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People with movement disorders are plagued with debilitat-
ing conditions, which significantly degrade their quality of
life. Traditional rehabilitation typically involves intensive
interaction between patients and therapists. While effective,
traditional rehabilitation cannot keep abreast of the increas-
ing patient population primarily attributed to a higher surviv-
ing rate after diseases and/or injuries. Furthermore, patients
living in the rural areas have fairly limited access to rehabili-
tation services. In the past two decades, tremendous efforts
have been put into developing rehabilitation and assistive
robots to facilitate the rehabilitation training while relieving
the physical involvement of therapists and/or lowering the
related cost. Most notably, the rehabilitation and assistive
robots have been significantly advanced with developments
in actuators, sensors, microprocessors, and mobile software
platforms. However, unlike traditional robotics, the intimate
interaction between robot and human in rehabilitation robots
indicates that the success is also closely related to a thorough
understanding of the human neuromuscular aspects and
human-machine interaction.

This special issue primarily aims to gather the latest
achievements in rehabilitation robots, exoskeletons, and
prostheses including the following topics: (a) development
of rehabilitation robots, exoskeleton, and upper/lower limb
prostheses driven by bionics; (b) functional evaluation of
rehabilitation robots, exoskeleton, and upper/lower limb

prostheses with an emphasis on human movement biome-
chanics; (c) musculoskeletal modeling and simulation of
human movements while wearing exoskeleton or prostheses;
(d) noninvasive human-machine interface based on elec-
tromyography and/or electroencephalogram; (e) sensors for
monitoring kinematics/kinetics, as well as biological signals
in real time; (f) innovative actuators and control algorithms
applied to rehabilitation robots, exoskeletons, and prostheses.

In this special issue, collective studies address the afore-
mentioned key elements via both technical and biomechan-
ical approaches. A reconfigurable robotic hand exoskeleton
was proposed to meet the fast growing need in hand rehabil-
itation. A novel control algorithm integrating sliding model
control with cerebellar model articulation controller neural
network was implemented in lower limb exoskeleton to
enhance the coordination between patient and exoskeleton.
An upper limb exoskeleton was enhanced with integrated
optical cameras to offer more accurate estimation of joint
posture than traditional motion capture system. A hybrid
upper limb rehabilitation system consisting of a shoulder-
elbow-forearm exoskeleton and a robotic manipulator was
validated and tested in the clinic. The characteristics of
muscle-tendon stimulation such as perception threshold and
vibration frequency significantly influenced themuscle forces
as well as the reaction time. Patellar retention was found
to be superior to patellar replacement in knee arthroplasty
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via a comprehensive computer simulation. These collective
studies, as part of the latest representative work, offered some
new insights into the development and implementation of
rehabilitation and assistive robots.

Fan Gao
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SEFRE (Shoulder-Elbow-Forearm Robotics Economic) rehabilitation system is presented in this paper. SEFRE Rehab System is
composed of a robotic manipulator and an exoskeleton, so-called Forearm Supportive Mechanism (FSM). The controller of the
system is developed as the Master PC consisting of five modules, that is, Intelligent Control (IC), Patient Communication (PC),
Training with Game (TG), Progress Monitoring (PM), and Patient Supervision (PS). These modules support a patient to exercise
with SEFRE in sixmodes, that is, Passive, Passive Stretching, PassiveGuiding, InitiatingActive, Active Assisted, andActive Resisted.
To validate the advantages of the system, the preclinical trial was carried out at a national rehabilitation center. Here, the implement
of the system and the preclinical results are presented as the verifications of SEFRE.

1. Introduction

Aging era is now. Based on Thai Aging Status Report, now
the elders are around 12% of Thai population, and the per-
centage can be double in year 2030 [1]. More elderly require
more caretakers to support their declined physical abilities,
for example, low vision, hearing problem, and weakened
muscles. Regarding these physical impairments, there is not
only dysfunction from the aging phenomena, but also the
disability that is caused by chronic diseases or an accident
which must be concerned. In most cases, unusable limbs
might be a result for all.

An impaired ability plagues their daily life.Thus relieving
any of those impairments is always a great help for them.
In general, recovering functions of limbs are practicable.
Therefore we focus our research on the rehabilitation of arm
and leg. Since recently there are an inadequate number of
caretakers, so we believe that employing robotic systems in
the rehabilitation process is a must.

Robotics enhances a simple device to be the super power
tool. Extra enrichments include repeatability, high precision,
and customizable movement. A number of medical and
rehabilitation robotic systems have been on trial, while some
of them are accepted in a certain level [2–5].

On one hand, numerous robotic rehabilitation systems
have been developed around the globe as some examples are
listed in Table 1. Many more existing systems have been also
collected by Maciejasz et al. [6]. On the other hand, putting
one on the market might be burdensome due to several
factors, for example, overlarge size and weight or less benefit-
to-cost ratio. Another burden is the complication of utilizing
the device by a patient or a caretaker. Also, the cost of the
systems and services put them too far to be reached.

Thus a device that is bearable in price and competent in
features is needed to expand the deployment of robotics in
the rehabilitation process. Setting this as our motto, WEFRE
(Wrist-Elbow-Forearm Robotic Economic) Rehab System
was firstly developed.This system is aimed at being employed
as a household tool [7]. Successively, SEFRE (Shoulder-
Elbow-Forearm Robotics Economic) Rehab System has been
developed as an innovative machine for providing the reha-
bilitation service in a hospital [8]. SEFRE is designed to let
everybody earn the benefits from the system, for example,
a patient who has an impaired arm or a healthy person
with a problem of muscle deficiency. In this paper, the
development of SEFRE is thoroughly explained in Section 2.
Then, Section 3 presents the preclinical trial of the system and
is followed by the conclusion in Section 4.
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Table 1: Examples of robotic rehabilitation.

Reference Target Key concept
Lum et al. [9] Hand A rehabilitator in bimanual lifting
Chiri et al. [10] Hand A novel wearable multiphalanges device
Mao and Agrawal [11] Hand A cable driven arm exoskeleton
Takahashi et al. [12] Wrist Robotic device for hand motor therapy
Krebs et al. [13] Wrist A robot for wrist rehabilitation
Zhang et al. [14] Elbow A curved pneumatic muscle based exoskeleton
Wiegand et al. [15] Elbow A lightweight, portable, and active orthosis
O’Malley et al. [16] Wrist & forearm An exoskeleton rehabilitation robot
Oblak et al. [17] Wrist & forearm A universal haptic drive (UHD)
Hesse et al. [18] Elbow & wrist A robotic arm for bilateral training
Perry et al. [19] Upper limb A cable-actuated dexterous powered arm exoskeleton
Howard et al. [20] Upper limb A modular 2D planar manipulandum
Lam et al. [21] Upper limb A haptic device with postural sensors

(a) (b)

Figure 1: The first prototype of FMS (a) and the configuration of SEFRE Rehab System with a user (b).

2. SEFRE Rehab System

SEFRE Rehab System is created as a robotic rehabilitation
system for all and sundry. The system is composed of three
key components: a Shoulder-Elbow-Forearm Rehabilitating
Mechanism, an Intelligent Controller, and a Friendly Graphic
User Interface. To expedite the development process, a small
industrial robot (KUKA KR5 sixx850) is used for motioning
shoulder joint. Then a novel exoskeleton so-called “Forearm
Supportive Mechanism (FSM)” is integrated to the system.
FSM is responsible for moving elbow and forearm. This
section provides the understanding of SEFRE in the details of
FSM, rehabilitation protocol, control scheme and implemen-
tation, and games. (Details of control design in this section
was presented at ECTI 2013, Thailand [8].)

2.1. FSM. While the main task of KUKA is to restore the
shoulder motions, FSM is deployed as elbow-forearm trainer.
FSM has been created as an independent module that can
either work on its own or be controlled by other systems.The
control program of FSM thus has been developed separately
from the main controller, called “sFSM” (Section 2.4.3).
FSM has been designed as a lightweight mechanism equip-
ping with a maximum raising power to motion 4 kg of
load. To simplify the system, two on-the-shelf servomotors

(Dynamixel EX-106+) were integrated to provide the move-
ments of elbow and forearm.

Since FSM must be attached to the patient arm, several
criteria need to be considered. These include, for examples,
form and material causing no pain or irritation, weight being
light to minimize an additional payload to KUKA, and the
mechanism suiting for both left and right arms.

As a result, an exoskeleton is a desired form of FSM.This
leads SEFRE Rehab System to be a semiexoskeleton robotic
rehabilitation system. The first prototype of FSM is shown in
Figure 1(a).

After integrating FSM to the robotic manipulator, SEFRE
Rehab System is ready to provide an arm therapy to the
patient. Figure 1(b) shows the system configuration when a
patient is positioned in front of SEFRE Rehab System.

2.2. Rehabilitation Protocol. Since we were born, our upper
limbs are crucial parts for manipulating things all day and
night. Dispossessing the ability to move an arm freely is alike
of having no arm. Thus one who loses the limb functions
needs to reinstate the features. There are several levels of
arm disability based on the residue muscle strength. SEFRE
is designed to service the patient in any level of muscle
weakness.The system also provides the exercise in two types:
the individual joint exercise that let the patient to rehabilitate
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Figure 2: Rehabilitation protocol.

any dysfunction joint, that is, shoulder, elbow, or forearm,
separately one by one, and the combined joints exercise,
that is, Functional Activity Rehabilitation, that allows the
patient to move the arm in a pattern of an activity in a daily
life. Figure 2 presents the complete rehabilitation protocol of
SEFRE Rehab System.

In the individual joint exercise, five therapy modes are
provided based on each Muscle Strength Level (MSL).

2.2.1. Passive (P). Passivemode provides complete support to
produce a joint motion of the target joint within the selected
range of motion (ROM). The movement is carried out by
SEFRE without any effort from the patient.

This mode is used for the patient with MSL 0 who does
not have any residue muscle strength, that is, any patient
who completely lost the muscle strength by a disease or an
accident.

2.2.2. Initiating Active (IA). In thismode, a jointmotionmust
be initiated by an acting force from the patient; then the
motion is carried out by SEFRE as in Passive mode. This is
a motivation mode that encourages the patient to try to use
the regain muscle force.

Thismode is used for the patient withMSL 1-2who begins
to recover some muscle strength. This could be a next step
of rehabilitation process after the patient did exercises of the
Passive mode in a period of time.

2.2.3. Active Assisted (AA). The AA mode provides for a
patient who can insert a target guiding force to the system in
some period of time. After the guiding force is less than the
target level, SEFRE continues the motion as in Passive mode.

This mode is used for the patient who recovers and
reaches the muscle strength in level 3 who wishes to train
oneself to gain more and more strength.

2.2.4. Active Resisted (AR). Thismode is similar to AA except
that SEFRE only moves when the guiding force is more than
or equal to the target level. This is a weight-training for the
patient who almost completely recovers oneself.

This mode is used for the patients with MSL 4-5 who has
high level of muscle strength. The patient who practices in
this mode has ability to do the daily activities almost similar
to a healthy person.

2.2.5. Passive Stretching (PS). This is a special mode that is
available only for the individual joint exercise. In this mode,
a jointmotion is carried out by SEFRE as in Passivemode.The
additional step is a pause for a short period of time at either
end of the desired path. This mode let ROM of the joint be
increased by stretching the joint at either end.

This mode is used for the patients with MSL 0–5 who has
a spastic problem.

2.2.6. Passive Guiding (PG). This is a special mode that is
available only for the functional activity exercise. For the
functional activity option, the patient can exercise based on
a typical arm movement, for example, reaching forward or
feeding oneself. Four first therapy modes are provided the
same as in the previous exercise type, that is, P, IA, AA, and
AR. And in PG mode, a desired moving path is defined by
a doctor or a caretaker, that is, a special reaching pattern;
then this new customized path can be added for practicing
in Passive mode.

This mode is used for the patient with MSL 0 who does
not have any residuemuscle strength who requires additional
special movement paths.

2.3. Control Scheme. SEFRE is targeted as an intelligent
device that any caretaker or even patients themselves can use
the tool enjoyably with no sweat. A number of key com-
ponents thus have been evolved: Intelligent Control System
providing effective rehabilitation to all, Friendly GUI and
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Figure 3: Overview of control system for SEFRE Rehab System: (a) scheme and (b) layout.

Games pleasing and entertaining the patients (Section 2.5),
and Database Modules collecting and providing the fruitful
data for the doctors and therapists. The overview of control
system is shown in Figure 3(a).

The control system is divided into four modules: Master
PC, Robot Manipulator (KUKA), Safety Sensor Hardware
(SS), and FSM (Figure 3). As defined by its name,Master PC is
the primary unit to administer the activities of the rest, espe-
cially keeping an eye on SS. SS module is the Interpol of error
monitoring units in the system. These include User Ready
signal, End-Effector Motion signal, Robot Range Motion
signal, Enabling Switch signal, and Emergency Stop signal.
Every fault signal is delivered to both the manipulator and
Master PC to halt the system till the error is acknowledged,
clarified, and solved. To conduct an exercise for the patient

based on rehabilitation protocol, the control scheme of the
system is divided into high and low level controls. The high
level control tasks are managed by Master PC, while the
manipulator and FSM operate the low level control. All tasks
are carried out after rehabilitating options are fulfilled.

2.4. Control System Implementation. TheMaster PC has been
developed as an Intelligent Controller. The controller is
decomposed into five submodules: Intelligent Control (IC),
Patient Communication (PC), Training with Game (TG),
Progress Monitoring (PM), and Patient Supervision (PS).
Each has a key task as follows:

IC: the intelligent control unit,
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Figure 4: SEFRE state diagram.

PC: the interface unit between the patient and the
system,
TG: the games management unit,
PM: the rehabilitation monitoring unit,
PS: the analyzing and supervising unit.

IC is responsible for generating commands based on the
configured rehabilitation options. To conduct such a task, the
communication protocol between IC and othermodules, that
is, KUKA, FSM, GUI, and Games, is executed as shown in
Figure 4.

The protocol has four components: Robot Pose, Robot
State, Changing State, and Clicked Button. To change the
robot state when a button on the GUI is clicked, ICmust send
a corresponding signal to the robot after receiving the signal
based on the Clicked Button. Consequently, this results in a
new pose of the manipulator; that is, Robot Pose and Robot
State are changed.This concept opens the door for assembling
the other modes to the system by modifying IC only; neither
KUKA nor FSM needs to be reprogrammed.

2.4.1. Communication. There are five communication paths
to be managed by IC for conducting the rehabilitation
process.

The Manipulator Communication. This protocol lets IC con-
trol the manipulator state as shown in Figure 4. The diagram
shows eight major states of SEFRE for conducting the
rehabilitation process. For examples, the Home state is the
state of KUKAHome position, which allows the manipulator

to be safely relocated. Or the Pose Ready state is the state
that lets the patient attach the arm to FSM. Or the patient is
exercised based on the prior configuration when IC is in the
Running state. Therefore, the Running state is a special one
that varies the movement of the manipulator. To change the
state, transition conditions are controlled by IC exclusively.
For instance, after the patient has initiated the rehabilitation
viaGUI, IC sends an initiating signal to change the robot state
from Origin state to Pose Ready state. Then the manipulator
adjusts its position to allow the patient to attach the arm
properly.

sFSM Communication. The communication between IC and
FSM controller is similar to the manipulator communication
as mentioned above. This allows IC to control KUKA and
FSM to change their states simultaneously.

Force Sensing Communication. IC communicates with force
sensing as essential inputs of the system. Force sensing
communication aims to sense force of muscle strength at
any joints in Active modes. A variety of force sensing in the
system and the purposes of each sensor are deepened in the
next topic.

GUI and Game Communication. GUI and Game (GG) mod-
ule is responsible for interacting with the patient in attractive
and friendly way. Even though GG seemingly lets the patient
give a command directly to the system, themodule is not able
to understand and execute the patient desire.The information
is forwarded to IC for identifying the request and executing
the inquiry in an effective way. Also, IC transfers the position
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of themanipulator back toGG formaneuvering an animation
in the game.

Database Communication. IC transfers all needed practical
data to be recorded in database through Database commu-
nication.

2.4.2. Safety Control. IC inspects safety of the system in
different patterns based on the state in Figure 4. This task
is done by considering signal values from several sensors
such as an emergency stop, load cells, or limit switches. For
examples, before the rehabilitation begins, IC checks the limit
switches whether the patient arm is positioned properly and
consistentwith the configured side.Or before terminating the
rehabilitation process, IC rechecks the limit switches whether
the arm has already been detached from FSM. Furthermore,
force values from the sensors are determined by IC to judge
whether muscle strength exceeding the safety level.

2.4.3. sFSM. sFSM is an autonomous controller to control
only FSM module, which is created separately from IC. Two
servomotors that are deployed for FSM have two operation
modes. Both are joint mode and wheel mode, which are
used for controllingmotor position and velocity, respectively.
Due to mechanical design of FSM, one motor is operated in
wheel mode, which requires an additional control algorithm.
The algorithm composed of a round-counting function as an
encoder and PID (Proportional-Integral-Derivative) control
function. This customized algorithm supports sFSM to con-
trol the position of the joint while the motor is operated in
wheel mode.

2.4.4. Force Sensing. Force Sensing is an essential part of
the system because the sensors empower SEFRE to sense
any effort from the patient. Each force sensor is selected
based on its special properties that are consistent with the
sensing task. Three types of force sensors, namely, six-axis
force torque sensor, load cell, and Force Sensing Resistor
(FSR), are integrated with SEFRE.

Six-Axis Force Torque Sensor. A 6-axis force/torque sensor
(ATI mini45) is applied for monitoring the motions of
shoulder, that is, by sensing the forcemagnitude anddirection
exerted by shoulder, which is the most complicated joint of
the arm. A high-precision-high-cost sensor is deployed due
to the complicated movement of shoulder in six degrees of
freedom.

Load Cell. Two load cells are applied to measure the force
magnitude and direction of elbow: flexion and extension.

Force Sensing Resistor (FSR). Two square FSRs are applied
to measure the force magnitude and direction of forearm:
supination and pronation.

As a remark, since forearm and elbow rotate around their
own axis, so we simplified our system by using load cell and
FSR instead of other complicated sensors.

2.4.5. Synchronization. In every state, IC plays a vital role
in synchronizing between KUKA and FSM to make various
desired motions, for example, reaching forward, to be a
concurrent and natural motion. This section informs the
synchronization process between bothmodules of each rehab
mode.

According to the synchronization flowchart in Figure 5,
IC appoints the velocities of the manipulator and FSM
before outsets of their motions concurrently. The tempos
are determined based on the exercise speed setting by the
patient. Then IC signals to the manipulator and FSM to
start moving. In each round, when both are nearly getting
back to the beginning point, IC checks whether they reach
to the position simultaneously. If so, IC continuously lets
them onward, otherwise, the module that has arrived at the
point first is paused to wait for the other by IC. After that
IC considers the different time interval between two arrival
times of KUKA and FSM. The difference is compared with
the acceptable time interval, which is 3 seconds based on trial
and error. If the different interval is less than or equal to the
acceptable interval, IC allows them to move with the current
velocities. Otherwise, IC tries to concurrent both modules
by adjusting a new velocity for each before starting the next
round. The process continues till the end of the session.

Synchronization can be classified based on two major
modes: Passive and Active.

Passive Mode. IC synchronizes the manipulator and FSM
together excluding force sensing communication for arm
motions.The force sensing is incorporated only for the safety
purpose.

Active Mode. IC synchronizes the manipulator and FSM
based on the force sensing. So the patient needs to exert force
to the system to do an exercise with a preprogrammed path.

2.5. Games. To serve various patients who have different
conditions ofmuscle weakness, the exercises are also grouped
into two modes: Passive and Active, as explained in the reha-
bilitation protocol.Therefore, games are designeddeliberately
to match the patient condition in each mode.

Games nowadays are mostly suitable for Active mode
due to they must allow the players to experience the social
interactions [22]. This means a player can move actors or
objects in the games in any direction any time freely. But this
type of game is definitely not suitable for the patient who
has no muscle strength. Also, in Passive mode, the robot is
moved automatically and disregards any interaction between
the system and the patient. Our games thus are studiously
designed to be consistent with the movement types and to let
the patients enjoy the game in this mode.

2.5.1. Passive Game Design for Rehabilitation. The crucial
factors that separate games in Passive mode from the others
are the event conditions and scoring.

Event Conditions Design of Passive Games. In this game type,
the game events occurred only when the joint reaches either
end of ROM. For example, to exercise the elbow joint between
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Figure 5: Synchronization procedures between IC, FSM, and KUKA.

extension of 0 degrees and flexion of 80 degrees, there is an
key object following the elbow motion in the game. So an
event in the game only happened if the object is located nearly
or exactly at either the position of extension of 0 degrees or
flexion of 80 degrees.

To play the transportation game in Figure 6(a), the patient
must slide the pushcart to the left side to pick up the freight.
Then the pushcart must be moved to the other side to deliver
the freight. After reaching the right side, the freight randomly
becomes a valuable or worthless object, which indicates the
score for each round. There is no reward or obstacle that can
be interacted with the patient during the motion between
both sides.

For the fruit collection game in Figure 6(b), each fruit has
a different score. A patient should move the basket to either
side to collect a piece of desired fruit and to avoid useless stuff.
Whenmatching this game for Passive mode, patients have no
chance to move freely to collect any desired fruit. Therefore,
it is not appropriate for Passive mode undoubtedly.

Scoring Design for Passive Games. To hold attraction for the
patients based on the random-value objects, the high score
objects should appear less frequent than the lower ones.
This strategy makes the games to be more challenging and
enjoyable.

Also, there should not be any negative score because this
condition might discourage the patients from playing the
game.

2.5.2. Game Design for Pre-Active Mode. Pre-Active mode
is an Active mode with an assigned path. This mode suits
anyone who has enoughmuscle strength tomotion a decayed
arm along a preprogrammed path.

Event Conditions Design of Pre-Active Games. In Pre-Active
games, the event conditions are similar to those in the Passive
games. However, the main difference is an additional condi-
tion of acting force. To do the exercise in Pre-Active mode,
the patient has to exert an amount of force to the system
continuously (Section 2.2). So we can create an incentive for
this mode. For example, an extra reward appeared near the
end just only a few seconds before the key object reaches the
point. This bait stimulates the patient to continuously make
an effort to play with the system.

Pre-Active Transportation game is derived from a game
in Passive mode. Due to the fact that patient may not
notice the magnitude of acting force, it is necessary to
add a force indicator in every Active game. The indi-
cators, which represent the force magnitudes in colors,
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(a) (b)

Figure 6: Games for Passive mode.

(a) (b)

Figure 7: Games for Active mode.

are shown as arrows at both sides of the window in
Figure 7(a).

Scoring Design for Pre-Active Games. Managing the score
in Pre-Active games is almost identical to those games in
Passive mode. Anyhow, the random-score method cannot
be analyzed directly for verifying the performance of the
player in the Pre-Active mode. Therefore scoring based on a
number of movement cycles is implemented to evaluate the
performance of each patient.Thepatientwhohasmore power
must be able to exercise more cycles. This can be the result of
higher score. Thus the final score can imply how much effort
the patient has done for each session.

For the Slot Machine Game in Figure 7(b), a number
of movement cycles, which are shown in a box with a red
circle, are used for calculating the score and analyzing the
performance at the end of the game.

3. Preclinical Trial

To verify the advantages of SEFRE, we have carried out an
intensive clinical trial at the national rehabilitation center of
Thailand.

3.1. Protocol. The main objective of the preclinical trial is to
validate the operation and the safety of the system through
the rehabilitation in Passive mode. Since a small group of
subjects can give a preliminary result to forward the work

[23–25]. Thus, the three subjects who aged 40–68 years were
recruited to proceed with the following trial steps:

(i) Before they began the trial and signed the con-
tract, the details of the trial protocol were precisely
explained. Then the personal information and medi-
cal background were recorded.

(ii) During the 5-day trial, the subjects received the
conventional therapy for two hours per session, one
session per day. In each session, they must be rehabil-
itated by SEFRE for 15 minutes.

(iii) In this trial, every subject was verified with two
assessments, namely, the muscle tone assessment and
Passive ROM (PROM) assessment. Both assessments
were carried out two times: before the first day and
after the fifth day.

Also, the subjectsmust fill in the questionnaire to evaluate the
impression of SEFRERehab System.The actual trial period of
all subjects for each day is shown in Figure 8.

3.2. Movements. SEFRE provides the exercise for the patients
in severalmovements as shown in Figures 9–12. Nevertheless,
to optimize the trial process, three activities were set as
verifyingmotions: shoulder flexion-extension, elbow flexion-
extension, and forearm pronation-supination.

3.3. Trial Result. Examples of subjects for the preclinical trial
are shown in Figure 13. Based on the results of our intensive
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(a) (b) (c)

Figure 9: Example movements of SEFRE Rehab System: shoulder extension-flexion.

(a) (b) (c)

Figure 10: Example movements of SEFRE Rehab System: shoulder abduction-adduction.
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(a) (b) (c)

Figure 11: Example movements of SEFRE Rehab System: elbow extension-flexion.

(a) (b) (c)

Figure 12: Example movements of SEFRE Rehab System: forearm pronation-supination.

(a) (b) (c)

Figure 13: Examples of SEFRE clinical trial.
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Table 2: SEFRE clinical trial result of 3 subjects: PROM.

Day Shoulder E-F Elbow E-F Forearm P-S
1st WNL WNL WNL
5th WNL WNL WNL

Table 3: SEFRE clinical trial result of 3 subjects: muscle tone.

Day S001 S002 S002
1st 1 1 1
5th 1 1 1

trial, we believe that the benefits of SEFRE have been verified.
First of all, all subjects and relatives felt safe when they were
rehabilitated by SEFRE. Also, results of the muscle tone and
PROM assessments were evidences that SEFRE can retain
the physical condition of the upper limb (Tables 2 and 3).
Furthermore, the system allows the caretaker to spend the
precious time on other patients without full attention to
SEFRE.

Based on these results, the next phase is to certify the
system in Active mode. Also, the number of subjects and the
trial period must be extended. Moreover, to assure that the
system can support and unite with the conventional therapy
protocol, the subjectsmust be divided into two groups, that is,
the control and experiment groups.Thus, theworkwe present
here is still in an initiating step; nevertheless, we believe that
our research must be a great achievement to rehabilitation
domain when SEFRE is accomplished.

4. Conclusion

SEFRE Rehab System is composed of a robotic manipula-
tor and an exoskeleton, that is, FSM (Forearm Supportive
Mechanism).The main controller of the system is the Master
PC that consists of five modules, that is, Intelligent Control
(IC), Patient Communication (PC), Training with Game
(TG), Progress Monitoring (PM), and Patient Supervision
(PS). Based on these modules, SEFRE Rehab System is
able to provide six arm therapy modes: Passive (P), Passive
Stretching (PS), Passive Guiding (PG), Initiating Active (IA),
Active Assisted (AA), and Active Resisted (AR). These allow
SEFRE to be the robotic rehabilitation system for everybody,
for example, a patient without any residue muscle strength or
a healthy person who has temporary muscle deficiency prob-
lem. To validate the advantages of the system, the preclinical
trial was carried out by providing the rehabilitation in Passive
mode for three subjects who aged 40–68 years. The results
of this intensive trial, that is, three subjects were trialed for
five sessions, show that all subjects and relatives felt safe when
they were rehabilitated by SEFRE. Moreover, the muscle tone
and PROM assessments verified the system for retaining the
physical condition of the upper limb. Thus the next phase is
to validate the system in Active mode, which we believe that
thismust be a great benefit to the rehabilitation field when the
system is completed.

Furthermore, to achieve the motto of SEFRE, an afford-
able robotics rehabilitation system, a small industrial robot

withATImini45module,must be replacedwith a customized
novelmechanism that lower the producing cost of the system.
This is our next key milestone to complete SEFRE as the
Shoulder-Elbow-Forearm Robotics Economic rehabilitation
system.
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Due to the growing demand for assistance in rehabilitation therapies for handmovements, a robotic system is proposed tomobilize
the hand fingers in flexion and extension exercises. The robotic system is composed by four, type slider-crank, mechanisms that
have the ability to fit the user fingers length from the index to the little finger, through the adjustment of only one link for
each mechanism. The trajectory developed by each mechanism corresponds to the natural flexoextension path of each finger.
The amplitude of the rotations for metacarpophalangeal joint (MCP) and proximal interphalangeal joint (PIP) varies from 0 to
90∘ and the distal interphalangeal joint (DIP) varies from 0 to 60∘; the joint rotations are coordinated naturally. The four R-
RRT mechanisms orientation allows a 15∘ abduction movement for index, ring, and little fingers. The kinematic analysis of this
mechanismwas developed in order to assure that the displacement speed and smooth acceleration into the desired range of motion
and the simulation results are presented.The reconfiguration of mechanisms covers about 95% of hand sizes of a group of Mexican
adult population. Maximum trajectory tracking error is less than 3% in full range of movement and it can be compensated by the
additional rotation of finger joints without injury to the user.

1. Introduction

The number of people with disabilities is increasing; thus, the
demand of rehabilitation services is increasing too, due to the
population growth and ageing, emerging chronic diseases,
and the medical advances that preserve and extend life
expectancy [1]. TheWorld Health Organization reported “an
estimated 10% of the world’s population, some 650 million
people, experience some form of impairment or disability”;
about 80% of people with disabilities live in developing
countries. The majority are poor and experience difficulties
in accessing basic health services, including rehabilitation
services [1], an alternative to address this problem is the
use of robotic systems in rehabilitation therapies. Robotic
systems have already proven to enhance hand therapies
through incorporating intensive and interactive exercises [2,
3]. Levanon confirms that “advanced technology can enrich
treatment and can help patients who cannot come to the
clinic regularly for treatment” [4]. “Disorders of the upper

extremities specifically limit the independence of affected
subjects” [5] and impairment of hand affects significantly
the execution of activities of daily living (ADL). There are
injuries like fractures, sprains, and dislocations that cause
temporary disability and they require mobilization exercises
as part of rehabilitation therapy [6]. Fasoli et al. concludes
that “robotic therapy may complement other treatment
approaches by reducing motor impairment in persons with
moderate to severe chronic impairments” [7]. On the other
hand, Carey et al. concluded “that individuals with chronic
stroke receiving intensive tracking training showed improved
tracking accuracy and grasp and release function, and these
improvements were accompanied by brain reorganization”
[8]. Thus, Kitago et al. stablish that there is a great need
to develop new approaches to rehabilitation of the upper
limb after stroke. Robotic therapy is a promising form of
neurorehabilitation that can be delivered in higher doses
than conventional therapy [9]. Additionally, rehabilitation
robots also can be a platform for quantitative monitoring on
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the recovery process in a rehabilitation program due to the
standardized experimental setup and the high repeatability
of motion tasks.

Different robotic devices for upper limb rehabilitation
have been developed over the past two decades to provide
hand motor therapy [5]. There are different design philoso-
phies applied to robotic therapies, determining the degrees of
freedom considered and technologies used. The objective is
to develop a training platform that helps patients regain hand
range of motion and the ability to grasp objects, ultimately
allowing the impaired hand to partake in activities of daily
living [10].

In the specific case of the fingers of the hand, exoskele-
tons, wearable orthosis and gloves, haptic interfaces, and end-
effector-based devices have been developed and evaluated in
order to facilitate the rehabilitation process [3, 5]. Exoskele-
tons are devices with a mechanical structure that mirrors
the skeletal structure of the limb; that is, each segment of
the limb associated with a joint movement is attached to
the corresponding segment of the device. This design allows
independent, concurrent, and precise control of movements
in a few limb joints. It is, however, more complex than an
end-effector-based device [5]. An example of this approach is
the HEXORR, Hand EXOskeleton Rehabilitation Robot [10].
This device has been designed to provide full range of motion
(ROM) for all of the hand’s digits. The thumb actuator allows
for variable thumb plane of motion to incorporate different
degrees of extension-flexion and abduction-adduction. The
finger four-bar linkage is driven by a direct current, brushless
motor. The mechanisms of HEXORR only have one rotation
axis for all the metacarpophalangeal joints for index to little
fingers, but the rotation axes of the finger joints are not
collinear. This device does not consider the distal interpha-
langeal joins of the fingers.

Glove devices are wearable, such as the robotic glove,
which utilizes soft actuators consisting ofmolded elastomeric
chambers with fiber reinforcements that induce specific
bending, twisting, and extending trajectories under fluid
pressurization. These soft actuators were mechanically pro-
grammed to match and support the range of motion of
individual fingers [11]. These devices require a pneumatic or
hydraulic facility, which ismore complex than electric supply,
especially for domestic use. The variation in hand size can be
a complication for the use of these devices.

The haptic devices form another group of systems inter-
acting with the user through the sense of touch and the
mobilization of the limb. Haptic devices can be classified as
either active or passive, depending on their type of actuator.
An example of this approach is the “haptic knob” which is a
two-degree-of-freedom robotic interface to train movements
and force control ofwrist and hand.The “haptic knob” uses an
actuated parallelogram structure that presents two movable
surfaces that are squeezed by the subject [12]. This device
is oriented to perform many ADL such as grasping and
manipulating objects.

The advantage of the end-effector-based systems is their
simpler structure and thus less complicated control algo-
rithms. However, it is difficult to isolate specific movements
of a particular joint. The Rutgers Hand Master II is a force-
feedback glove powered by pneumatic pistons positioned in

the palm of the hand and provides force feedback to the
thumb, index, middle, and ring fingertips [13]. The fingertips
develop a linear trajectory, whose amplitude depends on the
length of the pneumatic pistons. Amadeo is a commercially
available device that provides endpoint control of each of the
hand digits along linear fixed trajectories electric motor [14].
In this case, the fingertips develop a linear trajectory too.

The design of a reconfigurable robotic system proposed,
Ro-Share, has advantages with respect to the devices men-
tioned. First, it is designed so that each fingertip develops
a natural flexoextension trajectory considering the joint
coordination of each finger kinematic chain. Each of the
fingers is free to move without forcing the rotation axis
alignment of its joints. Only one actuator is necessary for each
mechanism that mobilizes one finger. Each mechanism can
be adjusted to the finger length by the length adjustment of
its crank link. The variation of hand length can be up to 16%
for a male and female adult from 18 to 90 years old specific
population [15]. Hence, a robotic system to guide the fingertip
of fingers, index, middle, ring, and little finger, in flexion and
extension exercises is proposed, which must be able to fit
finger sizes through only one link length adjustment.

2. Methods

2.1. Kinematic Hand Model. The general structure of the
human hand can be divided into two sets for its kinematic
analysis. The first set is composed of the bones of carpus
and the second of the metacarpals link and the phalanges of
the five digits [16, 17]. A realistic approach, useful for flex-
oextension exercises of the fingers in rehabilitation therapies,
considers for the fingers from the index to the little finger a
kinematic chain with 3 links, which are the phalanges, and
4 degrees of freedom (DOF). For the thumb, the kinematic
chain has 3 links, the metacarpal (MC), 2 phalanges, and 5
DOF. The palm of the hand is considered a fixed base. In
this approach, for the index finger to the little finger, the
metacarpals (MC) represent the immobile base of each kine-
matic chain. This is complemented by the proximal phalange
(PP), medial phalange (MP), and distal phalange (DP) as
links, as shown in Figure 1. The metacarpophalangeal joint
(MCP) has 2 DOF, and the interphalangeal joints, proximal
(PIP) and distal (DIP), have only one DOF. P represents the
fingertip, the mobile end of the kinematic chain. The joins of
the thumb are the carpometacarpal (TCMC) with 2 DOF, the
metacarpophalangeal (TMCP) with 2 DOF, and the proximal
interphalangeal joint (PIP) with one DOF.

The Denavit-Hartenberg (D-H) convention is used to
define each one of the four kinematic chains [18, 19]. Table 1
presents the D-H parameters of kinematic chains, where LPP,
LMP, and LDP are the nominal lengths of the proximal,
medial, and distal phalanges, respectively.

Equation (1) describes the position and orientation of the
fingertip [11]:
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Figure 1: Kinematic model of hand with fixed metacarpal (except thumb).

Table 1: D-H parameters of kinematic chains corresponding to the
index to little fingers, considering metacarpal links fixed.

Joint 𝜃
𝑖

𝑑
𝑖

𝑎
𝑖

𝛼
𝑖

1 𝜃MCPabd 0 0 𝜋/2
2 𝜃MCPflex 0 LPP 0
3 𝜃PIP flex 0 LMP 0
4 𝜃DIP flex 0 LDP 0

where P𝑘 represents an array containing the position and
orientation of the fingertip, and 𝑘 is the indicator for the
fingers: index = 2, medium = 3, ring = 4, and little finger
= 5, since 1 is reserved for the thumb. 𝑇(𝑢

𝑘
) represents the

vector used to define the reference frame at the origin of the
kinematic chain of each finger relative to a fixed frame of
reference at the base of the hand. 𝑇(𝜃

𝑖
)𝑘 are the homoge-

neous transformation matrices which define the geometric
transformation between the origin of the kinematic chain of
each finger and its tip. According to [16, 17], rotation of the
finger joints is shown in Table 2. Figure 2 shows the path of
flexoextension of the kinematic chain of the three phalanges
of the middle finger. This path fingertip (P) is the initial
requirement for movement of the flexoextensor mechanisms
of the robotic system.

2.2. Proposed R-RRT Mechanism. The characteristics of sim-
plicity, modularity, and low cost of construction and main-
tenance are desirable in devices for assistance in reha-
bilitation therapies [20]. The most important criterion is
the patient’s safety; therefore, the range of movement of
flexoextensor mechanism R-RRT is mechanically limited to
avoid finger hyperextension. Accuracy in the tracking of
the flexoextension path is the second aspect of importance,
since continuous and gentle movements are desired from the

Table 2: Angles of active movements of the joints of the fingers:
index to little finger.

Finger\joint 𝜃MCPabd 𝜃MCPflex 𝜃PIP flex 𝜃DIP flex

Index 20–30∘ 90∘ 110∘ 80∘–90∘

Middle 20–30∘ 90∘ 110∘ 80∘–90∘

Ring 20–30∘ 90∘ 120∘ 80∘–90∘

Little 20–30∘ 90∘ 135∘ 90∘

x (mm)
4020

0
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Figure 2: Flexoextension path of the kinematic chain of the three
phalanges of middle finger (0∘ ≤ MCP ≤ 90∘, 0∘ ≤ PIP ≤ 90∘, and
0∘ ≤ DIP ≤ 60∘).

beginning (Limext) to the end of the path (Limflex).Therefore,
the position and velocity of movements should be controlled.
Exercises can start with movements of low amplitude and
low speed and increase both amplitude and speed up to the
full range of flexion and extension. Therapies must be always
supervised by professional physiotherapists to avoid sudden
movements that can cause pain or further damage to the
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Figure 3: R-RRT mechanism of the middle finger.

patient. In response to the above requirements, the system is
composed of four four-bar type crank-slide mechanisms (R-
RRT) for the mobilization of the fingers from the index to the
little finger.

Figure 3 shows the corresponding mechanism design for
middle finger. The DC servomotor drives point C of the
slide on a linear guide through the screw, foregoing causes
semicircular movements of point B of the variable length
crank (VLC). Finally, point D of the coupler link develops
the flexoextension path. Point D is attached to the fingertip P
through a thimble secured by adhesive tape for medical use.
The thimble has an unactuated joint to connect itself with link
2 (coupler) at pointD; it allows the free rotation of the thimble
and the natural orientation of the distal phalange. As an
additional safety, a limit sensor detects when the mechanism
reaches the positions of maximum flexion or extension,
to indicate to an electronic controller these positions. The
R-RRT, type slider-crank mechanism, is selected since the
extension of the coupler link develops a very similar path
presented in Figure 2. Each flexoextensor mechanism (R-
RRT) develops the flexoextension path in the distal end of the
extension of the coupler link (D), Figure 4(a).

The length of each finger defines the dimensions of the
corresponding mechanism. The synthesis of flexoextensor
mechanisms was performed from a trajectory generation
method using 3 precision points based on the curves of the
coupler link [21].

A major constraint is that the length of the extension of
the coupling link, 𝐿

3
, must be greater than the length of the

crank, 𝐿
2
, to avoid collisions between finger and mechanism.

The lengths of link 2,𝐿
2
, and the extension of the coupler link,

𝐿
3
, are defined by (2) and (3), respectively,

𝐿
2
= 𝐿
1
∗ 6.21, (2)

𝐿
3
= 𝐿
1
∗ 1.2. (3)

Due to the length of the crank handle that determines the
range of movement on the 𝑥-axis, the path of flexoextension,
Figure 2, was rotated the angle 𝛼, Figure 5(a); after this, the
rotated path was moved to point (0, 0) using a homogeneous
transformation matrix H. Finally, the start and the end of

the path are aligned with the axis 𝑥 and the position of the
maximum flexion meets with point (0, 0), Figure 5(b).

The rotation angle is calculated with

𝛼 = tan−1 (
𝑦Fmax − 𝑦Emax
𝑥Fmax − 𝑥Emax

) , (4)

where 𝑥Fmax, 𝑦Fmax, 𝑥Emax, and 𝑦Emax are the coordinates
of the maximum flexion position (Limflex) and maximum
extension position (Limext) of the natural flexoextension path
in the axis 𝑥 and 𝑦. Finally, the length of the crank link is
calculated with

𝐿
1
=
(𝑥EmaxRot − 𝑥FmaxRot)

2
, (5)

where 𝑥FmaxRot and 𝑥EmaxRot are the coordinates on the axis 𝑥
of the positions ofmaximumextension andmaximumflexion
of the natural flexoextension path rotated on the angle 𝛼.

Once the mechanism has been synthesized, the orienta-
tion of the path is recovered by a rotation of the mechanism
with the angle −𝛼 (equal magnitude than 𝛼 but with opposite
direction). Afterwards, an iterative numerical method to
minimize the error path was later used [22].

2.3. Reconfiguration of R-RRT Mechanism. Each patient may
have a different hand size, thus requiring the reconfiguration
mechanism ability to adapt to flexoextension path.Therefore,
a reconfiguration scheme to modify the path of point D of
the coupler link is proposed in order to follow the path of
flexoextension of the fingers for different sizes. For a group of
Mexican population, the average hand size for adults between
the ages of 18 and 90 is estimated at 𝜇 = 175.62mm with a
standard deviation of 𝜎 = 8, 615mm [15]. If we consider a
normal probability distribution, then, in the interval [𝜇 − 2𝜎,
𝜇+2𝜎], approximately 95% of the hand sizes for the Mexican
population are understood. Therefore, it is estimated that
hand size varies from 158.39 to 192.85mm. The length of
the crank link is half of straight length of the flexoextension
rotated path on the 𝑥-axis. Then, changes in the length of the
crank link can modify the path amplitude of point D of the
mechanism.The design of a variable length crank link (VLC)
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Figure 6: The variable length crank link (VLC).

is proposed in Figure 6, whose length 𝐿
1

between its external
nodes A and B varies in proportion of length 𝐿

4
. The VLC is

composed of two links connected by a passive rotational joint,
point F, and a screw whose end is attached to G point of link
5 through a ball joint, allowing only for rotation. The other
point of contact between the screw and link 4 is achieved
through a nut; so that when screw turns, 𝐿

4
varies. Similar

triangles formed by points EFG and AFB, Figure 6, have the
angle 𝛿, which is defined by the law of cosines as

𝛿 = cos−1 (
𝐿
2

4

+ 𝐿
2

5

+ 𝐿
2

6

2 ⋅ 𝐿
5
⋅ 𝐿
6

) , (6)

wherein 𝐿
5
and 𝐿

6
are the lengths of EF and FG lines,

respectively, having the same length, 𝐿
5
= 𝐿
6
.

The length 𝐿


1

is defined by

𝐿


1

= √(𝐿2
7

+ 𝐿2
8

− 2 ⋅ 𝐿
7
⋅ 𝐿
8
⋅ cos 𝛿), (7)

wherein 𝐿
7
and 𝐿

8
are the lengths of AF and FB respectively,

which have the same length, 𝐿
7
= 𝐿
8
.

2.4. Kinematic Analysis of R-RRT Mechanism. In order to
validate the monitoring path of flexoextension of the pro-
posed mechanism, kinematic analysis of the synthesized
mechanism is performed and the tracking error of the path is
calculated. Vector loop method is used for position analysis
[21]. A right-handed coordinate system is defined and a local
reference frame 𝑥, 𝑦 is located at point A of fixed link 0. Each
mechanism has a point A, which is the point of rotation of
the crank, link 1. Point B is in the joint that connects the crank
link to the coupler, link 2; point B develops a circular constant
radius equal to the crank’s length. Point C, corresponding to
the slide, moves on a linear axis parallel to the 𝑥-axis. Finally,
point D, located in the extension of the coupler link, develops
an elliptical path that, in the range of 180∘ ≤ 𝜃 ≤ 360∘, is
similar to the flexoextension path, Figure 2.

Vectors rAB and rBC correspond to links 1 and 2, respec-
tively, Figure 4(b), so that their magnitudes are constant.
Point C is defined by the rAC vector, whose magnitude varies
according to angle 𝜑, since it is the sum of vector rAB and
rBC. The rAC vector has the following components: 𝑥AC that
is parallel to the sliding axis of the slide and 𝑦AC which is
constant and corresponds to the length of offset (𝑐) between
the axis of the extended slide shaft and pivot of the link
[21]. The most important point is D, because it performs the

desired path and is defined by rAD vector, which is the result
of the sum of rAB and rBD vectors (8). The magnitude of rBD
vector is constant, since it corresponds to the extension length
of the coupler link; angle𝛽 is a constant value that determines
the orientation according to rBC vector.

Position equation (8), velocity equation (9), and accel-
eration equation (10) of point D are calculated from the
expressions:

rAD = rAB + rBD = (𝑥AB + 𝑥BD) î + (𝑦AB + 𝑦BD) ĵ

= (𝐿
1
cos𝜑 + 𝐿

3
cos𝜓) î + (𝐿

1
sin𝜑 + 𝐿

3
sin𝜓) ĵ,

(8)

vAD = ṙAD = ṙAB + ṙBD = (�̇�AB + �̇�BD) î + (�̇�AB

+ �̇�BD) ĵ = − (𝐿
1
�̇� sin𝜑 + 𝐿

3
�̇� sin𝜓) î

+ (𝐿
1
�̇� cos𝜑 + 𝐿

3
�̇� cos𝜓) ĵ,

(9)

aAD = r̈AD = r̈AB + r̈BD = (�̈�AB + �̈�BD) î + (�̈�AB

+ �̈�BD) ĵ = (−𝐿
1
�̈�sin𝜑 − 𝐿

1
�̇�
2cos𝜑 − 𝐿

3
�̈�sin𝜓

− 𝐿
3
�̇�
2cos𝜓) î + (𝐿

1
�̈�cos𝜑 − 𝐿

1
�̇�
2sin𝜑

+ 𝐿
3
�̈�cos𝜓 − 𝐿

3
�̇�
2sin𝜓) ĵ,

(10)

where 𝐿
1
is the length of segment AB, 𝐿

3
is the length

of segment BD, and �̇� and �̈� are the angular velocity and
acceleration, respectively.

3. Results

3.1. Construction Parameters. The reconfigurable robotic sys-
tem for flexoextension is composed of four four-bar mech-
anisms and it is complemented with a variable height base
on which the forearm and palm rest, Figure 7. Table 3 shows
parameters of construction of four mechanisms correspond-
ing to the index, middle, ring, and little fingers.

Figure 8 shows the behavior of the position, velocity,
and acceleration of point D of the mechanism of the middle
finger in the 𝑥- and 𝑦-axes. It is observed that all the curves
are smooth and continuous in the range of the path from
the maximum extension (Limext) up to the maximum finger
bending (Limflex).

Figure 9 illustrates the final work area of the flexoextensor
reconfigurable mechanism for the case of the middle finger.
The central path corresponds to the average hand size
(175.62mm) and external paths correspond to the minimum
(158.39mm) and maximum (192.85mm) size of the Mexican
adults between 18 and 90 [8]. The area between the latest
two paths corresponds to the area of work expanded by
reconfiguring the variable length crank link (VLC). However,
after adjusting the length of the handle, it will not move until
required by another patient.

3.2. Path Tracking Error. In order to determine the tracking
error according to the natural course of the flexoextension
path of the middle finger, the difference between the OD and
OP vectors is measured. The maximum error has a value of
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Table 3: Construction parameters for the four R-RRT mechanisms.

Finger/length 𝐿
1

min (mm) 𝐿
1

max (mm) 𝐿
2

(mm) 𝐿
3

(mm) 𝐿
5

(mm) 𝐿
7

(mm) 𝛽 (∘)
Index 47.15 77.70 387.66 74.90 26.67 44.46 80
Middle 53.08 87.48 436.44 84.33 30.03 50.05 80
Ring 50.01 82.42 411.19 79.45 28.29 47.15 80
Little 38.78 63.91 318.85 61.61 21.94 36.56 80

1

2

3

4 R-RRT mechanisms

Base

Height

Forearm

Forearm

support

knob
adjustment

Figure 7: General view of the of the flexoextensor robotic system mechanisms.

2.98%. Figure 10 shows the graph of error in the range of
movement of the crank link.

The patient hand size is bounded in the range of
158.39mm to 186.63mm and is divided into eight intervals
with increments of 4.30mm. With the constant value of
the length of the coupler link 𝐿

2
= 436.44mm, length of

the extension of the coupler link 𝐿ext = 84.33mm, and the
extension of the coupler link angle 𝛽 = 80∘ = 1.396 radians,
only the length of the link ismodified and the paths are shown
in Figure 11. Table 4 shows the values of nine hand sizes and
their maximum tracking error obtained.

3.3. Abduction Movement. In natural extension movements
of the hand fingers, an abductionmovement is also developed
by index, ring, and little finger. When the MCP joint is
flexed, the lateral ligaments are tight; it makes the abduction
movements difficult or impossible [16]. The index, ring, and
little fingers havemajor amplitude of abductionmovement as
30∘ [Cobos]. The position of each R-RRT mechanism has the

maximum flexion point as reference; in this case, the middle
finger does not develop the abduction; then, middle finger
mechanism orientation is parallel with the arm longitudinal
axis. The mechanism orientation for index, ring, and little
fingers allows an abduction movement, which begins with 0∘
in maximum flexion and ends with an angle 𝛾 in maximum
extension. If the angle 𝛾 takes the value of the half of
maximum abduction; then, 𝛾 = 15∘.The result is an abduction
movement of 15∘ for index and ring finger with reference
to middle finger, and 15∘ of little finger with reference to
ring finger. This results in comfortable movements for four
fingers, index to little finger, and the metacarpophalangeal
joint movement in flexoextension and abduction.

4. Conclusions

The design of the reconfigurable robotic system for flex-
oextension can be adapted to the size of the hand; it
is the result of a compromise between functionality and
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Figure 9: Work area of reconfigurable flexoextensor mechanism
(the middle finger case).

practicality required for the movement of the fingers as part
of rehabilitation therapies. The movement of the fingers is
performed following their natural flexoextension path and
prevents hyperextension, ensuring that the fingers never
perform unnatural movements.The four R-RRTmechanisms
orientation allows a 15∘ abduction movement for index, ring,
and little fingers. The reconfigurability of each of the four R-
RRT mechanisms allows the system to fit the hand size of

Table 4: Maximum tracking error for different lengths of hand.

Point Hand size
(mm)

Length of
crank (mm)

Maximum tracking
error (%)

1 158.39 53.07 2.97
2 162.70 57.38 2.97
3 167.01 61.68 2.97
4 171.31 65.98 2.97
5 175.62 70.28 2.97
6 179.93 74.56 2.96
7 184.24 78.88 2.96
8 188.54 83.18 2.96
9 192.85 87.48 2.97

each patient, allowing attention to a larger percentage of the
population considered for design.

An advantage of our proposal is related to the patient
comfort; that is, the patient’s hand should not carry anything,
since it is based on the system. This represents an advantage
over gloves or exoskeletons whose mass must be loaded by
the user’s hand. The system will provide the required forces
to move the fingers and allow the physiotherapist, by means
of an electronic control system, to monitor and record the
progress for evaluation of both the evolution of patients and
rehabilitation protocols. Levanon says that “. . . technology
is the language of the next generation and therapists must
adapt the types of treatments that are able to provide their
customers, and they need to be enabled to use family and
significant equipment with customers in the future” [4].
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Received 15 January 2016; Revised 1 April 2016; Accepted 26 April 2016

Academic Editor: Qining Wang

Copyright © 2016 Camilo Cortés 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.

In Robot-Assisted Rehabilitation (RAR) the accurate estimation of the patient limb joint angles is critical for assessing therapy
efficacy. In RAR, the use of classic motion capture systems (MOCAPs) (e.g., optical and electromagnetic) to estimate the
Glenohumeral (GH) joint angles is hindered by the exoskeleton body, which causes occlusions and magnetic disturbances.
Moreover, the exoskeleton posture does not accurately reflect limb posture, as their kinematic models differ. To address the said
limitations in posture estimation, we propose installing the cameras of an optical marker-based MOCAP in the rehabilitation
exoskeleton. Then, the GH joint angles are estimated by combining the estimated marker poses and exoskeleton Forward
Kinematics. Such hybrid system prevents problems related to marker occlusions, reduced camera detection volume, and imprecise
joint angle estimation due to the kinematic mismatch of the patient and exoskeleton models. This paper presents the formulation,
simulation, and accuracy quantification of the proposed method with simulated human movements. In addition, a sensitivity
analysis of the method accuracy to marker position estimation errors, due to system calibration errors and marker drifts, has been
carried out. The results show that, even with significant errors in the marker position estimation, method accuracy is adequate for
RAR.

1. Introduction

The application of robotics and Virtual Reality (VR) to
motor neurorehabilitation (Figure 1) has been beneficial for
patients, as they receive intensive, repetitive, task-specific,
and interactive treatment [1–4].

The assessment of (a) patient movement compliance
with the prescribed exercises and (b) patient long-term
improvement is critical when planning and evaluating the
efficacy of RAR therapies. In order to obtain the patient
motion data to conduct the said assessments, one has to
estimate patient posture (i.e., the joint angles of the limbs).
Patient posture estimation methods need to be practical and
easy to set up for the physician, so that the said assessments
can indeed be an integral part of the therapy.

Currentmethods for estimating patient posture are either
cumbersome or not accurate enough in exoskeleton-based

therapies. In order to overcome such limitations, we pro-
pose a method where low-cost RGB-D cameras (which
render color and depth images) are directly installed in
the exoskeleton and colored planar markers are attached to
the patient’s limb to estimate the angles of the GH joint,
thereby overcoming the individual limitations of each of these
systems.

2. Literature Review

Optical, electromagnetic, and inertial MOCAPs have been
used in many rehabilitation scenarios for accurate posture
estimation [5]. However, the use of the said MOCAPs in
exoskeleton-based rehabilitation is limited by the factors
discussed below:

(1) Optical marker-based systems (e.g., Optotrak,
CODA, Vicon) are considered the most accurate for

Hindawi Publishing Corporation
Applied Bionics and Biomechanics
Volume 2016, Article ID 5058171, 20 pages
http://dx.doi.org/10.1155/2016/5058171

http://dx.doi.org/10.1155/2016/5058171


2 Applied Bionics and Biomechanics

Rehabilitation robot

Patient movement
and task feedback

Patient movement
mapped to the VR avatar

VR game

Figure 1: Robotic and VR-based rehabilitation.

human motion capture [5]. Reference [6] reports
Optotrak errors of 0.1–0.15mm. However, in the
specific case of exoskeleton-based therapy, these
systems require redundant sensors and markers to
cope with occlusions caused by the exoskeletal body.
Therefore, their specific usage for therapy is limited.
Besides, the cost of these systems is high (50K–300K
USD [7]) compared to nonoptical MOCAPs.

(2) Electromagnetic systems do not suffer from optical
occlusions. However, they are easily perturbed by sur-
rounding metallic objects (e.g., exoskeletal body) and
electric/magnetic fields [5]. An additional drawback
of these systems is their limited detection volume
when compared to optical systems.

(3) Inertial and Magnetic Measurement Systems are
robust, handy, and economical for full-body human
motion detection (upper limb tracking in [8, 9]).
With the use of advanced filtering techniques, iner-
tial sensor drift errors are reduced and a dynamic
accuracy of 3 deg. RMS [5] is achieved. However,
these systems require patients to perform calibration
motions/postures, which may not be suitable for
those with neuromotor impairments.

In exoskeleton-based rehabilitation, the prevailing
approach to estimate human limb joint angles (e.g., [10–13])
is to approximate them with the angles of the exoskeleton
joints. However, misalignment between the axes of the
exoskeleton and human joints may produce large estimation
errors [14, 15]. Accurate estimation of GH joint angles
is hard to achieve using this approach, since it requires
an exoskeleton with a complex kinematic structure that
considers the concurrent motion of the sternoclavicular and
acromioclavicular joints.

Recognizing the differences in the kinematic structures
of the limb and exoskeleton, [16] presents a computational
method which considers the limb and exoskeleton parallel
kinematic chains related by the cuff constraints joining them
together.Then, the IK problemof the parallel kinematic chain
can be solved to find the limb joint angles. A limitation of this
method is that its performance has been demonstrated solely
for analytic (1-DOF)movements of the elbow andwrist joints.

The estimation accuracy of the GH joint angles has yet to be
determined.

Reference [17] presents a computationalmethod based on
the estimation of the arm swivel angle (which parametrizes
arm posture) for exoskeleton-based therapy. The arm IK is
solved with a redundancy resolution criterion that chooses
a swivel angle that allows the subject to retract the palm
to the head efficiently. The approach in [17] extends their
previous work in [18, 19] by considering the influence of the
wrist orientation on the swivel angle estimation. Although
the error of the swivel angle estimation (mean error ≈ 4 deg.)
has been reported for compound movements [17], individual
errors in the wrist, elbow, and GH joint angles are not
indicated.

Reference [20] extends the method in [17] to estimate
the wrist angles and assesses its performance for compound
movements (mean RMSE ≈ 10 deg. in the swivel angle
estimation). Reference [20] reports the individual errors of
the arm joint angles solely for the movement task where the
swivel angle was best estimated (mean RMSE ≈ 5 deg. in the
swivel angle estimation). No errors of the arm joint angles
were discussed for the other cases. A limitation of the work in
[20] is that the MOCAP used to obtain the reference angles
to assess theirmethod performance is a custom-made inertial
system with no reported measurement accuracy.

2.1. Conclusions of the Literature Review. We remind the
reader that the general context of this paper is the estimation
of the GH joint angles.

(1) As per our literature review, no MOCAPs have been
developed for the specific scenario of exoskeleton-
based rehabilitation. Even if current MOCAPs and
the exoskeleton could be set up for simultaneous
use (e.g., [15, 16]), the setup protocol and operation
are intricate and conflicting with the usual time and
resources available for patient treatment.

(2) Exoskeleton-based posture estimations present limi-
tations in their accuracy due to kinematic mismatch
of the limb and exoskeleton [15, 16].

(3) The accuracy of the GH joint angle estimations
provided by computational methods in [16, 17] is
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unknown. Reference [20] extends the work in [17]
by estimating the wrist angles. Reference [20] solely
reports the estimation accuracy of the GH angles for
the best-case scenario and the precision of its ground-
truth is not indicated.

2.2. Contributions of This Paper. In response to the limita-
tions discussed in the estimation of patient joint angles in
exoskeleton-based therapy (Sections 2 and 2.1), this paper
introduces a hybrid approach to estimate, in real-time, the
GH joint angles. This hybrid system is composed of a low-
cost marker-based vision system and the rehabilitation robot,
overcoming the individual limitations of its constitutive
subsystems:

(a) Occlusions are minimized, which are a major limita-
tion of optical systems.

(b) Accuracy of joint angle estimation is improved, which
is a major limitation of exoskeleton-based systems.

This paper presents the implementation and assessment
of our method using simulated human motion data. In
addition, a sensitivity analysis of our method accuracy to
marker position estimation errors is carried out.

We have considered the following scenarios of application
for the proposed method in the RAR domain:

(A) Precise estimation of GH joint angles during reha-
bilitation or evaluation sessions of GH joint analytic
movements.

(B) Acquisition of GH joint movement data enabling val-
idation and improvement of other posture estimation
methods without using expensive redundant optical
MOCAPs.

3. Methods

3.1. Problem Definition. This section presents the problem
of estimating the patient limb GH joint angles during the
GH joint RAR using the proposed hybrid motion capture
system (a detailed version of the problem definition is
presented in the Appendix). This problem can be stated as
follows.

Given. Consider the following:

(1) Patient: (a) the kinematic model (e.g., the Denavit-
Hartenberg parameters [21]) of the humanupper limb
(𝐻) (Figure 2(a)).

(2) Exoskeleton: (a) the kinematic model of the exoskele-
ton (𝐸) and (b) the exoskeleton joint angles at any
instant of the therapy (V𝐸(𝑡)) (Figure 2(b)).

(3) Marker-based optical motion capture system (𝑅): (a)
color and depth information captured by the RGB-
D cameras installed in the exoskeleton links and (b)
geometry and color of the markers attached to the
patient upper limb (Figure 2(c)).

Goal. The goal is to estimate the patient GH joint angles
(V𝐻
𝐺
(𝑡)) with minimum error during the GH joint rehabilita-

tion exercises.

3.2. Kinematic Models. This section discusses the main
features of the kinematic models of the human limb and
exoskeleton used for the posture estimation method.

3.2.1. KinematicModel of theHumanUpper Body. Thehuman
kinematic model is denoted by 𝐻(𝐿

𝐻
, 𝐽

𝐻
), where 𝐿

𝐻 and
𝐽

𝐻 are the sets of links and joints, respectively. We use the
human upper body model presented in [16] (Figure 2(a)),
which includes joints of the spine, scapuloclavicular system,
and arm. The upper limb is modeled with 9 DOFs: 2 DOFs
of the scapuloclavicular system, 3 DOFs of the GH joint
(spherical joint), 2DOFs of the elbow, and 2DOFs of thewrist
(see further details in the Appendix).This model presents the
following advantages:

(a) It can be easily implemented in robotic simulators and
similar tools.

(b) It is suitable for simulating human-robot interaction
in real-time [16].

(c) The sphericalmodel of theGH joint avoids limitations
of other representations of such joint, like the Gimbal
lock that occurs when using the three concurrent and
orthogonal 1-DOF revolute joints' model [22].

3.2.2. Kinematic Model of the Exoskeleton. The exoskeleton
kinematic model is denoted by 𝐸(𝐿

𝐸
, 𝐽

𝐸
), where 𝐿𝐸 and 𝐽

𝐸

are the sets of links and joints, respectively. In this research,
the rehabilitation exoskeleton used is the Armeo Spring
(Figure 2(b)), which is a passive system that supports the
weight of the patient’s arm [23] with springs. The Armeo
kinematic structure includes rotational joints (equipped with
encoders [24, 25]) and prismatic joints (enabling exoskeleton
adjustment to the size of each patient). We use the Armeo
Spring kinematic model presented in [16], which includes
both types of joints (see further details in the Appendix).

3.3. GH Joint Angles Estimation Method. The aim of the
method is to estimate the GH joint angles with respect to
(w.r.t.) a coordinate system (CS) attached to the scapuloclav-
icular system. Figure 2(d) shows the proposed system for the
GH joint angle estimation. Our approach is based on the
estimation of the upper arm orientation w.r.t. the acromion
(Figure 3(a)). According to such requirements, the rationale
to install the markers of the optical MOCAP 𝑅 is as follows:

(a) Marker 𝑚
0
is rigidly installed in the acromion, so

the estimated upper arm orientation can be expressed
w.r.t. the 𝑚

0
CS (and therefore w.r.t. the scapuloclav-

icular system).
(b) Marker𝑚

1
is rigidly installed in the upper arm, so that

all the rotations of the upper arm are captured by𝑚
1
.

The region that was chosen to attach𝑚
1
to the upper

arm by using a custom-made fixation (Figure 2(d)) is
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Figure 2: Components of the GH joint angles estimation system: (a) human kinematic model, (b) exoskeleton kinematic model, (c) marker-
based optical motion capture system, and (d) hybrid GH joint angles estimation system.

the distal part of the humerus (near the elbow). Elbow
rotations do not affect the orientation of𝑚

1
.

Reference [26] reports a five-marker installation pro-
cedure. This reference explicitly mentions five markers as
an acceptable number for clinical upper limb tracking. In
this paper, we report the usage of two markers for upper
arm tracking. It is not possible to compare the performance
of the marker placement protocol proposed here with the
one in [26] because the work in [26] addresses (a) non-
RAR scenarios, (b) tracking of the entire upper limb, and
(c) protocol sensitivity w.r.t. its application on the domi-
nant/nondominant arm and w.r.t. the age of test subjects.
However, the work in [26] helps to establish the number of
markers compatible with the clinical application of upper
limb tracking.

The cameras of the optical motion capture system 𝑅 are
rigidly attached (using custom-made supports) to exoskele-
ton links so that camera 𝑟

0
detects marker 𝑚

0
and camera 𝑟

1

detects marker 𝑚
1
during the GH joint training. Camera 𝑟

0

is mounted on link 𝑙

𝐸

0
and camera 𝑟

1
is mounted on link 𝑙

𝐸

8

(Figure 3(a)).
The cameras used in our system are of low cost. Com-

mercial cameras that present similar specifications to the ones
simulated here (Table 1) are Intel� SR300 (99USD) [27, 28],
DepthSense� 525 (164USD) [29, 30], and CamBoard picoS
(690USD) [28, 31].

Figure 3(b) shows an overview of the operation of the
estimation method. In order to estimate the upper arm
pose, the poses of the markers need to be expressed w.r.t.
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Figure 3: (a) Schematic diagram of the hybrid GH joint angles estimation system and (b) high-level operation of the system.

Table 1: Vision sensor features.

Color camera resolution (px) 128 × 128

Depth camera resolution (px) 128 × 128

Field of view (deg.) Horizontal = 45; vertical = 45
Minimum sensing distance
(meters) 0.05

Maximum sensing distance
(meters) 0.3

a common CS. A suitable CS to conduct such estimation is
the exoskeleton base.

A summary of the steps to estimate the GH joint angles is
as follows:

(1) Estimate the pose of the markers w.r.t. the cameras.
(2) Estimate the pose of the cameras w.r.t. the exoskele-

ton.
(3) Estimate the pose of the markers w.r.t. the exoskele-

ton.
(4) Estimate the upper arm pose w.r.t. the exoskeleton.
(5) Refer the GH joint angles w.r.t. the acromion (marker

𝑚
0
CS).

The details of the mentioned steps are presented in the
following sections.

3.3.1. Estimation of the Pose of the Markers w.r.t. the Cameras.
The purpose of this step is to estimate the position and
orientation of the markers (Figure 4) w.r.t. the CSs of the
cameras using the color and depth images provided by each
camera 𝑟

𝑖
:

(3) Marker-based
optical motion

capture system R Estimation
of the pose
of markers

w.r.t.
cameras

3D point cloud Di(t)

mi geometric model

Pose of
markers
Tr𝑖
m𝑖
(t)

Cameras {r0, r1}

Markers {m0, m1}

Color images Ic
i (t)

Figure 4: Schematic diagram of the iterative estimation of the pose
of the markers.

(A) The RGB image is 𝐼

c
𝑖
(𝐴 × 𝐵 pixels). The pixel

coordinates (𝑢, V) take values 0 ≤ 𝑢 ≤ 𝐴 − 1 and
0 ≤ V ≤ 𝐵 − 1. 𝐶

𝑖
(1 × 3 ∗ 𝐴 ∗ 𝐵) contains the RGB

color associated with each pixel (𝑢, V) ∈ 𝐼

c
𝑖
.

(B) The depth image associated with the scene in 𝐼

c
𝑖
is 𝐼d
𝑖

(𝐿×𝑁 pixels);𝐿 ≤ 𝐴 and𝑁 ≤ 𝐵.Thepixel coordinates
(𝑢, V) in 𝐼

d
𝑖
take values 0 ≤ 𝑢 ≤ 𝐿 − 1 and 0 ≤ V ≤

𝑁 − 1. The CS of images 𝐼c
𝑖
and 𝐼

d
𝑖
is coincident. 𝐷

𝑖

(1×𝐿∗𝑁∗3) contains the (𝑥, 𝑦, 𝑧) coordinates of the
object in each pixel (𝑢, V) ∈ 𝐼

d
𝑖
w.r.t. the 𝑟

𝑖
CS.

The pose estimation of the markers w.r.t. the cameras
is based on the reconstruction of the 3D position of the
colored disks on the markers. The following steps are taken
to estimate the marker pose:

(1) Estimation of disk coordinates in color image (Fig-
ure 5): the purpose of this step is to find the approx-
imate (𝑢, V) coordinates of the centers of the marker
disks in image 𝐼c

𝑖
. The following steps are carried out:

(a) Color segmentation in image 𝐼c
𝑖
: image regions

containing the colors of the marker disks are
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(a) (b)

0

1

2

3

(c)

Figure 5: Estimation of disk coordinates in color image. (a) Simulated RBG image, (b) result of the color segmentation (zoomed image), and
(c) result of the blob extraction (zoomed image).

preserved and the other regions are colored in
white. The resulting image is defined as 𝐼sc

𝑖
.

(b) Blob extraction on image 𝐼

sc
𝑖
: blob extraction

consists of finding the connected regions in the
image 𝐼

sc
𝑖

sharing the same color and labeling
them according to their color.

(c) Disk center coordinates estimation: for each 𝑗

(𝑗 = 0, . . . , 𝑛) blob extracted from 𝐼

c
𝑖
, the posi-

tion �̃�

𝐼
c
𝑖

𝑗
∈ Z2 of the center of a bounding box

for the blob is obtained.This point approximates
the actual center of disk 𝑝

𝐼
c
𝑖

𝑗
(Figure 5). The

resulting set of the approximate coordinates of
disk centers in 𝐼

c
𝑖
is ̃𝑃𝐼

c
𝑖

= {�̃�

𝐼
c
𝑖

0
, . . . , �̃�

𝐼
c
𝑖

𝑗
, . . . , �̃�

𝐼
c
𝑖

𝑛
}.

The Z2 center coordinates are referenced w.r.t.
the internal image CS. Blobs are extracted with
standard connected-component labeling algo-
rithms.

(2) Estimation of disk coordinates in the camera 𝑟
𝑖
CS:

this step converts disk coordinates in the internal

image CS into the R3 ones w.r.t. the 𝑟
𝑖
sensor CS, as

follows:

(a) Convert the positions (𝑢, V) of the disk centers in
set ̃𝑃𝐼

c
𝑖 into the image 𝐼d

𝑖
CS. The CSs of images

𝐼

c
𝑖
and 𝐼d
𝑖
match. Hence,

�̃�

𝐼
d
𝑖

𝑗
= (

𝐿 − 1

𝐴 − 1

0

0

𝑁 − 1

𝐵 − 1

) �̃�

𝐼
c
𝑖

𝑗
. (1)

(b) Compute the indices 𝑎𝐼
d
𝑖

𝑗
of the (𝑥, 𝑦, 𝑧) coordi-

nates of point �̃�𝐼
d
𝑖

𝑗
in array𝐷

𝑖
as follows:

𝑎

𝐼
d
𝑖

𝑗
(𝑥) = 3 ∗ (�̃�

𝐼
d
𝑖

𝑗
(𝑢)) + 𝐿 ∗ (�̃�

𝐼
d
𝑖

𝑗
(V))

𝑎

𝐼
d
𝑖

𝑗
(𝑦) = 3 ∗ (�̃�

𝐼
d
𝑖

𝑗
(𝑢)) + 𝐿 ∗ (�̃�

𝐼
d
𝑖

𝑗
(V)) + 1

𝑎

𝐼
d
𝑖

𝑗
(𝑧) = 3 ∗ (�̃�

𝐼
d
𝑖

𝑗
(𝑢)) + 𝐿 ∗ (�̃�

𝐼
d
𝑖

𝑗
(V)) + 2.

(2)
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(2) Exoskeleton E
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Forward
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, Tl𝐸8
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}

Figure 6: Schematic diagram of the iterative estimation of the pose of the cameras.

The point �̃�𝑟𝑖
𝑗
contains the (𝑥, 𝑦, 𝑧) coordinates

of point �̃�𝐼
d
𝑖

𝑗
w.r.t. the 𝑟

𝑖
CS. The coordinates of

point �̃�𝑟𝑖
𝑗
are obtained as follows:

�̃�

𝑟𝑖

𝑗
(𝑥) = 𝐷

𝑖
[𝑎

𝐼
d
𝑖

𝑗
(𝑥)]

�̃�

𝑟𝑖

𝑗
(𝑦) = 𝐷

𝑖
[𝑎

𝐼
d
𝑖

𝑗
(𝑦)]

�̃�

𝑟𝑖

𝑗
(𝑧) = 𝐷

𝑖
[𝑎

𝐼
d
𝑖

𝑗
(𝑧)] .

(3)

The approximate marker disk centers detected
by camera 𝑟

𝑖
form the set ̃𝑃𝑟𝑖 = {�̃�

𝑟𝑖

0
, . . . , �̃�

𝑟𝑖

𝑗
, . . . ,

�̃�

𝑟𝑖

𝑛
}.

(3) Computation of the marker 𝑚
𝑖
CS in the 𝑟

𝑖
camera

CS: an 𝑆𝑂(3) coordinate frame 𝑇𝑟𝑖
𝑚𝑖

= [
̂
𝑉
𝑥
̂
𝑉
𝑦
̂
𝑉
𝑧
𝑂
𝑚𝑖
] is

attached to each marker:

(a) Make

𝑂
𝑚𝑖

= (

1

𝑛 + 1

)

𝑛

∑

𝑗=0

(�̃�

𝑟𝑖

𝑗
) . (4)

(b) Use the four disk centers in the marker (Fig-
ure 5) as follows:

→

𝑉
𝑥
= (

1

2

) ((�̃�

𝑟𝑖

0
− �̃�

𝑟𝑖

1
) + (�̃�

𝑟𝑖

2
− �̃�

𝑟𝑖

3
))

→

𝑉
𝑦
= (

1

2

) ((�̃�

𝑟𝑖

2
− �̃�

𝑟𝑖

0
) + (�̃�

𝑟𝑖

3
− �̃�

𝑟𝑖

1
))

̂
𝑉
𝑧
=
̂
𝑉
𝑥
×
̂
𝑉
𝑦
.

(5)

The submatrix [̂𝑉
𝑥
̂
𝑉
𝑦
̂
𝑉
𝑧
] is normalized to guar-

antee its 𝑆𝑂(3) nature. The frame ̃𝑇
𝑟𝑖

𝑚𝑖
describes

the estimated pose of marker𝑚
𝑖
w.r.t. the CS of

the camera 𝑟
𝑖
.

3.3.2. Estimation of the Pose of the Cameras w.r.t. the Exoskele-
ton. The goal of this step is to find the transformation 𝑇

𝐸

𝑟𝑖
,

which expresses the pose of the camera 𝑟
𝑖
w.r.t. the base of

the exoskeleton (Figure 6).

Estimation
of the pose
of markers

w.r.t.
exoskeleton

Pose of
markers
TE
m𝑖
(t)

Pose of markers Tr𝑖
m𝑖
(t)

Pose of cameras TE
r𝑖
(t)

Figure 7: Schematic diagram of the iterative estimation of the pose
of the markers w.r.t. the exoskeleton CS.

The rigid transformation matrices 𝑇𝑙
𝐸

0

𝑟0
and 𝑇

𝑙
𝐸

8

𝑟1
∈ R4×4,

which describe the pose of the cameras 𝑟
𝑖
w.r.t. the CS of

the link where they are installed, are estimated during system
calibration (the calibrationmatrix can be obtained by camera
detection of a 2D/3D calibration object mounted on a known
location of the exoskeleton). The poses 𝑇

𝐸

𝑙
𝐸

0

and 𝑇

𝐸

𝑙
𝐸

8

of the
exoskeleton links 𝑙𝐸

0
and 𝑙

𝐸

8
w.r.t. to the exoskeleton base CS

are computed using the Forward Kinematics of exoskeleton
𝐸. Then, 𝑇𝐸

𝑟0
and 𝑇𝐸

𝑟1
are estimated as follows:

̃
𝑇

𝐸

𝑟0
=
̃
𝑇

𝐸

𝑙
𝐸

0

∗
̃
𝑇

𝑙
𝐸

0

𝑟0

̃
𝑇

𝐸

𝑟1
=
̃
𝑇

𝐸

𝑙
𝐸

8

∗
̃
𝑇

𝑙
𝐸

8

𝑟1
.

(6)

3.3.3. Estimation of the Pose of the Markers w.r.t. the Exoskele-
ton. The objective of this step is to estimate the transfor-
mation (𝑇𝐸

𝑚𝑖
) that describes the pose of marker 𝑚

𝑖
w.r.t.

the exoskeleton base CS (Figure 7). Transformations 𝑇𝐸
𝑚𝑖

are
estimated as follows:

̃
𝑇

𝐸

𝑚0
=
̃
𝑇

𝐸

𝑟0
∗
̃
𝑇

𝑟0

𝑚0

̃
𝑇

𝐸

𝑚1
=
̃
𝑇

𝐸

𝑟1
∗
̃
𝑇

𝑟1

𝑚1
.

(7)

3.3.4. Estimation of the Upper Arm Pose w.r.t. the Exoskeleton.
The purpose of this step is to estimate the upper arm pose
(𝑇𝐸arm) w.r.t. the exoskeleton base CS using the marker poses
𝑇

𝐸

𝑚𝑖
(Figure 8). The upper arm direction vector is computed

from the estimated position of the end-points of the upper
arm (GHand elbow joint centers) as follows (CSs in Figure 9):

(1) Estimate the position of the GH joint center: the rigid
transformation matrix 𝑇𝑚0

𝐺
, which expresses the pose
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(1) Patient H

Upper arm pose
estimation

Pose of markers TE
m𝑖
(t)

GH joint
angles �HG (t)

Kinematic
model H(LH, JH)

GH and elbow
joints pose

w.r.t. markers
{T

m0
G , Tm1

elw }

Figure 8: Schematic diagram of the iterative estimation of the upper
arm pose.

of the GH joint CS w.r.t. the 𝑚
0
CS, is estimated

during the calibration process of the system. Hence,
the GH joint center is estimated as follows:

(a) Estimate 𝑇𝐸
𝐺
, which is the pose of the GH joint

CS w.r.t. the exoskeleton 𝐸 base CS (see (8)).
(b) Extract 𝑝𝐸

𝐺
from𝑇

𝐸

𝐺
.The point 𝑝𝐸

𝐺
is the position

of the center of the GH joint seen from the𝐸CS:

̃
𝑇

𝐸

𝐺
=
̃
𝑇

𝐸

𝑚0
∗
̃
𝑇

𝑚0

𝐺
. (8)

(2) Estimate the position of the elbow joint center: the
rigid transformation matrix 𝑇

𝑚1

elw (elbow joint CS
w.r.t. the 𝑚

1
CS) is estimated during the calibration

process of the system. Hence, the elbow joint center is
computed as follows:

(a) Estimate 𝑇

𝐸

elw, which is the pose of the elbow
joint CS w.r.t. the exoskeleton 𝐸 base CS (see
(9)).

(b) Extract 𝑝𝐸elw from 𝑇

𝐸

elw. The point 𝑝𝐸elw is the
position of the center of the elbow joint seen
from the 𝐸 CS:

̃
𝑇

𝐸

elw =
̃
𝑇

𝐸

𝑚1
∗
̃
𝑇

𝑚1

elw. (9)

(3) Estimate the upper arm position:

(a) Estimate the arm direction vector as ̂
𝑉arm =

(�̃�

𝐸

𝐺
− �̃�

𝐸

elw)/‖�̃�
𝐸

𝐺
− �̃�

𝐸

elw‖.
(b) Estimate the origin of the upper arm CS as

�̃�

𝐸

arm = 1/2 ∗ ‖
⃗

𝑉arm‖ ∗ ̂
𝑉arm + �̃�

𝐸

elw.

(4) Estimate the upper arm orientation: the estimated
orientation of the upper arm is computed using
Euler angle 𝑦𝑥𝑧 decomposition w.r.t. the base CS of
exoskeleton 𝐸:

(a) Estimate the rotation of the arm around the 𝑦-
axis of the 𝐸 CS using the projection of ̂𝑉arm on
the 𝑥-𝑧 plane of the fixed 𝐸 CS.

(b) Compute the rotation of the arm around the
mobile 𝑥-axis of 𝐸 CS from the inner product
of ̂𝑉arm with the mobile 𝑧-axis of 𝐸 CS.

E CS

GH CS

Elbow CS

Arm CS

x
y z

m0 CS

→
Varm

T
m1
elw

T
m0
G

m1 CS

Figure 9: Coordinate systems for the upper arm pose estimation.

(c) Estimate the rotation of the upper arm around
its longitudinal axis ⃗

𝑉arm as the rotation of the
marker𝑚

1
around vector ̂𝑉arm. This angle is the

one between (i) the mobile 𝑥-axis of 𝐸 CS and
(ii) the projection of 𝑥-axis of marker 𝑚

1
CS

onto the 𝑥-𝑦 plane of 𝐸 CS.

(5) Express the pose of the upper arm w.r.t. the 𝐸 base CS
as the 4 × 4 rigid transformation 𝑇

𝐸

arm.

3.3.5. Refer the Angles of the GH Joint w.r.t. the Acromion.
Since 𝑚

0
is rigidly attached to the acromion, the upper arm

orientation can be expressed w.r.t. the acromion by using the
inverse of 𝑇𝐸

𝑚0
:

̃
𝑇

𝑚0

arm =
̃
𝑇

𝑚0

𝐸
∗
̃
𝑇

𝐸

arm. (10)

3.4. Implementation and Simulation. The arm posture esti-
mation method was implemented by using the V-REP
robotics simulator [32]. In the simulator, the scene in Fig-
ure 2(d) is created, which includes the models of (a) a human
patient, (b) an Armeo Spring, (c) the RGB-D vision sensors
with the couplings to attach them to the exoskeleton, and
(d) the planar markers with the couplings to attach them to
the human arm. The configuration of the simulated vision
sensors is summarized in Table 1.

For the estimation of the coordinates of disk centers
𝑃

𝐼
c
𝑖 in the image 𝐼c

𝑖
, color segmentation and blob detection

algorithms available in the simulator were used. Additional
code was written to sort blob centers by color. All additional
code was written in LUA (lightweight embeddable scripting
language) scripts.

3.4.1. Generation of the Ground-Truth Poses of the Patient
Upper Limb during RAR. The accuracy of the proposed
method is determined by comparing its estimations of the
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(a) (b) (c)

Figure 10: GH joint movements: (a) shoulder flexion-extension (SFE), (b) shoulder horizontal abduction-adduction (SAbAd), and (c)
shoulder internal rotation (SIR).

Table 2: Movement dataset features.

Movement dataset Amplitude (deg.) Samples
SAbAd (6∘, 31∘, 10∘) 1000
SFE (31∘, 8∘, 1∘) 1000
SIR (3∘, 3∘, 34∘) 1000
COMB (40∘, 90∘, 60∘) 2000

upper arm poses with the ones of the simulated human
patient (ground-truth values of 𝑇𝑚0arm). To generate move-
ments of the simulated patient that resemble the ones of
therapy, we performed the next steps:

(1) Armeo movement generation: we recorded 4 time
sequence datasets of the actual Armeo joint mea-
surements (sampled at 66.6Hz) while performing
the following shoulder movements (Figure 10): (a)
shoulder horizontal abduction-adduction (SAbAd),
(b) shoulder flexion-extension (SFE), (c) shoulder
internal rotation (SIR), and (d) a combination of all
the mentioned movements (COMB). These move-
ment history datasets are used to guide a simulation
of the Armeo model.

(2) Patient movement generation: the movements of the
patient upper limb that correspond to the recorded
movements of the Armeo are computer-generated
with the method in [16].The said method provides an
estimation of the patient posture given the joint angles
of the exoskeleton by using an inverse kinematics
approach.

In this way, four sets (one per movement dataset) of
known poses of the upper arm are obtained by simulating
patient movement and compared here against those esti-
mated with our method. Our method accuracy is assessed
without compensating any time offsets between the reference
and estimated angles. In this way, real-time accuracy of

the method is assessed. Table 2 presents the approximate
amplitudes of the 𝑦𝑥𝑧 Euler angle decomposition of the
GH joint movements of the simulated patient w.r.t. its local
CS.

3.4.2. Measurement of the Estimation Performance

(1) Error in the estimation of the markers position: the
error in the position estimation of markers 𝑚

𝑖
is

computed as theRMSof expression 𝑒𝑚𝑖pos = ‖𝑝

𝐸

𝑚𝑖
−�̃�

𝐸

𝑚𝑖
‖,

where 𝑖 ∈ {0, 1}.

(2) Error in the estimation of the arm pose: the error in
the arm position estimation for a GH joint movement
dataset (𝑒armpos ) is computed as the RMS of ‖𝑝𝑚0arm−�̃�

𝑚0

arm‖

for all samples in the movement dataset.

To quantify the error in the arm orientation estima-
tion (𝑒armori ), the next steps are carried out:

(a) Compute the matrix of rotation error Roterror =
Rot𝑚0arm ∗ (

̃Rot𝑚0arm)
−1, where Rot𝑚0arm and ̃Rot𝑚0arm

are the rotation submatrices of transformation
matrices 𝑇𝑚0arm and ̃

𝑇

𝑚0

arm, respectively.
(b) Express Roterror in exponential map notation

[22] as
→

𝑒

arm
ori ∈ R3.

(c) Compute 𝑒

arm
ori as the RMS of ‖

→

𝑒

arm
ori ‖ for all

samples in the movement dataset.

3.5. Sensitivity Analysis. A sensitivity analysis is carried out
to study the influence of relevant parameters on the method
accuracy. Formally, the sensitivity analysis determines the
effect of the perturbation of the parameter𝑄 on the objective
function 𝐹(𝑄). The relative sensitivity of 𝐹(𝑄) w.r.t. 𝑄, 𝑆𝐹

𝑄
, is
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given by (11) [33].The value of 𝑆𝐹
𝑄
is the ratio (dimensionless)

between the percentual changes in 𝐹 and 𝑄:

𝑆

𝐹

𝑄
=

𝜕𝐹/𝐹

𝜕𝑄/𝑄

=

𝜕 ln (𝐹)
𝜕 ln (𝑄)

. (11)

The upper arm pose accuracy (and, therefore, that of
the GH joint angles) relies on the precise estimation of the
position of the centers of the elbow and GH joints (�̃�𝐸elw and
�̃�

𝐸

𝐺
) (Section 3.3.4), which ultimately depend on the following

transformations involving the markers:

(a) ̃𝑇
𝐸

𝑚0
and ̃

𝑇

𝐸

𝑚1
(markers w.r.t. exoskeleton).

(b) 𝑇𝑚0
𝐺

and 𝑇𝑚1elw (GH and elbow joints w.r.t. markers).
The conducted sensitivity analysis focuses on errors in

𝑇

𝑚0

𝐺
and 𝑇

𝑚1

elw, given that errors in the estimation of ̃𝑇
𝐸

𝑚0
and

̃
𝑇

𝐸

𝑚1
(Section 4.2) are small. Possible causes of errors in 𝑇

𝑚0

𝐺

and 𝑇𝑚1elw are as follows:

(1) Inaccurate computation of 𝑇𝑚0
𝐺

and 𝑇

𝑚1

elw during the
system calibration.

(2) Relative displacement of the markers w.r.t. the GH
and elbow joints due to skin movement.

In the sensitivity analysis, translations errors in matrices
𝑇

𝑚0

𝐺
and 𝑇

𝑚1

elw are induced by disturbing the location of the
markers 𝑚

𝑘
(𝑘 = [0, 1]) w.r.t. the CSs of the GH and elbow

joints. Since orientation information in 𝑇

𝑚0

𝐺
and 𝑇

𝑚1

elw is not
used to estimate the upper arm pose, it is excluded from the
sensitivity analysis.

For the sensitivity analysis (see (11)), the vector-valued
function 𝐹(𝑞) quantifies the estimation error of the arm
position and orientation (see (12)) and the parameter set 𝑞
represents the marker translation errors. The parameter set
𝑞 is defined as 𝑞 = {𝑞

1
, 𝑞
2
, 𝑞
3
, 𝑞
4
, 𝑞
5
, 𝑞
6
}, where each 𝑞

𝑗
∈ 𝑞

is a scalar representing the magnitude of a translation of a
specificmarker along a prescribed direction. Table 3 describes
the meaning of each parameter in set 𝑞:

𝐹 (𝑞) = (𝑒

arm
pos (𝑞) , 𝑒

arm
ori (𝑞)) ; 𝐹 (𝑞) : R

6
→ R

2
. (12)

The sensitivity analysis procedure (Figure 11) entails the
following steps:

(1) Load the movement dataset of the GH joint to test
(SFE, SAbAd, SIR, and COMB).

(2) Select the parameter 𝑞
𝑗
∈ 𝑞 to perturb (selection of

a marker and a direction of translation). Marker 𝑚
0

translates along axes of the GH joint CS. Marker 𝑚
1

translates along axes of the elbow joint CS (Figure 12).
(3) Apply the translation indicated by 𝑞

𝑗
to the cor-

responding marker. The marker perturbation 𝑞
𝑗
is

applied for the complete movement dataset.
(4) Compute the estimation errors of the upper arm

position and orientation 𝐹
𝑖
(𝑞) = (𝑒

arm
pos 𝑖

(𝑞), 𝑒

arm
ori 𝑖(𝑞)) as

the simulated patient moves according to the chosen
GH joint movement dataset. The current iteration of
the process is indicated by index 𝑖.

Table 3: Parameters of function 𝐹(𝑞) (error in the position and
orientation estimation of the upper arm (see (12))) to study in the
sensitivity analysis.

Parameter Meaning CS of reference

𝑞
1

Translation with magnitude ‖𝑞
1
‖

of𝑚
0
along 𝑥-axis GH joint

𝑞
2

Translation with magnitude ‖𝑞
2
‖

of𝑚
0
along 𝑦-axis GH joint

𝑞
3

Translation with magnitude ‖𝑞
3
‖

of𝑚
0
along 𝑧-axis GH joint

𝑞
4

Translation with magnitude ‖𝑞
4
‖

of𝑚
1
along 𝑥-axis Elbow joint

𝑞
5

Translation with magnitude ‖𝑞
5
‖

of𝑚
1
along 𝑦-axis Elbow joint

𝑞
6

Translation with magnitude ‖𝑞
6
‖

of𝑚
1
along 𝑧-axis Elbow joint

(5) Compute the position and orientation components
of 𝑆𝐹
𝑞𝑗

as per (11). The derivative of 𝐹(𝑞) w.r.t. 𝑞
𝑗
is

given by (13). The required derivatives are computed
numerically [34, 35]:

𝜕𝐹 (𝑞)

𝜕𝑞
𝑗

= (

𝜕𝑒

arm
pos (𝑞)

𝜕𝑞
𝑗

,

𝜕𝑒

arm
ori (𝑞)

𝜕𝑞
𝑗

) . (13)

(6) Increment 𝑞
𝑗
by Δ𝑞 and go to step (3). Repeat the

process until the desired number of iterations 𝑖 of the
procedure is reached.

The complete sensitivity analysis was performed for each
movement dataset (SFE, SAbAd, SIR, and COMB). The
directions in which marker translations occur (Table 3) are
chosen so that the markers do not leave the detection volume
of the cameras. Table 4 summarizes the parameters of the
sensitivity analysis. Translation units are in meters (mts).

4. Results and Discussion

This section presents and discusses the results of (a) esti-
mation accuracy of the marker 3D position, (b) estimation
accuracy of the upper arm pose, and (c) sensitivity analysis
of the estimation accuracy of the upper arm pose w.r.t.
translation errors in 𝑇

𝑚0

𝐺
and 𝑇𝑚1elw.

4.1. Results of Marker Position Estimation. Table 5 presents
the RMS of the estimation errors of the position of the
markers 𝑚

𝑖
per movement dataset. The mean RMS errors

of the position estimation of 𝑚
0
and 𝑚

1
for all movement

datasets are 0.00083 and 0.00208mts, respectively.
Figure 13 shows the box plots of the estimation errors

in the marker positions for all movement datasets. A greater
variation in the position estimation accuracy ofmarker𝑚

1
, in

comparison to that of𝑚
0
, is observed.We have attributed this

to (a) the higher linear and rotational velocities and likewise
(b) the larger translations and rotations that 𝑚

1
undergoes

compared to𝑚
0
.
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Figure 11: Sensitivity analysis steps.

Table 4: Parameters of the sensitivity analysis.

Minimum marker translation 𝑞min (mts) 0
Maximum iterations of the sensitivity analysis 𝑖max 10
Increment of marker translation in each iteration Δ𝑞 (mts) 0.002
Movement datasets evaluated 4

Table 5: RMS of errors (and standard deviation in parentheses) in
the position estimation of markers 𝑚

𝑖
in the datasets of GH joint

movements.

Movement 𝑚
0
[mts] 𝑚

1
[mts]

SAbAd 0.00089 (0.0001) 0.00175 (0.001)
SFE 0.00060 (0.0002) 0.00197 (0.0008)
SIR 0.00088 (0.0001) 0.00135 (0.0007)
COMB 0.00097 (0.0003) 0.00324 (0.002)

4.2. Results of Upper Arm Pose Estimation. TheRMS of errors
in the upper arm pose estimation are presented in Table 6.
By averaging the results of all movement datasets, errors of
0.00110mts and 0.88921 deg. in the upper arm position and
orientation estimation are obtained. Figure 13 shows the box

Table 6: RMS (and standard deviation in parentheses) of errors in
the upper arm position and orientation estimation in the assessed
movement datasets.

Movement Position [mts] Orientation [deg.]
SAbAd 0.00109 (0.0005) 0.92039 (0.4842)
SFE 0.00094 (0.0004) 0.83796 (0.3763)
SIR 0.00091 (0.0002) 0.73465 (0.4156)
COMB 0.00145 (0.0008) 1.0638 (0.5238)

plots of the estimation errors in the upper arm position and
orientation for all movement datasets.

In motor rehabilitation, angular errors in the range of 3–5
degrees are considered acceptable for mobility evaluation of
patients [6, 36, 37]. Figure 13 shows that our arm orientation
estimation accuracy is adequate for exoskeleton-assisted
rehabilitation.

4.3. Results of the Sensitivity Analysis. The results of the
sensitivity analysis per movement dataset of the shoulder are
presented in Figures 14, 15, 16, and 17. In each figure, the
following subfigures are presented:
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Figure 12: Sensitivity analysis. Coordinate systems of reference for the translations of (a) marker𝑚
0
and (b) marker𝑚
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Figure 13: Box plots of estimation errors in markers position and upper arm position and orientation for all movement datasets.

(a) Error in upper arm position estimation (𝑒armpos ) versus
total marker translation (𝑞

𝑗
): this figure shows the

evolution of the absolute error in the upper arm
position estimation as the error in the translation
components of matrices 𝑇𝑚0

𝐺
and 𝑇𝑚1elw increases.

(b) Error in upper arm orientation estimation (𝑒armori )
versus total marker translation (𝑞

𝑗
): this figure shows

the evolution of the absolute error in the upper arm
orientation estimation as the error in the translation
components of matrices 𝑇𝑚0

𝐺
and 𝑇𝑚1elw increases.

(c) Position component of 𝑆𝐹
𝑞𝑗
versus total marker trans-

lation (𝑞
𝑗
): this figure shows the evolution of the

relative sensitivity metric corresponding to the error
in the upper arm position estimation as the error in

the translation components of matrices 𝑇𝑚0
𝐺

and 𝑇

𝑚1

elw
increases.

(d) Orientation components of 𝑆𝐹
𝑞𝑗

versus total marker
translation (𝑞

𝑗
): this figure shows the evolution of the

relative sensitivity metric corresponding to the error
in the upper armorientation estimation as the error in
the translation components of matrices 𝑇𝑚0

𝐺
and 𝑇

𝑚1

elw
increases.

4.3.1. Sensitivity in Arm Position Estimation. Regarding the
arm position estimation, one can observe that translations of
marker 𝑚

0
produce larger absolute errors than translations

of marker 𝑚
1
. This difference is due to the fact that the

translations of 𝑚
0
produce a larger change in ‖

⃗
𝑉arm‖ when
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Figure 14: Results of the sensitivity analysis with the SAdAdmovement dataset (𝑞
𝑗
:𝑚
0
-𝑥movement/𝑚

0
-𝑦movement/𝑚

0
-𝑧movement/𝑚

1
-𝑥

movement/𝑚
1
-𝑦movement/𝑚

1
-𝑧movement).

compared to the one produced by translations of 𝑚
1
. Note

that since �̃�𝐸arm is computed by using ⃗
𝑉arm, any modification

in ‖
⃗

𝑉arm‖ directly affects the accuracy of �̃�
𝐸

arm.
Observing the behavior of the position component of

𝑆

𝐹

𝑞𝑗
, one can conclude that all translations of the markers

𝑚
0
and 𝑚

1
contribute similarly to the error in the arm

position estimation. The curves obtained for the position
component of 𝑆𝐹

𝑞𝑗
resemble a logarithmic function with an

asymptote along the value 1 of the ordinate axis. A value
of 1 in the magnitude of the position component of 𝑆

𝐹

𝑞𝑗

means that a percentage change in the magnitude of the
marker translation produced the same percentage change
(also matching the sign) in the magnitude of the error in the
arm position estimation.

4.3.2. Sensitivity in Arm Orientation Estimation. In Figures
14, 15, 16, and 17, one can observe that the translations of
marker 𝑚

1
produce larger absolute errors in the upper arm

orientation estimation when compared to those produced by
translations of marker 𝑚

0
. Notice that the 𝑥-axis and 𝑧-axis

of the elbow joint CS are always perpendicular to the upper
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Figure 15: Results of the sensitivity analysis with the SFE movement dataset (𝑞
𝑗
: 𝑚
0
-𝑥 movement/𝑚

0
-𝑦 movement/𝑚

0
-𝑧 movement/𝑚

1
-𝑥

movement/𝑚
1
-𝑦movement/𝑚

1
-𝑧movement).

arm vector ( ⃗
𝑉arm) (Figure 12(b)). When the position of𝑚

1
is

perturbed along the said axes, the angle between (i) the actual
upper arm vector ( ⃗

𝑉arm) and (ii) the estimated upper arm
vector (̃𝑉arm) (which is inaccurate due to the perturbation of
the marker position) is maximal.

A side effect of the marker position perturbation is that
the marker 𝑚

𝑖
suffers modifications of scale and changes in

the level of perspective distortion in the images of camera
𝑟
𝑖
, affecting the accuracy of the system. This situation can

be observed in Figures 14(b), 15(b), 16(b), and 17(b), where
translations of 𝑚

1
along the 𝑦-axis of the elbow joint CS

should not produce variations in the orientation estimation
error. However, on the contrary, slight variations in the
accuracy of the orientation estimation are indeed present in
the mentioned figures.

4.3.3. Robustness of the Upper Arm Pose Estimation Method.
In Figures 14(c), 14(d), 15(c), 15(d), 16(c), 16(d), 17(c), and
17(d) one can observe that the position component of 𝑆𝐹

𝑞𝑗

increases faster than the orientation component of 𝑆𝐹
𝑞𝑗
. The

behavior of 𝑆𝐹
𝑞𝑗

observed remains across the datasets used.
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Figure 16: Results of the sensitivity analysis with the SIR movement dataset (𝑞
𝑗
: 𝑚
0
-𝑥 movement/𝑚

0
-𝑦 movement/𝑚

0
-𝑧 movement/𝑚

1
-𝑥

movement/𝑚
1
-𝑦movement/𝑚

1
-𝑧movement).

Hence, the orientation estimation of the upper arm is more
robust than the position estimation w.r.t. errors in the
translational components of matrices 𝑇𝑚0

𝐺
and 𝑇𝑚1elw.

The results of the sensitivity analysis show that the
assumption that transformations 𝑇𝑚0

𝐺
and 𝑇

𝑚1

elw are rigid is
reasonable. Even with marker drifts of 0.02mts, the GH joint
angles can be estimated with an accuracy (RMSE 3.6 deg.)
appropriate for the mobility evaluation of patients (in the
range of 3–5 deg.).

Marker drifts must be mitigated by the marker attach-
ments to the human body. Furthermore, marker attachments

should be designed to minimize the effect of errors in 𝑇

𝑚0

𝐺

and 𝑇

𝑚1

elw on the method accuracy. For example, notice how
the attachment ofmarker𝑚

1
(Figure 12(b)) locatesmarker𝑚

1

with an offset w.r.t. the elbow joint center along the direction
which least affects the upper arm orientation estimation.

The results presented suggest that the method we imple-
mented is a feasible alternative for estimating the GH joint
angles in a RAR scenario.

4.4. Comparison to Related Works. The literature review
provided no references other than [16–20] for upper limb
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Figure 17: Results of the sensitivity analysis with the COMBmovement dataset (𝑞
𝑗
:𝑚
0
-𝑥movement/𝑚

0
-𝑦movement/𝑚

0
-𝑧movement/𝑚

1
-𝑥

movement/𝑚
1
-𝑦movement/𝑚

1
-𝑧movement).

posture estimation (including the GH joint) in exoskeleton-
based rehabilitation using computational methods. Among
the mentioned works, only [20] reports the errors (mean
RMSE 4.8 deg.) in the GH joint angles estimation. Reference
[20] reports RMSE values of the GH joint angles only for
the best-case scenario (swivel angle mean RMSE 5 deg.). For
all the movement tasks tested, the method in [20] presents
a mean RMSE of 10 deg. for the swivel angle estimations.
Given that global errors of the swivel angle double those
of the best-case scenario, a report of global errors of GH
joint angle estimations of the method in [20] is required

to reach a conclusion regarding its suitability for clinical
use.

Table 7 summarizes the comparison of our contributions
w.r.t. comparable works (i.e., [20]).

5. Conclusions and Future Work

In the context of RAR, this paper presents the formulation,
implementation, and assessment, in silico, of a novel accurate
method to estimate the patient GH joint angles during
therapy. Our method does not require redundant markers



Applied Bionics and Biomechanics 17

Table 7: Contributions of this paper w.r.t. comparable works.

Work Method Method evaluation Accuracy of GH joint angles

[20] IK-based swivel
angle estimation

(1) Studied angles: swivel angle plus the shoulder,
elbow, and wrist joint angles
(2) Reference angles: obtained from custom-made
inertial MOCAP; homologation-calibration of the
readings is not reported
(3) Movements: compound movements
(4) Sensitivity analysis: no

Mean RMSE: 4.8 deg. (best-case scenario)

This paper
Hybrid
exoskeleton-optical
MOCAP

(1) Studied angles: shoulder angles
(2) Reference angles: simulated
(3) Movements: 1-DOF and multi-DOF shoulder
movements
(4) Sensitivity analysis: method accuracy w.r.t.
marker position errors produced by marker drift or
calibration errors

(a) Mean RMSE: 0.9 deg. (assuming no marker
drift or calibration errors)
(b) Mean RMSE: 3.6 deg. (with marker drift or
calibration errors up to 20mm)

or cameras and relies on simple geometric relationships and
tools of standard robotics and computer vision libraries.
These characteristics make it economical and readily appli-
cable in RAR.

The accuracy and the robustness of our method are
evaluated using computer-generated human movement data
corresponding to actual movement datasets of the Armeo
Spring. We present a formal sensitivity analysis of the pose
estimation accuracy w.r.t. marker position estimation errors
produced by (a) system calibration errors and (b) marker
drifts (due to skin artifacts). This analysis indicates that even
in the presence of large marker position errors our method
presents an accuracy that is acceptable for patient mobility
appraisal.

Future work includes (a) implementation of the method
using commercially available RGB-D vision sensors, (b) eval-
uation of the method accuracy with actual humanmovement
data, (c) adaptation of the method using solely RGB cameras,
and (d) extension of our method to address other limbs.

Appendix

Problem Statement

Given. Consider the following:

(1) A human patient upper body with a kinematic model
𝐻(𝐿

𝐻
, 𝐽

𝐻
) (Figure 2(a)). Consider the following

remarks:

(a) The model is a simplified version of the spine,
arm, and scapuloclavicular systems. However,
since we focus on the study of the upper limb,
we only describe in detail the kinematic model
of the said limb.

(b) The set of links is 𝐿𝐻 = {𝑙

𝐻

0
, . . . , 𝑙

𝐻

𝑔+1
}, containing

the sternum, clavicle, upper arm, forearm, and
hand (𝑔 = 4).

(c) The set of joints is 𝐽𝐻 = {𝑗

𝐻

0
, . . . , 𝑗

𝐻

𝑔
}, containing

the sternoclavicular,GH, elbow, andwrist joints.

(i) 𝑋
𝑖
denotes the number of DOFs of 𝑗𝐻

𝑖
.𝑋
𝑖
=

1, 2, or 3 (𝑖 = 0, 1, . . . , 𝑔).
(ii) V𝐻
𝑖
= (𝜃
1
, . . . , 𝜃

𝑋𝑖
) is an𝑋

𝑖
-tuple whose 𝑘th

component is the angle of the 𝑘th DOF of
joint 𝑖th, 𝑗𝐻

𝑖
(𝑖 = 0, 1, . . . , 𝑔).

(iii) 𝐺 is the index of the GH joint (0 ≤ 𝐺 ≤ 𝑔).
𝑋
𝐺
= 3 since the GH joint has 3 DOFs. V𝐻

𝐺

is the 3-tuple containing the values of the
DOF of the 𝐺 (GH) joint.

(iv) V𝐻
𝐺
(𝑡) registers the status, at time 𝑡, of the

DOF of the GH joint.
(d) 𝐻 is an open kinematic chain, and, therefore,

𝑙

𝐻

𝑖
and 𝑙

𝐻

𝑖+1
are connected by joint 𝑗

𝐻

𝑖
(𝑖 =

0, 1, . . . , 𝑔).

(2) An exoskeleton with a kinematic model 𝐸(𝐿𝐸, 𝐽𝐸),
which is attached to the patient’s limb 𝐻 and assists
the patient when performing rehabilitation exercises
(Figure 2(b)). Consider the following remarks:

(a) The set of links is 𝐿𝐸 = {𝑙

𝐸

0
, . . . , 𝑙

𝐸

𝑓+1
}.

(b) The set of joints is 𝐽𝐸 = {𝑗

𝐸

0
, . . . , 𝑗

𝐸

𝑓
}.

(i) 𝑌
𝑖
denotes the number of DOFs of 𝑗𝐸

𝑖
.

(ii) V𝐸
𝑖

= (𝜃
1
, . . . , 𝜃

𝑌𝑖
) is a 𝑌

𝑖
-tuple whose 𝑘th

component is the angle of the 𝑘th DOF of
joint 𝑖th, 𝑗𝐸

𝑖
(𝑖 = 0, 1, . . . , 𝑓).

(c) 𝐸 is modeled as an open kinematic chain, and,
therefore, 𝑙𝐸

𝑖
and 𝑙

𝐸

𝑖+1
are connected by joint

𝑗

𝐸

𝑖
(𝑖 = 0, 1, . . . , 𝑓).

(d) The V𝐸 𝑏-tuple (𝑏 = ∑

𝑓

𝑖=0
𝑌
𝑖
) contains the

set of independent coordinates which uniquely
defines a configuration of 𝐸.
(i) Also V𝐸 = (V𝐸

0
, . . . , V𝐸

𝑖
, . . . , V𝐸

𝑓
).

(ii) V𝐸(𝑡) registers the state, at time 𝑡, of the
DOF of 𝐸, which is known ∀𝑡.

(e) The exoskeleton may be configured to impose
specific motion constraints on the patient by
blocking specific joints of the 𝐽𝐸 set.
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(3) A marker-based optical tracking system 𝑅 composed
of two RGB-D cameras and two planar markers
(Figure 2(c)). Consider the following remarks:

(a) A set 𝑀 = {𝑚
0
, 𝑚
1
} of planar markers that are

detected by the cameras of 𝑅 and are installed
on the patient upper limb.
(i) All 𝑚

𝑖
present the same 2D square geome-

try, with a disk in each corner.The position
of each disk w.r.t. the marker CS is known.
The set of disks is𝐾 = {𝑘

0
, . . . , 𝑘

𝑗
, . . . , 𝑘

𝑛
}.

(A) 𝑘
𝑗
presents a color 𝑠

𝑗
∈ 𝑆 that can be

detected by 𝑅 (Figure 2(c)).
(B) The set of colors of the disks mounted

on each 𝑚
𝑖
is 𝑆 = {𝑠

0
, . . . , 𝑠

𝑗
, . . . , 𝑠

𝑛
}.

Each 𝑠
𝑗
∈ R3 is representedwith a RGB

color code.
(C) 𝑠
𝑗

̸= 𝑠
𝑖
∀𝑖, 𝑗 ∈ [0, 𝑛] ∧ 𝑖 ̸= 𝑗.

(ii) 𝑚
0
is mounted on the acromion with a 0-

DOF coupling (Figure 2(d)). A rigid trans-
formation matrix 𝑇

𝑚0

𝐺
defines the relative

position and orientation of the GH joint CS
w.r.t. the CS of𝑚

0
.

(iii) 𝑚
1
is mounted on the upper arm with a 0-

DOF coupling (Figure 2(d)). A rigid trans-
formation matrix 𝑇

𝑚1

elw defines the relative
position and orientation of the elbow joint
CS w.r.t. the CS of 𝑚

1
. Note that, to com-

pute the GH joint angles, the calculation of
the elbow joint angles is not necessary with
this setup.

(iv) The rigid transformation matrices 𝑇𝑚0
𝐺

and
𝑇

𝑚1

elw ∈ R4×4 are estimated during the
calibration of the system.

(b) A set𝑅 = {𝑟
0
, 𝑟
1
} of low-cost cameras is installed

in the exoskeleton.
(i) 𝑟
0
is mounted on exoskeleton link 𝑙

𝐸

0
with

a 0-DOF coupling, such that the disks on
𝑚
0
are inside its detection volume during

the rehabilitation exercises.The rigid trans-
formation matrix 𝑇

𝑙
𝐸

0

𝑟0
defines the relative

position and orientation of the CS of 𝑟
0

w.r.t. the 𝑙𝐸
0
CS.

(ii) 𝑟
1
is mounted on the exoskeleton link 𝑙

𝐸

8

with a 0-DOF coupling, such that it can
detect the disks on𝑚

1
(see Figure 2(c)).The

rigid transformation matrix 𝑇𝑙
𝐸

8

𝑟1
defines the

relative position and orientation of the CS
of 𝑟
1
w.r.t. the 𝑙𝐸

8
CS.

(iii) The rigid transformation matrices 𝑇𝑙
𝐸

0

𝑟0
and

𝑇

𝑙
𝐸

8

𝑟1
∈ R4×4 are estimated during system

calibration.
(iv) Remarks on each camera 𝑟

𝑖
are as follows:

(A) 𝑟
𝑖
renders RGB image 𝐼c

𝑖
of𝐴×𝐵 pixels.

The pixel coordinates (𝑢, V) take values
0 ≤ 𝑢 ≤ 𝐴 − 1 and 0 ≤ V ≤ 𝐵 − 1.

(B) 𝑟
𝑖
renders a depth image associated

with the scene in 𝐼

c
𝑖
, defined as 𝐼d

𝑖
, of

𝐿 × 𝑁 pixels; 𝐿 ≤ 𝐴 and 𝑁 ≤ 𝐵.
The pixel coordinates (𝑢, V) in 𝐼

d
𝑖
take

values 0 ≤ 𝑢 ≤ 𝐿 − 1 and 0 ≤ V ≤

𝑁 − 1. The CS of images 𝐼c
𝑖
and 𝐼

d
𝑖
is

coincident.
(C) 𝑟
𝑖
presents a truncated square pyra-

mid detection volume parametrized by
theminimumandmaximumdetection
distances and the horizontal and verti-
cal field of view of 𝑟

𝑖
. Table 1 presents

themodel features of the vision sensors
that have been used for the simula-
tions.

(v) The system of cameras 𝑅 produces the
following array sequence of each 𝑟

𝑖
:

(A) 𝐶
𝑖
(1×3∗𝐴∗𝐵) contains the RGB color

associated with each pixel (𝑢, V) ∈ 𝐼

c
𝑖
.

(B) 𝐷
𝑖
(1×𝐿∗𝑁∗3) contains the (𝑋,𝑌, 𝑍)

coordinates of the object in each pixel
(𝑢, V) ∈ 𝐼

d
𝑖
w.r.t. the 𝑟

𝑖
CS.

Goal

(1) Find the values of Ṽ𝐻
𝐺
(𝑡) ∈ R3, which approximates

V𝐻
𝐺
(𝑡) such that 𝑒 = ‖V𝐻

𝐺
(𝑡) − Ṽ𝐻

𝐺
(𝑡)‖

2 is minimum ∀𝑡.

(a) ‖𝑥‖ is the Euclidean norm of vector 𝑥.

Glossary

Acromion: Region of the scapula bone above the GH
joint

Clavicle: Bone of the shoulder girdle located at the
root of the neck

CS(s): Coordinate system(s)
COMB: Combination of movements of the GH

joint (SAbAd, SFE, and SIR)
DOF(s): Degree(s) of freedom
GH: Glenohumeral
Humerus: Upper arm bone
MOCAP(s): Motion capture system(s)
mts: Meters
RAR: Robot-Assisted Rehabilitation
RMS: Root mean square
Scapula: Bone that connects the humerus to the

clavicle
SAbAd: Shoulder horizontal

abduction-adduction
SFE: Shoulder flexion-extension
SIR: Shoulder internal rotation
VR: Virtual Reality
V-REP: Virtual Robot Experimentation Platform
w.r.t.: With respect to
𝐸: Exoskeleton kinematic model
𝐻: Human upper body kinematic model
𝑀 = {𝑚

0
, 𝑚
1
}: Set of planar markers mounted on the
patient
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𝑝

𝐸

𝐺
: Position of the GH joint w.r.t. the 𝐸 CS

𝑝

𝐸

elw: Position of the elbow joint w.r.t. the 𝐸 CS
𝑅 = {𝑟

0
, 𝑟
1
}: Set of vision sensors that compose the

optical MOCAP
V𝐻
𝐺
(𝑡): 3-tuple of joint angles of the GH joint at

instant 𝑡
V𝐸(𝑡): Tuple of joint angles of the exoskeleton

kinematic model at instant 𝑡
𝑇

𝐸

𝑚𝑖
: Transformation matrix of marker𝑚

𝑖

w.r.t. the 𝐸 base CS
𝑇

𝑟𝑖

𝑚𝑖
: Transformation matrix of marker𝑚

𝑖

w.r.t. the 𝑟
𝑖
CS

𝑇

𝑚0

𝐺
: Transformation matrix of the GH joint

w.r.t. the𝑚
0
marker

𝑇

𝑚1

elw: Transformation matrix of the elbow joint
w.r.t. the𝑚

1
marker

Notation 𝑥

𝑦

𝑧
: 𝑥 can be a position, transformation, and
so forth, of object 𝑧 w.r.t. object 𝑦 CS.
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The objective of this study is to investigate the effect of mechanical vibration stimulation on the muscle force and muscle reaction
time of lower leg according to perception threshold and vibration frequency. A vibration stimulation with perception threshold
intensity was applied on the Achilles tendon and tibialis anterior tendon. EMG measurement and analysis system were used to
analyze the change of muscle force and muscle reaction time according to perception threshold and vibration frequency. A root-
mean-square (RMS) value was extracted using analysis software andMaximumVoluntary Contraction (MVC) and Premotor Time
(PMT) were analyzed. The measurement results showed that perception threshold was different from application sites of vibration
frequency. Also, the muscle force and muscle reaction time showed difference according to the presence of vibration, frequency,
and intensity. This result means that the vibration stimulation causes the change on the muscle force and muscle reaction time and
affects the muscles of lower leg by the characteristics of vibration stimulation.

1. Introduction

Decreased balance and muscle force with aging cause unsta-
ble gait, which often results in falls [1]. Gait is a continuous
and repeated movement requiring ability to balance [2].
The ability to balance for gait requires integrated actions
of sensory organs, central nerve system, ability to manage
exercise, and muscle functions [3]. However, older adults
have decreased speed of transferring signals in central nerve
system as a response to stimuli for maintaining balance. And
weakened muscle force of lower limb decreases the speed,
stride, and step frequency and as a result, the risk of falls
increases [4]. To prevent falls of the older adults,many studies
have been conducted on the improvement of balance and
strengthening of muscle force.

Somatosensory vibration stimulation has been proven to
decrease the body sway and to increase the postural stability
by some studies [5–9]. Eklund reported that the activation of
muscles using vibration helped the stability of posture [10].

Also there are some studies that investigated the effect of
vibration stimulation on the muscle functions. Curry and
Clelland reported that the vibration stimulation increased
MVC (Maximum Voluntary Contraction) [11], and Kang et
al. reported that the systemic vibration exercise stimulated
muscle nerves and shortened the muscle reaction time of the
muscles [12].

However, many previous studies used only vibration
stimulus with single characteristic and the different char-
acteristics of individual vibration were not taken into con-
sideration. Moreover, Pacinian corpuscle, a sensory receptor
responding to vibration stimulation, was reported to respond
sensitively at the frequency of 100Hz–300Hz [13–15]. How-
ever, such frequency range of vibration stimulation was too
broad to investigate its effect on the muscle activities. As a
result, a previous study was conducted tomeasure perception
threshold to vibration stimulation and to investigate narrower
frequency range to which sensory receptors respond more
sensitively [16]. From the result of the study, this study will
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analyze the effect of vibration on themuscle force andmuscle
reaction time of lower leg according to perception threshold
using MVC and PMT.

2. Materials and Methods

2.1. Subjects. Ten adult males (age: 26.9±1.5, height: 171.2 cm
± 2, and weight: 65.9 kg ± 5.3) participated in this study.
The subjects did not have any musculoskeletal diseases and
neurological diseases. The subjects did not exercise regularly
and have not had experienced special body and vibration
exercise. The study was approved by the IRB of Chonbuk
National University (IRB File number JBNU 2015-06-012).

2.2. Equipment. The small-linear actuator was used to apply
vibration. A function generator was used to modify the
intensity and frequency of vibration. To fix the small-linear
actuator at the Achilles tendon and tibialis anterior tendon,
we used rubber band. For EMGmeasurement, the electrodes
(DELSYS Inc., Surface EMG Sensor) were attached on the
tibialis anterior muscle and triceps surae and ground elec-
trode was attached on the patella to obtain the muscle force
and muscle reaction time. An auditory signal was prepared
to measure PMT. The signal and vibration were applied
simultaneously.

2.3. Measurement and Extraction of Muscle Force and Muscle
Reaction Time. To investigate the change of muscle force
and muscle reaction time by applying vibration stimulation,
the MVC (Maximum Voluntary Contraction) and PMT
(Premotor Time) were measured. For this purpose, EMG
measurement system (Bagnoli� Desktop EMG Systems,
DELSYS Inc., USA) was used. The MVC is the maximum
force which a subject can produce voluntary. PMT is the
time that takes to reach the motor end plate through the
cortex of the cerebrum and motor neuron from the point of
stimulation. Therefore, PMT refers to the reaction time by
nerve element [17]. The subject performed the MVC at the
same time as vibration applied and measured the peak value
of RMS (root-mean-square) EMG.The subject performed the
muscle contraction at the same time as auditory signal. The
time to muscle activation start time from the apply point
of the auditory signal was extracted from the RMS EMG
(Figure 1).

2.4. Protocol. In order to investigate the change in the
muscle force and muscle reaction time in accordance with
the characteristics of the vibration stimulation (frequency,
intensity), we made the vibration stimulation conditions.
Based on previous studies that investigated vibration per-
ceptive threshold according to vibration frequency, 180Hz,
190Hz, and 250Hz were selected as the vibration stimula-
tion frequency. Likewise, intensity of perception threshold
(100%) and subthreshold (80%) was selected as the vibration
stimulation intensity [16]. Seven vibration conditions were
set by combining nonstimulation, frequency of vibration, and
intensity of vibration.WithMVC and PMTmeasured 3 times

PMT

Sound and vibratory stm

Raw EMG

RMS EMG

1 21.5 2.50.5
(s)

Figure 1: PMT extraction example.

in each condition, the stimulationwas applied randomly, with
3 minutes of break time after each trial.

2.5. Data Analysis. Based on the MVC value of nonstimula-
tion conditions, increase and decrease of change rate of MVC
value of vibration stimulation condition were analyzed. PMT
was analyzed by the samemethod. In this study,we conducted
statistical analysis on the result using the Wilcoxon Signed
Ranks Test of SPSS 18.0. The result was validated at the
significance level of 𝑝 < 0.05.

3. Results

3.1. Change of Muscle Force according to the Characteristics
of Vibration. The following is the results of MVC according
to the vibration stimulation applied to the muscles of the
lower leg through the Achilles tendon and the tibialis anterior
tendon. Table 1 shows the increase rate of muscle force [%]
when the vibration was applied on the Achilles tendon and
the tibialis anterior tendon to stimulate triceps surae and
tibialis anterior muscle. The increase rate of muscle force
[%] was obtained by comparing with the MVC data without
stimulation.

Table 1 showed that the muscle force increased with
the vibration stimulation for both the triceps surae and
tibialis anterior muscle compared without stimulation. The
strength of both triceps surae and tibialis anterior muscle
significantly increased with the vibration applied on the
Achilles tendon (Soleus 𝑝 value = 0.022, Lateral Gastroc-
nemius 𝑝 value = 0.049, Medial Gastrocnemius 𝑝 value =
0.033, and tibialis anterior 𝑝 value = 0.047). The strength
of Medial Gastrocnemius muscle significantly increased with
the vibration applied on the tibialis anterior tendon (Medial
Gastrocnemius 𝑝 value = 0.017). The strength of Soleus
muscle, Lateral Gastrocnemius muscle, and tibialis anterior
muscle increased compared to that without stimulation
without showing statistical significance (Soleus 𝑝 value =



Applied Bionics and Biomechanics 3

Table 1: The increase rate of muscle force by vibration stimulation applied on the Achilles tendon and tibialis anterior tendon [%].

Soleus Lateral Gastrocnemius Medial Gastrocnemius Tibialis anterior
Achilles tendon 10.01∗± 7.03 11.97∗± 7.12 14.52∗± 7.99 10.51∗± 7.02
Tibialis anterior tendon 6.53 ± 5.30 9.83 ± 6.43 9.34∗± 5.41 5.74 ± 5.75
∗

𝑝 < 0.05. Nonstimulation versus stimulation.
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Figure 2: The increase rate of muscle force by the vibration frequency applied on the Achilles tendon and tibialis anterior tendon [%] (∗𝑝 <
0.05. 180Hz versus 190Hz). (a) Achilles tendon. (b) Tibialis anterior tendon.

0.678, Lateral Gastrocnemius 𝑝 value = 0.102, and tibialis
anterior 𝑝 value = 0.221).

Figures 2(a) and 2(b) show the increase rate of muscle
force [%] by the vibration frequency applied on the Achilles
tendon and tibialis anterior tendon.

The increase rate of muscle force was the greatest at
12% and 11% with the vibration frequency of 180Hz and the
smallest at 7% and 9% with the frequency of 190Hz when
the vibration was applied on the Soleus muscle and tibialis
anterior muscle, respectively (Figure 2(a)). The increase rate
of muscle force was the greatest at 15% and 17% with the
vibration frequency of 180Hz and the smallest at 9% and 13%
with the frequency of 250Hz when the vibration was applied
on the Lateral Gastrocnemius muscle andMedial Gastrocne-
mius muscle, respectively. (Figure 2(b)) The increase rate of
muscle force was the greatest at 9 and 7% with the vibration
frequency of 180Hz and the smallest at 4 and 5% with the
frequency of 250Hz when the vibration was applied on the
Soleus muscle and tibialis anterior muscle, respectively. The
increase rate of muscle force was the greatest at 14 and 13%
with the vibration frequency of 180Hz and the smallest at
6 and 6% with the frequency of 190Hz when the vibration
was applied on the Lateral Gastrocnemiusmuscle andMedial
Gastrocnemius muscle, respectively. The increase rate of
muscle force was the greatest at the frequency of 180Hz
(Figure 2(b) Lateral Gastrocnemius: 180Hz–190Hz 𝑝 value
= 0.007; Medial Gastrocnemius: 180Hz–190Hz 𝑝 value =
0.019).

In Table 2, the increase rate of muscle force showed dif-
ference by the intensity of vibration, between the intensity of
perception threshold (100%) and subthreshold (80%) on the
Achilles tendon to stimulate triceps surae and tibialis anterior
muscle but the difference was not statistically significant.

In Table 3, the increase rate of muscle force showed dif-
ference by the intensity of vibration, between the intensity of
perception threshold (100%) and subthreshold (80%) on the
Achilles tendon to stimulate triceps surae and tibialis anterior
muscle but the difference was not statistically significant.

3.2. Change in Muscle Reaction Time according to the Char-
acteristics of Vibration. The following is the results of PMT
according to the vibration applied to the muscles of the
lower leg through the Achilles tendon and the tibialis anterior
tendon. Table 4 shows the muscle reaction time [Sec] when
the vibration was applied on the Achilles tendon and the
tibialis anterior tendon to stimulate triceps surae and tibialis
anterior muscle. The increase rate of muscle force was
obtained by comparing the PMT data without stimulation.

Table 4 showed that the muscle reaction time decreased
with the vibration stimulation for both the triceps surae
and tibialis anterior muscle compared with those without
stimulation. The muscle reaction time of both triceps surae
and tibialis anterior muscle significantly decreased with the
vibration applied on the Achilles tendon (Soleus 𝑝 value
= 0.005, Lateral Gastrocnemius 𝑝 value = 0.009, Medial
Gastrocnemius 𝑝 value = 0.005, and Tibialis Anterior 𝑝 value
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Table 2: The increase rate of muscle force according to the intensity of vibration, perception threshold (100%) and subthreshold (80%) on
the Achilles tendon [%].

Lower leg muscles
Soleus Lateral Gastrocnemius Medial Gastrocnemius Tibialis anterior

% 𝑝 value % 𝑝 value % 𝑝 value % 𝑝 value

Achilles tendon

180Hz 100% 16.04 ± 8.02 0.445 15.43 ± 7.71 0.386 16.25 ± 8.13 0.059 14.29 ± 7.15 0.241
80% 6.58 ± 12.54 13.11 ± 12.99 10.37 ± 8.43 20.17 ± 17.89

190Hz 100% 17.18 ± 8.59 0.386 12.44 ± 6.22 0.285 18.31 ± 9.16 0.878 18.04 ± 9.02 0.333
80% 10.9 ± 11.57 17.78 ± 15.3 14.3 ± 10.42 15.8 ± 17.58

250Hz 100% 8.37 ± 4.19 0.594 15.58 ± 7.79 0.285 14.65 ± 7.33 0.878 9.93 ± 4.97 0.139
80% 14.78 ± 9.43 13.68 ± 19.92 13.5 ± 9.85 18.7 ± 11.39

Table 3: The increase rate of muscle force according to the intensity of vibration, perception threshold (100%) and subthreshold (80%) on
the tibialis anterior tendon [%].

Lower leg muscles
Soleus Lateral Gastrocnemius Medial Gastrocnemius Tibialis anterior

% 𝑝 value % 𝑝 value % 𝑝 value % 𝑝 value

Tibialis anterior tendon

180Hz 100% 7.14 ± 3.57 0.799 12.04 ± 6.02 0.386 12.22 ± 6.11 0.575 13.22 ± 6.61 0.878
80% 9.06 ± 10.75 9.89 ± 7.76 11.06 ± 7.12 8.93 ± 6.52

190Hz 100% 11.84 ± 5.92 0.575 13.06 ± 6.53 0.646 10.04 ± 5.02 0.799 12.74 ± 6.37 0.959
80% 6.23 ± 13.04 8.15 ± 14.61 5.72 ± 8.52 6.28 ± 5.99

250Hz 100% 12.48 ± 6.24 0.508 13.68 ± 6.84 0.386 10.11 ± 5.06 0.386 9.18 ± 4.59 0.114
80% 5.82 ± 20.19 15.18 ± 19.52 7.63 ± 8.24 3.11 ± 6.86

Table 4: The muscle reaction time by the vibration stimulation applied to the Achilles tendon and the tibialis anterior tendon [Sec].

Soleus Lateral Gastrocnemius Medial Gastrocnemius Tibialis anterior
Nonstimulation 0.285∗± 0.060 0.281∗± 0.060 0.262∗± 0.059 0.193∗± 0.072
Achilles tendon stimulation 0.199∗± 0.069 0.203∗± 0.072 0.188∗± 0.071 0.124∗± 0.069
Tibialis anterior tendon stimulation 0.196∗± 0.081 0.198∗± 0.087 0.187∗± 0.087 0.125∗± 0.079
∗

𝑝 < 0.05. Nonstimulation versus stimulation.

= 0.009). The muscle reaction time of both triceps surae
and tibialis anterior muscle significantly decreased with the
vibration applied on the tibialis anterior tendon (Soleus 𝑝
value = 0.005, Lateral Gastrocnemius 𝑝 value = 0.013, Medial
Gastrocnemius 𝑝 value = 0.005, and tibialis anterior 𝑝 value
= 0.012).

Figures 3(a) and 3(b) show themuscle reaction time [Sec]
according to the vibration frequency applied on the Achilles
tendon and tibialis anterior tendon. The muscle reaction
time was significantly shorter with the vibration stimulation
on the Achilles tendon at 180Hz frequency compared with
that without stimulation (Figure 3(a)). Moreover, the muscle
reaction time at the frequency of 180Hz was the shortest
compared with the other frequencies.

In Table 5, the reaction time showed difference by the
intensity of vibration, the intensity of perception threshold
(100%) and subthreshold (80%) on the Achilles tendon to
stimulate triceps surae and tibialis anterior muscle, but the
difference was not statistically significant.

In Table 6, the reaction time showed difference by the
intensity of vibration, the intensity of perception threshold
(100%) and subthreshold (80%) on the Achilles tendon to

stimulate triceps surae and tibialis anterior muscle, but the
difference was not statistically significant.

4. Discussion

4.1. Change of Muscle Force according to the Characteristics
of Vibration. This study analyzed the change of muscle force
according to the characteristics of vibration using MVC.
The muscle force significantly increased with the vibration
stimulation compared to that without any stimulation. This
result could be assumed that the vibration applied on the
Achilles tendon and tibialis anterior tendon improved the
muscle force of the triceps surae and tibialis anterior muscle
which, in turn, improve the stability of the lower leg during
gait.The vibration stimulation applied on the Achilles tendon
rather than the tibialis anterior tendon proved to be more
effective, which meant the vibration applied to the Achilles
tendon had a greater effect on the muscle force increase.
A vibration stimulation with different vibration frequency
on the Achilles tendon and tibialis anterior tendon was
applied. The results showed that the vibration frequency of
180Hz had the greatest increase of muscle force for both
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Figure 3: The muscle reaction time by the vibration stimulation applied on the Achilles tendon and tibialis anterior tendon according to
vibration frequency [Sec] (∗𝑝 < 0.05. nonstimulation versus other frequencies, ∗∗𝑝 < 0.05. 180Hz versus other frequencies). (a) Achilles
tendon. (b) Tibialis anterior tendon.

Table 5:Themuscle reaction time according to the intensity of vibration, perception threshold (100%) and subthreshold (80%) on theAchilles
tendon [Sec].

Lower leg muscles
Soleus Lateral Gastrocnemius Medial Gastrocnemius Tibialis anterior

Sec 𝑝 value Sec 𝑝 value Sec 𝑝 value Sec 𝑝 value

Achilles tendon

180Hz 100% 0.174 ± 0.038 0.123 0.182 ± 0.038 0.112 0.168 ± 0.037 0.085 0.124 ± 0.029 0.672
80% 0.191 ± 0.038 0.194 ± 0.041 0.182 ± 0.039 0.124 ± 0.037

190Hz 100% 0.201 ± 0.026 0.905 0.205 ± 0.031 0.858 0.197 ± 0.029 0.406 0.122 ± 0.031 0.293
80% 0.208 ± 0.036 0.210 ± 0.034 0.191 ± 0.035 0.115 ± 0.033

250Hz 100% 0.222 ± 0.035 0.176 0.226 ± 0.039 0.176 0.207 ± 0.035 0.236 0.128 ± 0.043 0.676
80% 0.201 ± 0.033 0.201 ± 0.034 0.180 ± 0.038 0.132 ± 0.034

the Achilles tendon and tibialis anterior tendon. It could
be assumed that the change of muscle force is dependent
on the frequency from this result. The vibration stimulation
with the intensity of perception threshold and subthreshold
(80%)was applied on the Achilles tendon and tibialis anterior
tendon. The results showed that the increase rate of muscle
force was different from the vibration intensity when the
vibration stimulation was applied on the triceps surae and
tibialis anterior muscle via the Achilles tendon. The increase
rate of muscle force was also different from the vibration
intensity when the vibration stimulation was applied on the
triceps surae and tibialis anterior muscle via the tibialis
anterior tendon. However, the difference was not statistically
significant for both the Achilles tendon and tibialis anterior
tendon stimulation.This result means that the vibration with
the intensity of perception threshold and subthreshold affects
the muscle force at the same extent.

4.2. Change in Muscle Reaction Time according to the Charac-
teristics of Vibration. The change on themuscle reaction time
according to the characteristics of vibration was analyzed
using PMT.The muscle reaction time significantly decreased
with the vibration stimulation compared to that without
any stimulation. From this result, the vibration stimulation

applied to the muscles of the lower leg shortened the muscle
reaction time from the sensory system, CNS to the mus-
cular system. In other words, this result could be assumed
that the efficiency in transmitting/processing nerve impulses
improved. A vibration stimulation with different vibration
frequency on the Achilles tendon and tibialis anterior tendon
was applied.The results showed that themuscle reaction time
was significantly shorter at the frequency of 180Hz for both
the Achilles tendon and tibialis anterior tendon stimulation
compared to those of other frequencies. It means that the
reaction time is dependent on the vibration frequency.
The vibration stimulation with the intensity of perception
threshold and subthreshold (80%)was applied on theAchilles
tendon and tibialis anterior tendon. The results showed that
the muscle reaction time was different from the intensity but
statistically insignificant. The results mean that the vibration
with the intensity of perception threshold and subthreshold
equally affects the muscle reaction time.

5. Conclusion

This study investigated the effect of mechanical vibration
stimulation applied on the Achilles tendon and tibialis
anterior tendon according to the characteristics of vibration
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Table 6:Themuscle reaction time according to the intensity of vibration, perception threshold (100%) and subthreshold (80%) on the tibialis
anterior tendon [Sec].

Lower leg muscles
Soleus Lateral Gastrocnemius Medial Gastrocnemius Tibialis anterior

Sec 𝑝 value Sec 𝑝 value Sec 𝑝 value sec 𝑝 value

Tibialis
anterior
tendon

180Hz 100% 0.171 ± 0.033 0.859 0.181 ± 0.036 0.574 0.170 ± 0.036 0.944 0.124 ± 0.036 0.071
80% 0.204 ± 0.051 0.203 ± 0.052 0.189 ± 0.054 0.107 ± 0.028

190Hz 100% 0.188 ± 0.037 0.549 0.190 ± 0.045 0.513 0.188 ± 0.039 0.959 0.128 ± 0.049 0.302
80% 0.191 ± 0.043 0.197 ± 0.046 0.191 ± 0.044 0.118 ± 0.038

250Hz 100% 0.191 ± 0.041 0.514 0.195 ± 0.043 0.476 0.178 ± 0.043 0.906 0.128 ± 0.040 0.291
80% 0.203 ± 0.039 0.207 ± 0.039 0.188 ± 0.045 0.143 ± 0.047

including the presence of vibration, frequency, and intensity
on the muscles of the lower leg and the following results were
obtained. The change of muscle force and muscle reaction
time according to the characteristics of vibration showed
that both improved with the vibration stimulation compared
to those without any stimulation. The frequency of 180Hz
showed the best results and the changes of muscle force and
reaction timewere dependent on the vibration frequency.The
effect of vibration with the intensity of perception threshold
and subthreshold on the muscle force and muscle reaction
time was the same. In conclusion, a local tendon stimu-
lation using vibration of 180Hz frequency and perception
subthreshold intensity would improve the muscle force and
muscle reaction time and contribute the stability of the lower
leg during gait.
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A lower limb assistive exoskeleton is designed to help operators walk or carry payloads. The exoskeleton is required to shadow
human motion intent accurately and compliantly to prevent incoordination. If the user’s intention is estimated accurately, a
precise position control strategy will improve collaboration between the user and the exoskeleton. In this paper, a hybrid position
control scheme, combining sliding mode control (SMC) with a cerebellar model articulation controller (CMAC) neural network,
is proposed to control the exoskeleton to react appropriately to human motion intent. A genetic algorithm (GA) is utilized to
determine the optimal sliding surface and the sliding control law to improve performance of SMC. The proposed control strategy
(SMC GA CMAC) is compared with three other types of approaches, that is, conventional SMC without optimization, optimal
SMC with GA (SMC GA), and SMC with CMAC compensation (SMC CMAC), all of which are employed to track the desired
joint angular position which is deduced from Clinical Gait Analysis (CGA) data. Position tracking performance is investigated
with cosimulation using ADAMS and MATLAB/SIMULINK in two cases, of which the first case is without disturbances while the
second case is with a bounded disturbance. The cosimulation results show the effectiveness of the proposed control strategy which
can be employed in similar exoskeleton systems.

1. Introduction

The lower extremity exoskeleton, which began in the late
1960s, is an electromechanical structure worn by human
users as an intelligent device for performance assistance and
enhancement. In recent years, wearable robots have attracted
interests of many researchers widely. The Berkeley Lower
Extremity Exoskeleton (BLEEX)was designed to assist people
in walking for carrying load, which could walk at the speed
of 0.9m/s while carrying 34 kg payload [1]. A mechanical leg
has seven DOFs (three at the hip, one at the knee, and three
at the ankle), of which four DOFs are actuated by valve-based
hydraulic actuation systems [2]. However, these many active
DOFs make the system complex and heavy, weighing 38 kg.
The latter exoskeletons, that is, ExoHiker, ExoClimber, and
HULC, simplifymechanical structure and reduce the number
of active DOFs while carrying more payloads up to 68 kg–
90 kg [3]. Hybrid Assistive Limb (HAL), proposed by the
University of Tsukuba in Japan, has two active DOFs at the
hip joint and knee joint, which are controlled according to

collected electrical signals from muscles [4]. HAL is used to
help users carry load and assist disabled people in walking
[5, 6]. An underactuated exoskeleton system is designed
based on appropriate criteria to help infantry soldiers walk
on different terrain, where active joints are applied to the knee
joints while other joints are passive [7]. Moreno et al. studied
and analyzed the human interactionwithwearable lower limb
exoskeleton, where the robot gathered information from the
sensors in order to detect human actions and subjects also
modified their gait patterns to obtain the desired responses
from the exoskeleton [8].

Although many kinds of lower limb exoskeleton robots
are studied, the human-exoskeleton collaborative movement
is quite complex and difficult due to nonlinear character-
istics of dynamic model and uncertainties, for example,
external disturbance and involuntary movements. To achieve
the goal of making exoskeletons providing assistance for
human beings, a consistent dynamic tracking performance is
required to maneuver exoskeletons in an efficient, smooth,
and continuous manner [9]. The control procedure can be
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divided into two steps, acquiring human motion intent with
human-robot interaction (HRI) and following the human
motion intent accurately.

When the wearer wants to move, the central controller
sends control signals to enforce the exoskeleton to follow
commanded signals, during which HRI decreases. A crucial
issue of control is to follow the estimated human motion
intent accurately. The more accurate the intention tracking
is, the more compliantly the exoskeleton works. The pre-
cise motion control of robotic manipulators has received
considerable attention from many robotics researchers and
its challenges continue to limit overall control performance
because of structured and unstructured uncertainties [10].
In exoskeletons, the structured uncertainties contain payload
variations, while unstructured uncertainties contain sensor
noises, joint friction, and external disturbances. There are
many approaches for position control approaches to deal with
uncertainties such as robust control [11, 12], adaptive control
[13, 14], intelligent control [15], and sliding mode control
[16].

SMC is a robust control approach that drives state tra-
jectory to predefined sliding surface by using discontinuous
control inputs [17], which is used to improve control per-
formance for robotic manipulators with model uncertainties
such as parameter perturbations, unknown joint frictions
and inertias, and external disturbances [18]. It is notable that
its overall performance is superior to general PID control
algorithm [19]. The process of designing a SMC controller
has two steps: defining suitable sliding surfaces and designing
discontinuous control laws [13]. Parameters of SMC should
be chosen suitably to obtain optimal performance. Some
common optimization methods are provided and applied in
robots, for example, GA [20], particle swarm optimization
(PSO) [21], ant colony optimization (ACO) [22], and evolu-
tionary algorithm (EA) [23]. GA is simple to be implemented
and is capable of locating global optimal solutions [24], which
is utilized to optimize the structure of intelligent methods
[25, 26]. The decoupled SMC as a supervisory controller is
applied in accordance with PID control, whose parameters
are tuned using GA, to enhance tracking performance and
eliminate the chattering problem [27]. The gain switch and
sliding surface constant parameters are selected byGA so that
the designed SMC can achieve satisfactory performance [28].
However, GA is only used to optimize parameters of sliding
surfaces or SMC control laws. In this work, we use GA to
optimize all parameters of the sliding surface and the control
law at the same time.

The optimal SMC can deal with uncertainties to achieve
satisfactory performance. To improve tracking performance,
CMAC is added as a compensation item with property of
fast learning capability. The CMAC proposed first by Albus
[29] is similar to the mode of human cerebellum, which
is an autoassociative memory feed-forward neural network.
Compared with other feed-forward neural networks, it has
faster convergence speed [30]. The approach which uses
CMAC as a compensation item with SMC is applied in
position control of robotic manipulators [31]. In this work,
we propose to combine optimal SMC using GA and CMAC
compensation to form the hybrid position control strategy.

Connect to 
backpack

Hydraulic 
actuator

Sensor

Active joint

Passive joint Wearable 
shoes

𝜃hip

𝜃knee

Figure 1: Prototype of lower limb powered exoskeleton. There
are two active joints of each leg in walking direction, which are
represented as 𝜃hip and 𝜃knee. All auxiliary facilities are packaged in
the backpack.

The remainder of this paper is organized as follows. The
specific system under study is given in the second section.
In Section 3, the proposed control strategy is explained
in details. Cosimulations using the proposed approach and
results analysis are presented in the fourth section. Conclu-
sions are drawn in the final section.

2. Problem Formulations

2.1. Exoskeleton Configuration. Based on principles in bio-
logical design, the designed exoskeleton is required to retain
adaptability to multifunctionality of human lower limbs. An
available powerful tool when designing an assistive exoskele-
ton is the enormous Clinical Gait Analysis (CGA) data on
human walking [32]. With CGA data [33], our designed
exoskeleton is shown in Figure 1. As Figure 1 shows, there
are two active joints of a single leg in sagittal plane, which
are knee joint and hip joint actuated by hydraulic actuation
system.

2.2. Mathematical Model of Exoskeleton. For multirigid sys-
tem, Euler-Lagrange is a frequently used method for mod-
eling of robotic manipulators. The exoskeleton is a typical
human-robot collaboration system, which includes the user’s
lower limbs and mechanical limbs which are tied together at
the interaction cuffs. Mathematical model of a single leg of
exoskeleton is obtained because of its symmetry structure.
Without loss of generality, the dynamic equation of the swing
leg of exoskeleton robot can be expressed as follows:

M (q) q̈ + C (q, q̇) q̇ + G (q) +D = T, (1)

whereM(q) ∈ 𝑅𝑛×𝑛 is the symmetric definite inertial matrix;
C(q, q̇) ∈ 𝑅

𝑛×𝑛 is the Coriolis and centrifugal force matrix;
G(q) ∈ 𝑅

𝑛×1 is the gravitational force matrix; T ∈ 𝑅
𝑛×1
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is the control input vector; D ∈ 𝑅
𝑛×1 denotes unmodeled

dynamics and external disturbances.
For dynamics model in (1), several properties are pre-

sented as the following [34].

Property 1. MatrixM(q) is symmetric and positive definite.

Property 2. Matrix Ṁ(q) − 2C(𝑞, �̇�) is a skew-symmetric
matrix if ∀𝜀 ∈ 𝑅𝑛, 𝜀𝑇(Ṁ(q) − 2C(𝑞, �̇�))𝜀 = 0.

Property 3. There exist finite scalars 𝛿
𝑖
> 0, 𝑖 = 1, . . . , 4 such

that ‖M(q)‖ ≤ 𝛿
1
, ‖C(q, q̇)‖ ≤ 𝛿

2
, ‖𝐺(q)‖ ≤ 𝛿

3
, and ‖𝐷‖ ≤

𝛿
4
, which means all items in dynamic model are bounded.

In the position control of robotic manipulators, we define
trajectory tracking error as

e = q
𝑑
− q, (2)

where e is the tracking error, q
𝑑
is reference trajectory, and q

is actual trajectory. Based on (2), we can obtain

ė = q̇
𝑑
− q̇,

ë = q̈
𝑑
− q̈,

(3)

where ė and ë is the first and second derivative of e, q̇
𝑑
and

q̈
𝑑
are angular velocity and acceleration vector of command

input, and q̇ and q̈ are that of actual output, respectively, all
of which are bounded.

3. Control Strategy Design

3.1. Sliding Mode Control. A general SMC design consists
of two steps: the sliding surface design and the control
law construction. The purpose of the SMC is to track the
trajectory specified by human intention and maintain system
trajectory in the sliding surfaces [18]. Considering that there
exist uncertainties including unmodeled frictions, variation
of parameters, and external disturbances, the robustness
should be an important concern in the controller design for
exoskeleton system. The general sliding surface is defined as
s = ė + Ae. To improve robustness of controller, a designed
integral sliding surface is represented as follows [35]:

s = ė + Ae +H∫

𝑡𝑠

0

e 𝑑𝑡, (4)

where 𝐴 and 𝐻 are positive definite matrix. Then ̇s can be
derived:

̇s = ë + Aė +He. (5)

As the second design stage of SMC, the control laws should
be chosen, which should be satisfied with the existence
condition of SMC [36]:

s𝑇 ̇s < 0. (6)

For the exoskeleton system under study, we define the SMC
control law as follows:

u = M (𝑞) q̈
𝑑
− (T
𝑑
− C (𝑞, �̇�) q̇) +M (𝑞)Aė

+M (𝑞)He + C (𝑞, �̇�) s + 𝜀 sgn (s) + Ks,
(7)

where T
𝑑
= D − G(q), 𝜀 and K are positive definite matrices,

and sgn(s) is a symbolic function which is shown as follows:

sgn (s) =
{{{{

{{{{

{

1, s > 0,

0, s = 0,

−1, s < 0.

(8)

The SMC algorithm has chattering phenomena, which
affects the accuracy of position control much. In order to
eliminate chattering, the continuous function 𝜃(s) with relay
characteristics is used to replace the function of symbolic
function sgn(s) to restrict the trajectory in a boundary layer
of ideal sliding mode [37]. Then (7) can be rewritten as

u = M (𝑞) q̈
𝑑
− (T
𝑑
− C (𝑞, �̇�) q̇) +M (𝑞)Aė

+M (𝑞)He + C (𝑞, �̇�) s + 𝜀𝜃 (s) + Ks,
(9)

where 𝜃(s) = s/(‖s‖ + 𝜎), 𝜎 > 0. Before stability analysis,
Barbalat lemma is shown as the following [38].

Barbalat Lemma. If a differentiable function 𝑓(𝑡) has a limit
as 𝑡 → ∞, and if �̇�(𝑡) is uniformly continuous, then 𝑓(𝑡) → 0

as 𝑡 → ∞.

Theorem 1. The proposed controller (9) guarantees asymptotic
convergence to zero, both of the trajectory tracking errors and
sliding surfaces. Namely, the system is globally stable; that is,
when 𝑡 → ∞, 𝑒 → 0, 𝑠 → 0.

Proof. Lyapunov function is defined as

V =
1

2
s𝑇M (𝑞) s. (10)

Differentiating V with respect to time yields

V̇ = s𝑇M (𝑞) ̇s + 1

2
s𝑇Ṁ (𝑞) s. (11)

Considering Property 2, then

s𝑇 (1
2
Ṁ (𝑞) − C (𝑞, �̇�)) s = 0. (12)

Combining (10)–(12), one can get

V̇ = s𝑇 (M (𝑞) ̇s + C (𝑞, �̇�) s) = s𝑇 (M (𝑞) (q̈
𝑑
− q̈)

+M (𝑞)Aė +M (𝑞)𝐻𝑒 + C (𝑞, �̇�) s) .
(13)

And q̈ can be solved by

q̈ = M (𝑞)
−1

(T + T
𝑑
− C (𝑞, �̇�) q̇) . (14)

Substituting (14) into (13), then

V̇ = s𝑇 (M (𝑞) q̈
𝑑
− (T + T

𝑑
− C (𝑞, �̇�) q̇) +M (𝑞)Aė

+M (𝑞)He + C (𝑞, �̇�) s) .
(15)
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Substituting (7) into (15), we can obtain

V̇ = s𝑇 (−𝜀𝜃 (s) − Ks) . (16)

It is easy to know that K and 𝜀 are positive definite matrices;
therefore s𝑇Ks > 0, s𝑇𝜃(s) > 0; then V̇ < 0. Hence, the
system is globally stable. With the Barbalat lemma, s → 0

as 𝑡 → ∞; then one knows e → 0 and ė → 0 as 𝑡 → ∞.
This control law could realize convergence of the trajectory
tracking error to zero.

3.2. Genetic Algorithm. In SMC, those constant parameters
existing in sliding surfaces and control laws, which are
A, H, K, and 𝜀 in (9), determine the overall performance.
Hence, it is necessary to find the optimal values of them
using optimization algorithm. GA is an adaptive heuristic
search algorithm that mimics the process of natural selection
and uses biological evolution to develop a series of search
space points toward an optimal solution. There are five com-
ponents that are required to implement GA: representation,
initialization, fitness function, genetic operators, and genetic
parameters [39].

A simple GA involves three types of operator: selection,
crossover, and mutation [40]. Selection is a probabilistic
process for selecting chromosomes in the population using
their fitness values.The chromosome with larger fitness value
is likely to be selected to reproduce. Crossover is the process
of randomly choosing a locus and swaps the characters either
left or right of this locus between two chromosomes to create
two offspring. The probability of crossover occurring for the
parent chromosomes is usually set to a large value (e.g., 0.8).
Mutation is to randomly flip some of the bits by changing “0”
to “1” or vice versa, with a small probability (e.g., 0.001) which
maintains genetic diversity to guarantee that GA can come to
better solution. The process of GA optimization is shown in
Figure 2. As Figure 2 shows, there are parameters such as the
size of population and generation and the length of code that
should be initialized; then the process of selection, crossover,
and mutation is preceded until the convergence conditions
are satisfied.

3.3. SMC with GA Optimization. Based on that discussed
above, the fitness function should be confirmed before
implementing GA to SMC. The goal of SMC is to achieve
precise trajectory tracking for robotic manipulators; that is,
the smaller the trajectory errors are, the more effective the
controller is. Those parameters to be optimized are relevant
to trajectory error; hence the fitness function is defined as
follows:

𝐽 (A,H,K, 𝜀) =
∞

∑

𝑘=0

‖e (𝑘)‖2 . (17)

With the fitness function, those parameters can be found
with theminimization of tracking errors during the trajectory
tracking using the designed control law. In the search space
of GA, the SMC will have optimal parameters when the
fitness function has minimum values. The algorithm of SMC
optimized by GA is shown as Algorithm 1 in Appendix A.
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optimal parameters
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Replace old population
with a new one

Yes
No

Fitness 
evaluation

Converaged

Define the size of 
population, generation,

and code length

Set the range of 
parameters

Initial
population

Fitness value

Figure 2: The process of GA optimization, when the convergence
condition is satisfied, the optimal parameters will be obtained.

Input
State space

Association cell Memory cell

Sum

Output
∑

Figure 3: Structure of CMAC neural network.

3.4. CMAC Neural Network. The CMAC neural network has
three steps: projecting an input into association area, com-
pressing memory cell through Hash coding, and calculating
the output as a scalar product of the memory area [41], which
is shown in Figure 3. The output of CMAC can be expressed
as follows [42]:

y
𝑠
= C𝑇
𝑠
HW

= [𝑐
𝑠,1

𝑐
𝑠,2

⋅ ⋅ ⋅ 𝑐
𝑠,𝑁ℎ

]

[
[
[
[

[

ℎ
1,1

⋅ ⋅ ⋅ ℎ
1,𝑀𝑝

.

.

.
.
.
.

ℎ
𝑁ℎ ,1

⋅ ⋅ ⋅ ℎ
𝑁ℎ ,𝑀𝑝

]
]
]
]

]

[
[
[
[
[
[
[

[

𝜔
1

𝜔
2

.

.

.

𝜔
𝑀𝑝

]
]
]
]
]
]
]

]

,

(18)
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𝐺 = 200, Size = 30, Code𝐿 = 10, parameters definition
input vector 𝑋

𝑘
= [𝑞hd(𝑘), 𝑞kd(𝑘)]

𝑇, the length of optimized parameters Len = 8
initialize population 𝐸 = round(rand(Size, Siez ∗ Code𝐿))
for 𝑔 = 1, 2, . . . , 𝐺 do
for 𝑠 = 1, 2, . . . , Size do

for 𝑙 = 1, 2, . . . , Len do
𝐹(𝑠, 𝑙) = (Max(𝑙) −Min(𝑙)) ∗ Code(𝑗)/1023 +Min(𝑙); 𝐹(𝑠, 𝑙) will be used for fitness

end for
end for
Selection and reproduction
sort the fitness value and obtain the sequence number index
for 𝑠 = 1, 2, . . . , Size do

Temp𝐸(𝑗𝑗, :) = 𝐸(index(𝑖), :); 𝑗𝑗 = 𝑗𝑗 + 1

end for
Crossover and select the probability 𝑝

𝑐
= 0.8

for 𝑠 = 1, 2, . . . , Size do
temp = rand

If 𝑝
𝑐
> temp do

for 𝑡 = 1, 1, . . . ,Num do
Temp𝐸(𝑠, 𝑡) = 𝐸(𝑠 + 1, 𝑡)

Temp𝐸(𝑠 + 1, 𝑡) = 𝐸(𝑠, 𝑡)

end for
end if

end for
Mutation and select the probability

𝑝
𝑚
= 0.001 − [1 : 1 : Size] ∗ (0.001)/Size, temp = rand
for 𝑠 = 1, 2, . . . , Size do

for 𝑗 = 1, 2, . . . , Len do
if 𝑝
𝑚
> temp do

if Temp𝐸(𝑠, 𝑗) == 0 do
Temp𝐸(𝑠, 𝑗) = 1

else
Temp𝐸(𝑠, 𝑗) = 0

end if
end if

end for
end for
replace old generation with new one

end for
Obtain optimal parameters

Algorithm 1: Optimize SMC with GA. (Notation: 𝑞hd(𝑘) and 𝑞kd(𝑘) represent desired trajectory of hip joint and knee joint, resp.)

where C
𝑠
is an association vector projected by input vector,

W is the weight vector,H is the matrix of Hash coding,M
𝑝
is

the number of Hash vector, 𝑁
ℎ
is the number of association

vector, and ℎ
𝑖𝑗
= 1 represents 𝑖th association unit response to

𝑗th Hash unit.
Similar to other neural networks, the weight parameters

should be updated using Least Square Method (LSM). The
updating process is expressed as follows:

ΔW =
𝜂

𝑁
ℎ

A
𝑠−1

(ŷ
𝑠−1

− A𝑇
𝑠−1

W
𝑠−1
) ,

W (𝑘 + 1) = W (𝑘) + ΔW + 𝛼 (W (𝑘 + 1) −W (𝑘)) ,

(19)

where ΔW is the weight vector increment, 𝜂 is the learning
rate, A𝑇

𝑠−1
= C𝑇
𝑠−1

H, �̂�
𝑠−1

is the target output, and 𝛼 is the
inertial parameter.

CMACwas originally proposed to be applied into control
problems by Miller III et al. [43]. The CMAC control loop
is usually added to traditional control loops, where the
traditional controller actuates the plant stably and the CMAC
helps to improve control preciseness without affecting the
traditional control loop [44, 45]. In other words, the CMAC
control is usually added as a compensation item of traditional
control method.The algorithm of the hybrid control strategy
combining SMC and CMAC is shown as Algorithm 2 in
Appendix B.

3.5. Combination of GA Optimization-Based SMC and
CMAC Neural Network. Based on discussion above, we can
combine SMC, GA, and CMAC neural network into a
hybrid control strategy, which is called SMC GA CMAC.
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input vector 𝑠 = [𝑠
1
, 𝑠
2
], determine the range of 𝑠 as 𝑠max 1, 𝑠min 1, 𝑠max 2, 𝑠min 2

initialize CMAC, the range of quantization𝑀, storage of association𝑁, storage of memory 𝐶
Input quantization:
𝑠
1
= round((𝑠

1
− 𝑠min 1) ∗ 𝑀/(𝑠max 1 − 𝑠min 1)), 𝑠1 = round((𝑠

1
− 𝑠min 1) ∗ 𝑀/(𝑠max 1 − 𝑠min 1))

Hash coding and obtain output of CMAC
for 𝑘 = 1, 2, . . . , 𝐶 do

add
1
= mod(𝑠

1
+ 𝑘,𝑁) + 1, add

2
= mod(𝑠

2
+ 𝑘,𝑁) + 1

Sum1 = 𝑤
1
(add1(𝑘), add2(𝑘)), Sum2 = 𝑤

2
(add2(𝑘), add2(𝑘))

end for
Weight update
for 𝑖 = 1, 2, . . . , 𝐶

for 𝑗 = 1, 2, . . . , 𝐶 do
𝑑𝑤
1
(𝑖, 𝑗) = 𝜂𝑒

1
/𝐶, 𝑑𝑤

2
(𝑖, 𝑗) = 𝜂𝑒

2
/𝐶

end for
end for
𝑤
1
= 𝑤
1 1

+ 𝑑𝑤
1
+ 𝛼(𝑤

1 1
− 𝑤
1 2
), 𝑤
2
= 𝑤
2 1

+ 𝑑𝑤
2
+ 𝛼(𝑤

2 1
− 𝑤
2 2
)

𝑤
1 2

= 𝑤
1 1
, 𝑤
1 1

= 𝑤
1
, 𝑤
2 2

= 𝑤
2 1
, 𝑤
2 1

= 𝑤
2

Algorithm 2: The process of CMAC neural network. (Notation: the input is sliding surface and the output is the compensation control
vector.)
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Figure 4: The control diagram of the proposed method for the exoskeleton system.

We can write the proposed control law based on (9) as
follows:

u = K
𝑐
U
𝑐
+M (𝑞) q̈

𝑑
− (T
𝑑
− C (𝑞, �̇�) q̇)

+M (𝑞)AGAė +M (𝑞)HGAe + C (𝑞, �̇�) s

+ 𝜀GA𝜃 (s) + KGAs,

(20)

where U
𝑐
represents the output of CMAC neural network,

K
𝑐
∈ 𝑅
𝑛×1 is a positive definite matrix, and AGA, HGA, 𝜀GA,

andKGA arematrices optimized using GA.With the reaching
condition (6), the output of CMAC U

𝑐
has constraint as the

following:

U
𝑐
=
{

{

{

U
𝑐
, if s𝑇U

𝑐
≥ 0,

−U
𝑐
, if s𝑇U

𝑐
< 0.

(21)

For the exoskeleton system, the control diagram is illus-
trated as Figure 4 shows. As Figure 4 shows, GA is employed
to obtain the optimal parametersAGA, KGA, HGA, and 𝜀GA to
construct optimized SMC. The CMAC’s input is the sliding
surface and its weight updating is derived from minimizing
the tracking error. The output of the proposed control law is
U = U

𝑠
+ K
𝑐
U
𝑐
, of which U

𝑠
is the main output provided

by SMC GA and U
𝑐
is the compensation output provided by

CMAC.

4. Simulations with the Proposed
Control Strategy

In this section, the proposed method is examined through
simulations. The simulation results, which are from
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(b) Desired trajectory of knee joint

Figure 5: The desired joint trajectory of human lower limb movement. The initial posture is in the vertical direction.

application into controlling the swing leg of the exoskeleton
using the proposed algorithms, are presented. As Figure 1
shows, the active DOFs are hip joint and knee joint, while
the ankle joint is passive. Based on (1), the dynamics model
of swing leg can be expressed as

M (𝑞)exo q̈ + C (𝑞, �̇�)exo q̇ + G (𝑞)exo = T, (22)

where M(𝑞)exo ∈ 𝑅
2×2, C(𝑞, �̇�)exo ∈ 𝑅

2×2, G(𝑞)exo ∈ 𝑅
2×1,

q̈ ∈ R2×1, q̇ ∈ R2×1, and T ∈ R2×1. In simulations, the desired
angular position of lower limb joints stems from the CGA
data as Figure 5 shows. The period of the cyclical gait is 2
seconds and we will obtain the fitting expression with respect
to time

𝑞hip (𝑡) = 3.85 cos (0.330𝑡 + 2.14)

+ 71.6 cos (3.49𝑡 − 1.88)

+ 41.0 cos (4.68𝑡 − 0.3) ,

𝑞knee (𝑡) = 40.9 cos (1.04𝑡 − 0.208)

+ 157 cos (5.82 − 0.047)

+ 82.3 cos (7.49𝑡 − 4.13) ,

(23)

where 𝑞hip(𝑡) and 𝑞knee(𝑡) are the desired angular position of
hip joint and knee joint, respectively.

To investigate the effectiveness and robustness of the pro-
posed scheme, two simulation cases are considered: without
disturbances (Case One) and with bounded disturbances
(Case Two). The external disturbance 𝐷(𝑡) is a function of
time which is assumed to have an upper bound:

𝐷 (𝑡) = 𝑎 sin (𝜋𝑡) , ‖𝑎‖ ≤ 1. (24)

For recording the respective performances, the root mean
square error (RSME) is defined to examine control perfor-
mance as follows:

RSME = √

𝑁

∑

𝑘=1

‖𝑒 (𝑘)‖
2

𝑁
, (25)

where 𝑁 is the size of error vector. We integrate ADAMS
and MATLAB/SIMULINK to control the exoskeleton using
the proposed control strategy, which is shown in Figure 6. As
Figure 6 shows, there are six output variables from ADAMS
model which are angular position, velocity, and acceleration
of knee joint and hip joint of a swing leg while the designed
controller in MATLAB outputs two control torques into
ADAMS model. Figure 6(a) shows the exoskeleton model
in ADAMS and Figure 6(b) shows the control scheme in
SIMULINK.Thedesigned controller produces control signals
transferred to ADAMS while the kinematics information of
exoskeleton joints is measured in ADAMS and returned back
to MATLAB workspace. Through creating a communica-
tion block between MATLAB and ADAMS, the dynamics
movements in gait cycles are shown in Figure 7, which
illustrates the level ground walking for the lower extremity
exoskeleton.

The comparisons between the proposed control scheme
and conventional SMC, SMC with CMAC (SMC CMAC)
neural network, and optimal SMC with GA (SMC GA)
are conducted. The simulated comparisons, containing
tracking positions and tracking errors of SMC, SMC GA,
SMC CMAC, and SMC GA CMAC in Case One and Case
Two, are depicted in Figures 8 and 9. As Figure 8 shows,
Figures 8(a) and 8(c) represent the joint trajectory tracking
of hip joint and knee joint while Figures 8(b) and 8(d)
show tracking error comparisons of those two joints using
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(a) ADAMS model
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Figure 6: Cosimulation using ADAMS and MATLAB for exoskeleton robot.

Figure 7: ADAMS effect pictures of gait cycles for lower extremity exoskeleton.
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Figure 8: The performance comparisons using four methods in Case One.

four kinds of controllers separately. It can be seen that all
of controllers can achieve good tracking performance and
the conventional SMC without optimization has the largest
tracking errors. Similarly, the angular position tracking and
tracking errors comparisons in Case Two are depicted in
Figures 9(a)–9(d). As Figure 9 shows, the desired joint
angular trajectory also can be tracked well. To evaluate
the control performances of Case One and Case Two,
RSME comparisons using four controllers are depicted in

Figures 10 and 11. Figure 10(a) gives RSME of two joint
tracking errors in Case One while Figure 10(b) describes
that in Case Two. In two cases, the performance sequence
fromworse to better should be SMC, SMC CMAC, SMC GA,
and SMC GA CMAC. Figure 11(a) illustrates the RSME
comparison of hip joint while Figure 11(b) illustrates that of
knee joint. In Figures 10 and 11, the RSME do not change
much; hence the proposed control strategy still works when
there exists external disturbance.



10 Applied Bionics and Biomechanics

−0.3

−0.2

−0.1

0

0.1

0.2

0.3

0.4
H

ip
 tr

aj
ec

to
ry

 (r
ad

)

Time (s)

SMC
SMC_GA

SMC_CMAC
SMC_GA_CMAC

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

(a) Hip joint trajectory tracking

0

0.2

0.4

0.6

0.8

1

1.2

1.4

Kn
ee

 tr
aj

ec
to

ry
 (r

ad
)

Time (s)

SMC
SMC_GA

SMC_CMAC
SMC_GA_CMAC

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

(b) Knee joint trajectory tracking

−5

0

5

10

Er
ro

r 1
 (r

ad
)

×10−3

Time (s)

SMC
SMC_GA

SMC_CMAC
SMC_GA_CMAC

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

(c) Hip joint tracking errors

−0.02

−0.015

−0.01

−0.005

0

0.005

0.01

0.015

Er
ro

r 2
 (r

ad
)

Time (s)

SMC
SMC_GA

SMC_CMAC
SMC_GA-CMAC

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

(d) Knee joint tracking errors

Figure 9: The performance comparisons using four methods in Case Two.

If the RSME is treated as a benchmark, the improvement
percent (IMP) of performance with four kinds of controllers
in Case One and Case Two is displayed in Tables 1 and 2. As
the two tables show, the proposed control strategy will gain
the highest improvement percentages of 69.4% and 76.8% for
hip joint and knee joint separately in Case One while they
change to be 68.1% and 76.8% in Case Two. Tables 1 and 2
illustrate that the SMC GA is inferior to SMC GA CMAC
but has better performance than SMC CMAC, while

the SMC CMAC is superior to SMC. Therefore, the
proposed control strategy is robust and effective whether the
exoskeleton system dynamics suffer from bounded external
disturbance or not.

5. Conclusions

For lower limb assistive exoskeletons, precise position
control is very important for the human-exoskeleton
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Figure 10: RSME comparisons in Case One (without disturbance) and Case Two (with bounded disturbance), respectively. RSME1 is for the
hip joint while RSME2 is for the knee joint.
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Figure 11: RSME1 and RSME2 comparisons in two cases. Icon “No-dis” means Case One and “Dis” means Case Two, respectively.

Table 1: Accuracy improvement comparison (Case One).

Control methods IMP for hip joint (%) IMP for knee joint (%)
SMC 0 0
SMC GA 57.1% 74.5%
SMC CMAC 24.5% 37.4%
SMC GA CMAC 69.4% 76.8%

collaboration. In this paper, a hybrid position control
strategy SMC GA CMAC is proposed to follow human
limb joints trajectory for the exoskeleton. GA is used to find

Table 2: Accuracy improvement comparison (Case Two).

Control methods IMP for hip joint (%) IMP for knee joint (%)
SMC 0 0
SMC GA 55.3% 75.2%
SMC CMAC 17.4% 31.7%
SMC GA CMAC 68.1% 76.8%

the optimal structure of SMC and CMAC neural network
is implemented as the compensation to improve tracking
performance. The proposed SMC GA CMAC control
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strategy is proven to be stable with Lyapunov function and
features better tracking performance compared with SMC,
SMC GA, and SMC CMAC.The proposed control algorithm
has guaranteed the requirement for high accuracy of position
control for robotic manipulators suffering from dynamics
uncertainties. The hybrid control strategy SMC GA CMAC
is more suitable to control the exoskeleton to follow human
motion intent under the occurrence of uncertainties. In
addition, the proposed method will be investigated and
explored in the real exoskeleton prototype in the near future.

Future study will be focused on the optimization of
CMAC to overcome its drawbacks because of the binary input
mapping character, which can be addressed by intelligent
approaches such as fuzzy logic in cosimulation. The human
motion intent estimation is also a crucial challenge, which
will be investigated using machine learning methods.

Appendix

A. SMC Optimization Using GA

See Algorithm 1.

B. CMAC Neural Network Compensation

See Algorithm 2.
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Knee injury is a common medical issue. A full understanding of the kinematics and mechanical properties of knees following total
knee arthroplasty (TKA) repair utilizing patellar replacement (only the base of the patella is replaced) versus patellar retaining
surgical techniques is still lacking. In the current paper, we investigated magnetic resonance (MR) imaging data from knees
repaired by these two methods and evaluated total knee models created using imaging reconstruction technology that simulated
gait conditions. Results revealed that patellar replacement had little influence on tibiofemoral kinematics, although the tibia-surface
equivalent stress increased slightly. By contrast, patellar replacement had a significant influence on the patellofemoral joint; patellar
internal rotation, external rotation, and medial-lateral translation were all increased. Moreover, the stress distribution on patellar
prostheses was altered, resulting in an increased surface maximal equivalent stress on the corresponding area. Moreover, during
the gait cycle, we found that the area with maximal equivalent stress shifted its position. Finally, the patellofemoral joint showed
decreased motion stability. From the view of kinematics and mechanics, this paper suggests that patella should be retained during
TKA if it is possible.The present study presented approaches and technologies for evaluating kinematics andmechanical properties
of total knee joint after TKA under gait loads.

1. Introduction

As a major supporting joint of human movement, the knee
is prone to damage. Ultimately, the best treatment method
for repairing knee articular surface damage is total knee
arthroplasty (TKA), which replaces the articular surface
with knee prosthesis, thereby restoring knee joint functions.
With the constant improvement in knee surgery techniques
and the demanding requirements of joint prostheses to
accuratelymimic the knee function, the problems concerning
knee kinematics under gait dynamic loading and contact
properties following TKA have come under close scrutiny.

For instance, in 2002, Godest et al. [1] first introduced the
finite element method and studied the mechanical properties
of femoral and tibial implants under gait loads in TKA
knees. Subsequently, in 2005, Halloran et al. [2] conducted
finite element analyses of knees following TKA, the results

of which closely predicted the results from a concurrent
experimental study. In 2007, Knight et al. [3] extended the
application of finite element method to biomechanical issues
by investigating implant wear following TKA. As such, in
2012, Wachowski et al. [4] examined the effects of knee
prostheses with roll back characteristics on patellofemoral
joint forces and showed that the prosthesis alleviated joint
pain in TKA patients and elongated the service life of the
prosthetic. On a similar note, in 2011, Walker et al. [5]
established criteria for evaluating knee prosthesis through
studying the kinematics of three different knee prostheses.

The knee joint is a very complex structure. The com-
plicated coupling and coordinating relationship between the
tibiofemoral and patellofemoral joints duringmovement/gait
makes it difficult to study the kinematics and mechanical
characteristics of TKA-repaired knees under dynamic gait
loading conditions. In this study, we analyzed and compared
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the total knee joint kinematics and mechanical properties
during gait cycle following patellar replacement versus patel-
lar retaining TKA.Then the influence of patellar replacement
and patellar retaining TKA on total knee functions was
assessed. The research steps include knee joint modeling,
mechanical simulation of patellar retaining or replacement
PS-type prostheses under dynamic gait loads, and the com-
parison of tibiofemoral and patellofemoral kinematics and
contact stresses of knees with PS-type prostheses. The results
of this study will provide novel techniques and methods
for evaluating the effects of replacement surgery on knee
kinematics and mechanical properties.

2. Methods

2.1. TKA Knee Joint Modeling. The knee joint model con-
tained two parts.

(1) PS Prosthesis Modeling. The PS prosthesis was pro-
vided by Beijing Chunlizhengda Medical Apparatus Inc. A
MicroScribe G2 three-dimensional scanner was employed to
scan every structure of the total knee prosthesis to obtain
geometry, which was then imported into Geomagic Studio
8.0 for further optimization and also into Solidworks for
model repair simplification and reconstruction.

(2) Knee Modeling after TKA. Following TKA, the knee
model consisted of either a patellar retaining or PS prosthesis
replacing knee joint model. Initially, a normal knee joint
model was created based on CT and MR data of the normal
knee. Subsequently, the femur and tibia were cut according
to the surgery procedure [6]. Finally, the remaining femur,
tibia, and PS prostheses were assembled to create the total
knee model. The normal knee joint MR data was acquired
by scanning a student volunteer under the supervision of a
doctor.

2.2. Total Knee Model after TKA. The simulation of the
total knee joint after TKA consisted primarily of model
simplification, finite element modeling, and definition of
dynamic gait loading.

(1) Knee Model Simplification. According to [7–11], the lig-
aments (anterior cruciate (ACL), posterior cruciate (PCL),
medial collateral (MCL), and lateral collateral (LCL)) and
surrounding muscles were represented by springs; specif-
ically, the quadriceps femoris and patellar ligament were
represented by 2 bundles of spring elements with stiffness
coefficients of 2000N/mm and 1142N/mm, respectively. The
MCL was represented by three bundles of spring elements
(i.e., anterior bundle, deep bundle, and oblique bundle), while
the LCLwas comprised of a single bundle of nonlinear spring
elements.Themedial/lateral springs’ stiffness coefficients and
deformations were from [9–11] and shown in Table 1.

(2) Total Knee Finite ElementModel.The finite elementmodel
was created by using ABAQUS 6.11 [5, 10–14], including
the definition of material properties, connection relation,
boundary conditions and constraints, and grid generation.

Table 1: The stiffness coefficients of MCL and LCL.

Ligament 𝐾
1

𝐾
2

MCL anterior bundle 10 91.25
MCL deep bundle 5 21.07
MCL oblique bundle 5 27.86
LCL 10 72.11

The bone tissue is simplified as isotropic linear elastic
material with the elastic modulus of 17GPa and Poisson’s
ratio of 0.3. Femoral prosthesis is cobalt-molybdenum alloy
with the elastic modulus of 79GPa and Poisson’s ratio of 0.3.
The tibial tray prosthesis is titanium alloy with the elastic
modulus of 70GPa and Poisson’s ratio of 0.3. The UHMWPE
(ultra-high-molecular-weight polyethylene) tibial insert and
the patellar prosthesis use nonlinear elastoplastic deformable
material properties.

Different coupling relationship between the components
of the knee prosthesis is defined. The relationships between
the femoral prosthesis and the femoral condyle section, tibial
prosthesis and tibial section, and tibial prosthesis and tibial
liner are defined as consolidation. The contacts between the
femoral prosthesis and polyethylene insert, patella cartilage,
and femoral prosthesis were defined as sliding friction, with
a friction coefficient of 0.004 [1, 2, 9].

Thedefinition of the boundary conditions and constraints
is as follows: the patella is not limited, the movement of
femoral with prosthesis is limited to flexion and extension,
the tibial with prosthesis is only limited with the outer flexion
and extension, and turning and shift movement on the other
directions are not limited.

C3D10 tetrahedron grid elements were employed to
achieve free mesh generation, and the models of patella
retaining and replacement TKA were divided into 81052 and
78397 elements, respectively.The total knee after TKAand the
corresponding finite element models are shown in Figure 1.

(3) Applying Dynamic Loading. There were three main pro-
cesses utilized when the gait dynamic loads were applied.

(1) According to the standard ISO 14243-1, the gait cycles
were divided into four main states [12, 13, 15–19]: heel
strike (HS), single limb stance 1 (SLS1), single limb
stance 2 (SLS2), and toe off (TO). The gait loading
curve was also divided into four areas (as shown in
Figure 2) to analyze the movement and mechanical
characteristics of the human gait cycle after TKA.

(2) The loading curve was transferred into discrete data
by using piecewise polynomial fitting techniques to
actualize the human knee gait cycle motion simula-
tion of dynamic loading after TKA. The gait flexion
and gait load were controlled by fitting functions pro-
grammed with Matlab, including gait flexion func-
tion, axial force loading function, anteroposterior
force loading function, and the internal and external
rotation torque loading function.

(3) A gait dynamic load was applied to the total knee
after TKA. The line connecting the rotational centers



Applied Bionics and Biomechanics 3

(a) Patella retaining (b) FE model of patella retaining (c) Patella replacement (d) FE model of patella
replacement

Figure 1: 3D and FE model following TKA with prosthesis.
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Figure 2: The distribution of gait loading curves during gait cycle.

of the femoral lateral and medial epicondyles was
defined as the axis for femur flexion (Figure 2(a)),
and axis force was applied to the centers of each of
the femoral lateral and medial epicondyles based on
the axis force loading function (Figure 2(b)), where

60% axis force was applied to the center of the
medial epicondyle and 40% axis force was applied
to the lateral epicondyle [20]. The anteroposterior
force (Figure 2(c)) and internal rotation moment
(Figure 2(d)) were applied to the tibia implant based
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Figure 3: Anterior-posterior translation of femoral lateral and
medial epicondyles during the gait cycle.
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Figure 4: Tibial internal-external rotation for patellar retaining and
replacement models.

on the anteroposterior force function and internal-
external rotation function. All the 𝑥-axes of Figures
2(a)–2(d) are percentage of gait cycle time.

2.3. Dynamic Simulation of the Total Knee with Patellar
Retaining andReplacement under Gait Loading. Thedynamic
simulation of the total knee with patellar retaining and
replacement during gait loading was performed in ABAQUS
6.11 by means of explicit dynamic finite element analyses.The
data were collected at a 5% gait cycle interval. The effects
of the patellar treatment method on joint function were
analyzed by comparing the equivalent contact stress value
on the articular surface and motion characteristics of the
tibiofemoral joint and patellofemoral joint.

3. Results

3.1. Kinematics of Total Knee Joint after Patellar Retaining and
Replacement TKA

3.1.1. Kinematics of the Tibiofemoral Joint under Gait Loads.
The relative movement curves of the tibiofemoral joint from
simulation results of both models are shown in Figures 3 and
4. Results revealed that both patellar retaining and patellar

replacement had little influence on femoral anteroposterior
translation. Similar value and tendency could be observed
for the two models in terms of anteroposterior translation of
the medial and lateral epicondyle center. During the entire
gait cycle, both the lateral and medial femoral epicondyle
translated posteriorly, peaking at about 55% of the gait cycle.
For the patellar retaining model, the posterior translations of
the femoral lateral and medial epicondyles were 5.3mm and
7.5mm, respectively, while in the patellar replacement model,
the valueswere 5.8mmand 7.7mm, respectively.These results
are similar to that found previously by Halloran et al. [2] who
reported a maximal posterior translation of 5.1mm at 60% of
gait cycle.

For both models, both the tibial internal and external
rotations and variations thereof showed similar results. At
0%–20% of the gait cycle, the tibia rotated internally by 2.2∘
and remained stable from 20% to 45% of the gait cycle,
peaking at 55% (6∘), at which point the internal rotation
began to gradually decrease. These results are consistent
with a previous report [1] that observed a maximal internal
rotation of 5∘.

The peak femoral posterior translation and tibial internal
rotation both occurred at about 55% to 60% of the gait cycle,
when the foot was lifted off of the ground and the tibial
axis force was small. The body’s center of gravity transferred,
and the knee joint was subject to a moment of high internal
rotation and posterior force.

3.1.2. Kinematics of the Patellofemoral Joint under Gait Loads.
Figure 5 shows the patellofemoral kinematics during the gait
cycle for patellar retaining and replacement TKA knees.
Patellar replacement TKA significantly increased patellar
movements compared to patellar retaining TKA. More-
over, patellar tilting, internal rotation, and medial/lateral
translation were all significantly higher. Patellar flexion was
unchanged.Therefore, the patellofemoral joint motion stabil-
ity was decreased following patellar replacement TKA. The
patellar flexion variation curve revealed that the tibiofemoral
joint flexion variation was slightly greater in the patellar
replacement versus the patellar retaining model, with a
maximal flexion angle of 39∘ and 46.3∘, respectively, observed
at 70% of the gait cycle.

For bothmodels, the second highest andmaximal patellar
tilting occurred at 20% and 50% of gait cycle, respectively,
which were equal to 1.8∘ and 4.6∘ for the patellar retaining
model and 2.8∘ and 8.4∘ for the patellar replacement model.
Patellar internal rotation showed a similar tendency as tilting;
the second highest and maximal internal rotation at 20% and
55% of gait cycle were 0.6∘ and 1.5∘ for the patellar retaining
model and 1∘ and 2.8∘ for the patellar replacement model.

The patellar lateral-medial translation showed evident
differences between the two models, though the variation
tendency was similar. The patellar first moved medially to
the maximal value and then laterally till the minimal value
was achieved before it moved medially to the maximal value
once again.The peak, minimal, andmaximal values occurred
at 20% (1.7mm), 35% (0.3mm), and 55% (2.4mm) of the
gait cycle, respectively. For the patellar replacement model,
the peak, minimal, and maximal values occurred at 15%
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Figure 5: Kinematics of the patellofemoral joint.

(2.6mm), 35% (1mm), and 55% (3mm) of the gait cycle,
respectively, values significantly higher than those in the
patellar retaining model indicating a decreased knee joint
stability.

3.2. Mechanical Properties of TKAKnee Joint underGait Loads

3.2.1. Mechanical Properties of Tibiofemoral Joint under Gait
Loads. The mechanical properties of the tibiofemoral joint
under gait loads were investigated by analyzing the stress
contour andmaximal stress variations of theUHMWPE tibial
tray during the gait cycle, thereby illustrating the mechanical
differences between the tibiofemoral joints of two models.

The stress distributions of the UHMWPE tibial tray
were represented by the stress contour at typical states, HS,
SLS, and TO (Figure 6). Results revealed that the stress
distributions of the two models are similar. During the gait
cycle, high stress mainly concentrates on the tibial medial
condyle (used dominantly during gait) at SLS2 and TO. In
addition, the equivalent stress and equivalent stress area of
the lateral condyle slightly increased probably due to the
displacement of the center of gravity.

A histogram of the maximal equivalent peak contact
stress of the UHMWPE tibial tray during the gait cycle

is shown in Figure 7. Combining Figures 6 and 7, the
mechanical properties of the tibial tray are listed in Table 2.
Table 2 suggested that although the stress distribution of tibial
tray was similar for the two models, patellar replacement
resulted in elevated stress, whichmay aggravate the tibial tray
wear.

Figure 8 shows the variation curve of tibial tray contact
stress under gait loads. Results show that the two models
demonstrated similar variation, peaking at 50% of the gait
cycle and gaining a second maximal stress value at 20%.
However, the stress was consistently higher in the patellar
replacement model than in the patellar retaining model. For
both models, during 0%–10% of the gait cycle, the heel strike
imposed an increasing tibial axial force. Meanwhile, the tibial
tray stress reached 17.1MPa and 18.6MPa for internal rotation
movement and tibial anterior force, respectively. When the
entire foot made contact with the ground the tibial axial
force was slightly reduced due to forward body movement.
As such, at 30% of the gait cycle the tibial tray contact
stresses decreased correspondingly, with values of 13.4MPa
and 14.77MPa for internal rotation movement and tibial
anterior force, respectively. Then, as the foot began to push
off of the ground and separation occurred, we found that the
axial force increased, reaching maximal contact stress values
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Figure 6: Stress contour of tibial tray during gait cycle.

of 26.35MPa and 29.23MPa for tibial movement and anterior
force, respectively. After the foot lifted from the ground, the
tibial axial force and tibial tray contact stress both decreased
substantially. Taken together, these results reveal that the
variation in the contact stress reflects the changes in the knee
supporting force during gait.

3.2.2. Mechanical Properties of Patellofemoral Joint after
TKA. The mechanical properties of the patellofemoral joint
were described by using a surface patellar stress contour,

a histogram of maximal equivalent stress, and a maximal
equivalent stress variation curve. Figure 9 shows the stress
contours of the patellar surface or patellar prosthesis surface.
Considering the fact that the flexion angle can affect the patel-
lar maximal equivalent stress, the toe off state was divided
into two states: TO1 andTO2.AtTO1, the tibiofemoral flexion
angle was 8∘ and the axial force was 2434N. Meanwhile, at
TO2, when the foot is separated from the ground, the axial
force reached 168N with 56∘ flexion. It can be seen that
compared to patellar retaining TKA, patellar replacement
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Table 2: Knee tibial tray mechanical properties during the gait cycle.

Gait cycle (patellar retaining) Gait cycle (patellar replacement)

Heel strike Single limb
stance 1

Single limb
stance 2 Toe off Heel strike Single limb

stance 1
Single limb
stance 2 Toe off

Flexion angle 4∘ 16∘ 6∘ 8∘ 4∘ 16∘ 6∘ 8∘

Axial force (N) 1531 2482 1636 2434 1531 2482 1636 2434
Peak contact
stress (MPa) 13.36 16.35 19.51 24.63 14.39 19.43 22.37 28.07

Stress increment 7.71% 18.84% 14.66%, 13.97%

High stress area Medial Medial Medial and
lateral

Medial and
lateral Medial Medial Medial and

lateral
Medial and

lateral

Patellar retaining
Patellar replacement
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Figure 7:Histogramof themaximal contact stress of theUHMWPE
tibial tray during the gait cycle.
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Figure 8: Variation in the peak contact stress of the tibial tray during
the gait cycle for the patellar retaining versus patellar replacement
TKA models.

altered the stress distribution of the patellofemoral joint
surface, resulting in an increased peak stress area, a maximal
equivalent stress, and a significantly varying peak stress area.

Combining Figures 9 and 10, the stress distribution of the
patella and patellar implant was found to be related to the
knee axial force and the tibiofemoral flexion angle in addition

to the patellar treatment method. At higher axial force and
tibiofemoral joint flexion, an increase in the peak equivalent
stress was observed. Following patellar replacement TKA, the
patellar implant showed significantly higher peak equivalent
stresses, presumably due to changes in the contact surface
and a loss of patellar cartilage for protective buffering. Specif-
ically, at HS, the peak equivalent stress was 8.31MPa and
11.44MPa for the patellar retaining and patellar replacement
model, respectively, an increase of 37.67%. At SLS1, the peak
equivalent stress for the two models was 13.67MPa and
15.41MPa, respectively, an increase of 12.73%. At SLS2, the
values were 9.35MPa and 12.25MPa, respectively, an increase
of 31.02%. At TO1, the peak equivalent stress was 14.97MPa
and 17.33MPa, respectively, an increase of 15.75%. Finally, at
TO2, the peak equivalent stress was 19.87MPa and 23.5MPa,
respectively, an increase of 18.27%.These results clearly reveal
increased peak equivalent stresses in the patellar replacement
model.

It can be seen from Figure 11 that the patella and patellar
implant exhibited a similar variation in the peak equivalent
stress during the gait cycle. However, the patellar implant
stress was significantly higher. At 45% of the gait cycle
the foot was separated from the ground, but due to the
high tibiofemoral flexion angle the adjustment in the body’s
center of gravity resulted in an altered joint moment and
a peak stress between 55% and 75% of the gait cycle at
a time where stresses alter significantly. Then, as the gait
cycle proceeded into next one and the center of gravity
was successfully transferred, the tibiofemoral flexion angle
gradually decreased, thereby resulting in a reduced patellar
equivalent stress.

4. Conclusions

In this study, the kinematics and equivalent stress of two knee
models (patellar retaining and patellar replacement) were
compared during the gait cycle. Results showed the following:
(1) patellar replacement has little influence on tibiofemoral
kinematics and mechanical properties, although it produced
a slightly increased tibial tray stress; (2) patellar replace-
ment significantly reduced the kinematics and mechanical
performances in the patellofemoral joint during the gait
cycle; patellar tilting, internal rotation, and anterior-posterior
translation were all significantly increased compared to the
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Figure 9: Continued.
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Figure 9: Contours of equivalent stress in patella and patellar implants during the gait cycle.
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Figure 10: Bar diagram of peak equivalent stress of patella and
patellar implant during gait cycle.

patellar retaining method; meanwhile, patellar replacement
altered the stress distribution in the patellofemoral joint,
resulting in an increased high-stress area; finally (3) com-
pared to patellar retaining TKA, patellar replacement has less
influence both on kinematic variations in the tibiofemoral
and patellofemoral joints and on the variations in the joint
peak equivalent stress during the gait cycle. In conclusion,
TKA was shown to preserve human knee tissue following
surgery. Moreover, the results here indicate that the patellar
retaining method has more beneficial long-term effects com-
pared to patellar replacement.

But this paper only analyzes the kinematics and mechan-
ics with simplified kneemodels; this is only part of properties
of total knee after TKA surgery. Furthermore, if the result
is verified by some experiment, the paper will be more
meaningful.
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