 0:7103 ± 0:0074 0:7561 ± 0:0273 0:6653 ± 0:0170 0:6531 ± 0:0713
Number of nodes 17 18 19 20

R2(mean ± sd) 0:7817 ± 0:0211 0:8261 ± 0:0021 0:8156 ± 0:0076 0:8033 ± 0:0145

Table 3: R2 (mean ± sd) of predictions in CMLM.

Number of nodes 2 3 4 5 6

R2 (mean ± sd) 0:7321 ± 0:0599 0:8357 ± 0:0081 0:7897 ± 0:0276 0:9255 ± 0:0063 0:6594 ± 0:1223
Number of nodes 7 8 9 10 11

R2 (mean ± sd) 0:7623 ± 0:0132 0:6229 ± 0:0818 0:6648 ± 0:0049 0:7149 ± 0:0563 0:7281 ± 0:0218
Number of nodes 12 13 14 15 16

R2 (mean ± sd) 0:7579 ± 0:0357 0:7932 ± 0:0026 0:5954 ± 0:0214 0:4769 ± 0:1373 0:8362 ± 0:0035
Number of nodes 17 18 19 20

R2 (mean ± sd) 0:7074 ± 0:0104 0:6305 ± 0:0201 0:5928 ± 0:0450 0:7207 ± 0:0422

Table 4: R2 (mean ± sd) of predictions in FMLM.

Number of nodes 2 3 4 5 6

R2 (mean ± sd) 0:8158 ± 0:0096 0:8663 ± 0:0220 0:8425 ± 0:0055 0:9193 ± 0:0185 0:8356 ± 0:0149
Number of nodes 7 8 9 10 11

R2 (mean ± sd) 0:8343 ± 0:0205 0:8795 ± 0:0016 0:8746 ± 0:0127 0:9572 ± 0:0030 0:8842 ± 0:0122
Number of nodes 12 13 14 15 16

R2 (mean ± sd) 0:8312 ± 0:0474 0:8652 ± 0:0018 0:8892 ± 0:0017 0:7465 ± 0:1342 0:7358 ± 0:0545
Number of nodes 17 18 19 20

R2 (mean ± sd) 0:8272 ± 0:0143 0:8100 ± 0:0063 0:7836 ± 0:0054 0:8472 ± 0:0010

Table 5: Prediction results of three different methods.

Method TMLM CMLM FMLM

Number of nodes 4 5 10

R2 (mean ± sd) 0:8782 ± 0:0005 0:9065 ± 0:0011 0:9506 ± 0:0009

9Applied Bionics and Biomechanics



In TMLM, we pool training data from all muscle fatigue
states to make the network learn the differences among them
alone. Predictions of BPNN are shown in Table 2. When the
number of node is 4, the mean R2 is 0.9093, which is the
maximum.

In CMLM, we employ MNF/ARV, one feature proposed
by Fernando’s team for the expression of muscle fatigue
information. Predictions of BPNN are shown in Table 3.
We set 5 nodes in the hidden layer, and the mean R2 of pre-
diction results is 0.9255.

In FMLM, we incorporate the quantitative metric of mus-
cle fatigue value as an additional input to explain the effect of
muscle fatigue on hand grasp force estimation. Predictions of

BPNN are shown in Table 4. The network structure of 10
nodes in the hidden layer brings the maximum mean R2.
Its value is 0.9572.

Comparing the best prediction results of three different
methods, as shown in Table 5 and Figure 11, it can be
indicated that the mean R2 obtained in TMLM is 0.9093.
It just passes the baseline of applicability (0.9000), which
implies the estimation performance of the BPNN model
in TMLM is not good enough and predicting model need
to be readjusted. In CMLM, the mean R2 is 0.9255. This
shows that employing MNF/ARV proposed by Fernando
et al. [13] in sEMG-based force estimation under fatigued
conditions is indeed feasible. But it is not an obviously

0 10 20 30 40 50
Prediction samples

24

26

28

30

32

34

36

H
an

d 
gr

as
p 

fo
rc

e (
kg

)

True value (50% MVCi)
True value (60% MVCi)
True value (70% MVCi)

Predicted value (50% MVCi)
Predicted value (60% MVCi)
Predicted value (70% MVCi)

0 10 20 30 40 50
Prediction samples

24

26

28

30

32

34

36

H
an

d 
gr

as
p 

fo
rc

e (
kg

)

0 10 20 30 40 50
Prediction samples

22

24

26

28

30

32

34

36

H
an

d 
gr

as
p 

fo
rc

e (
kg

)

0 10 20 30 40 50
Prediction samples

24
26
28
30
32
34

40

36
38

H
an

d 
gr

as
p 

fo
rc

e (
kg

)

Hand grasp force prediction result comparison
R2 = 0.8818

Hand grasp force prediction result comparison
R2 = 0.90022

Hand grasp force prediction result comparison
R2 = 0.91813

Hand grasp force prediction result comparison
R2 = 0.93697

(a)

True value (50% MVCi)
True value (60% MVCi)
True value (70% MVCi)

Predicted value (50% MVCi)
Predicted value (60% MVCi)
Predicted value (70% MVCi)

0 10 20 30 40 50
Prediction samples

0 10 20 30 40 50
Prediction samples

24

26

28

30

32

34

36

H
an

d 
gr

as
p 

fo
rc

e (
kg

)

0 10 20 30 40 50
Prediction samples

22

24

26

28

30

32

34

36

H
an

d 
gr

as
p 

fo
rc

e (
kg

)

0
22

24

26

28

30

32

34

36

H
an

d 
gr

as
p 

fo
rc

e (
kg

)

22

24

26

28

30

32

34

36

H
an

d 
gr

as
p 

fo
rc

e (
kg

)

10 20 30 40 50
Prediction samples

Hand grasp force prediction result comparison
R2 = 0.91705

Hand grasp force prediction result comparison
R2 = 0.92491

Hand grasp force prediction result comparison
R2 = 0.92531

Hand grasp force prediction result comparison
R2 = 0.9347

(b)

True value (50% MVCi)
True value (60% MVCi)
True value (70% MVCi)

Predicted value (50% MVCi)
Predicted value (60% MVCi)
Predicted value (70% MVCi)

0 10 20 30 40 50
Prediction samples

0 10 20 30 40 50
Prediction samples

24

26

28

30

32

34

36

H
an

d 
gr

as
p 

fo
rc

e (
kg

)

24

26

28

30

32

34

36

H
an

d 
gr

as
p 

fo
rc

e (
kg

)

24

26

28

30

32

34

36

H
an

d 
gr

as
p 

fo
rc

e (
kg

)

0 10 20 30 40 50
Prediction samples

0
22

24

26

28

30

32

34

36

H
an

d 
gr

as
p 

fo
rc

e (
kg

)

10 20 30 40 50
Prediction samples

Hand grasp force prediction result comparison
R2 = 0.95392

Hand grasp force prediction result comparison
R2 = 0.95569

Hand grasp force prediction result comparison
R2 = 0.95711

Hand grasp force prediction result comparison
R2 = 0.96203

(c)

Figure 11: Single four-fold cross-validation results of each method (a) TMLM. (b) CMLM. (c) FMLM.
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effective approach. Compared with the result in TMLM,
R2 increases by 1.7816%.

As the main work of this study, the estimated muscle
fatigue value is used directly as an additional input in FMLM.
The results show mean R2 can reach to 0.9572, which proves
predicting model fits the data very well. It is a great improve-
ment (5.2678%, above 5%, p < 0:05) in estimation perfor-
mance compared with CMLM. It is demonstrated that the
additional attribute is an applicable solution to the effect of
muscle fatigue on sEMG-based hand grasp force estimation.
And MFL proposed in this paper is better than MNF/ARV
(p < 0:05).

For further explanation, the experimental results of all
subjects under different methods are presented as shown in
Table 6. Statistics show that the mean R2 values obtained
under the three methods are 0.8656, 0.8919, and 0.9209.
Adopting MNF/ARV proposed in [12] for measure muscle
fatigue could bring the 3.0383% growth in R2 in hand grasp
force estimation. For comparison, using the MFL proposed
in this paper can increase R2 by 6.3797%.

The experimental results show that FMLM provides the
best estimation performance among the three methods.

5. Conclusion

In this paper, we propose an easy-to-implement method to
quantitatively estimate muscle fatigue and evaluate the effect
of muscle fatigue on hand grasp force estimation. The exper-
iment results demonstrate that the incorporation of muscle
fatigue metrics explicitly in the grasp force estimation has a
substantial impact on the performance. When estimated
muscle fatigue value as an additional input in the machine
learning approach, the estimation accuracy improves to a
large extent in FMLM. Because the neural network is trained
offline and is computationally cheap, the proposed method
can be implemented in the current applications, such as in
[1–3], as a calibration part to improve the effectiveness and
robustness. At the same time, there are still some limitations
in this study. During the experiments mentioned above, the
degree of the subject’s forearm muscle fatigue needs to be
estimated at each moment, which requires to intermittently

measure the subject’s current maximum grasp force. As a
result, the force estimation in this work could only be proc-
essed offline. So the future work is mainly to address how
to estimate muscle fatigue online, that is, how to get MFL
online. In fact, the results of this study have provided some
potential and guiding ideas for the following work. Under
static muscle contraction, the subject’s forearm muscle
fatigue and muscle contraction time are approximately linear
when maintaining a fixed level of hand grasp force. And this
linear coefficient seems to have a nonlinear increasing rela-
tionship with the target hand grasp force level. Therefore, a
nonlinear estimation model of muscle fatigue could be more
appropriated in this case, such as

MFL = a × eb×n%MVC
� �

× t + c, ð9Þ

where n%MVC is the target hand grasp force level. t is mus-
cle contraction time. a, b, and c are model parameters.
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In order to inspect and improve the system performance of the neuro-interventional surgical robot and its effectiveness and safety
in clinical applications, we conducted ten animal experiments using this robotic system. Cerebral angiography was performed on
ten experimental animals, and various mechanical performance indicators, operating time, X-ray radiation dosage to the
experimental animals and the experimenter, and arterial damage in the experimental animals were recorded when the robotic
system completed cerebral angiography. The results show that the robotic system can successfully complete the cerebral
angiography surgery, and the mechanical performance is up to standard. The operating time is almost the same as the
physician’s operating time. And the mean X-ray radiation dosage received by the experimental animals and experimenter was
0.893Gy and 0.0859mSv, respectively. There were no complications associated with damage to the vascular endothelium. The
robotic system can basically complete the relevant assessment indicators, and its system performance, effectiveness, and safety in
clinical applications meet the standards, basically meeting the requirements of clinical applications of neurointerventional surgery.

1. Introduction

Vascular disease is an important cause of human death,
involving all types of arteries in the whole body, but the aorta,
coronary artery, carotid artery, and cerebral artery are the
main sites, so myocardial infarction and cerebral infarction
become the main consequences of this vascular disease. In
recent years, the incidence of cardiovascular and cerebrovas-
cular diseases is increasing, gradually becoming the disease
with the highest incidence, recurrence rate, and mortality
[1, 2]. There are various treatment methods for vascular dis-
eases, mainly divided into medical and surgical treatment.
Among the various treatment methods, minimally invasive
vascular interventional therapy with small trauma, fast
recovery, and good healing has played an increasingly impor-
tant role in the treatment of cardiovascular and cerebrovas-
cular diseases and gradually becomes the best treatment
method.

However, there are still bottlenecks that restrict the
development of endovascular therapy, such as the difficulty

of the operation technique, the risk of surgery caused by the
low stability and precision of manual operation, radiation
injury, the risk of leucopenia and cell carcinogenesis caused
by radiation in the long term [3, 4], the fatigue and chronic
injury of interventionalists caused by heavy protective
equipment [5, 6], the difficulty in the training of vascular
interventionalists, the less primary medical resources, and
low level of vascular interventional practice. The vascular
interventional robotic system can solve these problems very
well. The robotic system can be operated with high preci-
sion and stability. It can isolate X-ray operation and avoid
radiation. Meanwhile, it can be used for training by
surgeons who have no prior experience in interventional
surgery. A variety of robotic endovascular treatment
systems are now available [7–13]. However, these systems
are expensive and complex, with relatively homogeneous
product positioning, and all have their own limitations.

Therefore, in collaboration with Beijing Institute of
Technology, we have developed a master-slave robotic sys-
tem for cardiovascular and cerebrovascular interventional
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surgery with catheter-guidewire cooperative operation [14–
18]. The robot system is divided into two parts: the master
end is located outside the operating room, and the slave
end is set in the operating room. The control signal is
transmitted to the slave end through the doctor’s opera-
tion at the console of the master end, and the operation
is completed by the slave end. There is an accurate force
feedback system on the operating handle of the master
end, so the operator can accurately feel the change of
resistance of the catheter and guidewire from the end,
which increases the sense of presence of operation. The
slave end device is equipped with a catheter controller
and a guidewire controller to enable the catheter and
guidewire to operate in concert and has a haptic feedback
system. The slave end takes the form of multiple platform
connection blocks on the same trajectory, and the plat-
form connection blocks are used to secure a catheter con-
troller or guidewire controller to control the axial
movement of the catheter and guidewire on a single trajec-
tory. Since multiple sliders are used to run on the same
track, each slider runs at the same distance. The accuracy
of catheter pushing and rotation is improved, and damage
to the guidewire surface is reduced; all this makes inter-
ventional procedures or angiography safer and more
maneuverable. Using master-slave operation, it avoids the
need for the physician to operate directly under the X-
ray, solving a number of problems caused by the physi-
cian’s prolonged exposure to radiation. The device can
also be used for simulation and training in vascular inter-
ventional procedures.

The robotic system is capable of performing a variety of
vascular interventional procedures. At present, 10 cases of
performance self-assessment, partial type testing, and animal
testing have been completed. Through the analysis of the
experimental process and results, we have further verified
the feasibility and safety of the robot for clinical application,
and the robot has achieved the same surgical quality as that of
manual operation. This report describes the performance
and safety of the robotic system in animal studies.

2. Materials and Methods

2.1. Materials

2.1.1. Experimental Animals. In this study, 10 Bama minia-
ture pigs aged 3-4 months, weighing 15-20 kg, were provided
by Fulong Tengfei Experimental Animal Base. The breeding
conditions and environment met the requirements of animal
experiments. The miniature experimental pigs were ran-
domly selected from the same type of experimental pigs.

2.1.2. Experimental Equipment

(1) The robot of endovascular treatment is provided by
Beijing Institute of Technology, which mainly
includes a master manipulator and a slave robot arm

(2) Routine surgical equipment and vascular interven-
tional surgical equipment and supplies are provided

by Beijing Tiantan Hospital, which mainly include
the following equipment:

(a) Puncture needles: arterial puncture needles
(TERUMO, Japan)

(b) Arterial sheath: 5 F femoral artery sheath (Cordis
Corporation, USA)

(c) Guidewire: 0.035-inch hydrophilic film guide-
wire (TERUMO, Japan)

(d) Catheter: 5 F single-bend angiographic catheter,
Y-valve (Cordis Corporation, USA)

(e) Microcatheter: Exel-14 microcatheters (Boston,
USA)

(f) Microguidewire: 0.014-inch Transend platinum
microguidewire (Boston, USA)

(g) Laboratory equipment: AXIOM Artis dBA DSA
contrast machine, SIEMENS

(h) X-ray radiation dosimeters

2.1.3. Pharmaceutical Reagents

(1) Sodium pentobarbital injection powder (China Phar-
maceutical Group Chemical Reagent Company)

(2) Heparin sodium injection (Shanghai Pioneer Phar-
maceutical Company)

(3) Injectable thiopental sodium (Shanghai Xinya Phar-
maceutical Co., Ltd.)

(4) Injectable penicillin sodium (Shanghai Pioneer
Pharmaceutical Company)

(5) Gentamicin sulfate injection (Guangdong Otsuka
Pharmaceutical Co., Ltd.)

(6) Sodium lactate ringer injection (Guangdong Otsuka
Pharmaceutical Co., Ltd.)

(7) 5% dextrose injection (Shanghai Baxter Medical
Supplies Co., Ltd.)

(8) Saline injection (Shanghai Baxter Medical Supplies
Co., Ltd.)

(9) Iohexol injection (Shanghai Ansheng Pharmaceuti-
cal Co., Ltd.)

(10) 4% paraformaldehyde fixative solution

(11) Disposable aseptic waterproof transparent plastic
cover

2.2. Methods

2.2.1. Anesthesia. Randomly selected test pigs should be
injected intramuscularly with 3% pentobarbital sodium
injection, 2-3ml at a time for about 20 minutes; the injection
volume and time should be changed according to the
anesthesia condition.
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2.2.2. Fixation. The auricular vein of pigs was selected for
intravenous infusion. The experimental animals were fixed
on the operating table, electrocardiographic monitoring was
performed, and the inguinal area was routinely disinfected
and covered with a sterile sheet.

2.2.3. Observation Indicators. (1) Accuracy, effectiveness, and
stability indicators

(a) Whether the physician’s console is ergonomic and
capable of providing an operating platform that is
consistent with the physician’s habits

(b) The ability of the console to monitor all aspects of
catheter and guidewire operation information, cathe-
ter and guidewire forces, catheter and guidewire
position, and catheter and guidewire contact with
blood vessels

(c) Whether the operating table handle is flexible and
reliable and can provide force sensory feedback to
the operator, making sure the procedure is carried
out based on the catheter force sensing information,
and the catheter force sensing information is used
to determine the status of the procedure

(d) When the gear clamps the guidewire, it has a good fit
and will not damage the coating on the guidewire
surface

(e) The system must maintain synchronous action with
the physician’s operation, while also ensuring that
the catheter advances in a supple manner

(f) The system, when installed on the operating table,
should not interfere with the operation of the equip-
ment around the operating table and has good
operability

(g) Under the X-ray line, the system operates the move-
ment of the guidewire catheter in the blood vessels of
experimental animals, such as forward and backward
movement and rotation and blood vessel superselec-
tion, which can accurately and in real time reflect the
operation of the master end

(h) The system can deliver the catheter to the designated
blood vessel in a precise and timely manner accord-
ing to the doctor’s instructions

(2) Safety index

(a) Ensure that the slave end of the robot is disinfected
before each experiment, and the robot equipment
can operate normally after disinfection. Meanwhile,
the robot is equipped with a disposable sterile trans-
parent plastic cover from the slave end equipment to
ensure that each experimental operation is carried
out under sterile conditions

(b) The risk of complications from endothelial damage
during cerebral angiography with this robotic system
is no more than 5% [19]

(c) Cerebral angiography time using the robotic system
is not greater than the cerebral angiography time of
the neurointerventionalists from different medical
centers [20, 21]

(d) Experimenter and experimental animals were
exposed to radiation doses no higher than 0.1mSv
and 1Gy, respectively [22]

2.2.4. Experimental Procedure. (1) The team from Beijing
Institute of Technology installed the sterilized robotic system
in the catheterization laboratory and fixed the slave end on
the operating table, operating the control platform handle
to test the system for satisfactory performance. The sterilized
robot is equipped with a disposable sterile plastic cover to
ensure the whole experiment process is carried out in a sterile
environment. Figure 1 shows the performance

(2) The sterilized 5 F single-bend angiographic catheter
and 150 cm hydrophilic film guidewire were connected to
the system; operating the control platform handle to control
the guidewire and catheter for forward, backward, and rota-
tional movements, guidewire and catheter movement perfor-
mance is good as shown in Figure 2

(3) The experimental Bama small pig was anesthetized
and fixed on the operating bed with a bandage, and the skin
was prepared at the inguinal region with a diameter of 20 cm.
After the inguinal area of the experimental animals was rou-
tinely disinfected and sterile treatment towels were laid, 5%
lidocaine was applied to the area 3 cm below the groin for
local infiltration anesthesia. The skin was cut open, the fem-
oral artery was separated layer by layer, dissociated for about
1 cm, punctured with a puncture needle, and 5F arterial
sheath was placed (Figure 3)

(4) Adjusting the angle of the robotic system arm so that
it is consistent with the inclined level of the 5 F arterial
sheath, the end of the system catheter running track is
approximately 3 cm from the arterial sheath to ensure that
the catheter does not fold after entering the arterial sheath,
which is located between the arterial sheath and the end of
the track. The catheter was connected to high-pressure hep-
arin saline, and the tip of the catheter was placed approxi-
mately 5 cm into the arterial sheath (Figure 4)

(5) Adjusting the operating table so that the guidewire
and catheter are exposed under the X-ray, the doctor controls
the operation handle at the operating table to keep the posi-
tion of the catheter unchanged. Advancing the guidewire
about 10 cm, the guidewire is seen to have entered the right
iliac artery under the X-ray, rotating the head of the guide-
wire to point to the right. Keeping the relative position of
the guidewire and catheter unchanged, while advancing the
guidewire catheter, the guidewire and catheter enter the aor-
tic arch along the abdominal thoracic aorta. Keeping the
catheter position unchanged, the guidewire superselection
into the right common carotid artery was controlled.
Advancing the catheter along the guidewire, a suitable work-
ing position was selected, the guidewire was withdrawn, and
cerebral angiography was performed, which shows good
angiogram (Figure 5). The procedure is repeated 3 times,
with the control handle repeatedly advancing the catheter
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and guidewire from the femoral artery into the abdominal
aorta and then into the aortic arch and the common carotid
artery. The robotic system can enter the relevant blood
vessels accurately and on time each time to complete the
relevant operation process

(6) The team from Beijing Institute of Technology
removed the hydrophilic film guidewire from the robotic
arm and attached the sterilized microcatheter and microgui-
dewire to the system. Operating control platform handle to
control the guidewire and catheter for forward, backward,
and rotary movements, guidewire and catheter movement
performance is good

(7) The microcatheter and the microguidewire were
inserted into the single-curved angiographic catheter. Oper-
ating the handle of the platform to control the forward, back-
ward, and rotating motion of the microguidewire and
microcatheter in the single-curved angiography catheter
(Figure 6), the motion performance of the microguidewire
and the microcatheter was good after entering the single-
curved angiographic catheter

(8) The microguidewire, microcatheter, and single-
curved angiography catheter were removed, and the experi-
mental animals were sacrificed by bloodletting (Figure 7).
Samples of femoral artery, contralateral femoral artery, and
bilateral common carotid artery at the puncture site were,
respectively, taken for about 1 cm and fixed in 4% parafor-
maldehyde reagent

(9) Removing the robotic systems, operating rooms were
cleaned and disinfected

(10) Paraffin-embedded specimens were cut into 4 to
7μm thick sections, and three sections were made per speci-
men, HE-stained, and observed under an optical microscope

2.2.5. Experimental Data Collection. The following informa-
tion were recorded in detail: name of experimenter, first
assistant, second assistant, instrument nurse, technician and
anesthesiologist, recorder, date of surgery, start time of sur-
gery, end time of surgery, start time of anesthesia, end time
of anesthesia, number of experimental animals, experiment
weight of the animal, number of experiments, experimental
time, time taken to switch guidewire catheters, experimenter
X-ray radiation exposure, and adverse events. Some data on
experimental animals are shown in Table 1.

Figure 1: The manipulator arm of the slave end.

Figure 2: The manipulator arm of the slave end holding the
guidewire.

Figure 3: Prepared experimental Bama small pig.

Figure 4: The joint between the manipulator arm of the slave end
and the femoral artery sheath.

(a) (b)

Figure 5: (a, b) The images of porcine cerebral angiography,
respectively.
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2.2.6. Pathological Section. The following image shows a
pathological section of a more severely damaged arterial wall.
HE staining of the femoral artery at the site of femoral artery
puncture in the first animal experiment shows a whole layer
inflammatory response, endothelial cells, edema, suben-
dothelial tissue, and fibrous hyperplasia. Red blood cells,
lymphocytes, leukocytes, and lamellar fibrillar-like changes
are seen in the arterial wall, suggesting thrombosis (Figure 8).

In the second animal experiment, HE staining of the
artery wall of the right common carotid artery showed
inflammatory proliferation of endothelial cells, infiltration
of lymphocytes, and tissue cell and fibrinoid changes
(Figure 9).

There were no associated complications due to endothe-
lial injury in the ten animal studies, which is less than the risk
odds of complications due to endothelial injury during
human manipulation for cerebral angiography.

3. Results

We have conducted ten animal experiments using this endo-
vascular therapy robotic system, and the robotic system was
able to successfully complete the manipulation of the guide-
wire and catheter into the common carotid artery for cerebral
angiography. We recorded the process and results of each
experiment in detail and evaluated the system performance,
effectiveness, and safety of the robot system in clinical
application. The results are as follows.

(1) The system is capable of accurately and timely realiz-
ing the forward, backward, and rotational motion of a single-
curved angiographic catheter and 150 cm hydrophilic film
guidewire in the vasculature of experimental animals under
master operation. The gear with the microguidewire and
microcatheter can basically complete the forward and rota-

tion motion in the single-curved angiography catheter. The
system can achieve the following indicators:

(a) The maximum distance of catheter pushing is 1.2m.
The accuracy of axial position detection is not less
than 0.1mm, the maximum speed is <5 cm/s, rota-
tion accuracy not less than 5°, maximum speed of
rotation < 180°/s, and switching time less than 3min

(b) The disposable sterile transparent plastic cover
ensures that the operating system of the slave end is
sterile during the experiment. The time of cleaning
and sterilization is less than 1h

(c) The time of switching catheter and guidewire is less
than 3min

(d) DSA equipment will not affect the robot stability

(e) The robot can control the catheter to enter any
branch vessel with an inside diameter of >3mm
and an angle of <90° to the trunk

(2) The slave end system is capable of delivering catheters
into designated vessels in experimental animals in a precise
and timely manner in accordance with physician instructions

(3) The console handle provides force feedback to the
operator, enabling the operation to sense the status of the
catheter, guidewire, microcatheter, and microguidewire.
Then, according to the feedback sensory information,
proceed to the next step

(4) The master end of the robot operating system
basically meets the requirements of ergonomics

(5) Ten animal cerebral angiograms were performed
using this robotic system without complications related to
endothelial damage to the vasculature. The average operation
time of 38.8 minutes is almost the same as the time of cere-
bral angiography operation by the neurointerventionalists
from different medical centers. The average time to switch
the catheter and guidewire was 2.8 minutes. The average
radiation dose of experimental animals and experimenters
was 0.893Gy and 0.0859mSv, respectively

4. Discussions

With the advancement of minimally invasive interventional
equipment and interventional-related technologies, vascular
interventional surgery has developed rapidly. However, the
accuracy and stability of manual operation cannot meet the
requirements of the rapidly developing vascular interven-
tional technology, and interventionalists have long faced
the problem of X-ray radiation and the inconvenience of
wearing heavy protective clothing which have limited the
development of interventional vascular procedures. The vas-
cular intervention robotic system solves these problems well.
There are several interventional vascular robotic systems
available, but they differ greatly in terms of design philosophy
and the real-world problems they solve [23–26]. Therefore,
we designed this master-slave vascular interventional robot
with catheter-guidewire cooperative operation according to
the actual clinical needs. The system improves the accuracy

Figure 6: The robot system controls the microguidewire and
microcatheter movement.

Figure 7: Femoral artery pathology specimens from experimental
animals.
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and stability of vascular interventions and frees the interven-
tionalist from X-ray radiation.

The robotic vascular interventional surgical system has
been repeatedly tested and improved on a human vascular
model prior to animal testing. A number of improvements
and optimizations have been made to the various perfor-
mance indicators. Therefore, we conducted animal experi-

ments to further investigate and improve the robotic
system. The robotic system was investigated in terms of sys-
tem performance, as well as validity and safety for clinical
applications.

The mechanical specifications of the robot are the basis
for all operations, and we must ensure that the mechanical
performance of the robot system is not compromised in dif-
ferent environments. Therefore, we used this robotic system
to repeatedly test the mechanical properties in the vessels of
experimental animals. We ran at least three tests in different
vessels in each animal. In 10 animal experiments, the speed
and precision of the forward, backward, and rotation of the
guidewire and catheter controlled from the slave end were
continuously adjustable. Simultaneously, the catheter and
guidewire can cooperate with each other and be delivered at
the same time, which can precisely and appropriately realize
the movement of single-curved angiography catheter and
hydrophilic film guidewire in the animal’s blood vessels, such
as forward, backward, and rotation. Its feasibility, accuracy,
and stability are up to standard. Compared with manual
operation, its accuracy and stability are better, which meet
the requirements of clinical vascular interventional surgery.

The effectiveness and safety of robotic systems for clinical
applications are mainly focused on the sterile handling of the
system, the integration with the surgical environment, and
the absence of harm to the patient.

In vascular interventional surgery, the catheter needs to
be continuously injected with saline solution to prevent the
blood flow from forming blood clots and causing vascular
embolism complications. Therefore, the slave end needs to
be waterproofed. At the same time, vascular interventional
procedures need to be performed in a sterile environment.
So we add a disposable, sterile, waterproof, and transparent
membrane to the slave end, which can not only isolate the
damage of normal saline to the slave end but also achieve
the effect of sterilizing.

When the slave end is fused with the surgical environ-
ment, the direction of movement of the guidewire and

Table 1: Partial experimental data.

Number
Date of
operation

Animal
body
weight

Time of
operation
takes

Time of switching
the guidewire

catheter

Experimenter X-
ray radiation dose

(mSv)

X-ray radiation levels
in experimental
animals (Gy)

Adverse event

1 2017.06.24 18 kg 45min 4min 0.11 1.1
Sputum interferes with

breathing, give suctioning
treatment

2 2017.07.29 17 kg 40min 3.5min 0.1 1
Sudden cardiac arrest and

resuscitation

3 2017.10.21 15 kg 40min 2.5min 0.085 0.86 None

4 2017.10.21 18 kg 36min 2.5min 0.078 0.83 None

5 2018.06.23 17 kg 37min 2min 0.079 0.91 None

6 2018.07.28 20 kg 35min 2.5min 0.086 0.88 None

7 2018.08.18 19 kg 34min 2min 0.084 0.87 None

8 2018.09.23 18 kg 32min 2min 0.082 0.85 None

9 2018.10.20 19 kg 30min 2min 0.079 0.83 None

10 2018.11.17 18 kg 29min 2min 0.076 0.80 None

Figure 8: Pathological section of the femoral artery in the first
experimental animal.

Figure 9: Pathological section of the right common carotid artery in
the second experimental animal.
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catheter clamped by the slave end is not the same as the
direction of the arterial sheath where the femoral artery is
disposed. Consistently, this problem has always plagued us.
After continuous experiments and improvements, we
designed a special transparent sleeve that can be connected
and fixed to the arterial sheath. At the same time, we added
a robot arm angle-dependent adjustment device to the slave
end so that the angle of the catheter guidewire entering the
arterial sheath is consistent with the angle of the arterial
sheath inclination.

The safety of vascular interventional procedures is
mainly due to the fact that the interventional device does
not cause damage to the vessel wall, which can lead to corre-
sponding complications. After each experiment, the femoral
artery, contralateral femoral artery, and bilateral common
carotid artery specimens at the puncture site were collected
and pathological sections were performed. The damage to
the intima of the artery was observed. In the first animal
experiment, due to the thin femoral artery in the experimen-
tal animals, it was difficult to puncture, and the damage to the
wall of the femoral artery was greater, which belonged to
human factor interference. None of the remaining animal
experiments caused damage to the vascular wall, and none
of them caused relevant complications.

There are still deficiencies in our experiments and robotic
system. First of all, we have only conducted ten animal exper-
iments, and we are still a long way from the application of
robotic systems in the clinic, and we need more animal
experiments, including further clinical trials. Secondly, for
the safety evaluation of this robotic system, we only per-
formed the evaluation of pathological sections of the vessel
wall; there was no long-term observation of the postoperative
situation of experimental animals. Finally, the robot system is
currently in the stage of experimental development which
has not been combined with DSA equipment.

5. Conclusions

The robot of neuro-interventional surgical has been continu-
ously investigated and improved though 10 animal experi-
ments. The robot system can realize the cooperative
operation of the guidewire and the catheter and has a force
feedback system with good accuracy and stability. And vari-
ous mechanical performance indexes basically meet the
needs of vascular intervention surgery. Meanwhile, the steril-
ization effect, integration with the operating environment,
and safety index of the improved robotic system basically
reach the standard.

Data Availability

The data of relevant parameters of the robot system used to
support the findings of this study have not been made avail-
able because the robot system is in the development stage.
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In interventional surgery, the manual operation of the catheter is not accurate. It is necessary to operate the catheter skillfully and
effectively to protect the surgeon from radiation injury. The purpose of this paper is to design a new robot catheter operating
system, which can help surgeons to complete the operation with high mechanical precision. On the basis of the original
mechanical structure—real catheter, the operation information of the main end operator is collected. After the information is
collected, the control algorithm of the system is improved, and the BP neural network is combined with the traditional PID
controller to adjust the PID control parameters more effectively and intelligently so that the motor can reflect the output of the
controller better and faster. The feasibility and superiority of the BP neural network PID controller are verified by simulation
experiments.

1. Introduction

Vascular interventional surgery can be used not only for pre-
operative diagnosis but also for practical surgical treatment,
which is expected to get more applications in future medical
practice. However, the development of new technology needs
a lot of basic technology support. In addition, because the
operation is carried out in the patient, the real-time status
cannot be directly monitored [1]. Often, a doctor with rich
operation experience is required to insert the catheter manu-
ally. For example, in interventional surgery, the catheter is
inserted through the patient’s blood vessel. In this process,
any small mistake will hurt the patient and cause vascular
damage. According to experience, a mature neurosurgeon
can achieve a surgical accuracy of about 2mm. However,
the contact force between blood vessels and catheters in the
human body cannot be detected. However, if an X-ray cam-
era is used during the operation, the long-term operation will
cause radiation damage to patients. Moreover, although doc-
tors wear protective clothing, it is difficult to protect their

bodies from radiation in the face of X-ray radiation. In order
to overcome these problems, we need a better surgical plan
and supporting equipment to help and train doctors. The
advantages of a robot assistant system are high control preci-
sion and remote control. However, compared with the
human hand, there is no robot-assisted system that can meet
all the technical requirements of vascular interventional
therapy.

In this respect, there are many similar application prod-
ucts and research results on the market. One of the popular
products is called the da Vinci robot catheter pushing system
[2]. The da Vinci system (see Figure 1) provides doctors with
more system stability and greater force support during cath-
eter pushing compared with manual tools and can prevent
unnecessary radiation exposure to doctors during more pre-
cise operations [2].

The Sensei Xi system (see Figure 2) was certified by the
FDA and CE, respectively, in 2007 [3]. The system is used
for cardiovascular interventional surgery. Doctors can con-
trol the remote catheter robot to push the catheter by
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manipulating the force feedback device. The end of the cath-
eter is equipped with a force sensor, which can let doctors feel
the force of the catheter on the blood vessel wall so as to con-
trol the catheter.

The core function of the robot system is the propulsion
and navigation of the catheter, as well as the force feedback
and perception during the propulsion of the catheter. Beijing

University of Aeronautics and Astronautics and Institute of
Automation of the Chinese Academy of Sciences have car-
ried out research on the propulsion mechanism and end
force feedback of the conduit, but no product has been
formed yet [4].

In this study, according to the technical requirements of
vascular interventional surgery, we designed a new robotic

Figure 1: The da Vinci system.

Figure 2: Sensei Xi system.
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conduit control system [5]. Compared with the robot system
mentioned above, our system has a slave consisting of a two-
degrees-of-freedom conduit operation platform and a rotat-
able platform. The slave end is shown in Figure 3, which
can complete the conduit turning and inserting operation.
In addition, a newly developed force feedback measuring
mechanism is developed from the slave end to measure the
near side thrust generated when inserting the catheter and
provide force feedback to the main end. The surgical robot
system has a main end manipulator, as shown in Figure 4,
which is called the surgeon’s console. The console uses a real
catheter instead of the mechanical handle of the previous

generation and uses a force sensor (UNCSR, UNIPULSE,
Japan; ±nonlinearity 1.0%), torque sensor (OPT-563B,
NMB, Japan; ±nonlinearity 0.01%F.S.), DC motor
(AM11HS1008-07, MOONS’, Japan; step angle accuracy ± 5
%), stepping motor (AR Series, Dongfang Electric Machin-
ery, Japan; step angle 0.0036°), and DSP (Texas Ti,
TMS320F28335, America) [6]. The communication deter-
mines the position and rotation angle of the conduit operated
by the slave and provides force feedback to the console oper-
ator [7]. The BP neural network PID control algorithm is
used to improve the accuracy and real-time manual control
operation in the system.

2. Robot Conduit Operating System

The mechanical structure design of the surgical robot system
is divided into two parts: the main end and the slave end. The
surgeon’s console is the main side of the system, and the
catheter operating end is the slave end of the system. The
design is to maintain the same displacement, speed, and rota-
tion angle between the real catheter and the end catheter con-
sole [8]. As a result, surgeons can operate the system
smoothly and easily. DSP is used as the control unit of each
doctor console and catheter console. The doctor console
and catheter console establish an Internet-based communi-
cation, and the schematic diagram of display communication

Figure 3: Slave end manipulator of the robot conduit control system.

Encoder
Catheter

Hollow encoder
Surgeon’s hand

Figure 4: Main end manipulator of the robot conduit control
system.
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is shown in Figure 5. The console at the main end sends the
axial displacement and rotation angle of the operator to the
operating end of the real catheter. At the same time, the oper-
ating end of the conduit sends the force signal back to the
main end console. The serial communication adopts the

communication mechanism of DSP and master-slave con-
nection. The baud rate is set to 19200B/s [9].

2.1. Main End Console. The surgeon’s console is shown in
Figure 6, called the surgeon’s console. The surgeon’s console

Console DSP DSP Catheter
console 

Displacement
rotation

Displacement
rotation

Contact force

RS-232 RS-232

Internet

Contact force

Figure 5: Communication diagram.

Sha� holder Sha� holder

Bearing holder

Rubber washerCoupling
Coupling

Hollow encoder
Encoder

Catheter

Base

Top view

Figure 6: Surgeon’s console.

Movement stage
Torque sensor

Pulley

Grasper 1

Catheter frame
Loadcell

Motor 1

Motor 2

Grasper 2 Catheter

Figure 7: Slave end console.
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is the main end console, and the whole system is operated by
experienced surgeons. The surgeons use the console to per-
form the operation and use the real catheter to collect the
thrust value of the operator and the displacement value and
rotation value of the catheter being pushed. Themovable part
of the operating end of the catheter keeps the same action as
the real catheter of the main end. The real conduit is con-
nected to the sensor through a pulley. A DC motor with an
encoder is used to generate force-torque feedback, and the
motor is fixed on the pulley.

2.2. Slave End Console. Figure 7 shows the slave end console.
This part is next to the patient. The conduit is inserted by
using this device. This part of the mechanical structure con-
tains two degrees of freedom, one is the frame of axial inde-
pendent motion, and the other is the rotating motion frame
[10]. Two clips are installed in this part of the structure.
When the surgeon drives the catheter to move and rotate
along the axial direction through the main end console, the
catheter is clamped by clamp 1, and the catheter maintains
its position. When the conduit is clamped, the conduit driv-
ing part can move freely through clamp 2 and insert the
conduit.

3. Control Algorithm

3.1. BP Neural Network PID Control Algorithm Introduction.
Figure 8 shows a simple model of neuron operation, called
the classic “M-P neuron model” [11]. In this model, neurons
receive input signals from n other neurons connected by
weighting. The total input value received by the neuron will
be the threshold value of the neuron. The comparison is then
processed by an “activation function” to produce the output
of the neuron.

In order to improve the control effect of the traditional
PID controller, many intelligent control algorithms are intro-
duced, which are combined with the traditional PID control-
ler to produce good results [12]. As a classical intelligent
optimization algorithm, the BP algorithm has the advantages
of distributed storage, parallel processing, and self-learning,
which makes up for the shortcomings of the traditional PID
controller. Therefore, BP and traditional PID control are
combined to complement each other and optimize the con-
trol effect. The input and output samples are learned by the
BP algorithm, and the weight value of the network is adjusted
in real time so that the output is optimal. Especially for the
servomotor system, the self-learning of the BP neural net-
work comes from three important parameters of the PID

controller, which can effectively solve the problem that PID
control parameters of the motor are difficult to adjust and
that the whole system control cannot solve.

Figure 9 shows the block diagram of the BP neural net-
work PID controller system. It is an organic combination of
the traditional PID controller and BP neural network. The
detailed analysis of each part is as follows.

3.1.1. BP Neural Network Part. The BP neural network is the
core part of the BP neural network PID system [13]. Its main
function is to adjust the weight coefficient of neurons
through self-learning and adaptive ability of the BP algo-
rithm, then adjust three parameters of the PID controller,
and optimize the performance of the whole control system.
The output signal of the input layer in the BP neural network
corresponds to Kp, K i, and Kd of the traditional PID control-
ler. The parameter output is shown in Figure 10.

3.1.2. Traditional PID Part. The BP neural network is only an
abstract optimization algorithm, and the actual control of the
motor still depends on the traditional PID controller [14].
Therefore, the traditional PID part is an indispensable part
of the BP neural network PID system. The specific control
of the motor still depends on the closed-loop control of the
traditional PID controller, so the speed output of the motor
follows the input.

3.2. Algorithm Simulation. Taking the axial motion of the
vascular intervention robot as an example, the dynamic anal-
ysis is carried out. Its axial movement is driven by Maxon
ec32. The motor pushes the clamp of the whole clamping
conduit to move back and forth, thus driving the conduit to
move together. According to Newton’s second law, the
dynamic model of the axial motion of the intervention robot
is established:

f tð Þ =m€x tð Þ + c _x tð Þ + kx tð Þ, ð1Þ

where f ðtÞ is the motor driving force, xðtÞ is the displacement
of this motion, _xðtÞ is the motion velocity, and €xðtÞ is the
motion acceleration, and formula (1) illustrates the relation-
ship between motor drive force and output displacements.

If x1ðtÞ = xðtÞ and x2ðtÞ = _xðtÞ, then

_x tð Þ = AX tð Þ + Bu tð Þ,
y tð Þ = CX tð Þ,

(
ð2Þ

where XðtÞ = x1ðtÞ
x2ðtÞ

" #
, A =

0 1
−k/m −c/m

" #
, B =

0
1/m

" #
,

and C =
1 0
0 0

" #
.

m is the mass of the overall axial movement of the push
platform, c is the overall damping coefficient of the push plat-
form, and k is the overall elastic coefficient of the push plat-
form. From formula (3), it can be concluded that the
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Figure 8: Artificial neuron model.
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transfer function of the axial movement of the push device is

H sð Þ = m
ms2 + cs + k

: ð3Þ

3.3. Simulation Analysis. Taking the axial motion of the inter-
ventional robot as an example, the step signal y = 1 is used to
simulate the expected axial displacement of the main hand
catheter during the actual operation of the doctor [15]. Take
formula (3), where m = 1 kg, c = 0:05N/ðm/sÞ, and k = 1:5N
/m. After MATLAB simulation, the simulation results shown
in Figure 11 are obtained and the results are in BP for com-
parison control effects.

Figure 11 is the simulation comparison between the BP
neural network PID controller and the traditional PID con-
troller. It can be seen from the results that the overshoot of
the system is 20% under the traditional PID control and
12% under the BP neural network PID control. Compared
with the traditional PID control, the adjustment time and
response speed of the BP neural network PID control are

greatly improved. In the actual operation process, doctors
need to push the intubation process several times to reach
the designated lesion, so reducing the adjustment time is
helpful. It can shorten the operation time and improve oper-
ational efficiency.

4. Experiment

Before the experiment, the specific parameters of the experi-
ment are specified. The axial displacement stroke of the sys-
tem mechanism is set as 300mm, and the axial displacement
verification experiment of the whole system is divided into
two parts: pushing and withdrawing, which ensures that the
axial displacement pushing and withdrawing speed is
30mm/s. This can ensure that the verification experiment is
carried out under the premise of the same push speed and
the same time delay so as to ensure the authenticity and reli-
ability of the results.

First of all, we use the traditional PID controller to per-
form basic experiments during the manual control operation

Learning algorithm

BP neural network

PID controller Motor
y⁎(t) e(t) u(t) y(t)

Kp Ki Kd

Figure 9: BP neural network PID control system.

0.2

0.1K p
K i

K d

0

0

2

1

0

0.14

0.12

0.1
1 2 3 4 5

Time (s)

6 7 8 9 10

0 1 2 3 4 5

Time (s)

6 7 8 9 10

0 1 2 3 4 5

Time (s)

6 7 8 9 10

Figure 10: Intelligent adjustment output of parameters Kp, K i, and Kd.

6 Applied Bionics and Biomechanics



[16]. In this case, performance characteristics can be
obtained by experiments. Then, we continue to use the
designed BP neural network PID controller to improve the
accuracy of manual operation. The experimental results
obtained by the BP neural network PID controller are shown
in Figure 12, and a smooth displacement response without
the overshoot is obtained. These two controller axial dis-
placement errors are shown in Figure 13.

The traditional PID controller has many steady-state
errors, and its synchronous tracking performance is worse
than the BP neural network PID controller. However,
although the performance of the BP neural network PID con-
troller is good, due to the communication delay in manual
operation, it will cause some errors. The input signal of the
system is the pull value of the main end console. The axial
displacement value of the main end console is calculated by
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a mathematical equation, and then these values are converted
into the input signal of the stepping motor by the DSP con-
trol unit.

Figure 12 shows the axial displacement tracking of the BP
neural network PID controller. The new algorithm is suitable
not only to reduce the steady-state error and overshoot of the
system but also to shorten the rise time and improve the
accuracy. Better tracking performance can be achieved. The
experimental results show that compared with the traditional
PID controller, the overshoot of the new controller is signif-
icantly reduced, the axial displacement error is improved,
and the tracking speed and accuracy are also significantly
improved.

Through the error comparison in Figure 13, we can find
that the system under the premise of two different control
systems will produce a large error in about 10 s. This is
because the stroke of the linear guide rail used in the system
is a little small. When the push mechanism is about to reach
the end, there will be a large error due to mechanical friction.
This is an error in the selection process of mechanical equip-
ment, which will be studied in the future. In order to elimi-
nate this effect, a better linear guide will be selected. In
addition, in the whole verification experiment process, the
error of push and withdraw also has a certain difference
because the motion performance will have a certain change
when the motor rotates forward and reverses. In future
research, we have to improve the design of the mobile plat-
form, reduce the system error of mechanical equipment,
and ensure the reliability of the system.

However, for the modeling of the DC motor, we use a
physical method to establish the dynamic model of axial dis-
placement movement, but we need to consider the operation
needs under different working conditions, which requires the
use of a nonlinear method in modeling and system identifica-
tion. Most mechanical systems used in the industry consist of
motion information such as position and speed. These
motion information will show nonlinear behavior in some
work areas. For the system with two degrees of freedom
(rotation and insertion), when the speed and direction of
rotation change, nonlinearity will significantly affect the
operation of the system. Therefore, we should pay attention
to the nonlinear modeling and parameter identification of
system dynamics in the future.

5. Conclusions

In this paper, a new catheter operating system of the surgical
robot is proposed, and a new mechanical structure of force
feedback is designed to measure the near-end force during
the operation. Surgeons can also sense the force feedback of
the system to avoid misoperation [17]. Secondly, the BP neu-
ral network PID controller is designed to improve the motion
accuracy of the axial displacement in the process of teleo-
peration. Compared with the traditional PID control
method, the BP neural network PID controller has better
control quality.

In the manual control process, the maximum error of the
BP neural network PID axial tracking is less than 1.5mm,
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Figure 13: Axial displacement errors of the traditional PID controller and BP neural network PID controller.
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and the average error is only 0.48mm, which basically meets
the experimental requirements. Although there are some
errors in the axial motion due to the time delay of communi-
cation, it can also be used in practical operation. The experi-
mental results show that the BP neural network algorithm is
applicable and easy to understand [18].

In the future research work, we will redesign the dynamic
model of the catheter operating system of the surgical robot
to improve the control accuracy of the system, and through
the introduction of the optical fiber sensor and magnetic sen-
sor to form a new collision force acquisition unit, we can
obtain the accurate information of the internal force (contact
force and friction force) and displacement between the surgi-
cal catheter and the blood vessel [19].

Data Availability

The experiment data used to support the findings of this
study are available from the corresponding authors upon
request.

Conflicts of Interest

The authors declare that they have no conflicts of interest.

Acknowledgments

This work was supported by the Scientific Research Founda-
tion of Tianjin University of Technology and Education
under Grant Nos. KYQD1815 and KYQD1901, the Natural
Science Foundation of Tianjin Educational Committee under
Grant No. 2017KJ112, the National Natural Science Founda-
tion of China (NSFC) under Grant No. 51905378, the Natu-
ral Science Foundation of Tianjin under Grant No.
20JCQNJC00360, the Tianjin Enterprise Science and Tech-
nology Commissioner Project under Grant No.
20YDTPJC00450, and the Tianjin Aerospace Intelligent
Equipment Technology Key Laboratory open fund under
Grant No. TJYHZN2019KT001.

References

[1] L. Fang, “Research on DC motor intelligent control algo-
rithm,” Applied Mechanics and Materials, vol. 462-463,
pp. 775–781, 2013.

[2] W. G. Phillips and T. Thieme, “da Vinci surgical robot,” Pop-
ular Science, 2002.

[3] H. H. Lee, J. C. Na, Y. E. Yoon, K. H. Rha, and W. K. Han,
“Robot-assisted laparoendoscopic single-site upper urinary
tract surgery with da Vinci Xi surgical system: initial experi-
ence,” Investigative and Clinical Urology, vol. 61, no. 3,
pp. 323–329, 2020.

[4] N. Aoide, “Hansen, Sensei,” Sensei robotic catheter system,
2012.

[5] Y. Wang, S. Guo, B. Gao, W. Peng, and G. Li, “Study on
motion following with feedback force disturbance in interven-
tional surgical robot system,” in 2016 IEEE International Con-
ference on Mechatronics and Automation, Harbin, China,
2016.

[6] C. Ji, Z. G. Hou, and X. L. Xie, “An image-based guidewire nav-
igation method for robot-assisted intravascular interventions,”
in 2011 Annual International Conference of the IEEE Engineer-
ing in Medicine and Biology Society, pp. 6680–6685, Boston,
MA, USA, 2011.

[7] X. Ma, S. Guo, and N. Xiao, “Development of a novel robotic
catheter manipulating system with fuzzy PID control,” Inter-
national Conference on Manipulation, 2013.

[8] S. Miyachi, Y. Nagano, T. Hironaka et al., “Novel operation
support robot with sensory-motor feedback system for neu-
roendovascular intervention,” World Neurosurgery, vol. 127,
pp. e617–e623, 2019.

[9] L. L. Buchan, M. S. Black, M. A. Cancilla et al., “Making safe
surgery affordable: design of a surgical drill cover system for
scale,” Journal of Orthopaedic Trauma, vol. 29, Suppl 10,
pp. S29–S32, 2015.

[10] J. Guo, C. Meng, S. Guo, Q. Fu, Q. Zhan, and L. Qi, “Design
and evaluation of a novel slave manipulator for the vascular
interventional robotic system,” in 2019 IEEE International
Conference onMechatronics and Automation (ICMA), Tianjin,
China, China, 2019.

[11] V. Srinivasan, T. Lazaro, P. Cooper et al., “P-014 applications
of a novel microangioscope for neuroendovascular interven-
tion,” in SNIS 16th Annual Meeting, Miami, U.S.A., 2019.

[12] H. J. Cha, B. J. Yi, and J. Y. Won, “An assembly-type master–
slave catheter and guidewire driving system for vascular inter-
vention,” Proceedings of the Institution of Mechanical Engi-
neers, Part H: Journal of Engineering in Medicine, vol. 231,
no. 1, pp. 69–79, 2017.

[13] G. Peng, C. Yang, W. He, and C. L. P. Chen, “Force sensorless
admittance control with neural learning for robots with actua-
tor saturation,” IEEE Transactions on Industrial Electronics,
vol. 67, no. 4, pp. 3138–3148, 2020.

[14] M. A. Tavallaei, D. Gelman, M. K. Lavdas et al., “Design, devel-
opment and evaluation of a compact telerobotic catheter nav-
igation system,” International Journal of Medical Robotics &
Computer Assisted Surgery, vol. 12, no. 3, pp. 442–452, 2016.

[15] X. Ma, S. Guo, N. Xiao, S. Yoshida, and T. Tamiya, “Evaluating
performance of a novel developed robotic catheter manipulat-
ing system,” Journal of Micro-Bio Robotics, vol. 8, no. 3-4,
pp. 133–143, 2013.

[16] D. Liu, G. Shen, S. Qiao, and N. Wu, “A real time multi-angle
adjustable phased high intensity focused ultrasound system,”
Cognitive Systems Research, vol. 52, pp. 610–614, 2018.

[17] L. Zhang, S. Guo, H. Yu et al., “Design and performance eval-
uation of collision protection-based safety operation for a hap-
tic robot-assisted catheter operating system,” Biomedical
Microdevices, vol. 20, no. 2, p. 22, 2018.

[18] L. S. Medina, E. Alvarado, E. Pacheco et al., “Minimally inva-
sive MR imaging-guided stereotactic laser thermal ablation in
neurosurgical cases of pediatric lesional epilepsy: a didactic
step-by-step practical approach,” Neurographics, vol. 6, no. 6,
pp. 390–399, 2016.

[19] R. Kumar, B. D. Hoffman, G. M. Prisco et al.,Multi-user med-
ical robotic system for collaboration or training in minimally
invasive surgical procedures, 2016.

9Applied Bionics and Biomechanics



Research Article
Exoskeleton Follow-Up Control Based on Parameter
Optimization of Predictive Algorithm

Shijia Zha ,1 Tianyi Li ,1 Lidan Cheng ,1 Jihua Gu,1 Wei Wei ,1 Xichuan Lin,2

and Shaofei Gu 3

1College of Optoelectronics Science and Engineering, Soochow University, Suzhou Jiangsu Province, 215000, China
2Micro-Nano Automation Institute, Jiangsu Industrial Technology Research Institute, Suzhou, Jiangsu Province 215131, China
3Shanghai Huangpu District Fire Rescue Detachment, Shanghai 200001, China

Correspondence should be addressed to Wei Wei; weiwei0728@suda.edu.cn

Received 28 May 2020; Revised 15 October 2020; Accepted 8 January 2021; Published 21 January 2021

Academic Editor: Jose Merodio

Copyright © 2021 Shijia Zha et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

The prediction of sensor data can help the exoskeleton control system to get the human motion intention and target position in
advance, so as to reduce the human-machine interaction force. In this paper, an improved method for the prediction algorithm
of exoskeleton sensor data is proposed. Through an algorithm simulation test and two-link simulation experiment, the
algorithm improves the prediction accuracy by 14.23± 0.5%, and the sensor data is smooth. Input the predicted signal into the
two-link model, and use the calculated torque method to verify the prediction accuracy data and smoothness. The simulation
results showed that the algorithm can predict the joint angle of the human body and can be used for the follow-up control of
the swinging legs of the exoskeleton.

1. Introduction

The exoskeleton is a wearable device that combines human
intelligence and mechanical power, widely appearing in the
fields of assistance, rehabilitation training, and disability
assistance. In recent years, with the continuous development
of drive technology and sensor technology, more and more
exoskeletons have appeared in the market [1]. Exoskeletons
are often designed to perform specific functions such as walk-
ing, weight-bearing, lumbar support, and spinal support. In
order to assist the specific movements of the human body,
a very critical point for the exoskeleton is to realize the recog-
nition of the human motion intention.

1.1. Introduction to Exoskeleton Classification. There are
many ways to classify active exoskeletons. One classification
way is based on the methods of the exoskeleton acquiring
the intention of human motion, which can be roughly
divided into four categories: The first is preprogrammed.
The gait of the exoskeleton system is designed, so the wearer
can only intervene in limited ways with devices such as but-

tons or HMI (Human Machine Interface). However, only
relying on some external devices to obtain the motion inten-
tion of the human body limits the use scope of the exoskele-
ton, which makes this kind of exoskeleton often appear in the
rehabilitation and correction equipment with fixed gait [2].
The second is the use of EEG (electroencephalogram) signals
to identify the intention of human movement. Such systems
are susceptible to interference from the external environment
and are not suitable for the wearer to perform multibrain
tasks [3]. The third method uses the surface EMG (electro-
myography) signals of the human body to capture the move-
ment intention of the human body. Obtaining surface EMG
signals is usually done by attaching electrodes on the skin
of the human body, which is also vulnerable to the environ-
ment. Sweat on the surface of the skin often affects the accu-
racy of the signals [4], and long-term wear is easy to cause the
surface electrode to fall off; some teams have developed exo-
skeletons (e.g., HAL) that recognize the body’s intentions
based on electromyographic signals. The fourth way is to col-
lect human body motion mechanics information to identify
human body motion intentions. Such systems have installed
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a large number of kinematics and dynamics sensing devices
on the exoskeleton and human body to obtain the interaction
information of the human body and the motion intention of
the human body. Many lower limb exoskeletons, such as
WEAR [5], MEBOTX-EXO [6], and HUALEX [7], use kine-
matic information to capture the human body’s intention
and kinetic information to control the motion of the exoskel-
eton. This type of exoskeleton has the characteristics of easy
to put on and take off, and the system sensor signal is stable,
which makes it become the main research direction of exo-
skeleton. However, the kinematic sensor requires the human
body to drive the exoskeleton movement, inevitably causing
the delay of motion intention perception and control.

Since the exoskeleton involved in this paper is the fourth
method to obtain the human movement intention and the
sensor data is collected by the sensor network, it takes some
time until the control signal is generated. The actuators (typ-
ically motors or hydraulic) cause time delay, too [8]. Mean-
while, the motion signal of the human body is behind the
motion intention of the human body. Therefore, it is neces-
sary to solve the time delay in the fourth exoskeleton system.

1.2. Introduction to Prediction Algorithm. In the exoskeleton
control strategies, only relying on the sensor data detected by
the sensors of the system and giving the exoskeleton drive
structure motion instruction will cause the exoskeleton and
the human body a position deviation. The position deviation
is the main source of human-machine interaction. An appro-
priate prediction algorithm needs to be added to help the
control strategies judge the wearer’s motion intention and
the possible motion position at the next moment according
to the current and historical motion sensing data, so as to
give the system appropriate control commands. Due to the
significant difference in the delay between the exoskeleton
and the wearer due to different wearing methods and the
tightness of the binding, some prediction methods can only
predict the one step size, such as Kalman prediction [9], need
to continuously iterate the Kalman gain coefficient according
to the measured value, and cannot deal with the longer step
size prediction. Similar problems also exist in the prediction
methods based on the ARMAmodel, such as LMS linear pre-
diction [10] and RLS linear prediction [11, 12]. When the
prediction step size becomes longer, the accuracy of the pre-
diction will decrease significantly [13]. Moreover, LMS linear
prediction and RLS linear prediction require more historical
data and a large amount of computation, and the prediction
curve is not smooth, which makes it difficult to implement
such prediction algorithm in an embedded system.

Yang [13] et al. compared the performance of LMS and
Takens prediction algorithms in the prediction of human gait
data. The results showed that Takens is more stable, accurate,
and suitable than LMS, but it did not solve the zero dead time
problem of the prediction algorithm. So, Duan et al. [14] use
the combination of the Takens prediction algorithm and
Newton-based-method to solve the problem of the zero dead
time of the prediction algorithm but did not make progress in
solving the parameter tuning process.

In this work, we have made improvements to the predic-
tion algorithm for exoskeleton, so that the parameters of the

prediction algorithm can be optimally determined. Applying
it to exoskeleton gait prediction can accurately predict the
joint angle of the exoskeleton, making joints motor reach
the aim position in advance.

The reminder of this paper is organized as follows:
In Section 2.1, we introduce the IMU-based pose capture

system. In Section 2.2, we briefly introduce the Takens pre-
diction algorithm. In Section 2.3, we introduce the process
of the PSO-Takens algorithm. Section 2.4 is mainly about
the simulation of the control of the prediction algorithm in
the two-link model.

In Section 3, the experimental results are analyzed. We
mainly discussed the performance of the improved predic-
tion algorithm and the original prediction algorithm in exo-
skeleton gait data prediction.

In Section 4, we conclude the paper.

2. Materials and Methods

2.1. Motion Capture System. The process of human lower
limb movement has the characteristics of high autonomy,
complex information, diverse movements, and multiple
degrees of freedom. Biomechanical simulation and experi-
mental studies have shown that the motion consumption
power in the sagittal plane of the human body is the largest
relative to the frontal plane and horizontal plane [15], so
the three-dimensional walking motion of human hip joint
often can be simplified to a single plane motion in the sagittal
plane. The corresponding position sensor used in the exo-
skeleton is usually placed in a position parallel to the sagittal
plane of the human body, which describes the motion angle
of the sagittal plane of the lower limb joints of the human
body. With the development of inertial measurement units,
more and more IMUs (inertial measurement units) were
used as examples of kinematic sensors, beginning to appear
in the motion capture system. Compared with the method
of collecting joint angles using an absolute encoder, IMU
has an advantage of flexible installation and cheap price,
and its measurement accuracy can reach 0.1°, which can meet
the needs of the human motion capture system.

In order to collect human gait information and verify the
accuracy of the prediction algorithm, we designed a flexible
motion capture system for human sagittal plane motion
based on IMUs. The system will automatically capture the
sagittal plane motion data of the human body at 50Hz sam-
pling frequency and transmit the motion data through CAN
(Controller Area Network) (Figure 1(a)) to the data collec-
tion and processing module. As shown in Figure 1(b), the
system mainly collected the pitch angle data of the back,
thigh, shank, and the pressure sensor data of the heel. The
system also includes power module, data collection and pro-
cessing module, and data transmission module. Figure 1(c)
shows the actual mechanical structure of the exoskeleton sys-
tem, a hinged structure is adopted between the thigh and
shank, and this structure can support the exoskeleton system
and reduce the load on the body while standing upright, but
it also leads to the inability to directly measure the motion
angle of the human knee joint through the angle sensor.

2 Applied Bionics and Biomechanics



Therefore, IMUs were placed on the thighs, shanks, and back
to calculate the angle of the human joints.

The formula for calculating the angle of the hip and knee
joints is as follows:

θhip =
π

2 − θh,

θknee = π − θh − θl:
ð1Þ

θh, θl represents the pitch angle of thigh and shank, respec-
tively; due to the mirror relationship between the left and right
legs, the calculated angle values are opposite, and there is a
phase difference between the hip joints and knee joints.

2.2. Takens Prediction Algorithm. The continuous walking of
the human body is periodic and nonlinear. The left and right
leg sensor data are only different in phases and directions.
Therefore, the algorithms used in the prediction of the joint
angle are the same; the prediction algorithms discussed in
this section are nonlinear time series Takens prediction algo-
rithm of the lower limb hip and knee joint data.

The Takens algorithm for nonlinear time series forecast-
ing is based on the Takens embedding theorem, which is also
called the weighted zero-order local prediction method. This
method is closely related to Takens’ reconstruction theorem.
It is essentially a nonlinear time series analysis method,
which requires historical data of the system to obtain the best
performance. The main idea is to find several historical data
vectors that are the most similar to the current reconstruc-
tion delay vector by traversing the sensor data for a period
of time, and the historical data vector is normalized and
weighted according to the similarity with the current sam-
pling data. The prediction data at a specific time is deter-

mined through function fitting or search. The predicted
data of each vector are multiplied by their respective weights
to obtain the final predicted value at the determined moment.
The algorithm implementation steps are as follows:

(1) According to the Takens embedding theorem, for a
given time series yðtÞ, select the appropriate sampling
interval Δt and embedding dimension n, and collect
and store n data; the adjacent data differ in time Δt;
constitute the reconstruction delay vector DðtÞ. The
time series yðtÞ can be any type of sensor data in
the motion capture system, such as angle, angular
velocity, or heel pressure data. The contents ofDðtÞ is

D tð Þ = y tð Þ, y t − Δtð Þ, y t − 2Δtð Þ, y t − 3Δtð Þ⋯ y t − n − 1ð ÞΔtð Þ½ �
ð2Þ

(2) Calculate the similarity between the current recon-
struction delay vector DðtÞ obtained by sampling at
the current time and the historical reconstruction
delay vector DiðtÞ obtained from all previous obser-
vations; the methods for calculating similarity in
reconstruction delay vectors are usually Euclidean
distance, Pearson’s correlation coefficient, Manhat-
tan distance, and hash distance. The Euclidean dis-
tance has the following expression in this algorithm:

δ ið Þ =
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
〠
n

k=1
y t − k − 1ð ÞΔtð Þ − yi t − k − 1ð ÞΔtð Þð Þ2

s
  1 ≤ i ≤Nð Þ:

ð3Þ
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Figure 1: Motion capture system and exoskeleton structure. (a) Nets of the motion capture system. (b) Motion capture system. (c)
Mechanical structure of the exoskeleton.
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In formula (3), the value of i represents the position of the
currently traversed vector, N is the reconstruction delay vector
length. The smaller the Euclidean distance is, the more similar
the two reconstruction delay vectors are, and the more accu-
rate when the historical reconstruction delay vector is used
to predict the data of the subsequent period of time. While
Pearson’s correlation coefficient orManhattan distance is used
as a similarity calculation, the expression becomes

δ ið Þ = ∑n
k=1 y t − k − 1ð ÞΔt − �yð Þ yi t − k − 1ð ÞΔt − yið Þð Þð Þffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

∑n
k=1 y t− k − 1ðð ÞΔt − �yð Þ2

q ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
∑n

k=1 yi t − k − 1ð ÞΔt − yið Þð Þ2
q   1 ≤ i ≤Nð Þ,

δ ið Þ = 〠
n

k=1
y t − k − 1ð ÞΔtð Þ − yi t − k − 1ð ÞΔtð Þj j  1 ≤ i ≤Nð Þ: ð4Þ

In formula (4), �y is the average value of the reconstructed
delay vector, Pearson’s correlation coefficient and Manhattan
distance can also be used as a similarity calculation function,
and the difference is only the amount of calculation. Among
the three calculation methods, Manhattan has the smallest
amount of calculation and Pearson’s correlation coefficient is
the largest

(3) From the observed historical reconstruction delay
vector DiðtÞ, the best matching M sets of reconstruc-
tion delay vectors fD1ðtÞ,⋯,DMðtÞg are selected
according to the similarity with the reconstruction
delay vector DðtÞ at the current moment. The corre-
sponding Euclidean distances are fδð1Þ,⋯, δðMÞg.
The predicted value fy1ðt + bΔtÞ,⋯, yMðt + bΔtÞg of
each group of reconstruction delay vectors is deter-
mined by searching, T = bΔt is the predicted dura-
tion. The weighting factor formula of each best
matching amount in the final prediction amount cal-
culation formula is as follows:

wi =
1

∑M
j=1δi

1
δi
  1 ≤ j ≤Mð Þ ð5Þ

(4) According to the predicted values and weight factors
of each historical reconstruction delay vector group,
the estimated predicted values at time bΔt after the
current moment yðtÞ are calculated as follows:

ŷ t + bΔtð Þ = 〠
M

i=1
wiyi t + bΔtð Þ ð6Þ

The flow chart of the algorithm is shown in Figure 2.
The Takens algorithm is to make predictions on the sen-

sor data for a period of time by searching historical sensor
data, which means that the prediction algorithm is to find
the most similar data out of the current motion situation
from the historical vectors. The sensor data of the human
walking motion detected on the sagittal plane has obvious
periodicity, so the Takens algorithm has a well performance
in predicting such signals. Among multiple optimal recon-
struction delay vectors, the algorithm can dynamically adjust
the weight factor through the Euclidean distance, which can
adjust the proportion of the optimal reconstruction delay
vector in the final prediction data.

2.3. PSO-Takens Prediction Algorithm Design. Although the
Takens algorithm cannot predict that all motion sensor data
are completely correct, some papers also give an optimization
method based on this algorithm [14], which makes the
Takens algorithm used in embedded systems become possi-
ble. Whitney’s topological embedding theorem shows that
the phase space of the original system can be reconstructed
by any value of the delay time of the single variable time
series in the case of noiseless and infinitely long time series.
In fact, the measured time series is of limited length and is
inevitably polluted by noise. Therefore, arbitrary delay time
cannot reconstruct the phase space of the system; the key to
reconstruct the phase space using the measured time series
is how to select these reconstruction parameters. However,
the Takens embedding theorem does not indicate how to
select these parameters. This problem has become an impor-
tant issue in nonlinear time series analysis.

Duan et al. have found that inappropriate historical vec-
tor dimension and embedding dimension will cause irrele-
vant data to enter the reconstruction delay vector, resulting
in lower prediction accuracy [14]. While inappropriate pre-
diction duration and optimal matching number will cause
data jitter and affect the smoothness of the predicted data.
Fortunately, the predicted duration, which is also called delay
time, is a constant we want to compensate. It is mainly caused
by inertial sensors and inherent defects of the system, and the
duration can be measured by wearing exoskeletons. The
delay time is expressed as the angle difference between the
human body and the exoskeleton.

In order to evaluate the algorithm performance and
adjust the parameters of the algorithm, the following two for-
mulas were introduced which are aimed at judging the pros
and cons of the prediction effect:

Current reconstruction
delay vector D(t)

EXO sensor data
y(t)

Historical reconstruction
Delay vector Di(t)

Euclidean distance
𝛿(i) = ||D(t) − Di(t)||

Prediction data of
reconstruction delay vector

yb(t + b𝛥t)

Best match reconstruction
delay vectors Db(t)

Weight factor assignment

Predicted value of sensor data

= 1
M
j=1

1wi 𝛿i 𝛿i∑

M

i=1
∑y(t + b𝛥t) = wi yi(t + b𝛥t)ˆ

Figure 2: Flow chart of the Takens algorithm.
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2.3.1. Prediction Accuracy Rate (PR).

ek tð Þ = y tð Þ − ŷ t ∣ t − bΔtð Þ,

RMS ekð Þ =
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
n
〠
n

t=2
ek tð Þ2

s
:

ð7Þ

ekðtÞ records the error between the predicted value and
the actual value at each sampling point, and RMSðekÞ (Root
Mean Square error) characterizes the degree of deviation of
the overall predicted value from the actual value. The greater
the RMSðekÞ is, the greater the deviation of the predicted data
from sensor data and the worse the predicted performance.
By normalizing the RMSðekÞ, the prediction accuracy rate
(PR) is defined as

PR y tð Þ, ek tð Þð Þ = 1 − RMS ek tð Þð Þ
RMS y tð Þð Þ × 100%: ð8Þ

2.3.2. Smooth Factor (SF).

SF ŷ tð Þð Þ = 1
tend max ŷ tð Þð Þ −min ŷ tð Þð Þð Þ

ðtend
0

f tð Þ − ŷ tð Þj j:

ð9Þ

In formula (9), tend is the duration of the algorithm, and a
5Hz low-pass filter is used to filter yðtÞ to obtain f ðtÞ. The
parameter smooth factor (SF) indicates whether the data is
smooth or not. In the course of human gait walking, the pre-
dicted sensor data is smooth and stable to match the actual
walking data. Therefore, the smaller the SF is, the closer the
predicted sensor data is to the sensor data measured by the
actual gait walking. Since the data actually collected in the
algorithm is discrete, when calculating the SF, formula (12)
is usually discretized to the following formula:

SF ŷ tð Þð Þ = 1
N max ŷ tð Þð Þ −min ŷ tð Þð Þð Þ〠

N

i=0
f ið Þ − ŷ ið Þj j:

ð10Þ

The parameters affecting the prediction effect of the
Takens algorithm are as follows: (i) the predicted duration
(T), (ii) historical reconstruction delay vector length (P),
(iii) optimal matching reconstruction vector number (M),
and (iv) embedding dimension (N).

We introduced PSO (Particle Swarm Optimization) on
the basis of Takens prediction algorithms, which is a swarm
intelligence optimization algorithm in addition to an ant col-
ony algorithm and a genetic algorithm in the field of com-
puter intelligence. It originated from the study of bird
predation behavior, and the basic idea is to solve and cooper-
ate with individuals in the group to achieve the search for the
optimal solution in a complex space [16]. Compared with
other intelligent adjustment algorithms [17–18], such as
derivative-based or derivative-based (or gradient-based)
(e.g., backpropagation (BP), Levenberg-Marquardt (LM),
Kalman filter, least square methods, and sliding-mode learn-

ing algorithm), hybrid learning methods, it belongs to the
derivative-free method and does not need to update complex
parameter equations, making it more suitable for nonlinear
output situations. Meanwhile, it has the advantages of strong
global search ability and easy implementation and has strong
convergence and robustness in the process of solving. In the
PSO algorithm, each particle represents a potential solution,
and the velocity of the particle represents the direction and
distance of each potential solution, which can be used to seek
the optimal value in the multidimensional space.

The PSO-Takens algorithm flow chart is shown in
Figure 3.

Step 1. Initialize a swarm of particles (population size m),
including the random position and velocity, and limit the
upper and lower limits of the particle’s velocity and position.
The optimized parameters in the Takens algorithm are as
follows: historical vector dimension P, optimal matching
numberM, and embedding dimension N ; therefore, the pop-
ulation of particles is fx1, x2, x3⋯ Xmg, and the position of
the i-th particle is fXPi, XMi, XNig, The velocity of the i-th
particle is fVPi, VNi, VMig.

Step 2. Use the evaluation function to calculate the fitness of
each particle.

Step 3. For each particle, comparing its fitness with the opti-
mal value pbest, it has passed through. If the current value is
better than pbest, the pbest will be set to the current value,
and the position of pbest is set as the current position in
the n-dimensional space.

Step 4. For each particle, comparing its fitness value with the
best position gbest, all particles passed through. If the current
value is better, the current position will be regarded as the
best position gbest.

Step 5. After updating the local and global optimal values of
the current iteration, the particle adjusts its velocity and posi-
tion through the following formulas.

Vi+1 =Vi + c1 × randðÞ × pbesti − xið Þ + c2 × randðÞ
× gbesti − xið Þ,

xi+1 = xi + Vi+1: ð11Þ

When the inertia factor is added, the velocity expression
becomes

Vi+1 = ωVi + c1 × randðÞ × pbesti − xið Þ + c2 × randðÞ
× gbesti − xið Þ: ð12Þ

Step 6. If the condition to terminate the iteration is not
reached, go to Step2, until the iteration termination condi-
tion is met.

According to the specific issue, the iteration termination
condition is generally to reach the maximum iteration num-
ber Gk or the optimal value of the evaluation function to
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meet the established threshold. The condition for the algo-
rithm to stop iteration is as follows: the number of iterations
over 50, or the fitness calculated by the evaluation function
over 100. The fitness (Yef ) evaluation function expression is
follows:

Yef =w1 ×
1
SF +w2 × PR: ð13Þ

In formula (15), w1 and w2 are constants (0.5), which
means that we believe that the accuracy of data is as impor-
tant as the smooth factor in the human lower limb prediction
algorithm. The goal of the PSO-Takens prediction algorithm
is to adjust the complex parameter tuning problem of the
Takens algorithm in gait prediction, so as to achieve the opti-
mal prediction effect.

2.4. Follow-Up Control Design

2.4.1. Dynamic Model of Swing Leg. The movement of the
lower limbs of the human body can be regarded as a combi-
nation of swing phase and support phase. Usually, the swing
phase accounts for 60% of the gait cycle and the support
phase accounts for 40% [19]. For the swinging phase, the
swinging legs of the human body can be regarded as an
inverted two-link with uniform mass distribution. During
the support phase, the leg and the upper body of the human
body can be regarded as three links fixed at the bottom. This
division method can simplify the complexity of torque calcu-
lation in inverse dynamics, making it easy to implement on
embedded systems.

The lower limb-assisted exoskeleton single leg model is
shown in Figure 4. L0 and L1 are the length of thigh and
shank, and the ankle joint is omitted.

Assuming that the mass distribution of the exoskeleton
lower limb members is uniform, the centroid coordinates
Giðxi, ziÞ of the exoskeleton thigh and shank are as follows:

x0 = a0 sin q0,

z0 = −a0 cos q0,

(
ð14Þ

x1 = L0 sin q0 + a1 sin q1,

z1 = − L0 cos q0 + a1 cos q1ð Þ:

(
ð15Þ

The kinetic energy of the two connecting rods of lower
limb swing is the sum of the rotational kinetic energy and

START

Initializing
particles

Evaluate particles
and get global optimum

Satisfy the end
iteration condition?

NO

Update the speed and
position of each particle

Update the historical optimal
position of each particle

Renew the global optimal
location of the population

Get the optimization parameters.
Applied in the prediction algorithm

END

Evaluate the fitness
of each particle

YES

Figure 3: Flow chart of the PSO-Takens algorithm.
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Figure 4: Lower extremity exoskeleton leg’s simplified second link
kinetic model.
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kinetic energy of the connecting rod, which can be expressed
as follows:

E = 1
2 〠

1

i=0
Ii€qi +mi _zi

2 + _xi
2� � !

: ð16Þ

In formula (16), Ii is the moment of inertia when the exo-
skeleton is the i-th lower extremity connecting rod rotating

around the sagittal plane of the joint. The expression
is Ii = ð1/3ÞmiL

2
i , and €qi is the angular acceleration of the

joint. _zi and _xi are the velocities of the linkage in the x and z
directions, and the total potential energy of the lower limb
linkage is as follows:

P = 〠
1

i=0
migzi: ð17Þ
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Figure 5: Follow-up control strategy block diagram of the exoskeleton.
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Figure 7: Joint angle deviation between human and exoskeleton.

que

¨

qd

qd

EXO

+

H(q) +
+

+Kds + Kp

C(q, q)q + G(q).

+

–

𝜏
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By defining the Lagrangian function L = E − P and the
Lagrangian formula, the expression of the joint torque in
the two-link can be expressed as

H qð Þ€qi + C q, _qð Þ _q +G qð Þ = τi: ð18Þ

In formula (18), τi is the joint torque between the links,
HðqÞ is the inertia matrix, Cðq, _qÞ is the friction matrix, and
GðqÞ is the gravity vector. The expressions of the matrix Hð
qÞ, Cðq, _qÞ, and the gravity vector GðqÞ are as follows:

H qð Þ =
7
12m0l

2
0 +m1l

2
1 m1l0l1 cos q0 + q1ð Þ

0 7
12m1l

2
1

2
664

3
775,

C q, _qð Þ =
0 −m1l0l1 sin q0 + q1ð Þ

−m1l0l1 sin q0 + q1ð Þ 0

" #
,

G qð Þ =
1
2m0gl0 sin q0 +m1gl0 sin q0

1
2m1gl1 sin q1

2
664

3
775:

ð19Þ

2.4.2. Follow-Up Control Strategy. After obtaining the inverse
dynamics model of the joint, we use the prediction angle
obtained by the prediction algorithm to do Simulink simula-
tion of the two-link model in MATLAB. The follow-up con-
trol strategy block diagram is shown in Figure 5.

The input of the control system is the angle of the human
joint qd and the angle sensor placed on the exoskeleton q, and
the joint torque is as the output of the controller and output-
ted by the motor driver. It is not necessary and convenient to
install an angle sensor on the lower limbs of the human body.
Since the angle deviation between the exoskeleton and the
human body is usually a constant value, this means we can
predict the angle of the human body through the position
sensor of the exoskeleton, instead of placing the inertial sen-
sor outside the human body, which is the role of the predict
algorithm played in follow-up control strategy.

For the angle data predicted by an algorithm, we used the
calculated torque method for systematic control, aiming at
making the lower extremity two-link of the exoskeleton fol-
low the changing joint curve predicted by the algorithm.
Compared with PD control and PD control with gravity
compensation terms, the calculated torque method changes
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Figure 8: Comparison of Takens and PSO-Takens in prediction of nonstandard gait data. (a) Comparison of hip joint prediction angle. (b)
Comparison of knee joint prediction angle.

Table 1: Parameter changes of hip joint prediction algorithm under
nonstandard gait data.

# T P M L PR SF Fitness

Takens 10 80 10 300 73.23% 0.2226 38.86

PSO-Takens 10 26 7 644 87.74% 0.2196 46.14

Table 2: Parameter changes of knee joint prediction algorithm
under nonstandard gait data.

# T P M L PR SF Fitness

Takens 10 80 10 300 71.80% 0.2317 38.05

PSO-Takens 10 48 12 536 85.75% 0.2388 44.97
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the lower extremity joints of the exoskeleton into a linear time-
invariant system that is easier to control due to the introduc-
tion of nonlinear compensation. Huo [20] proved the stability
of the control method. Based on the inverse dynamics equa-
tion, the system can follow the target position well. The con-
trol block diagram of this method is shown in Figure 6.

The torque expression calculated by the system control
output to the hip and knee joints is as follows:

τ =H qð Þ €q + Kd _e + Kpe
� �

+ C q, _qð Þ _q + G qð Þ: ð20Þ

In formula (20), the parameters HðqÞ, Cðq, _qÞ, and GðqÞ
are the matrixes of inverse dynamics in the two-link model;
Kd and Kp are diagonal matrices, which are proportional
and differential terms for the tracking error e.

3. Results and Discussion

3.1. Experimental Results

3.1.1. Prediction Algorithm Experiment Result. Figure 7 rep-
resents the sensor data of the motion angle data of the joints
in the continuous walking movement. Compared with the
sensor data of the wearing exoskeleton, we found that the
angle detected from the exoskeleton and the actual motion
angle detected from the human body are generally delayed
by 200ms, about 10 sampling cycles. Therefore, in a predic-
tion algorithm, the sensor data at 200ms after the current
sampling point will be predicted based on EXO historical

data. The angle sensor data obtained by three participants
(65 ± 5 kg, 170 ± 5 cm) continuously walking at a speed of
3.6 km/h on a treadmill was recorded and predicted. None
of the participants reported healthy problems in the previous
three months.

From the analysis of the accuracy of the prediction angle
data shown in Figure 8 and Tables 1 and 2, for both joints, the
PSO-Takens has increased the accuracy of the prediction
nearly 14:23 ± 0:5% (n = 3, two-sided paired t-test, p = 0 <
0:05), while the smoothing factor is almost unchanged. Due
to the fact that the algorithm needs to store historical data,
the algorithm will not immediately predict when the algo-
rithm starts to execute. The area where the predicted value
is 0 is the dead zone.
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Figure 9: Comparison of Takens and PSO-Takens in prediction of standard gait data. (a) Comparison of hip joint prediction angle. (b)
Comparison of knee joint prediction angle.

Table 3: Parameter changes of hip joint prediction algorithm under
standard gait data.

# T P M L PR SF Fitness

Takens 10 120 10 900 77.52% 0.2133 41.10

PSO-Takens 10 69 3 767 88.19% 0.2091 46.48

Table 4: Parameter changes of knee joint prediction algorithm
under standard gait data.

# T P M L PR SF Fitness

Takens 10 120 15 900 87.14% 0.2063 45.99

PSO-Takens 10 77 15 1296 95.50% 0.2051 50.18
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Figure 9 and Tables 3 and 4 show the performance of the
two prediction algorithms under the standard and fixed fre-
quency of the joint angle (data from [21]). The prediction
accuracy in Tables 3 and 4 shows that the accuracy of the pre-
diction is improved (hip joint from 77.85% to 88.19%, knee
joint from 87.14% to 95.50%), while the smooth factor
remains almost unchanged. Therefore, after the PSO-
Takens algorithm is executed, for the movement data of the
lower limbs, the prediction algorithm with optimized param-
eters becomes accurate and stable.

3.2. Prediction Algorithm Experiment Result. Since the cur-
rent pose and the motion-sensing data of the previous period

can only reflect the current motion state, to achieve better
performance, the exoskeleton system needs to predict the
posture data of the following period of time. After processing
and analyzing the predicted pose data, the motion intention
was judged in advance. By predicting the motion angle of
the human body and introducing it into the control of the
exoskeleton, the human-machine coordinated motion pro-
cess of the exoskeleton can be more flexible and smoother.

In order to compare the performance of prediction algo-
rithms and algorithm optimization in simulation, the joint
data during motion and the predicted joint data were
imported into the two-link model simulation system for a
comparative experiment, and the evaluation method of the
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Figure 10: System joint angular output (a). System hip joint angle output (b). System knee joint angle output (c). Hip joint follow control
angle error (d). Knee joint follows control angle error.
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algorithm mentioned in the second section was used to eval-
uate the performance of the algorithm. The experimental
results are shown in Figure 10.

It can be found that the predicted data lags behind the
sensor data of human motion when the system’s lower limb
joints are controlled to follow the human body at the begin-
ning. Over time, the torque control algorithm with gravity
compensation can control the two links to the angle pre-
dicted by the two prediction algorithms. When the state or
frequency of the motion changes, the prediction error occurs,
but the PSO-Takens algorithm shows a better antidistur-
bance ability, and the maximum error during movement is
also better than the original algorithm.

It can be found from Figure 10, in the case of control the
movement of the exoskeleton following the lower limbs of
the human body without using prediction algorithm, due to
the large deviation of the angle, a large interaction force of
human-computer interaction force may occur. If the method
of prediction is adopted in the control loop of the exoskele-
ton, the movement of the exoskeleton will be at an angle dif-
ferent from the actual movement of the human body at the
initial stage. With the increase of time, the two links of the
lower limbs of the exoskeleton gradually follow the move-
ment of the human body and maintain a high consistency
with the movement of the human body. It is undeniable that
there is still a deviation between the exoskeleton and the
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Figure 11: System joint angle output for standard gait data input (a). Hip joint angle output (b). Knee joint angle output (c). Hip joint follow
control angle error (d). Knee joint follows control angle error.

11Applied Bionics and Biomechanics



human body. According to formula (8), the accuracy of the
prediction using the Takens method for hip joint and knee
joint is 65.10% and 66.71%, while the PSO-Takens has
increased to 82.13% and 83.03%. When the gait becomes sta-
ble, the error of Takens algorithms ranges from -0.13 rad to
0.18 rad (hip) and from -0.17 rad to 0.11 rad (knee). While
the error of PSO-Takens ranges from -0.04 rad to 0.07 rad
(hip) and from -0.05 rad to 0.09 rad (knee).

For standard gait data with a fixed frequency, inappropri-
ate parameters of the Takens algorithm will have obvious
errors at the beginning of the prediction, while the PSO-
Takens algorithm will not have this problem. Figure 11
shows that the error of Takens algorithms ranges from
-0.14 rad to 0.10 rad (hip) and from -0.12 rad to 0.09 rad
(knee), the error of PSO-Takens algorithms ranges from
-0.05 rad to 0.06 rad (hip) and from -0.03 rad to 0.04 rad
(knee). According to formula (8), the Takens algorithm pre-
diction accuracy rates of the hip and knee joints are calcu-
lated as 72.10% and 83.73%, and the PSO-Takens algorithm
prediction accuracy rates are 86.07% and 94.01%, which also
shows the PSO-Takens algorithm performs better in predict-
ing such data.

4. Discussion

In the case of ignoring the elasticity coefficient and inertia
coefficient, the human-computer interaction model can be
simplified; in this situation, Racine [22] proposed the interac-
tion force can be calculated as follows:

Fe = K qh − qeð Þ: ð21Þ

In formula (24), Fe is the human-machine interaction
force and qh, qe represent the human joint angle and EXO
joint angle detected by a sensor, while K equals K0/L0
(Nm/rad·m), L0 indicates the distance between the measure-
ment point and the joint rotation center, and K0 is a constant
that varies from the system. Formula (24) means that if there
is no angle deviation between the human body and the exo-
skeleton, it can be considered that the exoskeleton will not
hinder the movement of the human body in the walking state
of the human body, and the human-machine interaction
force will close to 0.

The difficulty of the exoskeleton system controller is how
to control the system to move to the target posture of the
human body at the next moment. Relying on the installation
of an inertial sensor on the exoskeleton has hysteresis and
cannot judge the posture of the human body at the subse-
quent moment. This paper is devoted to the realization of
human body motion prediction angle algorithm and intro-
duces it to the control system. The simulation experiment
results show that, for the angle prediction of exoskeleton,
the PSO-Takens algorithm has the function of improving
algorithm parameters. Whether it is linear prediction based
on ARMA model LMS, RLS, or DMP [23], the algorithm
parameters need to be optimized according to different sys-
tems. The PSO-Takens algorithm can deal with periodic dur-
ing gait walking data, and when the body’s movement law
changes, such as from walking to jumping or stopping, the

accuracy of the prediction algorithm will be reduced, which
is the point that the prediction algorithm needs to be
improved in the future study.

5. Conclusions

In this paper, a human motion capture system is designed to
acquire human walking joint data, and a method for optimiz-
ing parameters of Takens nonlinear prediction algorithm is
proposed. Compared with the original Takens prediction
algorithm, the prediction angle obtained by the improved
prediction PSO-Takens algorithm is more closely related to
the actual motion angle data of the human body, with a
smaller error rate and smooth features. When the predicted
sensor data from the PSO-Takens algorithm were applied
to the joint angle prediction algorithm of the lower extremity
exoskeleton, it can improve the accuracy of prediction and
enhance the adaptability of the exoskeleton and human body.
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In the process of artificial interventional therapy, the operation of artificial catheter is not accurate, which will bring strong radiation
damage to surgeons. The purpose of this study is to develop a catheter operating system of surgical robot to assist doctors in remote
operation and avoid the influence of radiation. BP neural network plays an important role in the flexibility and rapidity of control.
According to the actual output of the system, the control parameters of the controller are constantly adjusted to achieve better
output effect. This paper introduces the practical application of BP neural network PID controller in the remote operation of the
system and compares with the traditional PID controller. The results show that the new control algorithm is feasible and
effective. The results show that the synchronization performance of BP neural network PID controller is better than that of
traditional PID controller.

1. Introduction

Vascular interventional surgery in medicine, whether from the
diagnosis or the actual operation, has been welcomed by the
society. However, as a new way of operation, it needs surgeons
with high skill to intubate in vivo. In addition, the interven-
tional operation is carried out in the patient’s body, and the
specific process cannot be directly observed by the doctor.
During the operation, any incorrect operation may cause dam-
age to the patient. According to the data survey, a surgeon with
rich clinical experience can achieve an operation accuracy of
about 2mm in the interventional operation. However, the con-
tact force between the blood vessels in the patient’s body and
the surgical catheter cannot be perceived by the doctor [1]. In
addition, X-ray camera is needed for angiography during the
operation, and long-term radiation will cause harm to patients.
Although doctors wear protective clothing, it is difficult to pro-
tect their hands and faces from X-ray radiation. In order to
solve these problems effectively, we need better medical equip-
ment to assist doctors [2]. The robot system has the advantages

of high control accuracy and remote control. Therefore, in this
paper, according to the needs of interventional surgery, com-
bined with the robot system, the master-slave operating system
of interventional surgery robot which can assist doctors in
interventional surgery is designed [3].

There are a large number of products and research reports
in the field of surgical robots [4]. One of the most popular
commercial products is the Sensei robotic catheter system
designed and developed by Hansen, which is mainly to help
doctors push the catheter. Compared with the manual push,
the Sensei robot catheter system can make the push process
more stable and rapid, and the operation accuracy is higher.
The remote control method can reduce the original radiation
impact of doctors. Another commercial product is amigo,
which is mainly designed to solve the problem that the sheath
of the surgical catheter has multiple degrees of freedom and
the force detection at the end of the catheter is difficult. The
robotic catheter system has an additional mechanical sheath
to guide the surgical catheter [5]. The pushing process of the
surgical catheter is controlled by the console at the host end.
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In 2010, Magnetecs Company got the design inspiration from
the treatment of atrial fibrillation and designed a system that
can use magnetic field to guide, control, and image the surgical
catheter in British. The system consists of four permanent
magnets placed around the table, and the top of the designed
surgical catheter is equipped with magnets. The catheter
moves in the magnetic field under the control of the console
at the main end.With the popularity of surgical robots, stereo-
tactic companies have also developed a magnetic navigation
system: Stereotactic Niobe. The system can generate controlla-
ble magnetic field by two permanent magnets on both sides of
the operating table, reduce the number of permanent magnets,
and make the navigation of magnetic guide wire more conve-
nient and accurate in percutaneous coronary intervention
(PCI). In other universities, Ma and others developed a cathe-
ter navigation system that can be operated remotely [6]. The
system allows the main end operator to use the real surgical
catheter instead of the handle to control the movement of
the surgical catheter in the patient’s body. This progress can
make the doctor’s original surgical experience applied to the
actual operation. However, the system is lack of force feed-
back, which operational safety cannot be guaranteed. In order
to simulate the use of doctors’ hands, Bao et al. proposed a
special linear step structure in Nagoya University. Based on
the above products and academic research, the main problem
lies in the security of system operation [8]. During the opera-
tion, it is an important step to monitor the force information
of the catheter inserted into the blood vessel to ensure the
safety of the operation. However, in these systems, there is a
lack of effective measurement of conduit stress [8].

In this paper, according to the operation needs of vascu-
lar interventional surgery, a new robot operation system of
surgical catheter is designed and constructed. Compared
with the abovementioned surgical robot system, the system
is also divided into two parts: one is the main end of the robot
catheter manipulating system, as shown in Figure 1(a), which
is mainly used to collect the axial displacement and radial
rotation movement of the operator, consisting of pressure
sensor, torque sensor, stepping motor, and controller. The
other is the slave end of the robot catheter manipulating
system, which is mainly used for the insertion and twisting
operation of the conduit is shown in Figure 1(b). In addition,
aiming at the safety of force detection, the research team
designed a new force feedback detection device, which can
detect the change of contact force between the catheter and
the vessel wall during the insertion of the surgical catheter
from the end of the system [9], and timely provide force feed-
back to the main end of the system to ensure the safety of the
operation [10].

2. Robotic Catheter Manipulation System

In this paper, the main mode of master-slave operation is
adopted. The main end of the system is the surgeon’s console,
and the slave end of the system is the surgical catheter
console. Setting the mobile platform of the main end doctor
console and the slave end catheter console to maintain the
same displacement, speed and rotation angle will make the
operation more stable and convenient [11]. At the same time,

the same digital signal processor (Ti, TMS320F28335) is used
as the control unit of the master doctor console and the slave
catheter console [12]. The main end and the slave end of the
surgical robot system establish a communication network
through the Internet, and the communication diagram is
shown in Figure 2. The console at the main end of the system
transmits the axial displacement and radial rotation motion
information of the mechanical handle to the catheter console
at the slave end to perform specific operation. Set the baud
rate of the communication serial port between the master
and slave of the system to 19200B/s [13].

2.1. The Surgeon’s Console. The doctor’s console at the main
end of the system is shown in Figure 1(a). Two independent
sensors are used to measure the axial and radial movement of
the mechanical handle. The switch on the left mechanical
handle is used to control the two graspers on the console of
the slave end conduit of the system to help realize the inser-
tion process of the slave end conduit. The mechanical handle
on the right is used to collect the specific actions of the
surgeon, including the axial movement and the radial
movement. The moving part of the slave end conduit console
maintains the same amount of movement as the right
mechanical handle of the main end console. The mechanical
handle on the right side of the main end is supported by the
mechanical bearing and connected with the load cell through
the coupling; the pulley are fixed on the mechanical handle
for the convenience of force transmission.

The measurement process of the axial movement of the
mechanical handle is as follows. When the doctor pulls or
pushes the right mechanical handle, the load cell measures
the pull/push force. According to the thrust value, the corre-
sponding displacement of the mobile platform is calculated,
that is, the mechanical handle can follow the synchronous
movement of the surgeon’s hand. By adjusting the moving
speed of the mobile platform, the force feedback of the
system can be realized. The displacement and speed informa-
tion of the system’s main end console is sent to the system’s
slave end console, and then, the slave end catheter console
and the main end doctor console are set to keep synchronous
motion. When the doctor turns the mechanical handle, the
mechanical encoder installed under the main end moving
platform will drive the encoder, then measure the actual angle,
and transmit the measured value to the slave end catheter
console for synchronous movement. In this way, the imple-
mentation process of the master side operation in the slave
side is realized.

2.2. The Surgical Catheter Console. Figure 1(b) shows the
conduit console at the slave end of the system. The device is
placed next to the patient. The catheter console can assist
doctors to push the catheter. It has two degrees of freedom:
axial displacement and radial rotation. Two clips are placed
in the pushing guide, and the switch of the clips is controlled
by the button on the left mechanical handle of the main end.
When the surgical catheter is clamped by the grasper 1 and
the jacket together, the movement of the main end doctor
to the mechanical handle can be realized, and the synchro-
nous movement of the slave end surgical catheter along the
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axial and radial directions can be driven [14]. When the
surgical catheter is clamped by the grasper 2, the catheter
maintains its position, and then, the catheter driving part at
the end can move freely to prepare for the next push. The
pushing action of the catheter from the end of the operation
is shown in Figure 3.

In order to achieve the axial movement of the conduit, all
the driving components are fixed on the mobile platform (the
flat plate under the motor 1). The mobile platform is driven
by a stepping motor (motor 2) to achieve axial movement.
The radial movement of the conduit needs to be realized by
the DC motor (motor 1), which is realized by the jacket
connected by two pulleys. When the surgical catheter is fixed
by the grasper 1, the surgical catheter is driven by the motor 1
to rotate.

The robot system uses the torque sensor installed at the
slave end of the system to measure the actual rotation infor-
mation of the catheter during the operation. The torque data
will be sent to the surgeon’s console at the main end, and the
actual torque will be fed back to the surgeon. The specific
working process is that the torque sensor is connected with
the motor 1 and the pulley on a common shaft. In the process
of pushing conduit, the resistance of conduit rotation can be
transmitted to the torque sensor through the coupling pulley,
and then, the actual resistance value can be measured by the
torque sensor.

In order to measure the axial resistance of the catheter
during pushing, a new force measuring mechanism is
designed, which is shown in Figure 4 [15]. Use the load cell
fixed on the mobile platform to measure the resistance value.

Switch Handle

Pulley

Load cell

Motor 1

Motor 2Movement stage

(a) The main end

Catheter frame

Grasper 1

Grasper 2 Catheter

Pulley

Torque sensor

Load cell

Motor 1

Motor 2

Movement stage

(b) The slave end

Figure 1: The robotic catheter manipulating system.
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displacement
rotation

Contact force

Internet

Contact force
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rotation

RS‑232 RS‑232

Figure 2: The communication diagram.
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The measured resistance value is sent to the main end of the
system. Combined with the push/pull value of the doctor to
the mechanical pusher, the system force feedback is realized.

2.3. Control of the System. At the slave end of the system, each
motor is coupled to the coder. The speed and angle of rotation
of these motors can be measured. Therefore, it is necessary to
design control algorithms to improve the operation accuracy
and motion performance of surgical robot system in remote
operation. At the main end of the system, the mechanical
handle should be able to move smoothly with the surgeon’s
hand. This means that the output displacement/speed of the
stepper motor should be the same as or similar to the input
displacement/speed of the surgeon’s hand. The speed and
displacement of the stepping motor can be measured by an
encoder coupled to the motor 2 in Figure 1(b). Therefore, it
is necessary to determine the axial and radial dynamic models
of the surgical robot system and establish the relationship
between the input force of the main end and the displacement
output of the stepper motor. In terms of synchronous tracking
performance, a PID controller based on BP neural network is
adopted to improve the accuracy of axial displacement during
remote operation [16].

3. BP Neural Network

Due to the high requirements for the positioning of surgical
catheter in interventional surgery, it is difficult to accurately
establish the control model of interventional surgery robot
system due to the influence of nonlinear factors such as blood

flow and vascular wall in human blood vessels, which has the
risk of vascular damage. Based on the analysis of the related
motion control algorithm, combined with the technical
requirements of catheter propulsion accuracy and collision
force in interventional surgery, a PID controller based on BP
neural network is designed. Through MATLAB simulation,
the control accuracy of the designed controller is verified.

3.1. Neural Network Theory. Figure 5 shows a simple artificial
neuronmodel, the “M–P neuron”model. In this neuronmodel,
each neuron receives input signals from other n neurons. After
entering the neuron, these input signals will be weighted and
then transmitted to the next step [17]. In the process of
transmission, the weighted signal value is compared with the
threshold set by neurons. If not, the neurons are not activated
if they are not transferred down [18].

The model consists of multiple inputs xi, i = 1, 2,⋯, n
and a single output y. The expression for y is as follows:

y = f 〠
n

i=1
wjixi − θj

 !
, ð1Þ

where θj is the threshold, wji is the connection weight (wji is
positive in the excited state; wji is negative in the suppressed
state), n is the number of input signals, and f ðÞ is the activa-
tion function.

3.2. The Definition and Characteristics of BP Neural Network.
BP neural network is a kind of feedforward multilayer net-
work, including input layer, implicit layer, and output layer
[19]. The neurons in the same layer of BP neural network
are not connected with each other, and the neurons in the
upper and lower layers are connected [20].

Figure 6 shows the network structure of simple BP neural
network. It consists of input layer, hidden layer, and output
layer. The connection weights of the j-th neuron in the input
layer and the i-th neuron in the hidden layer are wij, and the
weight between the i-th neuron in the hidden layer and the
l-th neuron in the output layer is wli. The input value of the
i-th neuron in the hidden layer is netið2Þ =∑m

j=1wij
ð2Þοj

ð1Þ.
The input value of the l-th neuron in the output layer is
netlð3Þ =∑q

i=1wli
ð3Þοi

ð2Þ. Finally, the output value of the
whole neural network is obtained after the weighted sum
calculation [21].

BP neural network has the following characteristics in
information processing [22]:

(1) Distributed storage. The weights of neurons in each
layer of BP neural network represent the information
of the whole network. Therefore, all information is
distributed and stored through the network, and its
fault tolerance is relatively high

(2) Parallel processing of information. All neurons in the
BP neural network are relatively independent. The
neurons in the same layer are simultaneously proc-
essed by signal processing, and the whole network
has better real-time performance

Catheter

Grasper 2Grasper 1

(a)

Grasper 2Grasper 1

Catheter

(b)

Grasper 2
Grasper 1

Catheter

(c)

Grasper 2Grasper 1

Catheter

(d)

Figure 3: Pushing action.
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(3) Adapt ability. The connection strength of the BP
neural network increases with use, which increases
the sensitivity of each neuron

3.3. Self-Learning of BP Neural Network. The BP neural algo-
rithm proposed in this paper is based on gradient descent
that is to adjust the parameters in the direction of negative
gradient of the expected target. The details are as follows:
three layer network structures, such as m neurons in the
input layer, q neurons in the hidden layer, and r neurons in
the output layer.

3.3.1. Information Forward Propagation. The output of the j
-th node of the input layer is as follows:

οj
1ð Þ = x jð Þ, j = 1, 2,⋯,m: ð2Þ

Then, the output of the input layer is weighed and
summed; it is the input of the i-th neuron of the hidden layer.

neti 2ð Þ = 〠
m

j=1
wij

2ð Þοj
1ð Þ, i = 1, 2,⋯, q: ð3Þ

After activating the function operation, the hidden layer
output is as follows:

οi
2ð Þ = f neti 2ð Þ

� �
, i = 1, 2,⋯, q: ð4Þ

The superscripts (1), (2), and (3) represent the input
layer, the hidden layer, and the output layer, respectively.
Wij

ð2Þ is the weight of the input layer to the hidden layer,
and f ðÞ is the hidden layer activation function.

The output of the hidden layer is the input of the l-th
neuron of the output layer after the weight summation calcu-
lation.

netl 3ð Þ = 〠
q

i=1
wli

3ð Þoi
2ð Þ, l = 1, 2,⋯, r: ð5Þ

The output of the output layer is as follows:

yl = ol
3ð Þ = g netl 3ð Þ

� �
, l = 1, 2,⋯, r, ð6Þ

where wli
ð3Þ is the weight of the hidden layer to the output

layer; g is the output layer excitation function.

3.3.2. Error Backpropagation [23]. If there is a large error
between the actual output value and the initial set value in
BP neural network, the closed-loop regulation will feed the
error back to the initial end of the system for regulation. At
the same time of system output, the output value of the
system gradually approaches to the initial set value by contin-
uously adjusting the weight of each network in the system.
The adjustment block diagram is shown in Figure 7.

In this paper, the mean square error of BP network is
selected as the standard function of evaluation, and the
weight of each layer network in the system is adjusted. The
mean square error is defined as follows:

E = 1
r
〠
r

l=1
el
2 = 1

r
〠
r

l=1
yl
∗ − ylð Þ2, ð7Þ

where yl
∗ is the given value of the l-th output node; yl is the

actual value of the l-th output node.
Let k be the number of iterations; then, the implicit layer

to output layer weight correction formula is as follows:

wli
3ð Þ k + 1ð Þ =wli

3ð Þ kð Þ + Δwli
3ð Þ =wli

3ð Þ kð Þ − η
∂E kð Þ

∂wli
3ð Þ kð Þ ,

ð8Þ

where η is a constant, indicating the learning rate, l = 1, 2,
⋯, r, i = 1, 2,⋯, q.

The total error surface’s gradient vector replace the out-
put value yl into Equation (8). Then we can adjust the hidden
layer’s connection weight to the output layer. Similarly, the
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Figure 4: Axial force measurement mechanism.
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connection weight from input layer to hidden layer can be
adjusted to gradually reduce the error of the whole system,
so that the system can meet the expected requirements.

Figure 8 shows the network topology of BP neural net-
work PID controller. The input signal of the system enters
the BP neural network through the network input layer. After
weighted processing, it is compared with the neuron thresh-
old and then enters the excitation function as the output of
the input layer, that is, the input of the hidden layer. After
processing, the output signal of the hidden layer is obtained.
After entering the output layer for processing, the final out-
put value of the system is obtained. The actual output value
is compared with the expected value, and then, the error
signal is fed back from the output layer to the hidden layer
twice and then transmitted back to the input layer. In the
whole feedback regulation process, the connection weights

of each layer of neurons are modified by the error gradient
descent algorithm, so that the actual output of the input
signal can be corrected after entering the neural network
again, so as to achieve the purpose of self-tuning of PID
control parameters and finally achieve the good response of
the whole system.

The topological structure of BP neural network proposed
in this paper consists of three input nodes, six implicit nodes,
and three output nodes. The input signal is the motion state
and system error of the motor system, and the output signal
is the three parameters of PID.

3.3.3. Network Information Forward Propagation Calculation.

Select three inputs as
ο2

1ð Þ = e kð Þ,
ο2

1ð Þ = e k − 1ð Þ,
ο3

1ð Þ = 1:

8>><
>>: ð9Þ

The input and output of the hidden layer are as follows:

neti 2ð Þ kð Þ = 〠
m

j=0
wij

2ð Þοj
1ð Þ, ð10Þ

οi
2ð Þ kð Þ = f neti 2ð Þ kð Þ

� �
, i = 1, 2,⋯, ð11Þ

οi
2ð Þ kð Þ = f neti 2ð Þ kð Þ

� �
ο6

2ð Þ kð Þ = 1
,

8<
: i = 1, 2,⋯, ð12Þ

where j denotes the number of the input layer node; i denotes
the number of the hidden layer; superscripts (1), (2), and (3)
decibels represent the input, implicit, and output layers,
respectively; wij

ð2Þ is the input layer; j is the weight value of
the i-th hidden layer’s node.

The excitation function f ðxÞ is a hyperbolic tangent
function:

f xð Þ = tanh xð Þ = ex − e−x

ex + e−x
: ð13Þ
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3.3.4. Network Error Backpropagation Calculation. The gradi-
ent descent algorithm is used to adjust the weight coefficient
value, and the performance index function is selected as
follows:

E = 1
2 e

x kð Þ: ð14Þ

Let the error function E adjust in the direction of the fast-
est change to reduce, that is, adjust the network connection
weight coefficient according to the negative gradient direction
of the error function E, so that the error converges gradually.
There is

Δwli
3ð Þ kð Þ = −η

∂E kð Þ
∂wli

3ð Þ : ð15Þ

In order to speed up the error correction and reduce the
probability of the system falling into the local minimum, the
momentum factor is added. There is

Δwli
3ð Þ kð Þ = −η

∂E kð Þ
∂wli

3ð Þ + αΔwli
3ð Þ k − 1ð Þ, ð16Þ

where η is the learning rate and α is the momentum factor.
According to the gradient descent method,

∂E kð Þ
∂wli

3ð Þ =
∂E kð Þ
∂y kð Þ · ∂y kð Þ

∂u kð Þ · ∂u kð Þ
∂οl 3ð Þ kð Þ · ∂οl 3ð Þ kð Þ

∂netl 3ð Þ kð Þ ·
∂netl 3ð Þ kð Þ
∂wli

3ð Þ :

ð17Þ

In Equation (17), the variable ∂yðkÞ/∂uðkÞ is unknown,
but uðkÞ, yðkÞ, and the relative change amount can be
obtained, so

∂y kð Þ
∂u kð Þ = y kð Þ – y k − 1ð Þ

u kð Þ – u k − 1ð Þ : ð18Þ

Since uðkÞ = uðk − 1Þ + ο1
ð3ÞðeðkÞ − eðk − 1ÞÞ + ο2

ð3ÞeðkÞ
+ ο3

ð3ÞðeðkÞ − 2eðk − 1Þ + eðk − 2ÞÞ, so

∂u kð Þ
∂ο1 3ð Þ kð Þ = e kð Þ − e k − 1ð Þ,

∂u kð Þ
∂ο2 3ð Þ kð Þ = e kð Þ,

∂u kð Þ
∂ο3 3ð Þ kð Þ = e kð Þ − 2e k − 1ð Þ + e k − 2ð Þ:

8>>>>>>>>><
>>>>>>>>>:

ð19Þ

3.4. The Structure of BP Neural Network PID Controller. In
order to improve the control system of traditional PID
controller, other intelligent optimization algorithms are
combined with traditional PID controller to achieve better
control effect. Among them, BP neural network algorithm as
a classic intelligent optimization algorithm has the characteris-
tics of distributed storage, parallel processing, and adaption,
which makes up for the shortcomings of traditional PID

controller. Therefore, the combination of BP neural network
algorithm and traditional PID control can achieve the purpose
of optimizing the control effect. Through the adaptive charac-
teristics of BP algorithm, combined with input and output
samples, the BP neural network model is trained, and the
connection weights in the network are constantly adjusted to
make the output meet the expected requirements and reduce
the system error. This combined optimization control method,
especially for the servo motor control system, can effectively
solve the design problems that the motor PID control parame-
ters are difficult to adjust and the overall control of the system
cannot achieve the desired effect.

Figure 9 shows the system diagram of BP neural network
PID controller. It is an organic combination of traditional
PID controller and BP neural network. The specific contents
of each part are as follows:

3.4.1. BP Neural Network Part. BP neural network is an
important part of BP neural network PID system. The main
function is to modify the connection weight of each layer of
neural network according to the actual input and output
through the self-learning characteristics of BP algorithm, so
as to achieve the purpose of adjusting the output, that is to
adjust the control parameters of PID controller in real time
and optimize the performance of the whole control system.
The output signal of input layer in BP neural network corre-
sponds to three control parameters Kp, Ki, and Kd in tradi-
tional PID controller. The adjustment process of control
parameters is shown in Figure 10.

3.4.2. Traditional PID Part. BP neural network is only an
abstract optimization algorithm, and the actual control of
the motor still depends on the traditional PID controller.
Therefore, the traditional PID part is an indispensable part
of the BP neural network PID system. The specific control
of the motor is still dependent on the closed-loop control of
the traditional PID controller, so that the motor’s speed out-
put follows the input.

3.5. BP Neural Network PID Controller. Taking the axial
motion of the surgical robot designed in this paper as an
example, the dynamic analysis is carried out. Its axial move-
ment is driven by Maxon EC32 motor. The motor drives the
system to move back and forth from the whole clamping
catheter platform at the end, so as to realize the purpose of
pushing the surgical catheter. According to Newton’s second
law of physics, after simplifying the reference factors of the
system, the dynamic model of the axial motion of the surgical
robot is established as follows:

f tð Þ =m€x tð Þ + c _x tð Þ + kx tð Þ, ð20Þ

where f ðtÞ is the motor driving force, xðtÞ is the displacement
of this motion, _xðtÞ is the motion velocity, €xðtÞ is the motion
acceleration, and Equation (20) illustrates the relationship of
motor drive force and output displacements.
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If x1ðtÞ = xðtÞ and x2ðtÞ = _xðtÞ, then,

_x tð Þ = AX tð Þ + Bu tð Þ,
y tð Þ = CX tð Þ,

(
ð21Þ

where XðtÞ = x1ðtÞ
x2ðtÞ

" #
, A =

0 1
−k/m −c/m

" #
, B =

0
1/m

" #
,

and C =
1 0
0 0

" #
.

That m is the mass of the overall axial movement of the
push platform, c is the overall damping coefficient of the push
platform, and k is the overall elastic coefficient of the push
platform. From Equation (22), it can be concluded that the
transfer function of the axial movement of the push device
is as follows:

H sð Þ = m
ms2 + cs + k

: ð22Þ

3.6. Simulation Analysis. Taking the axial motion of the inter-
ventional robot as an example, the step signal y = 1 is used to
simulate the axial expected displacement of the main hand
catheter during the actual operation of the doctor. Take
Equation (22)as m = 1 kg, c = 0:05N/ðm/sÞ, and k = 1:5N/m.
After MATLAB simulation, the simulation results shown in
Figure 11 are obtained and the results are in BP for compari-
son control effects.

Figure 11 shows the simulation comparison between BP
neural network PID control and traditional PID control. By
comparing the simulation results, it can be found that the
overshoot of the traditional PID control system is 22%, while
that of the newly designed BP neural network PID control
system is only 12%. Compared with the traditional PID con-
trol system, the adjustment time and precision of BP neural
network PID control system have been greatly improved. In

Learning algorithm

BP neural network

PID controller Motor
y (t)∗

Kp KdKi

y(t)u(t)e(t)

Figure 9: The control system of BP neural network PID controller.
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Figure 10: Intelligent adjustment output of parameters Kp, Ki, and Kd .
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the actual operation process, the pushing process of the surgi-
cal catheter needs several times to push and pull the catheter to
reach the designated lesion. Shortening the pushing time of
the catheter is helpful to improve the efficiency of intubation
and the success rate of operation.

4. Experiments

4.1. Experimental Setup. The simulation experiment is made
up of the RCMS which is composed of the main terminal
(surgeon console) and the slave terminal (surgical catheter
console) by remote operation and connected by network com-
munication. The operation catheter was driven by step motor
and DC motor for axial and radial movement. Therefore, in
the process of using, it is helpful to monitor the motion state
of stepping motor and DC motor for practical application
and control. The BP neural network with double input and
single output structure is used as the adjusting module of the
control parameters in the PID controller. The displacement
error ðeðkÞÞ and the change of displacement error ðceðkÞÞ
are regarded as two inputs of the controller. The realization
process of the new controller is as follows: monitoring the
current output value of step motor or DC motor; calculating
the movement error and error change speed through the cur-
rent value; inputting the error into BP neural network; and
adjusting it through self-learning characteristics. Then, the
adjusted Kp, Ki, and Kd are transmitted to PID controller to
adjust the output signal uðtÞ of the whole system.

4.2. Experimental Results. First of all, we use the traditional
PID controller to carry out the basic remote operation
experiment. Then, the new designed BP neural network

PID controller is used to carry out the same remote operation
experiment. The experimental results of traditional PID axial
displacement are shown in Figure 12, and the error of
traditional PID axial displacement is shown in Figure 13.
Figure 14 shows that BP neural network PID controller
obtains smooth response without overshoot, and its axial
displacement error curve is shown in Figure 15.

The steady-state error of traditional PID controller is
large, and the synchronous tracking performance is far
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Figure 11: Simulation results.
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Figure 12: Axial displacement of PID controller.
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inferior to that of BP neural network PID controller. How-
ever, although the BP neural network PID controller has
good effect, it also has some errors. These errors are due to
time delays in remote operations. This is also a key technical
issue to be considered in future research.

Of course, for the axial motion of the system, we only use
a simple physical method to establish the system dynamics
model, without considering the higher requirements of the
system in different working environments or other nonlinear
factors. For a system with two degrees of freedom (radial
rotation and axial displacement), when the displacement
velocity or rotation direction changes, the system operation
will be affected by nonlinear factors. Therefore, for the
system, the nonlinear dynamic factors should be added to
the known model in order to enhance the anti-interference
ability of the control system and achieve better control effect.

5. Conclusions and Future Work

The system is based on the catheter robot operating system
(RCMS), including a mechanical system with high precision
and remote operation to assist surgeons in vascular interven-
tion. The system takes digital signal processor (DSP) as the
control unit, and has high measurement accuracy and
processing speed in the main terminal console and the slave
terminal console. Load cell and torque sensor are used to
obtain the motion information of force and rotation angle.
A new controller, BP neural network PID controller, is
designed, which can improve the axial and rotary motion
accuracy of the system in remote operation. Simulation
results show that the proposed BP neural network PID con-
troller has good dynamic response quality. When BP neural
network PID controller is used for remote control, the syn-
chronous tracking error of axial displacement is less than
1.5mm. Although there are some errors in radial rotation
and axial displacement due to time delay, the system can also
meet the actual requirements of minimally invasive surgery.
In conclusion, BP neural network PID control algorithm
can improve the control performance of the system.

In the future research work, we will add the dynamic
model of radial rotation in the operation system of surgical
catheter robot, and increase the nonlinear influence factors.
Combined with the established dynamic model of axial
displacement, we will improve the control accuracy and anti-
interference ability of the system in remote control [24]. In
addition, more advanced sensors are used tomeasure the force
(contact force and friction force) and displacement informa-
tion in the system. And for the perfect system, real animal
experiments were carried out to verify the reliability and safety
of the system and ensure the feasibility of operation.
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Inspired by the visual properties of the human eyes, the depth information of visual attention is integrated into the saliency
detection to effectively solve problems such as low accuracy and poor stability under similar or complex background
interference. Firstly, the improved SLIC algorithm was used to segment and cluster the RGBD image. Secondly, the depth
saliency of the image region was obtained according to the anisotropic center-surround difference method. Then, the global
feature saliency of RGB image was calculated according to the colour perception rule of human vision. The obtained
multichannel saliency maps were weighted and fused based on information entropy to highlighting the target area and get the
final detection results. The proposed method works within a complexity of O(N), and the experimental results show that our
algorithm based on visual bionics effectively suppress the interference of similar or complex background and has high accuracy
and stability.

1. Introduction

Saliency detection is an important research content in com-
puter vision, which refers to the process of simulating human
visual attention mechanism to accurately and quickly detect
the most interesting regions in images. Borji et al. defined
that saliency visually described the prominent target or area
in the scene relative to its neighbouring area [1]. The human
visual attention mechanism prioritizes a few significant areas
or objectives, while ignoring or discarding others that are not,
which can allocate computing resources selectively and
greatly improve the efficiency of visual information process-
ing. Therefore, the saliency computing model based on visual
attention mechanism has been widely studied. When pro-
cessing the input image or video, the computer can judge
the importance of its visual information by detecting the
saliency area. It has been widely applied in object detection
and identification [2], image retrieval [3], video quality
assessment [4], video compression [5], image cropping [6],
and other fields.

The RGB image saliency detection model based on visual
attention mechanism uses low-level feature contrast to calcu-
late saliency [7, 8]. Typical of them are global feature com-
parison calculation model [9], local feature comparison

calculation model [10], and combination of global and local
feature comparison model [11]. In order to improve the
accuracy of detection, the saliency detection model was pro-
posed based on prior knowledge [12]. Typical of them are
position prior [13], background prior [14, 15], colour prior
[16], shape prior [17], and boundary prior [18, 19].

However, most 2D image saliency detection models
based on human visual attention mechanism ignore the fact
that human visual attention mechanism is based on 3D
scene. It shows that depth provides extra important informa-
tion of saliency detection for RGB image. Desingh et al. dis-
cussed 3D saliency detection methods based on depth
appearance, depth-induced blur, and centre-bias [20]. Niu
et al. conducted depth saliency detection based on parallax
contrast and professional knowledge in vertical photography
[21]. Further, Ju et al. proposed a depth saliency detection
model based on depth image anisotropic center-surround
difference [22]. Ren et al. [23], respectively, proposed the
saliency detection of RGB-D images against a complex back-
ground by combining the prior knowledge of depth, indicat-
ing the validity of depth information in 3D saliency
detection. However, there are two challenges in the process
of saliency detection of RGB-D images. The first is how to
calculate the saliency of depth images under similar or
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complex background interference, and the second is how to
combine the saliency map of depth image and RGB image
to obtain the final result with a good performance. In this
paper, we proposed a multichannel saliency detection
method based on RGBD images, which has the following
contributions:

(1) On the basis of SLIC algorithm, colour, texture, and
depth information are used to measure the distance
of superpixel segmentation

(2) Based on the perception rule of human vision, we
introduced the depth information and global infor-
mation of RGB image as two feature channels for
saliency computing

(3) The weighted features of depth saliency and colour
saliency were fused by information entropy, and
experiment shows that the algorithm has a good per-
formance in case of background interference

2. Saliency Detection

The algorithm framework of this paper is shown in Figure 1.
Combining the depth map with the RGB map to carry out
image preprocessing and colour, texture, and depth informa-
tion are introduced as the basis of superpixel segmentation.
Then, the colour and depth information were calculated as

two feature channels of saliency map. As is shown in
Figure 2, the depth saliency was obtained by the anisotropic
center-surround difference (ACSD) method, and the global
saliency of RGB image was calculated by global contrast
method based on HSV space. Finally, information entropy
is used to calculate the weights of two channels, respectively,
and get the final fused saliency map.

3. Image Preprocessing

The human visual observation system takes the image region
as the basic unit, and the saliency detection based on the
region conforms to the visual characteristics of the human
eyes. As a construction method of pixel region, superpixel
technology has been widely used in computer vision field.
Superpixel can quickly segment the image into subregions
with certain semantics, which is conducive to the extraction
of local features and the expression of structural information
[24]. SLIC algorithm has obtained a good balance in the two
aspects of edge fitting degree and compactness, which has an
excellent comprehensive performance. When the SLIC is
used to segment the left image, the obtained boundary is
not accurate because of ignoring the mutual constraint rela-
tionship between the 2D and depth information. Therefore,
colour, texture, and depth information are used to measure
the distance of superpixel segmentation in this paper.

RGBD
image

Depth
image

RGB
image

Depth
saliency

RGB
saliencyImage preprocessing

SLIC

Depth

Color

Texture

Fused
saliency

Figure 1: Our framework of saliency detection.
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Figure 2: Example of the ACSD operator in a region.
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Converting the left image to the CIE Lab colour space and
dividing the image into k superpixels. Here, each pixel has a
unique identifier i. Extract the follow 7d characteristics of
each superpixel region as measurement property. It can be
expressed:

Sp¯i = li, ai, bi, Cconi, Ccori, Ei, dif g i = 1, 2, 3,⋯, k, ð1Þ

where li, ai, and bi are the mean value of L, a, and b colour
components of each superpixel region; Cconi, Ccori, and Ei
are the mean value of contrast, cross-correlation, and energy
mean of gray level cooccurrence matrix of each superpixel
region; and di is the depth value of each superpixel region.
Then, we can describe the adjacent superpixel pair as Sp¯ij:

Sp¯ij = Sp¯i, Sp¯j
� �� �

i ∈ 1, k½ �, j ∈ 1, k½ �, i ≠ j, ð2Þ

where Sp¯ij superpixel pair with i and j as identifier, k is the
number of superpixels of the image, and SP¯i and Sp¯j are
the 7 d characteristics of the adjacent superpixel pair. The
number of adjacent superpixel pairs in each image is deter-
mined by SLIC superpixel segmentation.

Using colour, texture, and depth features to calculate the
difference between all adjacent superpixel pairs Sp¯ij. dlab,
dglcm, and ddepth are defined to describe the measurement of
colour, texture and depth characters:

dlab =
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
li − l j
� �2 + ai − aj

� �2 + bi − bj
� �2,q

dglcm =
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Cconi − Cconj
� �2 + Ccori − Ccorj

� �2 + Ei − Ej

� �2,q
ddepth =

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
di − dj

� �2:q
ð3Þ

Then, the distance measurement of superpixel segmenta-
tion Dij is

Dij = ω1∙

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ε + d2lab

3

s
+ ω2∙

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ε + d2glcm

3

s
+ ω3∙

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ε + d2depth

q
, ð4Þ

where ε = 10−4. It is used to ensure the validity of the value.
ω1, ω2, are ω3 are the weight of colour, texture, and depth.

In the image, the greater the discreteness of a feature data
set is, it means that the more influence this feature has on the
image. Mean variance can effectively represent the degree of
difference between data. Therefore, the global mean variance
of colour, texture, and depth is used as the weight values of
the three features ω1, ω2, and ω3.

If the difference between adjacent superpixels is less than
a certain threshold th1, the adjacent superpixel pair will be
merged.

th1 =

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ω1∙ �l + �a + �b

� �
3

s
+

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ω2∙ Ccon + Ccor + �E

� �
3

s
+

ffiffiffiffiffiffiffiffiffiffi
ω3∙�d

q
,

ð5Þ

where�l, �a, and �b are the mean value of L, a, and b colour com-
ponents of the image; Ccon, Ccor, and �E are the mean value of
contrast, cross-correlation, and energy mean of gray level
cooccurrence matrix of the image; and �d is the depth value
of the image.

Finding all similar adjacent superpixel pairs and taking
the upper left superpixel of the image as the starting point
of clustering. The output after clustering contains n regions
Ri, 1 ≤ i ≤ n.

4. Depth Saliency Map

For each superpixel, the anisotropic center-surround differ-
ence (ACSD) value is calculated, and the value of center
superpixel is assigned to each pixel within the region Ri. Per-
forming an anisotropic scan along multiple directions, in
each scanline, assuming the pixel with the minimum depth
value as background and calculate the difference between
the center pixel and background. L is the maximum scan
length for each scanline. The typical value of L is a third of
the diagonal length.

The anisotropic center-surround difference (ACSD) is
summed over eight scanning directions 0°, 45°, 90°, 135°,
180°, 225°, 270°, and 315°. The mathematical description of
anisotropic center-surround difference (ACSD) measure is

Smd x, yð Þ = d x, yð Þ −min dmð Þ, n ∈ 1, L½ �,

Sd x, yð Þ = 〠
8

m=1
Smd ,

ð6Þ

where Smdepth indicates the ACSD value of pixel ðx, yÞ along
the scanline m. dðx, yÞ is the depth value of pixel ðx, yÞ. n is
the index of the pixels along the scan path m. min ðdmÞ is
the minimum depth value along the scanline m. Sdðx, yÞ is
the ACSD value of pixel ðx, yÞ which sums the center-
surround difference values in eight directions.

5. Global Saliency Map of RGB Image

Colour histogram is used to regularize the colour of the
image to level 128 in order to reduce the computational
complexity and save the storage space. On the other hand,
the descending dimension algorithm for HSV colour space
is proposed. With the decrease of saturation, any colour in
HSV space can be described by the change of gray level.
The intensity value determines the specific gray level of
the conversion [25]. When the colour saturation is close
to zero, all pixels look similar regardless of hue. With
the increase of saturation, the pixels are distinguished by
hue value.

Compared with colour saturation, human vision is
more sensitive to hue and intensity. The pixels with lower
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colour saturation can be approximately represented by
intensity level, while the pixels with higher colour satura-
tion can be approximately represented by hue. Saturation
value is used to determine whether each pixel can be rep-
resented by hue or intensity value, which is more consis-
tent with the law of human visual perception. Saturation
threshold th2 is

th2 = 1 − 0:8 Iv x, yð Þ
255 , ð7Þ

where Ivðx, yÞ represents the V component value of a
pixel. When the saturation value Isðx, yÞ is greater than
th2, the pixel point is represented by the hue value Ivðx,
yÞ; when the saturation value is less than th2, the pixel
point is represented by the intensity value Ihðx, yÞ: The
saliency of each pixel is

Sc x, yð Þ =
�I − Iv x, yð Þ�� �� Is x, yð Þ ≤ th2
�I − Ih x, yð Þ�� �� Is x, yð Þ > th2

(
∀ x, yð Þ ∈ Ri, ð8Þ

where Isðx, yÞ is the saturation value of the pixel, Ihðx, yÞ
is the hue value of the pixel, Ivðx, yÞ is the intensity value
of the pixel, and �I is the mean value of all pixels.

6. Fusion of Saliency Map

When synthesizing the colour saliency map and the depth
saliency map, the information entropy is used to calculate
the weights of the channels.

The information entropy of colour saliency is

Hc Rð Þ = −〠
n

i=1
pc Rið Þ log pc Rið Þð Þ, ð9Þ

where pcðRiÞ is the ratio of the sum of Ri colour saliency
values to the whole image.

The information entropy of depth saliency is

Hd Rð Þ = −〠
n

i=1
pd Rið Þ log pd Rið Þð Þ, ð10Þ

(a) (b) (c) (d) (e) (f) (g) (h) (i)

Figure 3: Saliency comparisons of different methods in terms of NJU400 dataset: (a) RGB image; (b) depth image; (c) ground truth; (d) GS;
(e) MC; (f) MR; (g) WCTR; (h) ACSD; (i) MSD.
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Figure 4: Continued.
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where pdðRiÞ is the ratio of the sum of Ri depth saliency
values of to the whole image.

The saliency map Sfuseðx, yÞ was obtained by fusing the
two channels:

Sfuse x, yð Þ = Hc Rð Þ
Hc Rð Þ +Hd Rð Þ Sc x, yð Þ

+ Hd Rð Þ
Hc Rð Þ +Hd Rð Þ Sd x, yð Þ∀ x, yð Þ ∈ Ri:

ð11Þ

7. Experimental Comparison

We show a few saliency maps generated by different algo-
rithms in Figure 3.

The precision-recall curve is evaluated from two aspects:
precision and recall. Precision refers to the ratio between the
number of correct saliency pixels and the whole number of
saliency pixels, which is used as the y-axis. Recall refers to
the ratio of the number of correct saliency pixels to the num-
ber of true pixels, which is used as the x-axis.

The algorithms are tested on NJU400 datasets. Two test
sets are divided from NJU400 according to the complexity
and the similarity of the background. Four volunteers are
invited to divide the raw datasets into the normal group (N
group) and the similar/complex background group (S/C
group). At last, 92 high quality and consistently labelled
images are selected into the S/C group, and the rest are
divided into the N group. The precision-recall curves of
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Figure 4: The precision-recall curves of different algorithms: (a) the precision-recall curves on the N group; (b) the precision-recall curves on
the S/C group; (c) the precision-recall curves on full datasets.

Table 1: The performance of different algorithms tested on three
groups.

Group Algorithms Precision

N group

GS 0.68

MC 0.79

MR 0.85

RBD 0.81

ACSD 0.84

MSD 0.82

S/C group

GS 0.49

MC 0.50

MR 0.63

RBD 0.56

ACSD 0.87

MSD 0.95

Full datasets

GS 0.64

MC 0.72

MR 0.80

RBD 0.76

ACSD 0.81

MSD 0.86
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different algorithms tested on the N group, S/C group, and
full datasets are given in Figure 4. The performance of differ-
ent algorithms tested on three groups is given in Table 1.

The proposed method works within a complexity of
O(N), and the evaluation on the results of these saliency
detection algorithms in the S/C group shows that our algo-
rithm has a better performance than other algorithms. In full
datasets, it also performs well. By selecting the salient subset
for further processing, the complexity of higher visual analy-
sis can be reduced significantly. Many applications benefit
from saliency analysis such as object segmentation, image
classification, and image/video retargeting.

8. Conclusions

A new framework based on visual bionics for saliency detec-
tion under similar or complex background interference is
proposed in this paper: First, we combine the depth map with
the RGBmap, and colour, texture, and depth information are
introduced as the basis of superpixel segmentation. Second,
the colour and depth information were calculated as two fea-
ture channels of saliency map. Finally, information entropy is
used to calculate the weights of two channels, respectively,
and get the final fused saliency map. The proposed method
works within a complexity of O(N), and the experimental
results show that our saliency detection framework greatly
reduces the error detection under similar and complex back-
ground and improves the overall saliency detection
performance.

Data Availability

The NJU400 datasets used to support the findings of this
study are included within the article.
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Odor pollution did not only disturb the human normal life but also aroused the attention of environmental researchers and
environmental protection departments. Therefore, the research on odor detecting method and instrument is important to theory
and application. On this basis, the self-developed microfluidic chip capillary column is used in our odor detecting system. In
this paper, lead the chip column into the chromatography separation system, with its small size, high efficiency, easy integration,
and other characteristics to replace the original traditional column. The chip column was used in many gas experiments for
several typical VOCs. At different carrier gas flow rates, the baseline value, toluene response, and toluene and methyl sulfide
mixed gas separation were compared to verify the experiment to determine the optimal carrier gas flow rate in accordance with
its response and separation degree. Under the premise of ensuring column efficiency as high as possible, it is determined that
the optimal carrier gas flow rate is 6ml/min. This paper shows the most proper carrier gas flow rate of our odor detecting
system with the self-developed microfluidic chip capillary column.

1. Introduction

In recent years, industrial and agricultural production pro-
cesses and household waste have emitted a large amount of
volatile organic compounds (VOCs), causing a series of
atmospheric pollution problems. VOCs cause harm to the
human respiratory system, digestive system, and endocrine
system. Common psychological and emotional injuries
include irritability, dizziness, nausea, and vomiting. Environ-
mental pollution has attracted the attention of all countries in
the world. The environmental protection monitoring depart-
ment not only wants to know where the pollution source is
but also wants to know the type and concentration of
pollutants. At present, the gas detection method at home
and abroad is mainly gas chromatography. Chromatography
technology is a general term for the separation of complex
samples and is an important method for modern separation

detection and analysis [1]. The traditional gas separation
and detection equipment has a large volume and mass, the
operation process is complex and time-consuming, the analy-
sis speed is slow, and the separation gas mixture uses a longer
column, resulting in a long analysis cycle. The research group
developed and manufactured a chip-type column for this
purpose. It has features such as small sample size, high detec-
tion efficiency, low use cost, portability, ease of integration
with other technical equipment, and good compatibility [2].
The gas chromatography separation and detection system
involved in this article uses Beijing Minnick’s ten-way valve
as the sample injection system, the chip-type column as the
separation system, and the PID (Photoionization Detector)
as the detection system. According to the rate theory, the
carrier gas flow rate affects the column. Selecting the optimal
carrier gas flow rate is of great significance for the evaluation
of the instrument’s performance and detection accuracy.
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2. Experimental Part

2.1. Separation Principle of the Chip Column. The chip column
uses the principle of separation by gas chromatography. In gas
chromatography, the sample gas to be analyzed is rapidly
carried by the carrier gas into the column. The column con-
tains a solid or liquid stationary phase. The polarity, boiling
point, or the physical and chemical properties of the adsorbed
sample are different. As a result, the components are con-
stantly distributed or adsorbed/desorbed between the station-
ary phase and fluidity, resulting in different rates of the
components flowing out of the column, so that the retention
time of the components in the column is different, in chrono-
logical order flow out of the column and into the end of the
detector for detection [3].

2.2. Processing of the Chip Column. The chip column utilizes
the fine sandblasting jet process to etch the surface of the boro-
silicate glass and adopts an anodic bonding processingmethod
to process a Pyrex type borosilicate glass material chip with a
size of 115mm× 60mm × 6mm as shown in Figure 1. The
channel is designed as an S-channel with a circular cross
section, which has the advantage of ensuring that the gas
molecules of the components travel the same path inside and
outside the chip column channel with the same column vol-
ume [4]. The channel has an inner diameter of 400μm and a
length of 5.8m. In order to achieve the separation of VOCs,
three kinds of fixing solutions, 100% dimethylpolysiloxane,
14% cyanopropylphenyl-86% dimethylpolysiloxane, and poly-
ethylene glycol, were, respectively, applied. The pipe connec-
tion method of the chip is connected by means of a clamp
fixture and is connected by a PTFE pipe with a threaded con-
nection, and the connection head is connected by a conical
pressure ring and can withstand a temperature of 300°C.

3. Chromatographic Rate Theory

3.1. Several Parameters for Evaluating Column Performance.
The theoretical plate number N and the theoretical plate
height H are the two main indicators reflecting the column
performance of the column [5]. The calculation formula of
N is

N = 5:54 tR
W1/2

� �2
= 16 tR

Wb

� �2
, ð1Þ

where tR is the retention time, which refers to the time
from the start of sampling until the sample passes the column
to produce the highest peak;Wb is the width of the bottom of
the peak, which refers to the tangent line at the inflection
point of the chromatographic peak outflow curve. The
distance between the base of the peak or the base line inter-
secting two points,W1/2, is the half width of the peak, which
refers to the distance between the line parallel to the base of
the peak at the midpoint of the peak height and the point
of intersection on both sides of the peak [6].

H’s formula is

H = L
N
, ð2Þ

where L is the length of the column.
It can be seen that the narrowing of the chromatographic

peaks and the height of the trays will increase the column effi-
ciency. N and H are the main indicators that describe the
performance of a column.

The degree of separation of components—the degree of
separation [7] is calculated as

R = 2 tR2 − tR1ð Þ
Y1 + Y2

, ð3Þ

where Y1, Y2 is the peak width of the peak.
The size of R can quantitatively reflect the degree of sep-

aration between components. When the chromatographic
peak shape is asymmetrical or there is a slight overlap
between adjacent two peaks, it is difficult to measure the peak
width at the bottom. Instead, half width can be used instead.
At this time, the resolution R can be expressed as

R = 1:18 tR2 − tR1ð Þ
Y1/2 1ð Þ + Y1/2 2ð Þ

, ð4Þ

where Y1/2ð1Þ, Y1/2ð2Þ is the peak width at the half height of
the peak.

3.2. Rate Theory. The column efficiency is the highest when
the column and the sample are at a certain flow rate [8],
and the relationship of H‐u is

H = A + B
u
+ Cu, ð5Þ

where H is the tray height, u is the carrier gas velocity,
and A, B, and C are three constants, where A is the eddy
diffusion term, B is the molecular diffusion coefficient, and
C is the mass transfer resistance factor. Equation (5) is a
simplified version of the Van Deemter equation. According
to equation (5), the heightH of the tray measured at different
flow rates is plotted against the flow rate u to obtain the H‐u

Figure 1: The self-developed microfluidic chip capillary column.
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curve, as shown in Figure 2. At the lowest point of the H‐u
curve, the height of the theoretical plate H is the smallest,
and the efficiency of the column is the highest. The flow rate
corresponding to this point is the best flow rate ubest. Hmin
and ubest can be differentiated by equation (5). Seek, that is,

dH
du

= −
B
u2

+ C = 0, ð6Þ

ubest =
ffiffiffiffi
B
C

r
: ð7Þ

Bring formula (6) into formula (5):

Hmin = A + 2
ffiffiffiffiffiffi
BC

p
: ð8Þ

In actual work, try to shorten the analysis time without
significantly affecting the efficiency of the column. The flow
rate is usually slightly higher than the optimal flow rate.

The relationship of the constant terms A, B, and C is
brought into equation (5).

H = 2λdp +
2γDg

μ
+ 0:01k2

1 + kð Þ2 ∙
d2p
Dg

+ 2
3 · k

1 + kð Þ2 ∙
d2f
D1

" #
μ:

ð9Þ

According to equation (9), the column packing unifor-
mity, carrier particle size, carrier gas type, carrier gas flow
rate, column temperature, and liquid film thickness of the
stationary phase have effects on column efficiency and peak
expansion.

4. Experiments and Data

4.1. Experimental Device and Conditions. In order to under-
stand the effect of carrier gas flow on separation of mixtures,
the self-developed odor detecting online system is introduced
in these experiments. The system is shown in Figure 3.

There are six units in the system, including the gas
channel unit, injection unit, separating unit, detecting unit,
controlling unit, and data processing unit. This system has

passed the stability testing, systematic linearity testing, and
sensitivity testing. The testing experiments show that the
baseline fluctuation value is less than 2.3mV; the linearity
of the system for xylene, ethanol, and butane is 99.98%,
99.99%, and 99.98%, respectively. The sensitivity was
1 ppm, 0.8 ppm, and 0.6 ppm, respectively [9]. We will not
elaborate the testing experiments of our self-developed odor
detecting online system.

The following experiment is done under the normal
operating conditions. The normal operating conditions are
as follows: (1) 99.999% nitrogen (N2) was used as carrier
gas; (2) the lab environmental temperature is at 25°C; (3)
the pressure in the laboratory is 0.101MPa.

4.2. Effect of Carrier Gas Flow on Baseline Value. Baseline
refers to the signal curve produced by the detector when only
nitrogen passes through the column and detector under
normal operating conditions. The ideal stable baseline should
be a horizontal straight line. The peak height is the vertical
distance between the highest point of the chromatographic
peak and the bottom of the peak and the vertical distance
between the highest point of the chromatographic peak and
the baseline. In gas chromatography, the peak height is one
of the commonly used quantitative parameters. From the
theory of velocity, the flow affects the height of the theoretical
plate, thus affecting the size of the baseline value. By changing
the flow rate before the column, the voltage value of the PID
is monitored with a voltmeter. After the baseline is stabilized,
the corresponding baseline value is obtained. We used
99.999% nitrogen (N2) as carrier gas in this experiment.
The carrier gas flow rate changed from 0ml/min to 9ml/min
at 25°C in the lab. The effect of carrier gas flow on baseline
values is shown in Figure 4. It shows that the baseline value
was low while the carrier gas flow speeded up.

4.3. Effect of Carrier Gas Flow Rate on Toluene Response.
From the rate theory, the flow rate of the carrier gas has an
opposite effect on the mass transfer resistance term and the
vertical diffusion term. If the carrier gas velocity u increases,
the longitudinal diffusion term decreases so that the column

u (cm/s)

H
 (c

m
)

Figure 2: Relation curve between plate height and the carrier gas
line speed.

Figure 3: Self-developed odor detecting online system.
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Figure 5: Effect of carrier gas flow rate on 200 ppb toluene response value.

Table 1: Dimethyl sulfide and toluene separation results in different carrier gas flow rates.

Flow rate (ml/min) Substance category Retention time (s) Peak width Separation degree

2
Dimethyl sulfide 78 26

2.79
Toluene 176 44

2.5
Dimethyl sulfide 65 37

2.13
Toluene 146 39

3
Dimethyl sulfide 55 46

1.66
Toluene 127 41

3.5
Dimethyl sulfide 47 46

1.51
Toluene 107 34

4
Dimethyl sulfide 44 33

1.68
Toluene 96 29

4.5
Dimethyl sulfide 37 33

1.53
Toluene 85 29

5
Dimethyl sulfide 34 26

1.68
Toluene 76 24

5.5
Dimethyl sulfide 28 20

1.63
Toluene 61 21

6
Dimethyl sulfide 26 26

1.50
Toluene 60 20

6.5
Dimethyl sulfide 24 20

1.74
Toluene 57 18

7
Dimethyl sulfide 23 23

1.58
Toluene 54 16
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efficiency increases, but at the same time, the mass transfer
resistance term increases, which in turn reduces the column
efficiency. The flow rate of the carrier gas influences the
height of the tray, so there is an optimum flow rate so that
the column efficiency is the highest. In this experiment, the
sample gas was sampled using 200 ppb toluene standard gas
prepared by DaLian Date and the carrier gas used was
99.999% nitrogen (N2). By changing the flow rate of the
carrier gas before the column, the corresponding response
value of the 200 ppb toluene standard gas is shown in
Figure 5. It shows that toluene response value had a peak
value at about 6ml/min.

4.4. Effect of Carrier Gas Flow on Separation of Mixtures. A
gas generator was used to prepare dimethyl sulfide and
toluene gas mixture. The gas mixture was separated and
detected by the gas chromatographic separation and
detection system developed by our group [10, 11]. In this
experiment, 99.999% nitrogen (N2) was used as the carrier
gas. The temperature of the chip column is 85°C, select the
S48 300/HMT type mass flow controller manufactured, and
control the flow rate at 2~7ml/min, and each flow rate is
carried out. Two repeated injection tests were performed to
determine the retention time and peak width of the mixture,
and the mean value was calculated. Separation of the mixture
is mainly achieved by using the separation of the system; the
relative physical and chemical properties such as the boiling
point, polarity, and adsorption and desorption of each com-
ponent are fixed [12]. After separation and detection of
dimethyl sulfide and toluene mixture, data processing was
performed using the software of the upper computer to cal-
culate the retention time and peak width of dimethyl sulfide
and toluene at different flow rates, and the separation was
calculated according to equation (3). The specific data results
are shown in Table 1.

From Table 1, the flow rate is between 2 and 7ml/min,
the separation degree of methyl sulfide and toluene is R >
1:5, and the two peaks are completely separated. The higher
the degree of separation, the more accurate detection results
could be [13]. When the flow rate is low, as the flow rate
increases, the peak width of the peak narrows, the retention
time becomes shorter, the number of theoretical plates
becomes larger, and the column efficiency of the chip column
increases [14].

5. Conclusions

During the rate theory, the flow rate of the carrier gas affects
the column and column efficiency. Using the developed chip-
type column at different carrier gas flow rates, experiments
were carried out to examine the effect of carrier gas flow rate
on the baseline value, 200 ppb toluene response, and mixture
separation. The flow rate was between 2 and 7ml/min, and the
baseline value gradually decreased. The response value of
200ppb toluene reached maximum at a flow rate of about
6ml/min. The separation of dimethyl sulfide and toluene was
not less than 1.5. Both were completely separated. Based on
comprehensive column efficiency, gas response value, high
separation of mixed gas, short analysis cycle, and other

factors, the optimal carrier gas flow rate for the chip column
is 6ml/min.

Data Availability

The data used to support the findings of this study are
included within the article.

Conflicts of Interest

All the authors of this manuscript declare no competing
financial interest.

Acknowledgments

This work is supported by the project of Tianjin University of
Science and Technology (No. 2017KJ112): Development
Fund Mechanism of laser-guided screening of circulating
tumor cells.

References

[1] J. Pfahler, J. Harley, H. Bau, and J. Zemel, “Liquid transport in
micro and submicron channels,” Proceedings of SPIE,
vol. 1167, no. 89, pp. 159–169, 1992.

[2] M. Yu, Z. Hongmei, Z. Hua, and Q. Dewen, “Research prog-
ress and application of microfluidic chip technology,” Plant
Protection, vol. 4, pp. 1–8, 2014.

[3] S. Dongping, Modern instrument analysis and experimental
techniques (volume 1), Science Press, Beijing, 2015.

[4] L. Yang, Z. Sixiang, L. Shanshan, Z. Xu, Y. Xinying, and
H. Xiaowei, “Development of the micro gas chromatography
columns for malodorous gas detection,” Micronanoelectronic
Technology, vol. 7, pp. 447–450, 2014.

[5] L. Huwei, Gas chromatography method and its application,
Chemical Industry Press, Beijing, 2007.

[6] Q. Meiling, Gas chromatographic analysis and application,
vol. 43, Science Press, Beijing, 2012.

[7] H. Jintu, “Inquiry upon the separating rate of chromatogra-
phy,” Journal of Xinyang Teachers College (Natural Science
Edition), vol. 4, pp. 351–353, 1990.

[8] M. Zhu and P. Hu, Instrumental analysis, Higher Education
Press, Beijing, fourth edition, 2008.

[9] X. Zhang, L. Liu, Y. Xu, J. Li, F. Wang, and S. Zhang, “Odor gas
online detection system and experiments research,” Journal of
Hebei University of Technology, vol. 3, pp. 38–43, 2015.

[10] X. Yang, The development and experimental research of odor-
ous gases detecting system, Hebei University of Technology,
Tianjin, 2015.

[11] F. Wang, “The research on data processing and calibration of
odorous detection system,” Hebei University of Technology,
Tianjin, 2016.

[12] S. P. Cram and R. S. Juvet, “Gas chromatography,” Analytical
Chemistry, vol. 44, no. 5, pp. 213–241, 2002.

[13] Y. Haiming and S. Meihua, “Influence of resolution on quan-
titative analysis by gas chromatography,” Pollution Control
Technology, vol. 6, pp. 49-50, 2006.

[14] R. Nasreddine, V. Person, C. A. Serra, and S. le Calvé, “Devel-
opment of a novel portable miniaturized GC for near real-time
low level detection of BTEX,” Sensors & Actuators B Chemical,
vol. 224, pp. 159–169, 2016.

5Applied Bionics and Biomechanics



Research Article
Kinetic Gait Changes after Robotic Exoskeleton Training in
Adolescents and Young Adults with Acquired Brain Injury

Kiran K. Karunakaran ,1,2,3 Naphtaly Ehrenberg ,1,3 JenFu Cheng ,2,3

Katherine Bentley,2,3 and Karen J. Nolan 1,2,3

1Center for Mobility and Rehabilitation Engineering Research, Kessler Foundation, West Orange, New Jersey 07052, USA
2Physical Medicine and Rehabilitation, Rutgers New Jersey Medical School, Newark, New Jersey 07103, USA
3Research Department, Children's Specialized Hospital, New Brunswick, New Jersey 08901, USA

Correspondence should be addressed to Kiran K. Karunakaran; kkarunakaran@kesslerfoundation.org

Received 15 July 2020; Revised 11 September 2020; Accepted 8 October 2020; Published 28 October 2020

Academic Editor: Dongming Gan

Copyright © 2020 Kiran K. Karunakaran et al. This is an open access article distributed under the Creative Commons Attribution
License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is
properly cited.

Background. Acquired brain injury (ABI) is one of the leading causes of motor deficits in children and adults and often results in
motor control and balance impairments. Motor deficits include abnormal loading and unloading, increased double support time,
decreased walking speed, control, and coordination. These deficits lead to diminished functional ambulation and reduced quality of
life. Robotic exoskeletons (RE) for motor rehabilitation can provide the user with consistent, symmetrical, goal-directed repetition
of movement, as well as balance and stability. Purpose. The goal of this preliminary prospective before and after study is to evaluate
the therapeutic effect of RE training on the loading/unloading and spatial-temporal characteristics in adolescents and young adults
with chronic ABI.Method. Seven participants diagnosed with ABI between the ages of 14 and 27 years participated in the study. All
participants received twelve 45 minute sessions of RE gait training. The bilateral loading (linearity of loading and rate of loading),
speed, step length, swing time, stance time, and total time were collected using Zeno™ walkway (ProtoKinetics, Havertown, PA,
USA) before and after RE training. Results. Results from the study showed improved step length, speed, and an overall
progression towards healthy bilateral loading, with linearity of loading showing a significant therapeutic effect (p < 0:05).
Conclusion. These preliminary results suggest that high dose, repetitive, consistent gait training using RE has the potential to
induce recovery of function in adolescents and young adults diagnosed with ABI.

1. Introduction

Acquired brain injury (ABI) is a leading cause of hemiparesis
resulting in gait and balance deficits in adolescents and young
adults [1–3]. These deficits result in abnormal loading and
unloading, increased double support time, and decreased
walking speed, control, and coordination, leading to impair-
ment in functional ambulation and associated activities of
daily living [2–5]. Recovery involves rehabilitation through
high dose physical therapy [6]. It is based on the theory that
the human brain is capable of self-reorganization, or plastic-
ity, through continuous, consistent, repeated practice aimed
at restoring function and independence [7–9]. Conventional
therapy alone may not be able to provide enough consistent
mass practice and repetition to facilitate the neuroplasticity

needed for a functional recovery [10]. Consequently, after
motor rehabilitation individuals with ABI can experience
variable recovery with residual gait deviations. As a result
of these residual motor and balance deficits, individuals diag-
nosed with ABI may develop compensatory mechanisms
such as abnormal or asymmetrical loading and unloading
characteristics and prolonged weight transfer, in order to
achieve ambulation [4, 11].

Ground reaction force (GRF) parameters, e.g., peak
values, linearity, and rates of loading/unloading, symmetry
coefficients, and force integrals, are used for assessment of
pathological gait and evaluation of therapeutic efficacy
[12–14]. The analysis of vertical forces during gait provides
information on weight bearing and balance, and these force
or pressure patterns in the paretic leg are known to be
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correlated with walking speed and motor recovery in stroke
patients [15, 16]. Therefore, improvements in vertical pres-
sure profiles might demonstrate improvement in gait and
overall functional ambulation.

In a healthy gait cycle, the loading response is bilaterally
symmetrical [17]. It has three distinct phases, starting with
a peak force during the initial loading phase, followed by a
midstance phase where there is a decrease in loading, and
ending with another peak force during the terminal unload-
ing phase [17]. Thus, the loading response resembles a
bimodal M shape [17]. The transfer of weight during the
initial loading phase allows for the efficient transfer of
momentum from one leg to the other and the uninter-
rupted use of the kinetic energy that is created by swing
limb activity [18]. The rate of loading determines the speed
of gait [15]. Research has shown that smooth linear loading
helps conserve momentum and shifts the body’s weight to
the next phase of the gait cycle while maintaining speed
[14, 17, 19]. If weight transfer is delayed or loading is non-
linear, it will result in a loss of energy and hence less effi-
cient gait, leading to decreased speed and necessitating the
use of other compensatory gait mechanisms. Limb loading
is often inefficient in individuals with ABI because the
affected limb has a difficult time accepting weight, resulting
in a nonlinear loading and decreased momentum. Conse-
quently, a targeted goal during gait rehabilitation in ABI
is to improve loading profiles in order to facilitate healthier
movement patterns.

Lower extremity robotic exoskeletons (REs) are currently
being used in rehabilitation to restore gait functionality. REs
have the potential to provide the user with high dose, consis-
tent, symmetrical bilateral loading [9, 20–26] profiles during
gait. It can provide an increased number of steps (increased
dosing) in a consistent and controlled training environment,
which is ideal for inducing neuroplasticity [20, 27]. This is
essential for chronic ABI patients who need high dose, con-
sistent therapy to induce cortical reorganization for func-
tional recovery. This study utilized an RE to provide
intensive gait training to adolescents and young adults diag-
nosed with an ABI, with the goal of evaluating the efficacy of
high repetition robotic training on loading/unloading pro-
files. The objective of this preliminary prospective study
was to evaluate the therapeutic effect of RE on their loadin-
g/unloading characteristics. This paper also provides details

of the RE gait training environment for reference, to help
understand the therapeutic effects.

2. Materials and Methods

This is a preliminary prospective before and after study
which is to evaluate the therapeutic effect of RE training on
the loading/unloading and spatial-temporal characteristics
in adolescents and young adults with chronic ABI.

2.1. Participants. Twelve participants with ABI were
recruited for this study. Kinetic and temporal-spatial data
for baseline and follow-up visits were only available from
nine participants. Further, two participants were excluded
from the analysis as they were diagnosed with bilateral defi-
cits. Therefore, seven participants diagnosed with ABI and
hemiparesis and a single healthy control (HC) were included
for this analysis (Table 1). The inclusion criteria for ABI par-
ticipants in this investigation included (1) diagnosed with an
acquired brain injury (anoxic, stroke, or TBI); (2) between
the ages of 13 and 28; (3) able to walk with or without an
assistive device; (4) no additional orthopedic, neuromuscu-
lar, or severe neurological pathologies (unrelated to their
ABI) that would interfere with their ability to walk; (5) able
to stand upright for 30 minutes with assistance; and (6) able
to physically fit into the RE (weight ≤ 100 kg, height ≤ 1.88m,
hip width 0.36m-0.46m). The inclusion criteria for the HC
were no orthopedic, neuromuscular, or severe neurological
pathologies that would interfere with gait and balance. All
procedures performed in this investigation were approved
by the Human Subjects Institutional Review Board at Kessler
Foundation, and informed consent was obtained prior to
study participation.

2.2. Robotic Exoskeleton Gait Training. Robotic gait training
in bilateral assistance mode was administered as an outpa-
tient rehabilitation gait intervention at the Kessler Founda-
tion using a commercially available robotic exoskeleton
(Figure 1, EksoGT, Ekso Bionics, Inc., Richmond, CA,
USA) for 45 minutes per day for 12 days over a period of 4
weeks. A licensed physical therapist administered all RE gait
training sessions and adjusted the assistance provided by the
robot to the individual participant’s therapy progression. A
member of the study team was present at all times during

Table 1: Subject demographics.

Subject Condition Affected side Gender Age Height (m) Weight (Kg) Years since injury

1 TBI Left Male 23 1.83 90.00 1

2 Stroke Left Female 23 1.60 54.00 .9

3 Anoxic Left Female 17 1.63 54.00 2

4 Stroke Left Male 16 1.83 67.50 .5

5 TBI Left Male 22 1.78 63.50 3

6 TBI Left Female 27 1.63 62.60 5

7 TBI Right Male 14 1.65 49.44 0.5

Mean ± SD 20:29 ± 4:68 1:71 ± 0:10 63:01 ± 13:51 1:84 ± 1:66

1 HC n/a Male 26 1.57 77.11 n/a
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the RE gait training sessions to assist the physical therapist
and ensure participant safety. The healthy control participant
was not given RE training as part of the investigation.

The RE provided overground gait rehabilitation under
the guidance of a licensed physical therapist. The RE’s
upper section is attached to the user’s upper body, with
a backpack style shoulder harness and torso brace and also
houses the battery pack, while the lower sections are
affixed to the legs with upper thigh straps, shin guards,
and secure foot bindings. The RE has two active degrees
of freedom at the hip and the knee, respectively, and a
passively sprung ankle joint with adjustable stiffness in
the sagittal plane. The RE provides assistive torques to
the hip and knee joints to perform the predefined gait tra-
jectory and provides variable assistance as required by the
participants bilaterally. The actuated range of motion at
the hip is -20° to 135°, and the actuated range for the knee
is 0° to 120° [28]. All steps were initiated by the partici-
pant. In order to trigger a step, the subject performed a

lateral weight shift to a predetermined distance from mid-
line to initiate advancement of the back (preswing) leg.

2.3. Data Collection Procedures. The participants with ABI
participated in two data collection sessions (baseline and
follow-up after 12 sessions of outpatient RE training), and
data was collected while walking with (training environment)
and without the RE. The participants with ABI did not utilize
any orthotic devices or dorsiflexion wrap during data collec-
tion. The reference HC participated in one data collection
session, and data was collected while walking without the RE.

During each data collection session, temporal, spatial,
and loading data was collected using a Zeno™ walkway (Pro-
toKinetics, Havertown, PA, USA) at 120Hz. The participant
performed up to 6 walking trials (approximately six 10 meter
walks) at a self-selected pace per condition (with and without
RE) and wore shoes for all walking assessments. Participants
were allowed to rest or take breaks at any time during testing
to minimize the effects of fatigue. A member of the study

Figure 1: Robotic gait training with a participant with ABI administered by a trained physical therapist.
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team was present with the participants at all times during the
walking trials.

During the baseline and follow-up gait assessments in the
RE, torque was provided bilaterally as needed at the hip and
knee to complete the gait.

2.4. Data Analysis. PKMAS (ProtoKinetics Havertown, PA,
USA) and MATLAB (MathWorks, Natick, MA, USA) were
used for data analysis. The data were preprocessed using
the PKMAS software, and temporal, spatial, and normal-

ized pressure data were exported. Custom MATLAB algo-
rithms were used to analyze the gait trajectories for each
session with and without the RE. The exported data were
further divided into gait cycles, with a gait cycle being
defined as the period from ground contact of one foot to
the subsequent ground contact of the same foot. Data for
up to 15 gait cycles per condition and per session were
available for each subject and were used for data analysis.
Selected outcome measures and statistical analyses are pre-
sented in Table 2.

Table 2: Outcome measures.

Outcome measure Description Statistical analysis

Total vertical
pressure (TVP)

TVP during the stance phase of each gait cycle was
computed, and an average TVP for all gait cycles was

calculated for both the legs without and with RE that was
computed for each subject and for the HC. The TVP was

normalized to 100% of stance in each condition for
comparison. The stance phase was further divided into
initial double support (IDS) and terminal double support
(TDS) phases based on heel strike and toe off. The IDS

pressure was computed as the pressure between ipsilateral
heel strikes to contralateral toe off. The TDS pressure was

computed as the pressure between contralateral heel
strikes to ipsilateral toe off. Mean and standard deviation

TVP for all participants with ABI was computed.

Linearity of
loading (goodness
of fit)

A best fit line was computed for the average IDS loading
phase for each session for each subject. A goodness of the
fit was computed to assess the error between the fitted line
and the average loading during IDS for each subject in

each session.
The goodness of fit was used to assess the smooth linearity
of loading. R-square (R2) was computed to assess the

square of the correlation between average loading during
IDS and the best fit line. A higher R2 value signifies a closer

fit to the best fit line or increased linearity.

Kolmogorov- Smirnov Z test (p < 0:05) of normality
showed that the data were not normal. Wilcoxson signed
rank test was used to determine the therapeutic effect
(baseline to follow-up without RE) on goodness of fit.

Rate of linear
loading (slope of
initial loading)

The slope of the average IDS loading phase was computed
for each subject. Slope indicates the rate of linear loading.
Increased slope in the IDS phase indicates an increased

moment during the first rocker.

Kolmogorov- Smirnov Z test (p > 0:05) of normality
showed that the data were normal. A paired sample

t-test was performed to determine the therapeutic effect
(baseline to follow-up without RE) on the slope of initial

loading.

Walking speed
The average walking speed was computed for each subject
as the linear distance with respect to time to complete a

gait cycle.

Kolmogorov- Smirnov Z test (p > :05) of normality
showed that the data were normal. A paired sample

t-test was performed to determine the therapeutic effect
(baseline to follow-up without RE) on walking speed.

Step length

The average step length for each gait cycle was computed
as the forward linear displacement between foot contact of
the ipsilateral leg to foot contact of the contralateral leg
during each gait cycle. Average step length was computed

for each subject.

Kolmogorov- Smirnov Z test (p > :05) of normality
showed that the data were normal. A paired sample

t-test was performed to determine the therapeutic effect
(baseline to follow-up without RE) on step length.

Temporal
measures

Total time was computed as the time between foot contact
of one leg to the subsequent foot contact of the same leg.
The average total time was computed for each gait cycle.
Further, average swing time for each subject during each
condition was computed as the time between the foot off
the floor of one leg to foot contact of the same leg during
the gait cycle. Average stance time for each subject during
each condition was computed as the time between the foot
contact of one leg to toe off the same leg during the gait

cycle.

Kolmogorov- Smirnov Z test (p < :05) of normality
showed that the data were not normal. Wilcoxson signed
rank test was used to the therapeutic effect (baseline to
follow-up without RE) on total time, swing time, and

stance time.
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3. Results

3.1. Total Vertical Pressure (TVP). Figure 2 shows the average
TVP of all participants with ABI at baseline and at follow-up
for both the affected and the unaffected sides with and
without RE and one reference HC. The reference HC’s TVP
profile demonstrated linear loading and unloading, a sym-
metrical loading pattern during stance bilaterally, and a min-
imal deviation from the mean across gait cycles. For
participants with ABI walking without RE at baseline, the
TVP demonstrated a perturbation during loading for the
IDS phase (Figure 2-P1and Figure 3-P3) and increased load-
ing on the unaffected side. At follow-up, the perturbation
during loading for IDS decreased (Figure 2-P2 and
Figure 3-P3), and there was increased loading on the affected
limb during midstance. There was increased variation in the
TVP on the affected side compared to the unaffected side for
individuals with ABI, demonstrated by the standard deviations.

In the RE training environment, the TVP profile showed
linear loading during IDS, but did not show the distinctive
peaks as observed in the HC’s data (Figure 2-VP1 and
Figure 2-VP3) in both the affected and unaffected sides at
both baseline and follow-up. Furthermore, a bilaterally sym-
metrical loading profile was observed in the RE training envi-
ronment and for the HC as compared to without RE. The

deviation from the mean across gait cycles for participants
with ABI was smaller in the RE training environment com-
pared to without the RE at both baseline and follow-up.

3.2. Rate of Linear Loading (Slope of Initial Loading). There
was an increase in the average slope from baseline to
follow-up while walking without the RE (Table 3). A paired
sample t-test for average slope did not show a significant
therapeutic effect between baseline and follow-up, though
the effect size (p = 0:136, Cohen’s d effect size was 0.59) was
high (Table 3). The average slope was higher in the training
environment (with the RE) both at baseline and at follow-
up compared to without the RE. The RE training environ-
ment was similar to HC (Table 3).

3.3. Linearity of Loading (Goodness of Fit). There was an
increase in average R2 from baseline to follow-up while walk-
ing without the RE (Table 3). TheWilcoxson signed rank test
for R2 showed a significant therapeutic effect between base-
line and follow-up, and the effect size (p = 0:018, Cohen’s
d effect size was 0.6334) was high. The R2 of loading
was higher in the training environment (with the RE) at
baseline and about the same at follow-up compared to
without the RE. The RE training environment was similar
to the HC (Table 3).
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Figure 2:Mean ± standard deviation of the TVP of the affected and unaffected leg of individuals with ABI during walking with and without
an RE at baseline and follow-up and one reference HC. Data is normalized to 100% of the stance phase.
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3.4. Step Length. Step length without the RE showed an
increase in both the unaffected and affected sides at follow-
up compared to baseline in subjects 2,3,5,6, and 7, while it
showed a decrease in subject 1 and no change on the unaf-
fected side and an increase on the affected side in subject 4
(Figures 2(a) and 2(b)). A paired sample t-test did not show
a significant therapeutic effect between baseline and follow-
up, though the effect size (p = :075, Cohen’s d effect size
was 0.81) was high. The average step length was lower in
the training environment (with the RE) compared to without
the RE at baseline and follow-up. The average step length of
the HC data was higher than ABI without RE.

3.5. Walking Speed.Walking speed without the RE increased
from baseline to follow-up for subjects 2,4,5,6, and 7, while
subject 1 decreased their speed, and subject 3 showed no

change (Figure 2(c)). A paired sample t-test did not show a
significant therapeutic effect between baseline and follow-
up, though the effect size (p = 0:083, Cohen’s d effect size
was 0.80) was high. The average walking speed was lower in
the training environment (with the RE) compared to without
the RE at baseline and follow-up. The average speed of the
HC data was higher than ABI without RE.

3.6. Temporal Characteristics. Average total time, stance
time, and total double support time decreased from baseline
to follow-up (Table 4), but did not show a significant
therapeutic effect (ptotaltime = 0:612, pstance time = 0:398,
ptotal double support time = 0:237). The average total time, stance
time, and total double support time were higher in the train-
ing environment (with the RE) compared to without the RE
at baseline and at follow-up. Average total time, stance time,
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Figure 3:Mean ± standard deviation of the initial loading phase of the right and left leg of subjects with ABI while walking with and without
the RE at baseline and at follow-up and a reference HC. The dotted lines are the best fit lines for the loading profile.

Table 3:Mean ± standard error of initial double support (IDS) loading characteristics on the affected side of all participants with ABI and IDS
loading characteristics on the left side of one HC.

Metric Baseline-without RE Follow-up-without RE Baseline-with RE Follow-up-with RE HC

Slope 2:33 ± 0:28 2:60 ± 0:36 3:44 ± 0:29 3:43 ± 0:24 3.46

Goodness of fit 0:889 ± 0:05 0:934 ± 0:04 0:927 ± 0:02 0:923 ± 0:02 0.99
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and total double support time of the HC data were lower than
ABI without RE.

Swing time did not change (p = 0:866) from baseline to
follow-up (Table 4). The average swing time was higher in
the training environment (with the RE) compared to without
the RE at baseline and follow-up. Average swing time of the
HC data was lower than ABI without RE.

4. Discussion

Moderate to severe ABIs may result in gait and balance defi-
cits such as reduced speed, step length, and abnormal loading
and unloading characteristics during walking. Current
research is focused on reducing these deficits with the use
of REs and understanding the therapeutic effects of REs in
the chronic stages of recovery. Recovery may be gradual dur-
ing the chronic stages and may take place over the course of
several years. In this study, the efficacy of RE usage for 12 ses-
sions on the recovery of gait in adolescents and young adults
with chronic ABI was investigated using kinetic and
temporal-spatial outcomes, such as loading, unloading,
speed, step length, and gait cycle timing. Following the use
of the RE, an increase in linearity of loading during IDS with
an associated increase in speed, step length, and decrease in
stance phase time was observed.

During a healthy gait cycle, the loading/unloading
response is bilaterally symmetrical, as is observed in
Figure 2. It has three distinct phases. The role of the first
phase is the weight acceptance which includes initial contact
(heel strike) and the initial loading response. This is the ini-
tial double support phase of the gait cycle and starts with heel
strike and continues until the contralateral foot is in swing
[17]. The second phase supports the upper body on a single
limb, and it is comprised of midstance and terminal stance
(single support phase). The third phase includes preswing
and the terminal unloading phase [17]. Distinct peaks and a
valley are observed in the loading profile during these phases,
with a peak force (Figure 2-VP1) at the end of the initial load-
ing, followed by a midstance and terminal phase where there
is a decrease in loading (Figure 2-VP2) and ending with
another peak force (Figure 2-VP3) before terminal unloading
[29]. In addition, bilaterally symmetrical loading profiles are
present. These attributes are observed in the reference HC
gait. In contrast, the individuals with ABI had a perturbation

during initial loading (Figure 2-P1, Figure 3-P3) on the
affected side during baseline, which indicates a nonlinear ini-
tial loading response. Linear loading directly contributes to
the momentum during gait [30]. Therefore, any nonlinearity
would result in decreased momentum and slower load trans-
fer during gait, leading to a disruption in forward progres-
sion. ABI patients with hemiplegia often present with
reduced hip flexion, dorsiflexion, and plantarflexion during
the initial loading phase due to muscle paresis [11, 31]. This
results in the tibia not rolling forward over the calcanium,
which is observed as non-linearity, to complete the transfer
of the body weight from the contralateral limb [11]. In this
study, linearity of loading was quantified using goodness of
fit, which showed that the individuals with ABI had a statis-
tically significant improvement in the linearity of their load-
ing responses at follow-up compared to baseline (Figure 2-
P2, Figure 3-P4, and Table 3). This may indicate that the par-
ticipants have healthier foot strike, and initial loading
response with improved momentum, at follow-up compared
to baseline. The slope of the initial loading response showed
an increase at follow-up compared to baseline (Table 3).
Although the difference was not significant, it had a high
Cohen’s d effect size at follow-up compared to baseline,
indicating that the participants had improved their rate of
loading, once again, demonstrating preserved forward
momentum. Thus, at follow-up, TVP showed an increase in
smooth linearity and rate of loading similar to healthy indi-
viduals [17]. Research has shown that improved linearity
and slope during loading result in improved gait pattern,
resulting in improved functional ambulation and quality of
life [14]. Also, improvements in initial loading may reduce
breaking forces [32], leading to a more efficient gait. Though
the participant’s overall loading profiles showed improve-
ments from baseline to follow-up, they still preferentially
loaded their unaffected side.

The loading profile with the RE showed a smooth linear
loading (Figure 3), but without any distinctive peaks. A pas-
sive ankle in the RE (which provides a midfoot or flat foot
landing) or lower speed may have resulted in the absence of
two distinctive peaks. Changes in walking speed may
improve this profile and need to be investigated further. In
addition, a bilaterally symmetrical profile with lower variabil-
ity was observed at both baseline and follow-up while walk-
ing with the RE compared to walking without the RE,

Table 4: Mean ± standard error of temporal characteristics.

Metric Baseline-without RE Follow-up-without RE Baseline-with RE Follow-up-with RE HC

Affected

Total time 2:18 ± 0:69 1:98 ± 0:50 3:78 ± 0:17 3:35 ± 0:09 1.24

Stance time 1:66 ± 0:62 1:46 ± 0:45 3:12 ± 0:15 2:69 ± 0:10 0.80

Swing time 0:52 ± 0:07 0:52 ± 0:06 0:66 ± 0:05 0:66 ± 0:06 0.44

Total double support 1:25 ± 0:62 1:05 ± :045 2:40 ± 0:17 2:04 ± 0:10 0.36

Unaffected

Total time 2:15 ± 0:66 1:95 ± 0:48 3:77 ± 0:16 3:33 ± 0:10 1.27

Stance time 1:74 ± 0:66 1:55 ± 0:47 3:05 ± 0:17 2:69 ± 0:10 0.85

Swing time 0:41 ± 0:04 0:40 ± 0:04 0:72 ± 0:11 0:64 ± 0:02 0.43

Total double support 0:73 ± 0:49 0:44 ± 0:21 1:19 ± 0:10 1:01 ± 0:05 0.23
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indicating that the RE provides a consistent training environ-
ment throughout therapy. Thus, the improvements in the
smoothness and linearity of loading could be attributed to
the RE training. Our results are in accordance with previous
research which showed that with the use of overground RE,
there was an increased bilateral limb loading symmetry that
closely resembled able-bodied gait [33, 34].

In addition, after 12 sessions of RE gait training, there
was a slight increase in the step length and an increase in
walking speed (Figure 4(a)). There was no change in swing
time and a decrease in stance time. These results suggest that
the increased step length (Figure 4(a)) and improved TVP
profile may have contributed to the increased walking speed
(Figure 2(a)). They are significant since most of the partici-
pants in this study were walking below the community

ambulation speed (1m/s) [35]. An increase in speed could
improve their community ambulation and by extension,
their activities of daily life. Previous research on overground
gait training with RE has shown the ability of RE to improve
balance and functional ambulation in patients with ABI [36,
37]. Overground REs require active participation, where
patients initiate each step and are responsible for maintain-
ing trunk and balance [21, 37]. Active participation in com-
bination with RE’s ability to provide quality gait and
increased dose training promotes improved brain plasticity
and connectivity remodulation, as compared to conventional
gait training [21, 38, 39].

This is one of the first studies to show the feasibility of
using RE for gait training in adolescents and young adults
with ABI. The results from this preliminary study show a
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therapeutic effect of RE on the loading/unloading character-
istics and a consequent impact on functional ambulation.
Although these results are promising, the limitations of this
investigation are the limited sample size, number of training
sessions, and absence of control group. The data from this
study indicates some promising results for therapeutic effects
of an RE device for ABI gait rehabilitation that should con-
tinue to be explored with a larger sample.

5. Conclusion

The results from this investigation suggest that improvement
in functional and neuromechanical outcomes after 4 weeks of
RE gait training can be achieved in adolescents and young
adults with chronic ABI. This study suggests that there could
be potential long-term effects of improved loading and
unloading, increased step length, and increased speed due
to RE gait training. While the current results are promising,
future studies with a larger sample would be required to fur-
ther understand the efficacy of the RE in adolescents and
young adults to confirm any training effect conclusively.
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The present study emphasized on the optimal design of a motorized prosthetic leg and evaluation of its performance for stair
walking. Developed prosthetic leg includes two degrees of freedom on the knee and ankle joint designed using a virtual product
development process for better stair walking. The DC motor system was introduced to imitate gait motion in the knee joint, and
a spring system was applied at the ankle joint to create torque and flexion angle. To design better motorized prosthetic leg,
unnecessary mass was eliminated via a topology optimization process under a complex walking condition in a boundary
considered condition and aluminum alloy for lower limb and plastic nylon through 3D printing foot which were used. The
structural safety of a developed prosthetic leg was validated via finite element analysis under a variety of walking conditions. In
conclusion, the motorized prosthetic leg was optimally designed while maintaining structural safety under boundary conditions
based on the human walking data, and its knee motions were synchronized with normal human gait via a PD controller. The
results from this study about powered transfemoral prosthesis might help amputees in their rehabilitation process. Furthermore,
this research can be applied to the area of biped robots that try to mimic human motion.

1. Introduction

A prosthetic leg is a basic rehabilitation device that helps
rehabilitation of limb amputees, and the number of lower-
limb amputees was estimated at approximately 7 million
worldwide [1]. The development of prosthetic legs for
lower-limb amputees is becoming an important issue. The
above-knee amputees and particularly the lower-limb ampu-
tees’ face increased difficulties in natural walking when com-
pared with lower-knee amputees. This is because of the
absence of the knee joints that are mainly responsible (50%
of the importance) for the walking mechanism. The develop-
ment of prosthetic leg that can create the natural knee motion
is required for above-knee amputees.

The prosthetic leg can be classified as passive, variable-
damping, or powered [2–4]. Prosthetic legs were traditionally
classified as passive or variable-damping due to limitations of
power generation and battery life. Passive and variable-
damping types do not result in a natural motion in keeping

with user intentions. Hence, the powered type is considered
to replace the passive and variable-damping types. Powered
prosthetic legs are enabled by advances in computers, robot-
ics, and battery technology [5]. Powered prosthetic legs can
be classified based on their method of torque generation as
three linkage types or direct-drive types. Conventional three
linkage types are an easy way to convert the linear motion
to the rotating motion at the knee joint. However, a longer
linkage is required to generate a large angle at the knee joint
due to kinematics and leads to issues with the dimensions.
Additionally, the center of mass shifts when the translation
linkage shortens. The direct-drive type directly transfers the
rotational motion of the motor to the joint. However, it
requires an additional device to amplify the torque, which
can increase the size and weight of the prosthesis.

There have been different kinds of studies about the
development of powered prosthetic leg. Some researcher
used electrohydraulic actuator for making the knee motion
[6]. Due to advances in motor and battery technology, the
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motor is introduced as an actuator of a prosthetic leg. Three
linkage type powered prosthetic leg was developed using a
motor and ball screw system [7, 8]. As motors become more
compact and are enable to produce high torque, direct-drive
type prostheses have been developed. DC motor was used for
the drive system [9–11] or a harmonic drive and belt pulley
system to amplify the torque applied to the knee joint [12].
Studies were performed on the kinematic structure design
of an active prosthetic leg with a motor system [13, 14].
The extant research examined control mechanisms of knee
and ankle joints to mimic a natural human gait [15, 16].
However, most previous studies focused on the kinematic
walking mechanism or control for the level walking. Only a
few studies carried out for control mechanisms under stair
walking condition [9].

Most of the study of the powered prosthetic leg focused
on overground walking, but for the disabled to move freely,
a prosthetics capable of overcoming various obstacles should
be developed. Typical walking obstacles include ramps and
stairs, of which obstacles requiring greater power are stairs.
In order to climb the stairs, it should be considered for var-
ious dynamic loads and requires more power than when
walking on the overground. Therefore, it is inevitably
required to be lightweight and an optimum structure that
is as stable as possible under limited weight conditions.
Existing studies focus on control to overcome the staircase,
and research on optimizing the structure itself is insuffi-
cient. The purpose of this study was to perform the optimi-
zation of a motorized prosthesis capable of walking on
stairs.

Several major factors influence the behavior of a pros-
thetic leg and include the alignment, mechanical properties,
length, and the weight of the components of a prosthetic
leg [17]. Although the weight of the prosthesis is one of the
important factors for performance, researches to improve
the structure of the prosthesis are rarely carried out. In order
to overcome obstacles such as stair, it is necessary to study
the optimization of the structure of prosthetic legs. Recently,
studies about a prosthetic leg for walking stairs have been
actively carried out, but little research has been implemented
to design optimal structures for stair walking.

This study focuses on the development of a powered
transfemoral prosthetic leg that can imitate the human walk-
ing motion and is optimized for stair walking. A structural
design with two degrees of freedom at the knee and ankle
joint was proposed. The power system of the knee joint is
most important because the knee joint plays a major role
(exceeding 50%) in the walking mechanism. In order to pro-
duce a higher torque for a stair walking, a larger motor and
gear set should be applied, and the prosthetic leg must be rel-
atively heavy due to their weight. The prosthetic leg structure
was optimized with topology optimization to reduce its
weight. Additionally, the ankle joint consists of a spring sys-
tem to obtain a driving force to shift the body. The structure
of the prosthetic leg was optimally designed with topology
optimization to minimize weight while maintaining the
safety of the structure. FE analysis was performed to verify
the safety of the structure, and unlocked prosthetic leg test
was carried out for testing the controller.

2. Design of the Motorized Prosthetic
Leg System

2.1. Design Torque-Generating System. A transfemoral pros-
thetic leg is a rehabilitation apparatus for above-knee ampu-
tees. Thus, it is necessary for a prosthetic leg to implement
the functions of the knee and ankle joints. Furthermore, it
is necessary for a powered prosthetic leg to imitate the
motion of each joint and to also possess dimensions similar
to the body size to ensure user comfort. In this study, the
walking mechanism and lower-limb structure were analyzed
to determine the dimensions and performance of a prosthetic
leg. A target user included a 28-year-old male with a body
size involving a height of 176.6 cm and weight of 82 kg.

A previous study indicated that the specific weight of the
shank and foot should correspond to 5.99% of the total body
mass [18]. Therefore, the weight of the prosthetic leg should
be less than 4.912 kg, which is set as the user’s body weight.
The length of the lower knee leg is measured for design.
Figure 1 shows portions of the lower knee leg segment in
which the shank possesses a length of 37.3 cm from the knee
to the ankle, and the foot is of the length of 6.5 cm. Based on a
previous study, the highest knee torque of human gait occurs
during stair descent, and the normalized value at that point is
approximately 1.3Nm/kg [19]. Given a user weight of
approximately 82 kg, the knee joint of a prosthetic leg can
produce a torque of up to approximately 106.6Nm for
functions similar to the human knee. Similarly, the highest
plantarflexion moments of human gait occur during level
walking, and the maximum normalized value was approxi-
mately 1.55Nm/kg [19]. That is, the ankle joint could sup-
port a torque of 127.1Nm.

The core of the prosthesis that can climb stairs should be
light, creating a torque that is strong enough to support the
human weight. When selecting torque, safety factor was
considered excessively. Since the weight difference due to
the reducer was not large compared to other parts, safety
was prioritized over weight reduction of the motor within
the range that satisfies the weight requirement.

Two types of torque generating systems exist at the knee
joint, namely, the three linkage type and the direct-drive type.
Conventional linkage types can easily convert linear motion
to rotation motion, but the size cannot be reduced due to
the geometry limitations. In this study, a BLDC (brushless
DC) motor was used because the three linkage-type mecha-
nism involves performance and weight limitations due to
the dimensions of the linkage structure [20]. The concept
model is shown in Figure 2. EC 45 BLDC motor made by
Maxon (136211) was selected as the knee joint motor, given
a maximum power production capacity of 250W. The torque
constant and nominal current of the motor corresponded to
0.0328Nm/A and 10.2 A, respectively. If the maximum cur-
rent was assumed as the nominal current, then the maximum
torque of the motor corresponded to 0.3346Nm. Therefore, a
reduction gear with a gear ratio of 318.5 : 1 was used to
achieve the maximum required torque of 106.6Nm for the
knee joint.

During stair walking, the specific aim was to control the
joint angle along the reference motion. It was important to
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check motion stability, not to control in 0.1 degree units like a
precision mechanical system. To confirm the feasibility of
operation of the entire lightweight prosthetic system (3D
printing structure), the experiment was conducted to see if
the designed motorized prosthesis can properly follow the
reference motion. It has been confirmed that the error of
the angle and delay was shown at the degree level.

The spring system was introduced to create the required
torque without the addition of a motor and electric devices
at the ankle joint. The plate spring was used for the ankle
joint because it was advantageous in terms of space applica-
tions. Additionally, FE analysis was used to determine the
spring coefficient. The maximum required torque corre-
sponded to 127.1Nm, and the knee flexion angle at that point
was approximately 15°. The geometrical relationship indi-
cated that the displacement of the spring δ is based on the fol-
lowing equation: δ = d sin θ, in which θ = 15° and d = 35mm.
That is, the value of δ was approximately 9mm. The thick-
ness of the plate spring was determined by comparing the
result of the FE analysis and the theoretical displacement δ
at which they coincided. Figure 3 shows the proper thickness
of the plate spring calculated by FE analysis. The property of
the spring was assumed as SAE1045, which is typically used
for spring. This material possessed a density (ρ) of
7,700 kg/m3, elastic modulus (E) of 207GPa, Poisson’s ratio
(v) of 0.266, and a yield stress of 1515MPa. Finally, the
proper thickness of the spring was determined, and the value
corresponded to 0.5mm.

The design specifications are summarized in Table 1. The
design of the active transfemoral prosthetic leg utilizes the
BLDC motor designed for the knee joint. A motor with plan-
etary gear and helical bevel gear actuated the knee joint. The
spring system generated torque for the driving force from the
ground at the ankle joint. The knee joint was capable of 100°

of flexion at the knee. Additionally, the ankle was capable of
25° of plantarflexion and 15° of dorsiflexion at the ankle.

2.2. Design Process and Topology Optimization. First, the
specifications of the knee joint were defined to satisfy the
reported boundary conditions for walking on stairs based
on a previous study [19]. The major components, such as
the motor and torque amplifier, were then determined. This

was followed by designing a model and improving the model
by topology optimization to reduce weight.

Topology optimization involves a mathematical method
to obtain the optimal distribution of material for given design
conditions including boundary conditions. The topology
optimization problem was formulated in 1988 using a
homogenization method [21]. Homogenization and solid
isotropic material with penalization (SIMP) are widely used
methods to solve optimization problems. These methods
allow discrete design variables with intermediate density
values ranging from 0 to 1. Specifically, SIMP is an extension
of the homogenization method that has gained popularity in
structural optimization because of its conceptual simplicity
and ease of implementation [22].

Design variables, constraints, and an objective function
are required to define an optimization problem. The problem
for minimizing mass can be expressed as follows [23]:

Minimize: mass.

Subject to F σ xð Þð Þ ≤ 0, ∀x ∈Ω: ð1Þ

The material failure function F depends on the stress
field σðxÞ and strain field εðxÞ, which are defined with respect
to an original domain Ω. The failure function is defined with
the von-Mises criterion, which is normally used as a failure
criterion. The failure function F is expressed as follows:

F σð Þ = σv
σe

− 1, ð2Þ

where σe denotes the equivalent stress, which is usually
regarded as the yield stress of the material, and σv denotes
the effective von Mises stress that is computed as follows:

σv
2 = 1

2 σ11 − σ22ð Þ2 + σ22 − σ33ð Þ2 + σ33 − σ11ð Þ2� �

+ 3 σ12
2 + σ23

2 + σ31
2� �
:

ð3Þ

The density approach was used for topology optimiza-
tion. The standard format of a linear static topology optimi-
zation problem is expressed as follows:

Minimize : m = 〠
N:E:

i=1
ρiΩi

Subject to F σið Þ ≤ 0

〠
N:E

i=1
ρiVi ≤V0

0 < ρmin ≤ ρi ≤ 1

ð4Þ

The number of elements in the design domain is denoted
by N.E., and Ω represents the region occupied by a finite ele-
ment. Furthermore, VO denotes the volume of the design
space, and it denotes the index of the elements. The design
variable corresponds to the bulk material density, which
can be expressed using relative material density and material
properties of each element in the SIMP method. The

38.0

<Unit : cm>

Thigh

Lower leg37.3

6.5

4.1 6.814.6

Figure 1: Dimensions of the lower knee leg.
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elasticity tensor (E) includes the following relationship:

E ρð Þ = ρnE0, ð5Þ

where n denotes a penalization factor, and ρ denotes the
density (0 ≤ n, 0 ≤ ρ ≤ 1) [20, 24].

The optimization process and particularly topology opti-
mization converge during the process of developing an active
transfemoral prosthetic leg.

The objective of optimization involved determining the
optimized structure while ensuring structural safety under
working conditions. There are three design optimization
methods, namely, shape optimization, size optimization,
and topology optimization. Shape optimization involves
determining the optimum shape by adjusting the positions
of each node on the outer surface of the structure under
boundary conditions. Size optimization involves a process
of determining the properties of structural elements such as
shell thickness, beam cross-sectional properties, spring
stiffness, and mass. Finally, topology optimization involves
finding an optimized structure by utilizing internal strain
energy density distributions and removing any portion that
does not contribute to the structural strength. These optimi-
zation processes were applied to design the structure of an
active transfemoral prosthetic leg.

Knee joint Absolute encoder

Max. torque: 106.6 Nm

Planetary gear 
Gear ratio 318.5:1

Pin connection

Plate spring

65 mm
35 mm

360 mm

12 mm
12 mm

BLDC motor
Torque constant: 
0.0328 Nm/A 
Nominal current: 10.2A 
Maximum torque: 0.3346 Nm

Load cell

Ankle joint

Figure 2: Concept modeling of a powered transfemoral prosthetic leg.

24 mm

0.000
-1.152
-2.303
-3.455
-4.606
-5.758
-6.909
-8.061
-9.212

-10.036
Thickness = 0.5 mm

<FE analysis result>

Displacement 
(mm)

35 mm

<Boundary condition>

T = 127.1 Nm

Rigid

Figure 3: FE analysis to obtain the proper thickness of the plate spring at the ankle joint.

Table 1: Design objectives considering body dimensions.

Specification Value

Knee range of motion 0° to 100°

Ankle range of motion −25° to 15°

Maximum knee torque 106.6 nm

Maximum ankle torque 127.1 nm

Peak knee power 250W

Height (below knee) 438mm

Maximum total weight 4.912 kg
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Additionally, NX 9.0 was used for 3D CAD modeling.
Shape optimization was implemented by Optistruct Solver
of Altair Hyperworks, and Inspire of SolidThinking was used
as the solver for topology optimization. The optimization
process commenced with the definition of the design space.
It was necessary to maximize the design space while mini-
mizing the space for other components and interference
caused by the rotating motion of joints. The nondesign space,
such as connections to bearings and bolts, in which optimiza-
tion is not performed, was defined. The FE model was intro-
duced for optimization, and properties of the material and
the boundary conditions including external load were
applied. The design parameters for optimization were set
and included design variables, objective function, con-
straints, and the minimum or maximum size of the structure.
Following the preprocessing, an optimization process was
performed to determine the optimal structure while satisfy-
ing the constraints. This was followed by performing optimi-
zation with iterations until the performances satisfied the
objective function. After the optimization process, the opti-
mized shape was designed given the optimization results.
Finally, the optimized model was verified by FE analysis.

2.3. Structural Design of Artificial Foot. A prosthetic foot
includes malleability to accommodate variation in the physi-
cal terrain in conjunction with rigidity to enable transmission
of the body weight with adequate stability [25]. Therefore,
plastic nylon was used to develop the artificial foot because
it possesses sufficient flexibility to absorb shocks while
supporting the body weight. It is necessary for the artificial
leg to look similar to a human foot because several amputees
desire to be perceived as normal. Therefore, it is important
that the shape of the artificial foot is similar to that of a
human foot and for the size to not exceed real foot size.

A few conditions involving the peak ground reactant
force were considered to design the foot structure. According
to the previous study [19], the peak ground reaction force
appeared during stair descent walking with a magnitude that
corresponded to 1.5 times the body weight of a human. The
maximum ankle moment corresponded to 1.55Nm/kg and
occurred at the end of the stance phase and was also consid-
ered as a boundary condition. Additionally, the anterior/pos-
terior ground reaction force was also considered as a
boundary condition. Two notable points occurred at 20%
and 85% of the stance phase of level walking. One of the
points involved the heel-strike phase in which the magnitude

corresponded to 0.15 times the body weight, and the other
point involved the toe-off phase in which the magnitude
corresponded to 0.2 times the body weight. The peak values
at these points were considered as a boundary condition.
The medial/lateral ground reaction force is relatively small
and is therefore negligible. The boundary conditions for opti-
mization were determined considering the abovementioned
walking characteristics and are shown in Figure 4. There
are three load cases for the boundary condition, and optimi-
zation was performed by simultaneously applying all three
cases as each case was considered independent. The load
was imposed on the ankle joint, and fixed boundary condi-
tions were applied to the ball of the foot and heel that were
directly in contact with the ground. The foot material corre-
sponded to plastic nylon, which possessed flexibility and
robustness. The material had a density (ρ) of 1,230 kg/m3,
an elastic modulus (E) of 2.91GPa, a Poisson’s ratio (v) of
0.41, and an yield stress of 75MPa.

Following the definition of the boundary condition and
materials, topology optimization was performed to design
the optimal shape of the structure. Figure 5(a) shows the
maximum designable space, which was maximized while
avoiding the space for other components and interference
caused by the rotating motion of the ankle joint. The nonde-
sign space where optimization was not performed was
defined at the contact surface and joint. The design space

1205.4 N

120.54 N

(a) Heel strike

1205.4 N

160.72 N

(b) Toe off

1205.4 N

127.1 Nm

(c) Mid-stance

Figure 4: Boundary conditions for foot optimization.

(a) Design space (b) Topology optimization

(d) Manufacturing (c) 3D modeling

Figure 5: Optimization process for the foot structure.
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was used for topology optimization using boundary condi-
tions, as shown in Figure 4 and applying a material corre-
sponding to plastic nylon. Figure 5(b) shows the topology
optimization results. The unnecessary mass was eliminated
while maintaining the robustness under the boundary condi-
tion. However, it was too complicated to directly manufac-
ture the shape by machining, and thus, 3D printing was
used to realize the model. 3D printing is advantageous as it
can create complicated shapes. Therefore, the result of opti-
mization can be applied in a very similar manner by using
3D printing. Figure 5(c) shows the optimized model that
was designed based on the topology optimization results
and manufacturing method. Finally, the optimized foot was
manufactured by a 3D printer and is shown in Figure 5(d).

2.4. Structural Design of the Lower Limb. It is necessary for
the lower-limb structure of a prosthetic leg to sustain the
body weight of the user and bear an approximate torque of
106.6Nm for the same function as the human knee when a
user’s weight corresponds to 82 kg. The body weight is
assumed as the maximum ground reaction force, which cor-
responds to 1205.4N. A previous study [26] indicated that
the resultant ground reaction forces were directed towards
the center of gravity. Therefore, the resultant force of the
ground reaction forces was assumed to be in the same direc-

tion as the shin. Additionally, the torque imposed on the
knee joint was supported by the structure of the lower limb
and the gear system. Constraints were applied at the end of
the bottom of the prosthetic leg, which was connected to an
adapter and was assumed as a fixed joint. The boundary con-
dition for optimization was determined considering the
abovementioned load conditions and is shown in Figure 6.

It is necessary for the material of the lower-limb structure
to exhibit robustness for safety and ensuring weight lightness
with respect to user comfort. Thus, 7075 aluminum alloy was
used as the design material for the lower-limb structure. This
material is usually used for prostheses and is lighter than steel
alloy. This material includes a density (ρ) of 2,800 kg/m3, an
elastic modulus (E) of 75GPa, a Poisson’s ratio (v) of 0.33,
and a yield stress of 95MPa.

Similar to the structural design, the optimization process
was implemented to design the optimal structure by consid-
ering boundary conditions. Figure 7(a) shows the maximum
designable space for the lower-limb structure. It was neces-
sary for the maximum designable space to not exceed the
dimensions of a human leg and to avoid interferences with
other components such as motors and gearbox. The bearings
and bolts defined the nondesign space in which optimization
was not performed. The design space was used for topology
optimization using boundary conditions based on Figure 8

Rigid element

Rigid

Pin 
joint

Pin 
joint

element

1205.4 N

106.6 Nm

Figure 6: Boundary conditions for lower-limb optimization.
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and an aluminum alloy. Figure 7(b) shows the topology
optimization results. In this phase, geometrical symmetry
was considered for the balance of the prosthesis. The result
indicated that the shape of the structure did not signifi-
cantly differ from that of the previous model despite
changes in the thickness and edge. Following the topology
optimization, shape optimization was implemented to obtain
a better model by determining the thickness as shown in
Figure 7(c). The degree of freedom of nodes placed on the
outer face of the upper structure and the inner face of the

lower structure were considered as a design variable. The
constraints and external force were the same as the boundary
conditions for topology optimization. The objective function
involved minimizing the mass. The contour showed the
displacement of the shape change versus the original model.
The results indicated that it was necessary to reduce the
thickness to approximately 6mm. The optimal thickness of
the structure was determined based on the results. Finally,
the advanced shape of the lower-limb structure was obtained
while maintaining robustness under boundary conditions.

5.900E+00

5.244E+00

4.589E+00

3.933E+00

3.278E+00

2.622E+00

1.967E+00

1.311E+00

6.555E+01

0.000E+00

Shape 
change (mm)

(a) Design space (b) Topology optimization (c) Shape optimization (d) 3D modeling

Figure 7: Optimization process for lower-limb optimization.
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Figure 8: Developed active prosthetic leg system.
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Figures 7(d) and 8(d) show 3D modeling and the model
manufactured by machining, respectively.

2.5. Design of the PD Controller. An important point in the
development of active transfemoral prosthetic leg involves
implementing the motion of natural gait using a power
source. It is important to analyze human gait to determine
the walking phase and to implement the motion of the
affected side that is similar to that of the normal side. In this
study, a walking phase was identified through a mechanical
sensor for knee joint control, and the PD controller based
on the knee angle position was applied to actively cope with
various walking environments.

An encoder was used to collect the walking motion data
of the knee joint to analyze the walking behavior. The mea-
suring system is shown in Figure 9. The gait data of each
walking situation were collected by walking around stairs
and flat ground. The data were measured five times for each
case. The noise was removed by filtering, and the standard
gait data was determined by averaging. The data of a level
and the stair walking are shown in Figure 10, and this was
used as a trajectory to implement the walking motion.

The swing motion was implemented by entering the
motion to track on the motor for tracking obtained from
Figure 10. The dynamic relationship of the walking system
is as follows [23]:

τ = k θ − θeq
� �

+ b _θ, ð6Þ

where τ denotes the torque of the knee and ankle joint,
and k and b denote the linear stiffness and damping coeffi-
cient, respectively. Additionally, θ denotes the angle of the
knee joint, and θeq denotes the equilibrium angle during the
transition between phases. A position-based PD controller
was constructed to control the active prosthetic leg and
applied to the developed prosthesis. Based on previous
studies, the parameters were tuned using a combination of
feedback from the user and from visual inspection of the joint
angle, torque, and power data [27].

In the PD controller, a control loop feedback mechanism
that is commonly used in industrial control systems is used
for control. The control system is shown in Figure 11. The
PD controller is used to mitigate the stability and overshoot
problems that arise when a proportional controller is used
at a high gain by adding a term proportional to the time
derivative of the error signal. The value of the damping can
be adjusted to achieve a critically damped response.

The decomposition of the joint behavior into passive seg-
ments requires division of the gait cycle into modes or “finite
states” [8]. The walking phase was distinguished by the load
cell and the encoder signal. A finite state machine was con-
structed as shown in Figure 12 to further divide the walking
step into four steps. The finite state machine of the prosthetic
leg was based on previous studies [9, 27, 28].

Phase 1 constitutes the stance phase. If the knee was
extended over a certain angle in swing flexion, then the phase
switched to the stance phase. The sole had contact with the
ground, and the load was applied to the knee joint. If the heel

strike or forefoot strike was detected through the load cell
attached to the middle of the structure, then the walking
phase was changed from the prelanding phase to the stance
phase.

Phase 2 constitutes the preswing phase. This phase
immediately preceded the detachment of the sole from the
ground, and the load on the knee moved to the opposite
leg. The heel fell from the ground while the knee bent over
a certain angle, and this was followed by changing the walk-
ing phase into the preswing phase.

Phase 3 constitutes the swing flexion phase. When the
sole was completely separated from the ground, the load on
the knee was completely free because the load was supported
by another side leg. When the load cell confirmed that the
foot was completely separated from the ground, the walking
phase changed from the preswing phase to the swing flexion
phase.

Phase 4 constitutes the swing extension phase. The knee
joint began to naturally expand. If the direction of the angu-
lar velocity of the knee joint was reversed in the swing flexion
phase, then the walking phase changed into the swing exten-
sion phase.

Figure 9: Measuring system of the knee motion.
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Figure 10: Measuring result of the knee motion.
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An experimental method was used to perform coefficient
adjustment of the controller to optimize the walking perfor-
mance of the active prosthesis system.

3. Validation of the Developed Prosthetic Leg

3.1. Artificial Foot Structure Analysis. It is necessary for the
artificial foot to support body weight while walking. There-
fore, FE analysis was performed to validate its structural
safety. The abovementioned boundary condition was
applied. FE analysis was performed for each of the boundary
conditions. Figure 13 shows the 3D mesh and boundary con-
ditions for the analysis. The quality of the mesh was impor-
tant for obtaining an accurate result. A tetra mesh was used
due to its advantages in meshing a complex solid shape.
The outer surfaces and geometrical corners involved com-
pact meshes for accurate analysis. The number of elements
corresponded to 141,898, and the number of nodes corre-
sponded to 38,047. The model included three load cases con-
sisting of heel strike, toe off, and mid-stance. The external
loads and moment of each load case acted on the center of
the ankle joint, and constraints were applied to the ball of
the foot and heel. All the materials were modeled as linearly
elastic, isotropic, and homogenous. Figure 14 shows the
results of the FE analysis of the foot structure. Table 2
summarizes the peak stresses of each phase. The highest
von Mises stresses appeared in the heel strike phase, which
was located at the lower surface of the heel. The maximum
stress obtained in the results was compared with the tensile
strength of the materials used to check the stability with
respect to the applied load. The maximum stress corre-
sponded to 65.51MPa, which was lower than the yield
strength of the material (75MPa).

3.2. Lower-Limb Structure Analysis. In order to verify the
safety of the structure, FE analysis was performed under a
boundary condition similar to that shown in Figure 6.
Figure 15(a) shows the 3D mesh for the analysis. A tetra
mesh was used owing to its advantages in meshing a complex
solid shape. The number of elements corresponded to
365,724, and the number of nodes corresponded to 84,988.

The body weight was applied to the nodes located at the
center of the bearing holes that supported the knee shaft.
The twelve bolt connections between the support and bevel
gearbox were considered as rigid link components based on
the assumption that the bolts were nearly rigid bodies with
little deformation. Fixed constraints were applied to the bolt
hole located at the bottom of the leg that was bolted with a
pyramid adaptor. All the materials were modeled as linearly
elastic, isotropic, and homogenous.

The results of the FE analysis of the lower-limb structure
are shown in Figure 15(b). The maximum stress was exhib-
ited in the area near the bolt hole. The value was 80.71MPa
lower than 95MPa, which corresponded to the yield strength
of the 7075 aluminum alloy. This implied that the structure
was safe under the load condition. Furthermore, the bolt
holes were simplified to a rigid element, and it displayed a
characteristic indicating a stress that exceeded the real stress
because the rigid element acted as a load point. Therefore, it
was expected that the actual stress at the point was lower than
80.71MPa.

3.3. Unlocked Prosthetic Leg Test. An experimental setup for
the unlocked prosthetic leg test was introduced to create the
motion of the knee joint. The experimental setup is shown
in Figure 16, and it was designed to ensure that the pros-
thetic leg could move freely. The coefficient adjustment of
the controller to optimize the walking performance of the
active prosthesis system was performed through an experi-
mental method. Given the reference walking data and user
feedback, the value that could mimic the walking motion in
the most natural manner possible was selected as the coef-
ficient value. Tables 3, 4, and 5 show the coefficient of the
controller for level walking, stair ascent, and descent,
respectively. The controller coefficients for each phase were
obtained through the experimental method. The equilib-
rium angle θeq was selected as the peak angle of each phase
or the angle at which the ground reaction force was
imposed.

Desired input 
𝜃eq(t) Kpe(t)

Motion output 
𝜃O(t)

Motor system 
𝜏 = 𝜅(𝜃 − 𝜃eq) + b𝜃

Error 
e(t)

Encoder

Controller

P

D

Σ
+

+

+–
de(t)
dt

Kd

Figure 11: PD controller for the knee motion control.
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Figure 12: Finite state machine.
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4. Discussion

4.1. Performance Evaluation of Prosthetic Leg. Consequently,
an active transfemoral prosthetic leg system was developed as
shown in Figure 8. The three linkage type includes certain
specification disadvantages, and thus, a direct-drive type
was applied to the knee joint, and a spring system was applied
to the ankle joint. The structure was then designed using the
optimization process. The active prosthesis was designed
with two degrees of freedom in the ankle and knee. The knee
joint plays an important role and is accountable for more
than 50% of the walking mechanism. It consists of an AC
motor system and can generate 106.57Nm torque and
proper motion in a range from 0° to 100°. The ankle joint

plays an important role in supporting the torque caused by
the body weight. The spring system is simple and involves a
general system to generate torque without a motor system.
The ankle joint was composed of a spring system to generate
127.1Nm torque and angle.

In order to evaluate design efficiency, specifications of the
prosthetic leg system and desired specifications were com-
pared, and the comparison results are shown in Table 6.
The objects of comparison included the maximum torque
and operating angle of each joint, power of the knee joint,
height, total weight, and maximum stress. These variables
were selected for the following reasons.

First, it is necessary for the prosthetic leg to make a
proper motion to mimic the gait of a normal person. There-
fore, it is necessary for the prosthetic leg to implement the
range of motions similar to a human leg in conjunction with
supplying the necessary power to overcome obstacles that
could be encountered by the amputees while walking. The
range of the joint angle, target torques, and power was based
on specifications listed in a previous study. The prosthetic leg
was designed to meet the specification based on this design
parameter.

1205.4 N 
(a), (b), (c)

127.1 Nm 
(c)

160.72 N 
(b)

120.54 N 
(a)

(a), (c) (b), (c)

(a) Heel strike
(b) Toe off
(c) Mid-stance

Figure 13: A 3D mesh of the foot structure and the boundary conditions.
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Figure 14: Results of the FE analysis of the foot structure.

Table 2: Peak stresses of each walking phase.

Walking phase Max stress Yield stress

(a) Heel strike 65.51MPa

75MPa(b) Toe off 64.56MPa

(c) Mid-stance 49.29MPa
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Second, weight is the most important factor because the
user can feel fatigue or discomfort if the prosthetic leg is
heavier than their original leg. Hence, it is necessary to
minimize the weight to ensure the comfort of the amputees.
The developed active transfemoral prosthetic leg has a total
weight of 4,779 g, which corresponds to 97.3% of the target
weight (4,912 g) obtained by considering the user’s body size.
The weight of the prosthesis is 1.150 kg for the motor,

0.920 kg for the reducer, 0.209 kg for the foot, and 2.5 kg for
the body (including cover and joint gear), totaling 4.779 kg.
In addition, the experiment was conducted by supplying
power by wire without a battery. Although the weight of
the motor and gearbox exceeds 2 kgf, the total weight was
effectively reduced by introducing an optimization process
with respect to the structure. Similarly, it was necessary for
the total length of the prosthetic leg to be similar to the length
of the original leg of a user. The developed prosthetic leg had
a length of 444.5mm, which corresponded to 101.5% of the
target length (438mm).

Finally, it was necessary to ensure the safety of the user
while using the prosthetic leg. Therefore, the safety factor is
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Figure 15: Result of the FE analysis of the lower-limb structure.

Figure 16: Experimental setup for the unlocked prosthetic leg test.

Table 3: Coefficient of controller for level walking.

Phase k (nm/deg) b (ns/m) θeq (deg)

1 6 0 25

2 4 0 13

3 0.1 0.02 59

4 0.2 0.03 9

Table 4: Coefficient of controller for stair ascent.

Phase k (nm/deg) b (ns/m) θeq (deg)

1 2 0 17

2 10 0 24

3 0.1 0.02 87

4 0.5 0.03 72

Table 5: Coefficient of controller for stair descent.

Phase k (nm/deg) b (ns/m) θeq (deg)

1 8 0 28

2 6.5 0 26

3 0.1 0.02 81

4 0.1 0.03 13

Table 6: Comparison between the desired and prosthetic leg
specifications.

Requirement
Prosthetic leg
Specifications

Knee range of motion 0° to 100° 0° to 100°

Ankle range of motion −25° to 15° −25° to 15°

Maximum knee torque 106.6 nm 106.57 nm

Maximum ankle torque 127.1 nm 127.1 nm

Peak knee power 250W 250W

Height (below-knee) 438mm 444.5mm

Maximum total weight 4.912 kg 4.779 kg

Max. stress Foot: 65.51/75MPa

Allowable stress Lower limb: 80.71/95MPa
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important in designing a prosthetic leg. The yield stress of
the used material was compared with the maximum stress
predicted by FE analysis. Plastic nylon (which is the foot
structure material) has a yield strength of 75MPa. The
maximum stress of the foot structure was expected as
65.51MPa, and the safety factor at this time was estimated
as 1.15. In a similar manner, the 7075 aluminum alloy,
which was used to design the material of the lower-limb
structure, possesses a yield strength of 95MPa. The maxi-
mum stress of the lower limb was expected as 80.71MPa,
and the safety factor at this time was estimated as 1.18.
The maximum stresses of each part were lower than the
yield strength of each material.

The developed prosthesis was heavier than the prosthesis
sold on the market, although it was lighter than the dimen-
sions of an actual human body. The weight of the motor
and the gearbox exceeded 2 kg. It was necessary to introduce
a suitable motor and gearbox to reduce the weight. Hence,
the implementation of the research on optimizing motors
and gearboxes will help in developing a better prosthesis.

4.2. Performance Evaluation of Controller. The comparison
between the desired motion and the actual drive motion with
the level walking controller obtained by the unlocked pros-
thetic leg test (Figure 17(a)). The knee angle of the prosthesis
was measured while tracking the normal walking data. The
actual motion of the prosthetic knee joint exhibited a similar
tendency with the desired motion. The knee angle of the
prosthetic leg indicated a smooth swing curve, but was rela-
tively smaller than the desired angle and experienced a slight

delay. This phenomenon was due to the limitations of the
experimental system. The supplied voltage was lower than
the nominal voltage and reduced the torque below the target
torque. It was considered that the torque estimated by the
influence of relatively low power supply had a slight delay
when compared to the objective data and would thereby
affect the walking speed.

Figures 17(b) and 17(c) show the comparison between
the desired motion and the actual drive motion with stair
ascent and the descent controller obtained by the unlocked
prosthetic leg test. They also indicated that the objective
function was followed in a similar manner. However, they
exhibited slight inconsistencies. It involved a position-based
control, and a delay occurred when each phase went to the
next phase. This appeared to be the cause of showing the
actual knee motion follow slightly refracted curves.

The active prosthetic leg and controller exhibited behav-
ior that was considerably similar to that of a normal gait. The
PD controller implemented a knee motion similar to normal
walking. The experimental result of control based on the
position data showed the feasibility of the level and stair
walking of the active prosthetic leg using the PD controller.
Additionally, it allowed the framework of the walking test
to mimic the motion of a normal individual.

Finally, the developed prosthetic leg was controlled by a
PD controller that generated human-like walking motion,
and the resulting joint kinematics were compared with a
captured human gait to verify the control performance. It is
expected that the study results with respect to the active
transfemoral prosthetic leg will help in the rehabilitation of
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Figure 17: Comparison between the desired motion and the actual drive motion.
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amputees. Furthermore, this study can be applied to the area
of biped robots that imitate the human motion.

5. Conclusions

In this study, an active transfemoral prosthetic leg was opti-
mally designed and controlled with a PD controller. The
weight of the prosthetic leg is an important factor in the
design because it is related to user fatigue. An optimization
process was used for foot and lower-limb structures to obtain
optimal shapes and reduce the weight. Topology and shape
optimization were implemented in the design. As a result,
the shape of a prosthetic leg was developed without exceeding
the dimensions of the human body. The optimized foot
structure was produced through 3D printing to reflect the
optimization result as much as possible. Finally, an optimized
structure for stair walking was designed while maintaining
robustness. A PD controller based on position control was
used to control the developed prosthetic leg. The actual
motion of the prosthetic knee joint exhibited a tendency sim-
ilar to the desired motion. It is expected that the results of this
study will aid in the rehabilitation of amputees by developing
optimal active transfemoral prosthetic legs. Furthermore, the
findings of this study can be applied to the area of biped
robots wherein human motion is imitated.
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Transrectal ultrasound prostate biopsy is the most commonly used method for the diagnosis of prostate cancer. During the
operation, the doctor needs to manually adjust the ultrasound probe for repeated adjustments, which is difficult to ensure the
efficiency, accuracy, and safety of the operation. This paper presents a passive posture adjusting mechanism of transrectal
ultrasound probe. The overall mechanism has 7 degrees of freedom, consisting of a position adjustment module, a posture
adjustment module, and an ultrasonic probe rotation and feed module. In order to achieve the centering function, the posture
adjustment module is designed based on the double parallelogram. Centering performance is verified based on SimMechanics,
and remote center point error of physical prototypes is evaluated. The maximum error of the azimuth remote center point
motion and the maximum error of the remote center point motion of the ultrasonic probe are 4mm and 3.4mm, respectively,
which are less than the anus that can withstand 6mm. Meanwhile, the analysis of measurement error shows that the random
error correlation is weak in different directions, the systematic error confidence intervals of azimuth and elevation angle are less
than 2.5mm, and the maximum relative fixed point error and the maximum relative standard error are 14.73% and 14.98%,
respectively. The simulation and testing results have shown the effectiveness and reliability of the propose mechanism.

1. Introduction

Nowadays, people are paying attention to their own health
problems as the significant improvement in people’s living
standards. The American Cancer Society counts the top ten
cancers with the highest cancer incidence in the United States
in 2017. Prostate cancer ranks first among all high-risk
cancers among men, accounting for about one-fifth of the
total number of male cancer patients; thus, it will cause great
pain to male patients. At the same time, the mortality rate of
prostate cancer is increasing at a rate of 2% per year and
showing a trend of rejuvenation [1, 2]. The most critical
means of curing prostate cancer is early diagnosis [3–8].

In the clinic, the most common method for early diagno-
sis of prostate cancer is transrectal ultrasound prostate

biopsy. An ultrasound probe is utilized to probe the patient’s
rectum and puncture the prostate under ultrasound-guided
guidance when the operation is performed. However, this
surgery still has the following problems: the entire procedure
requires the doctor to operate with an ultrasound probe, and
it is necessary to repeatedly adjust the ultrasound probe,
which may cause fatigue and mood swings; the ultrasound
probe needs to be inserted into the patient’s rectum, which
will cause damage to the anus when adjusting the posture
of the probe; this surgical procedure requires the cooperation
of multiple nurses, resulting in wastage of personnel. More-
over, the number of prostate patients is growing, and the
existing medical staff is not enough to complete such a large
workload, and the traditional hand-held method is difficult
to ensure the precision of the puncture intervention because
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of the special location of the prostate. Therefore, it is neces-
sary to study medical devices that assist doctors in prostate
scans and biopsy gun puncture interventions.

In recent years, minimally invasive interventional robot-
ics has gradually become one of the hotspots in the medical
field, and this technology has attracted the attention of
researchers. In 2007, Yan Yu of Thomas Jefferson University
in the United States developed a prostate seed implantation
treatment system based on ultrasound image navigation
[9–11], which can automatically or manually use the rota-
tion operation to obtain ultrasound images of lesion points.
The American Engineering Research Center and Johns
Hopkins University have jointly developed a robotic system
that includes ultrasound image navigation and TPS to enable
free movement and attitude adjustment of the biopsy needle
in a vertical plane [12, 13]. An ultrasound imaging-guided
prostate interventional robot was designed by Kim et al., in
which 2-DOF is able to be manually adjusted for posture
adjustment, and two degrees of freedom are used to adjust
the movement and rotation of the ultrasound probe [14].
Vitrani et al. of the University of Pittsburgh designed an
artificially operated prostate biopsy probe holder, and its
structural is similar to a 6-DOF series manipulator, which
uses ultrasound transrectal puncture for good stiffness and
stability [15]. The Institute of Intelligent Machines of Harbin
University of Science and Technology has designed the
structure of an all-round prostate robot. This error of each
axis of the system is kept within 0.05mm through experi-
ments, which has high repeat positioning accuracy and meet
the surgical requirements [16–18].

At present, the active prostate interventional robot has
been extensively studied; however, it is difficult to promote
and apply because of its complicated system, high cost, and
long training time [19]. In contrast, passive prostate-
assisted interventional mechanism has relatively simple
structure, a short design cycle, low cost, and is easier to
promote and apply than active mechanism.

The key technology of the passive prostate-assisted inter-
ventional mechanism is the centering motion of the transrec-
tal ultrasound probe, and the remote center mechanism
(RCM) can realize the centering motion of the ultrasound
probe, so that the doctor’s hands are truly liberated. The con-
cept of the RCM was first proposed by Taylor et al. at Johns
Hopkins University in 1995. The designed azimuth rotation
center and the pitch angle rotation center intersect at the
remote center point, and the posture of the puncture needle
can be arbitrarily adjusted in 2-DOF, and the purpose of
adjusting the distal center position is achieved by the expan-
sion and contraction of the link [20]. The American Com-
puter Surgery Systems Research Center and Johns Hopkins
University have developed a renal puncture robot that is able
to be installed on a surgical bed. In this robot, a single-bar
parallelogram RCM mechanism is used to complete the cen-
tering rotation function during the operation [21]. Jilin Uni-
versity developed a mirror arm of a new type of surgical robot
based on RCM. This RCM uses the crank slider to realize the
centering function of the actuator [22]. Kuo and Dai
designed a decoupling RCM based on a parallel arm. The
mechanism includes a fixed base, a motion restraining leg,

and two auxiliary drive legs. The motion-constrained leg is
designed as a 3RP mechanism, which can realize the rota-
tional motion and axial translational motion of the surgical
instrument about the rotation axis [23].

From the research status, it can be found that the existing
RCM can meet the surgical requirements. However, the lack
of work concerning on a single-bar parallelogram mecha-
nism, a crank slider mechanism, or a triangular mechanism
is partly due to complicated structure, poor stability, and
large space occupation.

This paper is aimed at studying the ultrasonic probe posi-
tion and posture adjustment mechanism with centering
function and passive. The range of motion of the ultrasonic
probe, the operable space of the mechanism, and the design
criteria were obtained accordingly to analyze the surgical
procedure of prostate biopsy. The mechanism is divided into
functions, and the degree of freedom of each module is
allocated reasonably according to the design criteria. Next,
each module of the mechanism is designed and, a three-
dimensional model of the overall mechanism is drawn. This
study is focused on designing the posture adjustment module
with centering function in design phase. The D-H method is
utilized to establish the coordinate system of the mechanism,
and the joint parameters are obtained. Combined with the
simulation results, the positioning error of the remote center
point and the analysis of error in the actual surgical operation
were tested and analyzed in the experimental part.

The transrectal ultrasound probe position-adjusting
RCM will complement a large gap in the passive prostate-
assisted interventional mechanism in the field of prostate
intervention. The designed RCM can not only enable doctors
to truly liberate their hands during the operation, but also
achieve the level of planning and industrialization, improve
the efficiency and precision of prostate interventional
surgery, and a more practical motivation for this study is to
promote the development of prostate cancer medicine.

2. Methods

2.1. Analysis of Functional Requirements of Adjustment
Mechanism. Transrectal prostate biopsy is an effective means
of diagnosing prostate cancer. When the operation is per-
formed, the doctor uses an ultrasound probe to probe the
patient’s rectum and puncture the prostate under the guid-
ance of ultrasound images.

2.1.1. Motion Analysis of Ultrasonic Probe. The prostate,
which closes to the rectal wall, is located in the abdomen of
the rectum. The upper end of the prostatic body has a trans-
verse diameter of about 40mm, a vertical diameter of about
30mm, and anteroposterior diameter of about 25mm. After
filling with water, the volume increases by 25%. The cavity
rectal ultrasound probe is invaded through the anus. During
the guided puncture, the rectal ultrasound probe needs to
perform position adjustment, azimuth adjustment, pitch
adjustment, rotation, and feed to achieve multiangle omnidi-
rectional scanning of the prostate. The rectal anatomy is
shown in Figure 1. We found that the ampulla space inside
the rectum is relatively wide; however, the anal internal
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sphincter is muscle and its space is narrow, and the position
is fixed.

The ultrasound probe pass through the anal canal to
reach the ampulla of the rectum, and the ultrasound probe
contacts with the internal sphincter of the anus at the anal
canal. Therefore, the ultrasound probe should always swing
with the center of the anus peripheral as the center of rotation
to avoid damage to the rectum and increase the patient’s pain
when scanning the prostate. Figure 2 shows that the resulting
range of motion is a conical space.

2.1.2. Analysis of Mechanism Operational Space. During the
prostate biopsy operation, the patient adopts the left lateral
position. In order to prevent the ultrasound probe from
interfering with the bed during adjustment, the patient keeps
knee-shouldered and the buttocks are positioned the bed-
side. The posture of the patient is shown in Figure 3. The
longitudinal axis of the trunk is 30°~45° to the edge of the
bed, the angle between the thigh and the edge of the bed is
45°~60°, and the distance between the prostate and the bed
is 150~250mm. The anus is able to be exposed according
to the position of left knee flexing. Furthermore, it is conve-
nient for the ultrasound probe to be invaded from the
rectum.

2.1.3. Design Guidelines of Position and Posture Adjustment
Mechanism. According to the surgical characteristics of
transrectal ultrasound probe prostate biopsy surgery, the

design of the ultrasonic probe posture adjustment mecha-
nism needs to be considered as following below criteria:

(1) Continuous Motion: The mechanism should continu-
ously move, which can drive the ultrasonic probe to
smoothly reach the required spatial position and
posture

(2) Reliable Locking: In order to the safety and position-
ing accuracy of the operation, the mechanism needs
to be securely locked when the ultrasonic probe
moves to a proper posture

(3) The positioning mechanism and the posture adjust-
ment mechanism are not interfere with each other
and are completely decoupled

(4) The working range is able to cover all prostate areas
without blind spots

(5) The structure is simple and reliable, and the
manufacturing is easy obtained

2.2. Design of Position and Posture of Adjustment
Mechanism. In order to meet the needs of different scanning
range of prostate tissue by ultrasound probe during opera-
tion, the position adjustment function, posture adjustment
function, rotation, and feed function of the ultrasonic probe
should be realized. The 3-DOF spatial positioning mecha-
nism, 2-DOF posture adjustment mechanism, and 2-DOF
ultrasonic probe rotation and feed mechanism are adopted.
The motion relationship between the three mechanisms is
completely decoupled. The transrectal ultrasound probe
position and posture adjustment mechanism are composed
of a position adjustment module, a posture adjustment mod-
ule, an ultrasonic probe rotation, and a feed module and a
bottom clamping device. From the perspective of degree of
freedom, this adjustment mechanism is a 7-DOF robot. Joint
7 is only a moving joint, and the other joints are rotating
joints in the mechanism. The joints 1 to 4 constitute a position
adjustment module; joint 5 and joint 6 constitute a posture
adjustmentmodule; joint 7 is utilized to realize the penetration
movement of the ultrasonic probe along the peripheral center
of the anus, and the joint 8 is utilized to realize the rotation of
the ultrasonic probe around its own axis. Figure 4 shows sche-
matic diagram of each module of the adjustment mechanism.

The centering function is implemented by the posture
adjustment module. We need to consider the centering effect
and the implementation of the centering function; therefore,
the design of posture adjustment module is focused in design
phase.

Due to the size and weight of the posture adjustment
module affect the size of the position adjustment module,
the specific structural size of the posture adjustment module
is calculated in this section. For the posture adjustment mod-
ule, the 2-DOF structure is chosen. In order to make the
ultrasound probe move in two directions around the center
of the anus, an RCM mechanism is considered. The posture
adjustment module adopts an RCM mechanism based on
double parallelograms, and its schematic diagram is shown
in Figure 5. Double parallelograms are ▱ADCF and ▱BCIJ.
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In order to conveniently describe the characteristics of the
mechanism, a local coordinate system is established in
Figure 5. When the link DF swings the angle α around the
point D, the double parallelogrammechanism has the follow-
ing characteristics:

(1) Parallel Characteristics: AD//BI//CJ and AC//DF//I J

(2) Centering Characteristics: The position of the inter-
section H of the AD extension line and the JI exten-
sion line is always unchanged

When the doctor performs the operation, the fixed point
H is always at the center point of the anus, and the AD rod is
vertically above the patient’s ankle. The length DH must be
greater than half the width of the patient’s ankle to prevent
the posture adjustment module from interfering with the
patient’s body. According to the size of the human body,
the width of the crotch is generally 300mm~420mm, so
the length of DH needs to satisfy the equation:

lDH > 210mm: ð1Þ
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We chooselDH = 220mm and lAD = 30mm, and then, the
length of the longitudinal link is as follows:

lBI = 250mm: ð2Þ

The size of the vertical plane of the anus peripheral center
point is 120mm away from the buttocks. In order to prevent
the longitudinal link BI from interfering with the patient’s
body, the length HI needs to satisfy the equation:

lHI > 120mm ð3Þ

Taking into account the ultrasonic probe rotation and the
size occupied by the feed module, we choose lDI = 200mm,
lI J = 30mm, the length of the transverse link is:

lAC = 230mm ð4Þ

According to the physiological characteristics of the
human body, the space occupied by the prostate is generally
40mm × 30mm × 25mm, and Figure 6 shows the spatial
state of the prostate in the left lateral position and the spatial
analysis of the angle of the ultrasound probe scanning the
prostate. The azimuth angle β is the swing angle of the ultra-
sonic probe in the transverse section, and the pitch angle γ is
the swing angle of the ultrasonic probe in the longitudinal
section. Due to the distance HK from the peripheral center
point H of the anus to the surface of the prostate is 60mm,
the volume of the prostate is increased by 25% after filling
with water, and the volume of the prostate is 50mm × 40
mm × 40mm when calculating the swing angle of the ultra-
sonic probe.

Therefore, PK = 25mm, MK =NK = 40mm, OM =OK
= 1/2MN = 1/2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
MK2 +NK2

p
= 28mm,

OH =HK +OK = 88mm: ð5Þ

In order for the ultrasound probe to cover the entire area
of the prostate, the beta and gamma angles should satisfy the
following equation:

tan β

2 ≥
OM
OH

= 28
88 ,

tan γ

2 ≥
PK
HK

= 25
60 :

ð6Þ

Solving result is β ≥ 35:4∘, γ ≥ 45:3∘.

2.3. Simulation Analysis of the Motion Performance of
Adjustment Mechanism. The principle design of the ultra-
sonic probe position and posture adjustment mechanism
determines the overall configuration of the mechanism, so
that the designed mechanism is able to meet the working
requirements, which meet the scanning range of the ultra-
sound probe during the operation to completely cover every
part of the prostate. Therefore, it is necessary to utilize kine-
matics to analyze the mechanism to solve the motion space of
the mechanism and the centering effect when the ultrasonic
probe finishes the adjustment of posture.

2.3.1. Coordinate System Establishment and Joint Parameters.
According to the structure of the ultrasonic probe position
and posture adjustment mechanism, a schematic diagram
of the mechanism is established, as shown in Figure 7. This
mechanism is a six-bar linkage consisting of two parallelo-
grams because of the posture adjustment module is not a
simple open-loop kinematic chain.

In this mechanism, the rod 6 and the rod 7 are, respec-
tively, the probe rotation and feed module mounting plat-
form and the feeding platform, and the rod 8 is an
ultrasonic probe. The coordinate system origin o6 of the
rod 6 is established at the remote center point based on the
analysis of the mechanism characteristics. The coordinate
system origin o7 of the rod 7 is established at the end of the
feed platform, and the coordinate system origin o8 of the
rod 8 is established at the end of the ultrasonic probe, and
the directions of the x6-axis and the x7-axis are along the
ultrasonic probe axis x8. Therefore, the system is regarded
as a simple open-loop kinematic chain to discuss and
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Figure 5: Schematic diagram of posture adjustment module.

Vertical section Prostate

Transverse section

N

Z

H

X

K

O

P

M

25

𝛾

𝛽
Anal

peripheral
center point

Unit: mm

40

30

60

Figure 6: Analysis of swing angle of ultrasonic probe.

5Applied Bionics and Biomechanics



research; furthermore, the D-H method is utilized to solve
the kinematics of the mechanism.

The base coordinate system is o0x0y0z0, and d1, a1, a2, a3,
a4, a6, and a7 are the rod lengths of the respective links, and
θ1, θ2, θ3, and θ4 are the rotation angles of the respective
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Figure 7: The kinematics coordinate system.

Table 1: D-H parameters of manipulator.

Rod i 1 2 3 4 5 6 7 8

ai−1 (
°) 0 29.5 200 29.5 250 300 a6 190

αi−1 (
°) 0 -90 0 90 0 90 0 α7

di (mm) 445 0 0 0 0 0 0 0

θi (
°) θ1 θ2 −θ2 θ4 θ5 θ6 0 0
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Figure 8: SimMechanics model of ultrasonic probe position adjustment mechanism.

Table 2: Posture simulation parameters of ultrasonic probe at
0mm, 30mm, and 60mm feeding.

θ1 (
°) θ2 (

°) θ4 (
°) θ5 (

°) θ6 (
°) α7 (

°)

-30 20 80 -20~20 -25~25 0
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rotary joints of the position adjustment mechanism,
respectively.

Due to the rod 2 that constitutes a parallelogram struc-
ture, θ3 = −θ2, θ5, θ6 are the azimuth and pitching angles of
the RCMmechanism, a7 is the feed distance of the ultrasonic
probe along the x8-axis, and α7 is the rotation angle of the
ultrasonic probe. According to the designed requirements,
the organization has a total of 7 degrees of freedom, and
the joint parameters are shown in Table 1.

2.3.2. Simulation of Centering Effect Based on SimMechanics.
According to the mechanism diagram and the connecting
rod parameters drawn in Figure 7 and Table 1, the physical
model of the ultrasonic probe posture adjustment mecha-
nism is established in the SimMechanics toolbox, the end
track of the ultrasonic probe is tracked, and we output the
recorded position coordinates to Workspace for drawing
3D graphics.

The model established for the ultrasonic probe pose
adjustment mechanism in the SimMechanics toolbox is
shown in Figure 8. The SimMechanics model mainly
includes a ground module, 13 rigid body modules, 12 rotary
joint modules, 1 moving joint module, 6 drive modules, and 2
sensor modules.

(1) “World” indicates the position of the base coordinate
system, which is located on the bottom surface of the
column

(2) The rigid body modules respectively represent 13
movable members of the posture adjustment
mechanism

(3) The rotary joints respectively represent the move-
ment relationship between the members as rotation

(4) The moving joints represent the rotation and
advancement of the ultrasonic probe

(5) The movement constraint of the module relative to
the posture adjustment module is provided

(6) The drive modules are respectively added to the
corresponding joints

(7) The sensor modules respectively record the coordi-
nate positions that the end position of the ultrasonic
probe and the position of reached handheld

The posture adjustment module enables the ultrasonic
probe to realize the centering function of swinging around
a certain point and simulates the centering effect of the ultra-
sonic probe. Table 2 shows the setting parameters.

3. Results

3.1. Simulation Results of Centering Effect. The simulation
results when the feed distance a6 = 0mm are shown in
Figure 9. The posture adjustment module allows the

500
400
300
200
100

200
–100

Z

Y
X

–200

(0,0,0)

–400 0
200

400
6000

0

(a)

200

100

0 200 400 600

–100

–200

–300

–400

Y

X

0 (0,0,0)

X:2787
Y:–280
Z:306.6

X:479.2
Y:–274.6
Z:324

X:381
Y:2.461
Z:210.8

(b)

Y

(0,0,0)

500

400

300

200

100

200 0 –200 –400
–100

Z

0
X:326.7
Y:–280
Z:81.05

X:381
Y:2.461
Z:210.8

X:324.7
Y:–307.9
Z:213.4

X:324.1
Y:–278
Z:342.9

(c)

0 200 400 600
X

(0,0,0)

500

400

300

200

100

–100

Z

0

X:471
Y:–270.8
Z:339.2

X:287.8
Y:–268.5
Z:342.2

X:290.1
Y:–272.5
Z:85.53

X:475.3
Y:–271.6
Z:86.61

(d)
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ultrasonic probe to realize the centering function of swinging
around a certain point, and the effectiveness of centering the
ultrasonic probe is simulated. The parameter settings are
shown in Table 2.

The simulation results when the feed distance a6 = 0mm
are shown in Figure 9. The color line segments in the figure
represent the posture of the ultrasonic probe at different joint
angles. The position coordinates of the remote center point
of the mechanism are (381.000, 2.461, and 210.800) when
θ1 = −30°, θ2 = 20°, and θ4 = 80°. The scanning end of the
ultrasonic probe is always at the remote center point of the
mechanism, and a cone-shaped space with the point as a
vertex is formed when the azimuth and pitching angles are
adjusted according to a given angle.

The omnidirectional scan of the prostate can be com-
pleted when the doctor inserts the ultrasound probe into
the rectum and adjusts the azimuth, pitching angle, and the
angle of rotation of the ultrasound probe. The joint parame-
ters of the position adjustment module and the posture
adjustment module are not changed in order to observe the
change in the posture after the ultrasonic probe is fed. The
feed distance of the ultrasonic probe was changed to a6 = 30
mm. The simulation results obtained are shown in Figure 10.

Measurements showed that the coordinates of this point
remained at (381.000, 2.461, and 210.800). The ultrasonic
probe still changed the azimuth and pitching angles accord-

ing to the remote center point after feeding 30mm, which
meets the design requirements. We changed the feed distance
of the ultrasonic probe to a6 = 60mm, while leaving the
parameters of the other joints unchanged, and the posture
change of the ultrasonic probe was simulated. The simulation
results are shown in Figure 11. It can be seen in the figure that
the coordinates of the intersections of all the line segments
intersecting in space remain at (381.000, 2.461, and
210.800). This means that the azimuth and pitching angles
of the ultrasonic probe remain changed according to the
remote center point after feeding 60mm, which also meets
the design requirements.

The results of the simulation of the ultrasonic probe at
feed rates of 0mm, 30mm, and 60mm, respectively, showed
that the ultrasonic probe can achieve a very stable centering
effect at different feed rates and can be used for surgery.

3.2. Experiment Results of Centering Effect

3.2.1. Physical Prototype of the Posture Adjustment
Mechanism of Ultrasonic Probe. Many interference factors
exist because the mechanism is operated during the actual
operation. This experimental section describes the simula-
tion of the actual surgical environment and operation pro-
cess. The range and continuity of each joint, reliable locking
ability, position adjustment mechanism working space and
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positioning ability, mechanism static stiffness, RCM posture
adjustment, and centering motion performance were tested
to verify the rationality of these mechanisms. Figure 12 shows
the physical prototype of the mechanism.

3.2.2. Remote Center Point Error Measurement. The doctor
adjusts the azimuth and pitching angle of the ultrasound
probe to omnidirectionally scan the prostate. To ensure the
safety of the operation and reduce the damage caused to the
patient by the ultrasonic probe, the ultrasonic probe needs
to achieve a centering motion around the center of the anus.
Therefore, it was necessary to test the RCM of the posture
adjustment module to examine whether it meets the surgical
requirements.

The RCM performance comprises the displacement
range of the remote center point of the mechanism in the
space when the ultrasonic probe performs posture adjust-
ment. The RCM performance can be evaluated by measuring
the error between the spatial fixed point and the remote cen-
ter marked point under the existing experimental conditions.
A fixed point in space measures only the error of the remote
center point in the two-dimensional (2D) plane because the
position change of the remote center point is 3D in space.
Therefore, in this section, we describe two sets of experi-
ments performed to measure the error, which is caused by
changing the azimuth or pitching angle, separately.

(1) Azimuth Remote Center Point Motion Error Measure-
ment. The azimuth angles θ5 (-40

°, -20°, 0°, 20°, and 40°) were
adjusted under different feed rates a6 (0mm, 30mm, and
60mm). The mechanism was adjusted to a certain position,
and then, the joints of the position adjustment mechanism
were locked. The pitch angle of the ultrasonic probe was θ6
= 0°, and the rotation angle of the ultrasonic probe α7 = 0°.
Because the azimuth is adjusted to the angle change in the
horizontal plane, the wooden board with the coordinate
paper was fixed directly below the ultrasonic probe (the scale
of the coordinate paper was 1mm), and then, the position of
the remote center point was marked on the ultrasonic probe;
a laser was used to illuminate the remote center point as a
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fixed spatial point. Finally, the position of the fixed spatial
point was marked on the coordinate paper. Figure 13 shows
experimental process.

The experimental data were obtained by means of multi-
ple measurements. The experimental results are shown in
Figure 14. The points marked on the coordinate paper were
enlarged and measured. The distance between the subse-
quent remote center point and the fixed spatial point is less
than 4mm, and the deformation of the anus is about 6mm.
Therefore, the accuracy of the remote center point under
the azimuth angle meets the surgical requirements.

(2) Pitch Angle Remote Center Point Motion Error Measure-
ment. The pitch angles θ6 (-24°, -12°, 0°, 12°, and 24°) were
adjusted under different feed rates a6 (0mm, 30mm, and
60mm). The mechanism was adjusted to a certain position,
and then, the joints of the position adjustment mechanism
were locked. The pitch angle of the ultrasonic probe was θ5
= 0°, and the rotation angle of the ultrasonic probe α7 = 0°.

Because the azimuth is adjusted to the angle change in the
vertical plane, the wooden board with the coordinate paper
was fixed directly below the ultrasonic probe (the scale of
the coordinate paper was 1mm), and then, the position of
the remote center point was marked on the ultrasonic probe;
a laser was used to illuminate the remote center point as a
fixed spatial point. Finally, the position of the fixed spatial
point was marked on the coordinate paper. Figure 15 shows
the experimental process. The obtained experimental data
are shown in Figure 16.

The measurement of the points marked on the coordi-
nate paper showed that the distance between the subsequent
remote center points and the fixed spatial point is less than
3.4mm, and the deformation of the anus is about 6mm.
Therefore, the accuracy of the remote center point meets
the surgical requirements under the change in the pitch
angle.

4. Discussion

The positioning error of the remote center point is related to
the entire mechanism and is composed mainly of systematic
error and random error.

The systematic error is composed of multiple error fac-
tors with deterministic changes [24–26]. Therefore, we used
the measured mean and variance to consider the systematic
error, and, in order to avoid the error estimation bias caused
by the small number of sample repetitions, the confidence
interval was used to state the systematic error limit. Then,
we defined the safety factor ask1 and ½�x − k1s, �x + k1s� as the
confidence interval forμ, whereμis the mean, s is the mea-
surement variance, and�xis the unbiased estimator ofμ. In
addition, in order to determine the relative error, the relative
fixed point error and the relative standard deviation (RSD)
were used as the evaluation indexes in each direction. The
relative fixed point errorε0is the error of the measured mean
value with respect to the fixed point. It takes the relative error
of the x-axis coordinates as an example, which is expressed as

ε0 =
�x − x0j j
x0

× 100%, ð7Þ

Fixed spatial point

(a)

Fixed spatial point

(b)

Figure 13: Measurement of azimuth remote center point error: (a) overall view; (b) partial magnification view.
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where �x =∑n
i=1xi/n, andx0is the x-axis coordinate value of the

fixed point.
The RSD can be used to verify the precision of the

measurement results:

RSD = S
�x
× 100%: ð8Þ

Most random errors follow a normal distribution. To
reflect the spatial relationship of random stochastic processes
in different spatial locations, the value of the random error
parameters ranged from -1 to 1 [27, 28]. The x and y direc-
tion and the x and z directions of the azimuth and pitching
angles were used as the positioning quality indicators as
two sets of 2D random variables. The correlation coefficient
between 2D variables is defined as

r = ∑n
i=1 xi − �xð Þ yi − �yð Þffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

∑n
i=1 xi − �xð Þ2∑n

i=1 yi − �yð Þ2
q : ð9Þ

According to the theory of the above error analysis, the
confidence interval was taken as 90%, and the measured
mean value, relative fixed point error, relative standard error,
confidence interval, and 2D variable relative parameters were
calculated. The azimuth error calculation results are shown
in Table 3.

As shown in Table 3, for the same probe feed distance,
the width of the confidence interval between the x direction
and the y direction is close, and both are stable at approxi-
mately 2.3mm, indicating that the positioning performance
is relatively stable. The relative fixed point error and RSD
in different feed directions are basically stable in the x direc-
tion, and the relative fixed point error is larger in the y direc-
tion, except in the case of the 0mm feed distance. However,
for the remaining feed distances, the error remains stable
below 15%, and the error can be controlled within 1.8mm.
The relative error parameters of the x and y directions under
different feed distances are relatively low, indicating that the
correlation between the two parameters is not strong. It is
proved that the measurement value in the y direction cannot
be determined by measuring the x direction. The results
show that the azimuth centering performance is stable, and
the accuracy meets the requirements. Similarly, an error
analysis of the remote center point measurement data was
performed. The analysis results are shown in Table 4.

5. Conclusions

This study is aimed at designing a passive ultrasound probe
position and posture adjustment mechanism to assist doctors
performing prostate scans and puncture interventions. In
this paper, the forward kinematics analysis of the mecha-
nism, the simulation of the centering effect, the development
of the physical prototype, and related experimental research
were presented. The main findings are as follows.
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Fixed spatial point
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Figure 15: Measurement of pitching center point error: (a) overall view; (b) partial magnification view.
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(1) The moving shape of the ultrasonic probe is the con-
ical space around the center of rotation of the anus.
The design requirements are determined by analyz-
ing the surgical procedure; the posture adjustment
module is designed such that the double parallel
quadrilateral RCM mechanism allows the ultrasonic
probe to achieve the centering function

(2) SimMechanics was used to simulate the effectiveness
of centering the ultrasonic probe when adjusting the
posture under different feed distances. The study
results showed that the ultrasonic probe is centered
and stable, which verifies that the position adjustment
of the ultrasonic probe meets the design requirements

(3) A physical prototype was developed and debugged.
The effectiveness of the centering of the remote cen-
ter point was measured when adjusting the posture
of the ultrasonic probe, and the displacement range
of the remote center point in space was obtained.
The experimental results show that the maximum
error of the azimuth remote center point motion
and the maximum error of the remote center point
motion of the ultrasonic probe are 4mm and
3.4mm, respectively, that is, less than a 6mm anus
can withstand. The random error correlation in dif-
ferent directions is weak, the systematic error confi-
dence intervals of the azimuth and elevation angle
are less than 2.5mm, and the maximum relative fixed
point error and the maximum relative standard error
are 14.73% and 14.98%, respectively

The system meets the surgical requirements of a pas-
sive medical mechanism to be applied in actual surgical
procedures.
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Locomotion control for quadruped robots is commonly applied on rigid terrains with modelled contact dynamics. However, the
robot traversing different terrains is more important for real application. In this paper, a single-leg prototype and a test platform
are built. The Cartesian coordinates of the foot-end are obtained through trajectory planning, and then, the virtual polar
coordinates in the impedance control are obtained through geometric transformation. The deviation from the planned and
actual virtual polar coordinates and the expected force recognized by the ground compliance identification system are sent to
the impedance controller for different compliances. At last, several experiments are carried out for evaluating the performance
including the ground compliance identification, the foot-end trajectory control, and the comparison between pure position
control and impedance control.

1. Introduction

Currently, the main forms of locomotion robots include leg-
ged robots and tracked/wheeled robots. Compared with a
tracked or wheeled robot, legged robots can easily adapt to
and walk on rough terrain [1]. Legged robots can choose con-
tact points with environment for overcoming obstacles and
finding the feasible stable region [2]. For example, Boston
Dynamics developed a hydraulic driven BigDog robot, which
aimed at building an unmanned legged robot with rough-
terrain mobility [3]. MIT Cheetah was designed with propri-
oceptive actuator for impact mitigation and high-bandwidth
physical interaction [4]. In our previous research, inspired by
the proprioceptive actuator [5], we designed a single-leg plat-
form for high-speed locomotion. ANYmal used the compli-
cated actuator which makes the robot impact with high
torque control accuracy [6]. Overall, the hydraulic actuator
has the feature of naturally robust against impulsive loads
with a high-power density [7, 8]. However, legged robots
with hydraulic actuators such as Bigdog developed by Boston
Dynamics are difficult to be scaled down and will generate
large noise [9]. Different from that, the electric actuator with

proprioceptive design allows the force proprioception which
can deliver the desired force with motor current sensing [10].

For quadruped robot to achieve better performance, foot
trajectory planning is crucial. Two factors should be consid-
ered in the design of the foot trajectory. One is that the great
impact should be avoided when the feet land on the ground;
another is that the leg structure should have enough ground
clearance for avoiding obstacles [11]. The foot trajectory also
requires continuous velocity and acceleration for stability.
There are three main methods to plan the trajectory of a
quadruped robot, i.e., Bézier curve trajectory, cubic trajec-
tory, and sinusoidal trajectory [11]. Among them, the Bézier
curve meets the above requirements perfectly. After the foot
trajectory planning, the behaviour that the robot interacts
with irregular ground should be considered. Quadruped
robots which can adjust the foot-end dynamic behaviour to
deal with the unstructured terrains are important on real
application. For example, Semini et al. implemented an
impedance controller to control the electrohydraulically
driven leg of HyQ [12]. Hyun et al. realized the virtual leg
compliance of the MIT Cheetah with proprioceptive imped-
ance control to deal with the external disturbance. After
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knowing the coordinates in the Cartesian coordinate system,
the joint coordinates are obtained by inverse kinematic trans-
formation, and the joint motion trajectory is obtained. More-
over, the whole leg movement of quadruped robots will be
divided into stance phase with impedance control and swing
phase with position control [13]. However, rigid ground
assumption is applied for most researches. The different con-
tact dynamics between the rigid assumption and soft contact
will affect the performance and stability of robots. In contrast
to that, Kim et al. penalizing the contact interaction in the
cost function during the design of the whole-body controller
[14]. Neunert et al. used the soft contact model combined
with MPC controller [15]. Bosworth et al. designed a control-
ler which can be tuned for different ground types [16]. Differ-
ent from that, in our study, the least-squares method is
applied to estimate the ground compliance parameters. The
method is a soft terrain adaption algorithm which can
achieve a transition between hard and soft ground with a
real-time terrain-aware. For real leg locomotion adaption,

the estimated stiffness of ground will be used for adjusting
the parameters of impedances controller.

This paper is structured as follows: Section 2 intro-
duces the kinematic modelling method for the leg. In Sec-
tion 2, the foot trajectory of the leg is designed utilizing
the Bézier curve and sinusoidal waves. The detailed imple-
mentation of impedance control and ground compliance
identification will be introduced in Section 2. The experi-
mental results are provided in Section 3. At last, the con-
clusions are given.

2. Materials and Methods

The detailed leg design with three-joint leg structure can be
found in our previous research [5]. The overall of the control
diagram is shown in Figure 1. During the movement of
robots, the Cartesian coordinates of the foot-end are
obtained through trajectory planning, and then, the virtual
polar coordinates in the impedance control are obtained
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Figure 1: Overall of the control diagram.

OB

ZB

YB

XB ZBH
YBH

XBHXBHipR

ZBHipR

YBHipR

XBHipP

YBHipP

ZBHipP

ZAnkle

YKnee

XKnee

YAnkle

XAnkle

YFoot

XFoot

ZFoot
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through geometric transformation. The deviation from the
planned and actual virtual polar coordinates and the
expected force recognized by the ground identification sys-
tem is sent to the impedance controller. Finally, the desired
foot-end force is obtained and then, the joint torque can be
calculated by the change of the Jacobian matrix and sent to
the robot system. The status of the robot system is also fed
back to the previous process.

2.1. One Leg Kinematic Analysis. For realizing the foot trajec-
tory control of the leg, the kinematics formula should be
derived first. To simplify the subsequent analysis of the
motion control problems, the first step is to establish a com-
plete coordinate system for a quadruped robot. Since the
configuration of the four legs of the robot is identical, the
only difference is the position of the hip joint relative to
the centre of mass (COM) of the robot. Therefore, the kine-
matics analysis of the foot-end with the hip coordinate sys-
tem is consistent for all four legs. Here, only the right front
leg is selected for the analysis in this section. The following
joint coordinate systems are established according to the
Denavit-Hartenberg (D-H) method: the hip rolling coordi-
nate system ∑HipR , the hip pitch coordinate system ∑HipP,
the knee pitch coordinate system ∑Knee, the ankle pitch
coordinate system ∑Ankle, and the foot-end coordinate sys-
tem ∑Foot are shown in Figure 2. The blue line in the figure
shows the three links of the leg; the red line shows the axes of
the leg rotating joints.

The coordinate system of each link, as well as four
joint angles, is shown in Figure 3 in detail. The left picture
is the front view, where the XBH axis of the hip torso
coordinate system is perpendicular to the paper surface.
The right picture is a schematic plan view of the right
front leg, the rotation axes of the hip pitch, knee pitch,
and ankle pitch joints which are oriented perpendicular
to the paper in. In addition, according to the right-hand
rule, from the foot-end to the hip joint, the ankle pitch
joint θ4, knee pitch joint θ3, hip pitch joint θ2, and hip
roll joint θ1 are defined.

According to the given kinematic model of the quadru-
ped robot, from the hip pitch coordinate system ∑BH to the
foot-end coordinate system ∑Foot, the homogeneous trans-
formation matrix between the neighbouring link coordinate
systems can be derived. Firstly, the homogeneous transfor-
mation matrix of the hip rolling coordinate system relative
to the hip torso coordinate system is

BH
HipRT =

1 0 0 0
0 cos −θ1ð Þ −sin −θ1ð Þ 0
0 sin −θ1ð Þ cos −θ1ð Þ 0
0 0 0 1

2666664

3777775: ð1Þ

The homogeneous transformation matrix of the hip pitch
coordinate system relative to the hip rolling coordinate
system is

HipR
HipPT =

cos θ2ð Þ 0 sin θ2ð Þ 0
0 1 0 −L1

−sin θ2ð Þ 0 cos θ2ð Þ 0
0 0 0 1

2666664

3777775: ð2Þ

The homogeneous transformation matrix of the knee
pitch coordinate system relative to the hip pitch coordinate
system is

HipP
KneeT =

cos −θ3ð Þ 0 sin −θ3ð Þ 0
0 1 0 0

−sin −θ3ð Þ 0 cos −θ3ð Þ −L2
0 0 0 1

2666664

3777775: ð3Þ

The homogeneous transformation matrix of the ankle
pitch coordinate system relative to the knee pitch coordinate
system is

Knee
AnkleT =

cos θ4ð Þ 0 sin θ4ð Þ 0
0 1 0 0

−sin θ4ð Þ 0 cos θ4ð Þ −L3
0 0 0 1

2666664

3777775, ð4Þ

The homogeneous transformation matrix of the foot-end
coordinate system relative to the ankle pitch coordinate
system is

Ankle
Foot T =

1 0 0 0
0 1 0 0
0 0 1 −L4
0 0 0 1

2666664

3777775: ð5Þ

At last, by integrating these transformation matrixes, the
(6) and (7) can be derived

BH
FootT = BH

HipRT ⋅ HipRHipPT ⋅ HipPKneeT ⋅ KneeAnkleT ⋅ AnkleFoot T , ð6Þ
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BH
FootT =

c2−3+4 0 s2−3+4 −L4s2−3+4 − L3s2−3 − L2s2

−s1s2−3+4 c1 s1c2−3+4 −L1c1 − L2c2 + L3c2−3 + L4c2−3+4ð Þs1
−c1s2−3+4 −s1 c1c2−3+4 L1s1 − L2c2 + L3c2−3 + L4c2−3+4ð Þc1

0 0 0 1

2666664

3777775,
ð7Þ

where c1 represents cos θ1, s1 represents sin θ1, c2 represents
cos θ2,c2−3 represents cos ðθ2 − θ3Þ,s2−3 represents sin ðθ2 −
θ3Þ,c2−3+4 represents cos ðθ2 − θ3 + θ4Þ, and s2−3+4 represents
sin ðθ2 − θ3 + θ4Þ.

Therefore, according to the positive kinematic analysis,
in the case of the known joint angle θ1, θ2, θ3, θ4, the position
and orientation of the foot-end relative to the hip torso coor-
dinate system can be obtained. For calculating the inverse
solution, the solvability should be considered for avoiding
the no solution or multiple solutions. Usually, solving robot
kinematic equations by the inverse operation is a nonlinear
problem, and solving forward kinematic problems is to check
whether the target point is in the working space. Therefore,
for deciding the existence of the robot inverse kinematics
solution, the robot leg’s workspace should be calculated.
For ensuring that the inverse kinematic is solvable, the foot
of the quadruped robot must be within the workspace of
the leg joint. According to the design index θ1 ∈ ½−20o, 20o�
,θ2 ∈ ½−50o, 50o�, θ3 ∈ ½−120o, 120o�, a series of coordinate
points can be obtained with different joint angles. A point
cloud map indicting the whole working space of the leg is
shown in Figures 4 and 5.

For the solution of inverse kinematic problems, there are
mainly two types of closed-form solutions (analytic solu-
tions) and numerical solutions. In this paper, the closed solu-
tion method is used to solve the analytical solution. Because
the quadruped robot has the same leg configuration, only
the right front leg is considered to establish its inverse kine-
matics model. From equation (7), we can get

BHP
2
x + BHP

2
y + BHP

2
z = L21 + L22 + L23 + L24 + 2L2L3 cos θ3

+ 2L3L4 cos θ4 + 2L2L4 cos θ3 − θ4ð Þ:
ð8Þ

Because of the parallelogram structure, it is structurally
guaranteed that the (8) simplifies to

BHP
2
x + BHP

2
y + BHP

2
z = L21 + L22 + L23 + L24

+ 2 L2L3 + L3L4ð Þ cos θ3 + 2L2L4:
ð9Þ

So, we can obtain

θ3 = θ4 = arccos
BHP

2
x + BHP

2
y + BHP

2
z − L21 − L22 − L23 − L24 − 2L2L4

2 L2L3 + L3L4ð Þ

 !
:

ð10Þ

From equation (7), we get

BHPy + L1 cos θ1
BHPz + L1 sin θ1

= sin θ1
cos θ1

: ð11Þ

Further,

−BHPzffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
BHP

2
y + BHP

2
z

q sin θ1 −
−BHPyffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

BHP
2
y + BHP

2
z

q cos θ1

= −L1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
BHP

2
y + BHP

2
z

q :

ð12Þ

So,

θ1 = arcsin −L1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
BHP

2
y + BHP

2
z

q + arctan
BHPy
BHPz

: ð13Þ

From equation (7), we can also get

BHPx = − L4 + L2 + L3 cos θ3ð Þ sin θ2 + L3 sin θ3 cos θ2:
ð14Þ

Since θ3 has been given by equation (10), so

θ2 = arcsin
BHPxffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

L4 + L2 + L3 cos θ3ð Þ2 + L3 sin θ3ð Þ2
q

+ arctan L3 sin θ3
L4 + L2 + L3 cos θ3

:

ð15Þ

Formula (10), formula (13), and formula (15) are the
inverse kinematic equations of the leg, and the inverse
solution is the only solution. Thus, if we know the coordi-
nates of the foot-end of any leg in the hip joint body coor-
dinate system, we can solve the requirement of each joint
angle.

2.2. Velocity Jacobian Matrix. In this section, the velocity
Jacobian matrix is derived which is useful for further leg con-
trol such as the transformation of forces and torques from the
foot-end to the joints. The definition of the Jacobian matrix is
as follows:

J =

∂BHPx

∂θ1

∂BHPx

∂θ2

∂BHPx

∂θ3
∂BHPy

∂θ1

∂BHPy

∂θ2

∂BHPy

∂θ3
∂BHPz

∂θ1

∂BHPz

∂θ2

∂BHPz

∂θ3

26666666664

37777777775
: ð16Þ
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Then, according to the equation of positive kinematics,
the Jacobian matrix of the velocity from the leg joint coordi-
nates to the foot can be obtained as

J =
0 l2c2 + l3c23 l3c23

l1s1 + l2c1c2 + l3c1c23 −s1 l3s23 + l2s2ð Þ −l3s1s23
−l1c1 + l2s1c2 + l3s1c23 c1 l3s23 + l2s2ð Þ l3c1s23

2664
3775:
ð17Þ

2.3. Foot-End Trajectory Planning. For obtaining better per-
formance of the robot, we should design the foot-end tra-
jectory properly. During the swing phase, the leg is not
affected by contact force, so a higher speed and accelera-
tion can be achieved. During the stance phase, the exten-

sive loadings will be added on the legs; it will cause a
great rigid impact with only position control. Since the
swing phase and the stance phase have different dynamic
characteristics, the trajectories of the two phases are
designed individually.

Later, for tracking the trajectory, two control methods
will be compared which are position control and impedance
control.

The swing-phase trajectories are designed from a Bézier
curve defined by twelve control points, and stance-phase tra-
jectories are designed as part of sinusoidal wave which has a
good performance in smoothness and was also used in other
robots [17].

2.3.1. Trajectory Design for the Swing Phase. The swing-
phase trajectory design should guarantee enough ground
clearance for avoiding obstacles and reduce energy losses

0.3

0.2

0.1

0

−0.1
Z

 (m
)

Y(m)
X (m)

−0.2

−0.3

−0.4

−0.5
0.1

−0.1
−0.15

−0.2
−0.25 −0.5

0.5

−0.4

0.4

−0.3

0.3

−0.2

0.2

−0.1
0.10

0.05

−0.05
0

Figure 4: 3D workspace point map of one leg.

–0.5 –0.4 –0.3 –0.2 –0.1 0 0.1
X(m)

Z
(m

)

0.2 0.3 0.4 0.5
–0.5

–0.4

–0.3

–0.2

–0.1

0

0.1

0.2

0.3

Figure 5: XHipRZHipR-plane workspace point map.

Table 1: The twelve control points of the Bézier curve.

x (mm) y (mm)

c0 -170 460

c1 -280.5 460

c2 -300 361.1

c3 -300 361.1

c4 -300 361.1

c5 0 361.1

c6 0 361.1

c7 0 321.4

c8 303.2 321.4

c9 303.2 321.4

c10 282.6 460

c11 170 460
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during touchdown motion [18]. The design of the swing-
phase trajectory should not only approximate the natural
behaviour of the leg but also satisfy ground clearance,

which can avoid obstacles in the swing phase. The Bézier
curve formula determined by the normalization parameter
SSWðtÞ ∈ ½0, 1� is

psw tð Þ = psw Ssw tð Þð Þ = 〠
n

k=0
Ck
n 1 − Sswð Þn−k Sswð Þkck,

vswt = dpsw

dSsw
dSsw

dt
= dpsw

dSsw
1
Tsw

,
ð18Þ

where Ck
n represents the number of unordered collection

in which k elements are taken from n elements, (n + 1)
is the number of control points, ck is a kth two-
dimensional control point where k ∈ f0,⋯⋯ , 11g. The
curve can be generated by twelve control points as shown
in Table 1, and the trajectory shape is shown in Figure 6.

2.3.2. Trajectory Design for the Stance Phase. The stance-
phase control of each leg will affect the performance of
quadruped locomotion via interaction with the ground.
Therefore, the planned trajectory should not only consider
the motion requirements but also the interactive force
requirements.

The stance-phase trajectory is proposed to simply as a
sinusoidal wave with two parameters: the half of the stroke
length Lspan, and the amplitude variable δ. As with the swing
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phase, the stance-phase trajectory equation is also deter-
mined by the normalized parameters, Sst∈[0,1]

pstx tð Þ = Lspan 1 − 2Sst tð Þ� �
+ P0,x,

psty tð Þ = δ cos π

2Lspan
pstx tð Þ

 !
+ P0,y,

vstx tð Þ = dpstx
dSst

dSst

dt
= −

2Lspan
Tst

,

vsty tð Þ = dpsty
dpstx

dpstx
dt

= δπ

Tst
sin π

2Lspan
pstx tð Þ

 !
:

ð19Þ

Considering that the robot’s leg will touch the ground
and bear an impact, therefore, an impedance control should
be used to resist the impact during the stance phase and will
be introduced in the next part.

2.4. Impedance Controller Design. In the previous section, we
discussed the planning for robot’s foot-end trajectory. If the
robot has no contact with the external environment, pure
motion control is enough for trajectory tracking. However,
quadruped robots are high dynamic robots that their feet will
contact the ground frequently during the movement. In this
case, the space constraint brought by the environment will
hinder the tracking movement of the robot end effector.
Therefore, for ensuring the compliance during the move-
ment, the impedance control is used where the leg will be
imitating mass, spring, and damper properties. Based on this,
the robot will present virtual mass, stiffness, and damping
characteristics during movement [4].

A schematic diagram of a one-dimensional mass-
damping-spring model is shown in Figure 7. Impedance is
used to describe the behavior of a robot. Different impedance
parameters can be set to give different dynamic characteris-
tics of the robot.

The dynamics for a one-dof robot rendering an imped-
ance can be written

m€x + b _x + kx = f , ð20Þ

where x is the position, m is the mass, b is the damping, k is
the stiffness, and f is the force applied by the user. If b or k in
the impedance coefficient is set to be large, it is called high
impedance; if b or k is set small, it becomes low impedance.
In this paper, virtual leg impedance is created in the polar
coordinate as shown in Figure 7.

The control formula can be derived as

f control − f est =m €xd − €xð Þ + b _xd − _xð Þ + k xd − xð Þ, ð21Þ

where f control is the control force sent to the controller; f est is
the estimated ground reaction force; €xd , _xd , xd are desired
acceleration, velocity, and position; and €x, _x, x are actual
acceleration, velocity, and position. Considering that the vir-
tual mass has no significant effect on the impedance effect of
the robot’s legs, no virtual mass term is added to the control
algorithm in this paper.

The Jacobian from the hip/shoulder to foot-end in the
polar coordinate system is obtained by the transformation.
The position relationship between the Cartesian coordinate
system and the polar coordinate system is

ρvirtual

θvirtual

" #
=

ffiffiffiffiffiffiffiffiffiffiffiffiffi
x2 + y2

p
arctan x/yð Þ

" #
: ð22Þ

Actual
trajectory

–

+

Polar
transformation PD controller

𝜏polar 𝜏1, 𝜏2

Desired
trajectory

Joints of
leg

px

py

px

desired

Jpolar (q)T

py

Figure 8: Block diagram for impedance controller.

J = eTe = (FG – [Xf Xf]𝜃)T(FG – [Xf Xf]𝜃)

𝜃 = ([Xf Xf]T [Xf Xf])–1 [Xf Xf]TFG

= –2 [Xf Xf]T(FG – [Xf Xf]𝜃)𝜕J

𝜕𝜃

𝜕J

𝜕𝜃
= 0

Figure 9: Derivation block diagram of the least-squares method.
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So the Jacobian from the Cartesian coordinate system to
the polar coordinate system is

Jpolar x, yð Þ =

xffiffiffiffiffiffiffiffiffiffiffiffiffi
x2 + y2

p yffiffiffiffiffiffiffiffiffiffiffiffiffi
x2 + y2

p
1

y x2/y2 + 1ð Þ
−x

y2 x2/y2 + 1ð Þ

26664
37775: ð23Þ

Then, impedance control law can be derived as

τ1

τ2

" #
= Jpolar qð ÞT

kρeρ + bρ _eρ

kθeθ + bθ _eθ

" #
, ð24Þ

where eρ, _eρ, eθ, and _eθ are radial position error, radial veloc-
ity error, angular position error, and angular velocity error
between the actual trajectory with designed trajectory,
respectively. JpolarðqÞ is the Jacobian from hip/shoulder to
foot-end in the polar coordinate system, and JpolarðqÞ =

Jpolarðx, yÞJCartesianðqÞ. And the block diagram for the imped-
ance controller can be shown in Figure 8.

2.5. Ground Compliance Estimation. For the above analysis,
we assumed that the ground is completely rigid, but for a real
application, the assumption is limited. For example, if the
robot is moving on a concrete floor or an asphalt road, we
can think that the assumption is completely valid. But when
the robot moves in an environment like grass, marshes, and
snow, there will be a big difference. Therefore, the identifica-
tion of ground compliance is important. Through the system
identification method, we can get the stiffness and damping
characteristics of the contact ground, and then, further oper-
ations to achieve the corresponding impedance characteris-
tics can be implemented.

Among the system identification theory, the least-squares
method is widely used, and the effect is also excellent. There-
fore, we use the least-squares method to estimate the ground
compliance parameters.

(a) (b)

Figure 10: Experimental platform. (a) One leg experimental platform. (b) Trajectory measurement with the NDI Optotrak Certus sensor.
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Taking into account the storage performance and com-
putational performance of industrial controllers, we estimate
the ground parameters using the least squares method in lim-
ited memory, which limit the estimated range. The ground
reaction force (GRF) is described as

f G = kGxf + bG _xf , ð25Þ

where kG and bG are ground stiffness and damping coeffi-
cients; that is, the values we need to identify by the system
identification xf and f G are the depth and the ground reac-
tion force. Then, we can estimate the ground parameters by
the least squares method in limited memory.

At every time instant n, we gather samples from the pre-
vious k time instances and compute the ground parameters.
By choosing the appropriate k value, i.e., the defined range,

a good parameter estimate can be obtained and the data sat-
uration phenomenon can be effectively improved.

To implement the estimation of parameters, we construct
the following dataset

FG = f G nð Þ f G n − 1ð Þ⋯ f G n − kð Þ½ �T ,
Xf = xf nð Þxf n − 1ð Þ⋯ xf n − kð Þ� �T ,
_Xf = _xf nð Þ _xf n − 1ð Þ⋯ _xf n − kð Þ� �T

:

ð26Þ

By estimating bθ and F̂G as the optimal estimate of θ =
½kG bG�T and FG, we can get

F̂G = Xf
_Xf

h ibθ: ð27Þ

Then, by defining e = FG − F̂G and J = eTe, and from that,
the least-squares estimation requires that the sum of the
squares of the residuals be the smallest; we can obtain the
parameters as shown in Figure 9.

Moreover, considering that recent samples make more
great impact on the results, we use a weighting matrix Q ∈
ℝk×k to penalize the error on most recent sample compared
to the less recent ones and thus, giving more importance to
the most recent samples. And the result is

bθ = Xf
_Xf

h iT
Q Xf

_Xf

h i� �−1
Xf

_Xf

h iT
FG:

ð28Þ

According to the estimates bθ = k∧G b∧G½ �T , we can
acquire

f̂ G = k̂Gxf + b̂G _xf : ð29Þ
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Figure 12: The actual torque change with the position of the hip joint and the fitting straight line.

Figure 13: Diagram of free dropping apparatus of the single-leg
prototype.
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Then, in the stance phase, for getting better impedance
characteristics for the robot, we apply this force to the imped-
ance control formula (21), and we can get

f control − f̂ G =m €xd − €xð Þ + b _xd − _xð Þ + k xd − xð Þ: ð30Þ

By the least-squares estimationmethod with limitedmem-
ory and fading memory for ground parameters, we reasonably
introduced the estimated value of GRF. Applying the esti-
mated GRF to the f desired impedance controller, the value will
change with different ground conditions, allowing the robot to
adapt to different ground conditions with suitable compliance.

3. Experimental Results

3.1. Foot-End Trajectory Experiment. For ensuring that the
robot can well perform the planned motion characteristics,
an experiment was carried out to verify the robot’s perfor-
mance of foot-end trajectory tracking.

The experimental platform was constructed as shown in
Figure 10. The NDI Optotrak Certus was used to trace the
presticked marker on the endpoint of the leg, and the actual
trajectories can be obtained. The accuracy that NDI Optotrak
Certus can achieve is 0.01mm and its sampling frequency is
100Hz, which is sufficient for our trajectory following the
acquisition.
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Figure 14: The current and position variation of the knee motor under pure position control.
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Table 2: Comparison between pure position control and impedance control.

Control mode Stability Position steady-state error (deg) Peak current (A) Compliance

Impedance control Stable 11.4 4.309 Soft

Position control Unstable — 11.03 Hard
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Because the data collected by the NDI Optotrak Certus is
three-dimensional coordinates of a point on its body, and the
trajectory points we plan are the two-dimensional coordi-
nates with the axis of the hip joint motor as the origin; it is
necessary to compare the trajectories after the coordinate
transformation.

The first step is to find the homogeneous transformation
matrix OTA from the NDI Optotrak Certus coordinate sys-
tem A to the robot coordinate system O.

In the coordinate system O, four scattered coordinate
points were selected that the foot-end of the robot can reach.
Suppose the leg motion is strictly in a plane, and z = 0, then
assume that the coordinates of the selected four points are
ðOx1, Oy1, Oz1Þ, ðOx2, Oy2, Oz2Þ, ðOx3, Oy3, Oz3Þ, and ðOx4,
Oy4, Oz4Þ.

Simultaneously, the four points are collected by the NDI
Optotrak Certus, and the coordinates under frame A are
ðAx1, Ay1, Az1Þ, ðAx2, Ay2, Az2Þ, ðAx3, Ay3, Az3Þ, and ðAx4, Ay4,
Az4Þ.

So

Ox1
Oy1
Oz1

1

2666664

3777775 = OTA

Ax1
Ay1
Az1

1

2666664

3777775: ð31Þ

After making the same transformation of all four coordi-
nates and transforming the final matrix equation appropri-
ately, we can get

OTA =

Ox1
Ox2

Ox3
Ox4

Oy1
Oy2

Oy3
Oy4

Oz1
Oz2

Oz3
Oz4

1 1 1 1

2666664

3777775 ·

Ax1
Ax2

Ax3
Ax4

Ay1
Ay2

Ay3
Ay4

Az1
Az2

Az3
Az4

1 1 1 1

2666664

3777775
−1

:

ð32Þ

After finding the homogeneous transformation matrix
OTA, the points collected by the NDI Optotrak Certus are
homogeneously transformed to obtain the actual trajectory
in the O coordinate system and compared with the planned
trajectory.

3.2. Impedance Control Experiment. For the experiment, the
impedance control is based on the control in the torque
mode. Therefore, the controller should first be switched to
the torque mode at first. In our study, the controller
(C6015, Beckhoff) was chosen with EtherCAT connection
to each motor.

We observed the relationship between the real-time posi-
tion, the real-time torque, and time by applying external tor-
que to the hip joint, as shown in Figure 11. Then, we fit the
torque position and get the result as shown in Figure 12.

And the fitting equation is

y = −0:501x − 0:0003333: ð33Þ

3.3. Comparison between Pure Position Control and
Impedance Control. As we know, the essence of impedance
control is to control the dynamic relationship between force
and position. The pure position control is mainly to achieve
an accurate position and does not consider the interaction
with the outside world. To better understand impedance con-
trol and pure position control, we have done experiments to
compare the characteristics of the two control methods.
According to the characteristics of the two control methods,
we can determine which way is more suitable in the locomo-
tion of the quadruped robot.

In the previous analysis, we have also seen that in the
swing phase, since the foot-end point of the single-leg proto-
type has no contact with the ground, the effects of impedance
control and pure position control are similar. But in the
stance phase, the foot-end point of the single-leg prototype
contacts the ground, and there will be a large impact at the
moment of contact. If the control strategy does not have a
certain cushioning effect, it will be harmful to the motor.
Therefore, it is necessary to test and analyse the control effect
of pure position control and impedance control.

As shown in Figure 13, the experimental procedure is to
set a fixed desired position through the impedance control
and pure position control in the single-leg prototype in the
suspended state (here, the desired force in the impedance
control is set to 0). Then, at a certain height, the single-leg
prototype was dropped freely, and the current and position
change of the single-leg prototype motor were observed.

Materials with
different stiffness

Force sensor

Figure 16: Diagram of the identification of various ground
materials.
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It should be noted that the drop height under the imped-
ance control is 44mm. Therefore, in the pure position con-
trol, the drop height was also set to 44mm at first, but it is
impossible to collect appropriate experimental data with high
impact. At last, the drop height was determined to be 10mm.
In addition, through the data measurement and analysis of
the two joint motors, the variation of current and position
values of the hip motor during the falling process is not par-
ticularly obvious. Therefore, we did not collect the data on
hip joint motor, but only current and position acquisition
of the knee motor.

By analyzing the experimental data in Figure 14, we can
know that in the pure position control, even if it drops from
a height of 10mm, the position and current value of the
motor show a tendency to disperse, that is, an unstable state.
And the peak current during the whole process is 11.03A as
shown in Table 2. In the final stage, to avoid serious damage

to the motor and the outside world, it is necessary to add
external force to force the single-leg prototype to stop
beating.

In the impedance control as shown in Figure 15, we can
see that although the drop height is 44mm, which is 4.4 times
in the above example, the peak current during the whole drop
process is only 4.309A as shown in Table 2, which effectively
solves the impact on the motor during the dropping process.

3.4. Ground Compliance Identification. Through the previous
analysis, we set up the corresponding experiments to identify
the stiffness of the ground of various materials.

A portion of the experimental setup is similar to the pre-
vious motion control experiment where the motion capture
system is used to capture the depth of the foot into the mate-
rial. Since the stiffness is defined as the force acting on the
unit displacement, it is also necessary to place a force sensor
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as shown in Figure 16 at the foot-end to measure the ground
reaction force when the foot-end is in contact with the
ground.

The experimental procedure consists of designing a con-
trol program that allows the foot-end point of the single-leg
prototype to move vertically downward from above the
ground material and penetrate the material, and the NDI
Optotrak Certus and the force sensor collect the displace-
ment and force information of the foot-end in real-time.
Then, by observing the data of the collected foot-end force,
we can judge the moment when the foot-end is in contact with
the material, and then based on the displacement information
at that moment, the penetration value data of the foot-end is
obtained. With the penetration value and the foot-end force
information, the stiffness of various ground materials can be
identified by the recursive least squares method.

In the experiment, we selected five different materials,
namely, material 1 is medium hardness rubber, material 2
is reinforced rubber, material 3 is low hardness sponge, mate-
rial 4 is medium hardness sponge, and material 5 is high
hardness sponge. The stiffness of the above five materials
was obtained by the above experimental method, as shown
in Figure 17.

4. Conclusion

Locomotion adaption for quadruped robots with ground
compliance estimation is important, especially for high-
speed locomotion. In this paper, the Cartesian coordinates
of the foot-end are obtained through trajectory planning,
and then the virtual polar coordinates in the impedance con-
trol are obtained through geometric transformation. The
deviation from the planned and actual virtual polar coordi-
nates and the expected force recognized by the ground iden-
tification system is sent to the impedance controller. The
desired foot-end force is obtained and then the joint torque
is obtained by the change of the Jacobian matrix and sent
to the robot system. The status of the robot system is also
fed back to the previous process. At last, several experiments
are carried out for evaluating the performance including the
ground compliance identification, the motion control and
the comparison between pure position control and imped-
ance control. In the future, the prosed control framework will
be used on our quadruped robots for testing the robust when
traversing on a wide variety of terrains.
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In upper limb rehabilitation training by exploiting robotic devices, the qualitative or quantitative assessment of human active effort
is conducive to altering the robot control parameters to offer the patients appropriate assistance, which is considered an effective
rehabilitation strategy termed as assist-as-needed. Since active effort of a patient is changeable for the conscious or unconscious
behavior, it is considered to be more feasible to determine the distributions of the passive resistance of the patient’s joints versus
the joint angle in advance, which can be adopted to assess the active behavior of patients combined with the measurement of
robotic sensors. However, the overintensive measurements can impose a burden on patients. Accordingly, a prediction method
of shoulder joint passive torque based on a Backpropagation neural network (BPANN) was proposed in the present study to
expand the passive torque distribution of the shoulder joint of a patient with less measurement data. The experiments recruiting
three adult male subjects were conducted, and the results revealed that the BPANN exhibits high prediction accurate for each
direction shoulder passive torque. The results revealed that the BPANN can learn the nonlinear relationship between the passive
torque and the position of the shoulder joint and can make an accurate prediction without the need to build a force distribution
function in advance, making it possible to draw up an assist-as-needed strategy with high accuracy while reducing the
measurement burden of patients and physiotherapists.

1. Introduction

For patients suffering impaired upper limb function after
stroke, adopting rehabilitation robots for rehabilitation exer-
cise can reduce labor burden of therapists, with more accu-
rate measurement of the position and force information in
the rehabilitation training. Thus, the quantitative assessment
of the patient’s health state can be achieved. Recently, the
research and application of the rehabilitation robotics has
been increasingly common [1, 2]. In therapeutic practice,
not all patients lost all their active motion abilities; thus,
patients retaining part of the motion abilities can achieve sig-
nificantly improved training effect of their active participa-
tion in the rehabilitation training [3]. As revealed from
existing studies, overdose robotic assistance will reduce the
patient’s active force output and energy consumption in
rehabilitation training, and the patient’s limbs appear to be
“slacking,” probably reducing the efficiency of rehabilitation

[4]. Thus, compared with the stiff control strategy that moves
the patient’s limbs along a desired trajectory in the training
process given the patient’s active motion ability, the so-
called “assist-as-needed” strategy that provides only the min-
imum assistance required to maximize the patient’s active
participation can enhance the efficiency of rehabilitation [5].

One of the critical problems of the assist-as-needed reha-
bilitation strategy refers to the methods to assess the patient’s
active motion state, which will generate feedback to the
robotic therapy devices to modify the control strategy. A
common method complies with the surface electromyo-
graphic (sEMG), as collected in real time in the rehabilitation
training and analyzed online to extract the patient’s move-
ment intention [6, 7]. However, applying sEMG to calculate
the joint torque usually requires the integration of a complex
musculoskeletal model that contains numerous parameters
difficult to measure in vivo. Moreover, for patients with neu-
rological impairment due to stroke, the sEMG can be
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significantly inconsistent with that of the healthy people, and
the real movement intention of the mentioned patients may
be difficult to successfully extract with the sEMG. There is
another type of active motion state assessment method, cal-
culating the patient’s active force/moment based on the
dynamic model of the human-robot interaction system and
the determined value of the robotic device sensor. Obviously,
the patients’ active force/torque intuitively manifests their
motion intention. In fact, the patient’s active force/torque is
changeable for both of the conscious and unconscious behav-
iors in the rehabilitation training. Furthermore, unlike the
changeable active motion state, a stable nonlinear torque-
angle relationship is identified between the passive compo-
nents of the human joint (e.g., passive resistance of the soft
tissues and gravitational torque, as well as the posture of limb
for a patients). Thus, a measurement before rehabilitation
training to distribute passive components of force/torque of
the human shoulder joint is critical to assess active motion
states based on dynamic models.

In general, the upper limb is affected by gravitational for-
ce/torque, passive resistance force/torque generated by joint
biological tissue, active muscle force/torque, and assisted for-
ce/torque provided by the rehabilitation device during reha-
bilitation exercise. In addition, the influence of centrifugal
force and inertial force should also be taken into account
when the movement speed and acceleration is large. How-
ever, considering the safety and comfort of patients, the
speed and acceleration of rehabilitation training are usually
small; thus, the centrifugal force and inertial force can be
neglected. Since the main motion form of the upper limb
joints is rotation, the torque is usually concerned rather than
the force. Passive torque of the shoulder joint is mainly com-
posed of the gravitational torque and the joint resistance tor-
que. The gravitational torque is determined by inertia
parameters such as mass and centroid position. And the joint
resistance torque is mainly determined by the viscoelastic
characteristics of joint biological tissue. In 1980, the shoulder
joint resistance torque of 3 subjects under several simple
movement that was measured of upper arm was measured
by Engin et al. [8]. The results showed that the magnitude
of the shoulder joint resistance torque is obviously different
between subjects, but the trend of the torque-angle curves
of different subjects is similar. Then, in 1986, Engin et al.
measured the shoulder joint resistance torque of the shoulder
joint of 10 subjects beyond the active range of motion of each
subject, and a statistical database of the torque-angle rela-
tionship was formed which can be used in realistic dynamic
simulations of human shoulder joint [9]. However, gravita-
tional influence on the shoulder was factored out in their
research by making the experimental motion performed only
in a horizontal equigravitational plane, which is not easy to
realize in actual rehabilitation state. In 2009, an upper limb
dynamic model is established by Zhang et al., where each seg-
ment of the upper limb was regarded as a rigid body link, and
the joint elastic resistance torque and gravitational torque are
treated as a whole passive torque [10]. The rate of change of
the joint rotation angle according to the dynamic force was
defined as joint stiffness. The measurement experiment
found that the joint stiffness of the subjects after stroke was

significantly increased compared with that of healthy sub-
jects. However, the stiffness value in this study was regarded
as a constant value, without considering the change of joint
stiffness with a joint rotation angle. In 2019, the passive tor-
que of shoulder joint during external rotation and internal
rotation was measured by Wight et al., and the slope of the
best-fit line of the torque-angle curve was defined as stiffness
[11]. However, in their study, the upper limb rotation was
carried out in a fixed plane without considering the distribu-
tion of passive torque in other planes. Obtaining the distri-
bution of shoulder passive torque in a wider range is
beneficial to evaluating health status and drawing up the
rehabilitation strategies, but the measurement of the joint
passive torque over the entire joint range of motion may take
a long time and make the patients fatigued. Thus, the joint
passive torque assessment method with less measurement
data can be beneficial.

Since the artificial neural network (ANN) is capable of
approximating any rational function without the cognition
of the system constitutive model, a prediction method of
the shoulder passive torque, as caused both by the gravity
and the joint soft tissues, was proposed in the present study
based on BPANN, making the expansion of the passive tor-
que distribution of shoulder joint possible.

A passive upper limb abduction experiment was executed
with the 7-DoF lightweight collaborative robot KUKA lbr
iiwa extensively applied in the human-robot interaction
experiments [12]. The position and the force/torque applied
to the robot by human upper limb were recorded by the robot
sensor in the experimental motion. Subsequently, the kine-
matic analysis and static force analysis of the upper limb were
conducted to calculate the motion and the resistance torque
of the shoulder joint. Some of the mentioned angle-torque
results were given into a three-layer BPANN as training data.
Next, the trained BPANN was adopted to assess the passive
torque of the rest joint posture data collected from the iden-
tical subject. Afterwards, the torque assessed by BPANN was
compared with the torque calculated by static force analysis.
The result suggested that the BPANN can accurately assess
the spatial distribution of shoulder passive torque.

Results showed that the BPANN assessment method pro-
posed in this study can predict the passive torque of the
shoulder joint during the upper limb abduction with high
accuracy and make it possible to obtain more passive
torque-angle distribution through less measurement data,
which is critical to reduce the burden on patients.

2. Methods

2.1. Subjects. Three healthy male adults were recruited from
the identical institution where the experiments of this study
were conducted. All subjects were voluntary to participant
in the experiment; they were right-handed, with no history
of shoulder disease.

2.2. Experimental Protocol. The subjects were seated at a high
chair. The subject’s right upper limb was connected to the
end tool flange of the robot through the orthosis (Figure 1).
To avoid the effect of forearm movement, the elbow joint of
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the orthosis was locked in a 90° posture, while the shoulder
joint movement was not restricted by the orthosis. The sub-
jects were required to maintain the stability of their trunk
and avoid the rotation of their upper arm while their right
upper limb being dragged by the robot to complete abduction
movement in different planes of elevation.

The motion path of the robot was generated by dragging
teaching method. In the preliminary stage, the robot was set
to a low-stiffness impedance control mode, thus making it
possible for the robot to follow the subject’s movement. In
the dragging stage, the subject was required to move his
upper limb along the specified abduction trajectory actively
and dragging the compliant robot. The robot recorded the
rotation angle of each axis at a frequency of 100Hz during
the dragging step automatically. Subsequently, the trajectory
reproduction step was executed in the passive upper limb
abduction, in which the robot was set to a impedance control
mode with higher stiffness, and the axes angle data recorded
in the dragging step was transferred to the controller as the
position parameter successively. Thus, the robot can regener-
ate a similar trajectory of the dragging step. Though the
impedance control mode in trajectory reproduction step
may lose some positioning accuracy compared with the posi-
tion control mode for the effect of human upper limb, it can
comply with the natural movement trajectory of the upper
limbs better, ensuring the safety of the robot and the subjects.
Moreover, its compliant properties also helps avoid the sud-
den change of the joint torque of the robot attributed to the
human upper limb as an uncertain load. Accordingly, the
impedance control mode is chosen for the passive abduction
experiment in the present study. To ensure the safety of reha-
bilitation training, usually the speed during the motion is
slow. Thus, this study only focused on the shoulder resistance
performance at low speed, and the speed of each axis of the
robot was also limited to 1/10 of its maximum speed.

Before the start of the experiment, the subjects were
required to fully warm up the upper limbs. During the pas-
sive abduction, the upper limbs of the subjects should not feel
being pulled or pushed by the robot obviously. To ensure the
stability of the passive torque, all subjects were required to
participate in the preexperiment before the formal experi-
ment to determine their muscle relaxation level in the passive
abduction. Besides, the sEMG signals of the upper limb mus-
cles related to the active motion were harvested to monitor

their muscle activity. As revealed from the results of preex-
periment results, the subjects can maintain muscle relaxation
during passive exercise. To avoid the interference of the elec-
trode patches and the wires on the subject’s motion, no
sEMG signal was harvested in the formal passive exercise
experiment.

The identical passive abduction trajectory was repeated 2
times in a single experiment. If significant difference is iden-
tified between the determined values of the two motion along
the identical trajectory, the data will be considered invalid.
The position data (axes angle) and force data of the experi-
ment were recorded with the DataRecorder function built
in the robot control software; thus, the data of the operation
of the robot at the specified frequency (50Hz in the present
study) can be recorded.

2.3. Kinematics. The motion and force of real human upper
limbs can be significantly complicated, and it is acceptable
to make a reasonable simplification when performing kine-
matic analysis. In the present study, the following assump-
tions were made:

(1) The flexibility of the biological tissue is not consid-
ered. The hand takes up a small proportion in the
upper limb, and the effect of its motion on the upper
limb is negligible. The elbow motion is locked by the
orthosis. In the mentioned case, the entire upper limb
and the connected orthotics can be considered a
whole rigid body for kinematic analysis

(2) The shoulder joint is simplified as a ball and socket
joint rotating around a fixed point on the human
body, and the spatial position of the center of the
shoulder joint is assessed with the least-square
sphere-fitting method

Thus, the upper limb is considered a rigid body that
rotates around the ball and socket joint at a fixed center. Sub-
sequently, the shoulder joint posture can be calculated from
the robot position data recorded by the DataRecorder func-
tion. The robot axes angle can be adopted to calculate the
position and posture of the flange frame relative to the world
coordinate system of the robot by robot forward kinematics.
Besides, the world and the flange frames of the robot are illus-
trated in Figure 2.

To quantitatively express the movement of the shoulder
joint, the local frame of the shoulder (Figure 3) was built
according to the ISB recommendation [13] at its rotation

Figure 1: The orthosis of right upper limb.
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Figure 2: World frame and flange frame of the robot.
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center. In the preliminary stage of the experiment, the sub-
jects altered their sitting posture as guided by the experiment
supervisor, thereby making the coronal, sagittal, and vertical
axes of their body parallel to the X0-axis, Y0-axis, and Z0-axis
of the robot world frame, respectively.

The upper limb and the orthosis are considered a rigid
body, and the orthosis is rigidly fixed on the robot flange,
so the homogeneous transformation matrix between the
robot flange frame and the shoulder frame is considered
invariant with upper limb motion. The actual value of the
transformation matrix was determined, to be specific, the
robot axes angle when the shoulder joint was on its initial
posture where shoulder abduction/adduction angle, flexio-
n/extension angle, and internal rotation/external rotation
angle were 0° on the whole. Subsequently, the position and
posture of the flange frame could be calculated, while the
shoulder frame posture was already known (all rotation angle
was 0°). Thus, the rotation matrix between the two frames
was calculated. Besides, by employing the radius from the
shoulder rotation center sphere-fitting, the translation vec-
tor between the two frames was calculated. With the rota-
tion matrix and the translation vector, the homogeneous
transformation matrix between the robot flange frame and
the shoulder joint frame was determined, which can be
adopted to calculate the posture of shoulder frame from
the robot axes angle as expressed Equation (1), where Ts
denotes the homogeneous transformation matrix of shoul-
der joint frame relative to the robot world frame, TF repre-
sents the homogeneous transformation matrix of robot
flange frame calculated by forward kinematics relative to
the robot world frame, and R

FT indicates the homogeneous
transformation matrix of the shoulder joint frame relative
to the robot flange frame.

Ts = TF
R
FT ð1Þ

Overall, the posture of rigid body is not expressed by the
rotation matrix which contains 9 elements directly, whereas
it is decomposed into 3 rotation angles in a certain order.
The ISB recommended by adopting the YXY order Euler
angle to present the shoulder joint (GH joint, actually) pos-
ture. However, some existing studies suggested that the
YXY sequence Euler angles gives gimbal deadlock problem,
and the clinical amplitude coherence is poor [14]. In the

present study, the two angles globographic method was
adopted to describe the shoulder motion, excluding the
rotational effect of the upper arm. The globographic angles
were calculated by a landmark point fixed on upper arm,
which was taken as the elbow point. The elbow point was
obtained by manual measurement.

Though the subjects were required to move their upper limb
within a single plane in the passive abduction movement exper-
iments, the elbow joint sampling points did not exhibit the single
plane distribution. The mentioned finding is because the move-
ment trajectories were generated by the subjects themselves and
because the designated primary movement tended to be accom-
panied by an unconscious “secondary movement” [15].

It was found in the experiments that the results of sphere
fitting were quite different at different stages of a same move-
ment, especially at the end stage. For example, the projection
of an abduction trajectory in 0° plane of elevation of subject
S1 on the XY plane was shown in Figure 4. The trajectory
curve displays a significantly different curvature between
the initial and final stages. This is primarily attributed to
the translation of the shoulder joint center and for the
rigid connection between upper limb and robot that made
the rotation of the robot axis more difficult under the
larger rotation angle; the effect of the center translation
was more obvious than in human natural voluntary move-
ment. Accordingly, for the data of each motion trajectory,
the former part was taken for sphere fitting, and the shoulder
joint angle was calculated by the intersection point of the line
connecting the sample point and the fitting sphere center and
the fitting sphere. The fitting sphere with the same trajectory
shown in Figure 4 and its corresponding intersection point
on the sphere is illustrated in Figure 5.

2.4. Static Force Analyses. The passive abduction experiment
in the present study was conducted at a slow speed, so the
human-robot system is considered quasi-static, and the effect
of inertial force was ignored. Moreover, low-speed also
reduced the effect of velocity-related viscous part in the pas-
sive torque of the shoulder joint.
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Figure 3: Shoulder joint frame system and upper limb stress.
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Figure 4: Projection of motion trajectory on XZ plane.
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The force/torque applied on the upper limb under quasi-
static is illustrated in Figure 3. The robot applies an assist force
FR on the original point of the flange frame and an assist tor-
queMR to the upper limb through the orthosis. The shoulder
joint generated a resistance force Fs applied on its rotation
center and a resistance torque Ms. The gravity G was applied
on the center of mass of the upper limb. Furthermore, the
gravity G and assist force FR would generate torque MG and
MFR at the shoulder rotation center, respectively.

In fact, the rigidly connected robot flange provided con-
straints of all 6 DoF for the upper limb, and the shoulder
joint, which was approximated as a ball and socket joint, gen-
erated additional constraints for the upper limb; thus, the
upper limb static force system became an overdetermined
problem. For this reason, there are infinite sets of solutions
for the static equilibrium state of the system in theory. How-
ever, an ideal ball and socket joint would only provide force
constraints without torque constraints. Likewise, in a specific
joint angle, the resistance force Fs of shoulder joint may
change following the external force/torque, whereas the resis-
tance torque Ms is relatively stable, primarily determined by
the joint tissue characteristics. Moreover, the experimental
results revealed that the high repeatability of MR and FR of
a specific subject in the identical trajectory.

The static equilibrium equation is written in Equation
(3).

Fs + FR + G = 0, ð2Þ

Ms +MR +MG +MFR = 0: ð3Þ
The robot assist force FR and assist torque MR were cal-

culated by the robot joint external torque by Equation (4)
derived from the principle of virtual work, where f denotes
the generalized force of the robot, τe represents the external

torque on the robot joint calculated by the robot based on
its torque sensor measurements with the built-in dynamic
model, and J+ indicates the pseudo-inverse matrix of the
7 × 6 robot Jacobian matrix. The external torque data were
smoothed with a moving average filter to reducing the
influence of high-frequency noise.

f =
FR

MR

" #
= J+τe: ð4Þ

The gravity and the center of mass of the orthosis was
determined in advance; its effect was removed from the
result. The passive torque of shoulder joint MP can be cal-
culated as Equation (5).

MP =Ms +MG = −MR −MFR: ð5Þ

2.5. ANN Prediction. Unlike conventional function fitting
methods, the ANN expresses the mapping relationship
between input data and output data through the structure
and parameters (e.g., weights and biases here) of the layered
network. A three-layer feedforward ANN was used here to
express the torque-angle relationship of shoulder joint. The
number of units of the input layer was two and that of the out-
put layer was three. The number of the hidden units was deter-
mined initially by an empirical equation and altered according
to assessed effects. After the network structure was deter-
mined, the weights and biases of the network could be altered
by training. Backpropagation (BP) algorithm is commonly
used in ANN training, calculating the gradient of the error
with respect to the weights for a given input by propagating
error backwards through the network [16]. The topological
structure of BPANN is illustrated in Figure 6.

Two globographic angles were selected as the input data
and the three components of shoulder passive torque relative
to the direction of robot world frame calculated in section
2.4. The activation functions of the hidden and output units
were sigmoid. All data were normalized before being trans-
ferred to a neural network. The training of the BPANN was
carried out in the Neural Network Toolbox of MATLAB. In
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Figure 6: The topological structure of BPANN.
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terms of the training parameters, the maximum number of
training epochs was 1000, the performance goal is 0.001 where
the performance was measured by the mean square error
(MSE) of the network output, and the learning rate is 0.01.
The Levenberg-Marquardt optimization was chosen to be
the backpropagation algorithm due to its faster training speed.

3. Results

3.1. Kinematics. The globographic angle results of the abduc-
tion trajectories in 0° plane of elevation and 30° plane of ele-

vation of subject S1 were shown in Figures 7(a) and 7(b),
respectively. The angle curves suggested that a secondary
movement took place, especially in the moment as presented
in Figure 7(b).

3.2. Shoulder Passive Torques. The passive torque calculation
results of the two moments in Figure 7 are, respectively,
shown in Figures 8(a) and 8(b). It can be seen that the passive
torque on the shoulder joint is quite different in different
motion trajectories of the same subject.
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Figure 7: Globographic angle results. (a) Globographic angle of abduction in 0° plane of elevation. (b) Globographic angle of abduction in 30°
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Figure 8: Shoulder joint passive torque results. (a) Passive torque components of abduction in 0° plane of elevation. (b) Passive torque
components of abduction in about 30° plane of elevation.
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3.3. BPANN Prediction. In the two motions of subject S1 as
presented in Figure 7, 1123 groups of angle-torque data were
collected. First, 500 groups of data were selected randomly to
train the BPANN, and the rest groups of data acted as test set
to verify the prediction effect of the network.

The number of hidden layer units impacted the predic-
tion effect of the BPANN. Generally, with the increase of
the number of neural network layers and hidden layer ele-
ments, the nonlinear fitting ability of neural network is
enhanced. However, too complicated network structure will
increase the calculate complexity and may lead to over-fit-
ting, thus reducing the generalization ability of the BPANN.
Therefore, the network structure should be determined
according to the prediction effect in practical application.
In this paper, the training performance of the network with
5~20 hidden layer units was tested, and the training curves
of the networks with different hidden layer units were shown
in Figure 9. It can be seen that when the number of the units

is small, the network needs more training epochs to achieve
the performance goal. Especially when the number of units
is very small, the network cannot meet the performance goal,
even after more training epochs than 1000. For example,
when the number of hidden layer units is 5, the network per-
formance hardly changed with iterative calculation after 84
training epochs, which can not meet the set accuracy goal
(0.001). However, although more units can make the net-
work reach the specified accuracy with fewer training epochs,
the computational complexity of each epoch is larger. In this
paper, the number of the hidden layer units was chosen to be
9, with which the structure of the network will not be too
complicated, and at the same time, the accuracy target can
be achieved at a relatively fast speed.

The passive torque prediction error of the test set data in
each direction was shown in Figure 10. For clarity of illustra-
tion, not all sample points in the test set were shown in
Figure 10, and one point was taken for every 5 points for
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plotting. It can be seen that the prediction error was small
compared with the magnitude of each passive torque compo-
nent, and the specific mean absolute value (MAV) and mean
square error (MSE) of the passive torque prediction are listed
in Table 1. The relative error (RE) is defined as the ratio of the
MSE to MAV. The results showed that the BPANN can pre-
dict the torque of the shoulder joint with high accuracy.

For subject S2 and S3, similar accurate passive torque
perditions can be conducted by BPANN, which was not
repeated in this paper for the sake of length. Although the
upper limb is often treated as a rigid body link system, in fact,
the biological tissue is not rigid and its characteristics, such as
inertial parameters and elastic characteristics, will change
with the limb motion. Especially for the shoulder joint, its
actual motion is coupled by the common motion of the gle-
nohumeral joint, the acromioclavicular joint, the sternoclavi-
cular joint, and the scapulothoracic joint, making the motion
and the passive torque on the joint complicated and nonlin-
ear. The coupling motion and passive torque of the shoulder
joint has large differences between individuals, but for a spe-
cific individual, the relatively stable regularity of shoulder
joint motion and passive torque can be found [8, 17]. Consid-
ering the BPANN has the ability to learn any nonlinear rela-
tion between independent variables and dependent variables,
it is suitable for learning the nonlinear relationship between
passive moment and joint angle of shoulder joint of a specific
individual and expanding the torque-angle distribution. The
results showed that the BPANN above can predict the passive
torque of a joint angle which is not in the training set with
high accuracy.

4. Conclusion

In the present study, a shoulder passive torque prediction
method based on BPANNwas proposed to expand the shoul-
der passive torque-angle relationship. Experiments were car-
ried out to measure the kinematics and torques on the
shoulder joint of 3 healthy subjects, and the measurement
data was used as training set and testing set of a three-layer
BPANN to test the prediction effect. The results revealed that
the BPANN can learn the nonlinear relationship between the
passive torque and the position of the shoulder joint and
make accurate prediction without the need to build a force
distribution function in advance, which is required in con-
ventional curve fitting methods. The prediction method can
expand the spatial distribution of the passive torque on
shoulder joint with less measurement data, making it possible
to draw up an assist-as-needed strategy with high accuracy
while reducing the measurement burden of patients and
physiotherapists. That is, the BPANN is capable of learning
the regularity between the shoulder joint passive torque and

the joint position for a specific individual and expand the
spatial distribution with less measurement data.
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