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Abstract: This paper describes the analysis and design of an assistive device for elderly people under development at the Egypt-

Japan University of Science and Technology (E-JUST) named E-JUST assistive device (EJAD). Several experiments were carried out

using a motion capture system (VICON) and inertial sensors to identify the human posture during the sit-to-stand motion. The

EJAD uses only two inertial measurement units (IMUs) fused through an adaptive neuro-fuzzy inference systems (ANFIS) algorithm

to imitate the real motion of the caregiver. The EJAD consists of two main parts, a robot arm and an active walker. The robot arm

is a 2-degree-of-freedom (2-DOF) planar manipulator. In addition, a back support with a passive joint is used to support the patient′s
back. The IMUs on the leg and trunk of the patient are used to compensate for and adapt to the EJAD system motion depending

on the obtained patient posture. The ANFIS algorithm is used to train the fuzzy system that converts the IMUs signals to the right

posture of the patient. A control scheme is proposed to control the system motion based on practical measurements taken from the

experiments. A computer simulation showed a relatively good performance of the EJAD in assisting the patient.

Keywords: Adaptive neuro-fuzzy inference systems (ANFIS), sensor fusion, assistive technologies, sit-to-stand motion analysis,

inertial measurement units.

1 Introduction

The world population ratio of elders who are 65 years
old or more is growing by approximately 860 000 people
per month[1]. This trend is visible on both developed and
developing countries including USA, Japan, France, China,
India, Italy, and Egypt. In aging societies, many elderly
people cannot perform normal daily activities because they
have not enough physical strength. For example, in Japan,
23% of elderly people, who have low mobility and do not
stay at hospital, cannot perform daily activities without the
help of caregivers[2]. Therefore, assistive devices have been
introduced to improve the movement autonomy of elderly
people. Usually, the most important activities for daily life
are walking and standing actions.

Several studies have been done for developing robot as-
sistive devices[3]. Two fundamental requirements of robotic
systems, to be qualified as assistive devices for elderly per-
sons, are the guaranteed safety and the user comfort. The
safety requirement is a primary one, and as introduced by
Isaac Asimov′s in the “Three Laws of Robotics”, it implies
that the robot should not harm the human user in any sit-
uation. The comfort characteristic means that the robot
operation should not be a source of fatigue for the human
user. Therefore, it is important to choose a comfortable so-
lution that can be used in daily life locomotion for the gait
as well as during the change of posture. Currently, when
the locomotion still remains but it is deficient, the most
used technical aid is the Walker frame.

Many universities and research centers are developing
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mobility assistive devices, but these devices still suffer from
being bulky or some of them can be used in a single place
with the needs of special arrangement[4−6]. Therefore, the
patients can use these assistive devices only in hospital and
clinics but not for the daily life. Furthermore, the cur-
rent commercial devices provide all the necessary power for
standing and they do not emphasize the remaining physical
strength of patients[7]. Therefore, there is the risk of de-
creasing their physical strength with the improper designed
devices. The classifications of mobility assistive devices[8]

that have been used to help elders is shown in Fig. 1. The
current design of such devices still requires that elders be
almost constantly accompanied by the caregivers.

Fig. 1 Classification of mobility assistive devices

In this paper, a new design for mobility assistive device,
the Egypt-Japan University of Science and Technology (E-
JUST) assistive device (EJAD) is proposed. It helps pa-
tients who do not have enough physical strength on the
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lower limbs due to aging, diseases, and post-operation con-
ditions during sit to stand. To overcome some of the ex-
isting problems in the current mobility assistive devices,
the EJAD is a semi-autonomous device driven by elders to
reduce the need of caregivers. The EJAD estimates the
patient intentions in performing tasks by using distributed
inertial sensors on the patient. The intelligent interaction
between human and assistive device might help to keep and
eventually recover physical strength of the patient. The
mechanical design of EJAD imitates the caregiver′s mo-
tion during helping patients, guiding the patient to move
with similar patterns of healthy person. The EJAD is a
compact mobile device consisting of two main parts, a 2-
degree-of-freedom (2-DOF) robot arm and an active walker.
Its characteristics must meet the requirement of easy use at
hospitals as well as at home.

This paper is organized as follows. Section 2 presents
the structure of the EJAD and its kinematics. Section 3
describes the sit-to-stand experiments and a simulation of
EJAD assisting a patient during standing up. Section 4
presents the proposed control strategy for the EJAD. Sim-
ulation results are explained in Section 5. Finally, Section 6
is the conclusion.

2 EJAD structure

The motion approach of the EJAD is based on imitating
the caregiver′s motion during the support tasks as shown
in Fig. 2. The lower joint of the robot arm emulates the
hip motion of the caregiver while the upper joint of the
robot arm emulates the shoulder movement. The back sup-
port emulates the caregiver wrist. Finally, the active walker
emulates the lower limbs of the caregiver. EJAD helps to
maintain the patient stability on the walking phase and
during the sit-to-stand activity.

Fig. 2 Caregiver assistance and EJAD

2.1 Proposed mechanical design

The EJAD consists of two main parts, a planar robot arm
and a mobile platform as in Fig. 3. The robot arm has 2-
DOF. In addition, the back support with a passive joint will
support adaptively the back. The back support insures the
patient comfortable during sit-to-stand phase and it avoids
the possibility to fall backward. The material of the back
support is soft to avoid strong compression on the patient

body which causes obstruction of the blood circulation. The
active walker system is a differential drive mobile platform.
Two castor wheels provide the necessary stability of the
platform.

Fig. 3 Mechanical design of EJAD

2.2 EJAD analysis

The kinematics of the EJAD is simplified by considering
only the translation movement of the active walker forward
and backward added to a planar manipulator. Further-
more, the passive joint in this analysis will be excluded
because it is only a patient support function and does not
play any role on the calculation of the end effector posi-
tion. The result of this simplification is shown in Fig. 4.
A prismatic joint is used to represent the movement of the
active walker. In addition, two rotational joints represent
the robot arm of the EJAD. Using the Denavit and Harten-
berg (DH) convention[9], the forward kinematics of EJAD
is described by the following transformation matrix.

Fig. 4 Model of EJAD

0T3 =




C23 −S23 0 L2C2 + L3C23− L1

0 0 −1 0

S23 C23 0 L2S2 + L3S23 + d

0 0 0 1


 (1)

where L1 is the height of the first link, L2 is the length
of the second link, and L3 is the length of the third link.
From the proposed design, L1 = 1.25m, L2 = 0.6m, and
L3 = 0.5m.

To determine the inverse kinematics, the orientation and
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position of the end effector must be known. The follow-
ing matrix will describe the position and orientation of end
effector.

0T3 =




Nx Rx Fx Px

Ny Ry Fy Py

Nz Rz Fz Pz

0 0 0 1


 (2)

where P = [Px Py Pz]
T are x, y, and z components of

O3 with respect to the fixed frame. The rotational part
of the transformation matrix gives the orientation of the
O3x3y3z3 frame relative to the fixed frame. Joints variables
can be calculated from (1) and (2). The following equalities
describe how to calculate the joint variables.

θ2 = ±A cos
Px − L3Nx + L1

L2
(3)

θ3 =





A tan

(
Nz

Nx

)
− θ2, if Nx 6= 0

π

2
− θ2, if Nx = 0

(4)

d = Pz − L2S2− L3S23. (5)

For simplification, only the range values of θ2 from 0 deg
to 180 degree are considered. During the solution, the third
link is always considered parallel to the ground. Therefore,
the inverse kinematics equations are

θ2 = A cos
Px + L1

L2
(6)

θ3 =
π

2
− θ2 (7)

d = Pz − L2S2− L3. (8)

The Jacobian matrix of the EJAD has three columns
equal to the number of degrees of freedom in the joint space,
and six rows equal to the number of degrees of freedom in
the Cartesian space. Therefore, the Jacobian for this device
is

J =




0 −L2S2− L3S23 −L3S23

0 0 0

1 L2C2 + L3C23 L3C23

0 0 0

0 −1 −1

0 0 0




. (9)

The EJAD force transmission model is given by

[Fm] = [J ]T[F ] (10)

where the vector of the actuator force is [Fm], [J ] is the
Jacobian matrix of EJAD and [F ] is the vector of applied
forces on the end effector.

So, the actuator forces of EJAD are described by




F1

T2

T3


 =




0 1

−L2S2− L3S23 L2C2 + L3 + L3C23

−L2S23 L3C23


×

[
Fx

Fz

]

(11)

where F1, T2 and T3 are the forces and torques of the ac-
tuators, and Fx and Fz are the applied forces on the end
effector.

2.3 Sensory system for the patient posture
measurement

Nowadays, several sensors have been proposed to mea-
sure the patient posture to understand the human intention
and to predict the motion behavior[10]. However, most of
these sensors still have many limitations. For example, mo-
tion capture system (VICON) is a very precise device but it
requires a fixed place to set up a certain number of cameras,
in addition it needs a careful calibration each time before
use[11]. Direct methods like potentiometers and encoders
are also available but they need mechanical arrangement to
be placed on the subject that will not be comfortable with
such mechanical arrangement[12].

Inertial measured sensors (IMUs) are proposed to solve
the problem of stationary and difficult mechanical arrange-
ment. IMUs are recently becoming more popular because
they are lightweight and compact in size. These charac-
teristics are fundamental to provide a good wearability to
the user. IMUs combine accelerometers, gyroscopes, and
magnetometers to provide the attitude of the sensor in the
space, linear accelerations, and angular speed[13]. The in-
stallation of the IMUs does not require complicated setup
and/or calibration. These characteristics make the sen-
sory system easy to use for tracking the human motion[14].
Tao et al.[15] presented a real-time tracking system of hu-
man arm motion, specifically intent to be used for home
based rehabilitation. In this system, both sensor vision and
inertial sensor are used. That is quite different from [16],
which uses two wearable inertial sensors with equality con-
strained optimization technique to find an optimal solution
for the human arm tracking. In this paper, two IMUs are
proposed to be properly fixed on the user trunk and leg to
determine human motion during sit to stand.

3 Sit-to-stand experiments

3.1 Experiment protocol

For the purpose of studying the sit-to-stand motion, some
experiments have been conducted using the VICON sys-
tem and IMUs. The VICON system[17] is a motion capture
system which consists of 8 infrared cameras with ring of
light-emitting diodes (LEDs) that emit infer red (IR) light
(Fig. 5 (a)) reflected on the markers (Fig. 5 (c)). The marker
is a plastic ball covered with reflective tape attached to
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human body with double sided tape. The VICON 612 sta-
tion (Fig. 5 (b)) is used to analyze the images from multi IR
cameras to indicate the position of the markers in the three-
dimensional coordinates. In these experiments, the human
is considered to be a 3-degree-of-freedom (3-DOF) body
in a two-dimensional plane during standing up. To record
the postural data of the subjects, markers were placed on
the hip, head, trunk, leg, and ankle as shown in Fig. 6.
Several Waseda bioinstrumentation system No. 3 (WB-3)
IMUs, developed at Waseda University, were used to mea-
sure the acceleration of the body segments[18]. In addition,
the subject′s feet were placed on a 6-axis force sensor plate.
The subjects were asked to perform the sit-to-stand motion
three times.

Fig. 5 VICON system

Fig. 6 Positions of markers and WB-3

The aim of these experiments can be divided into three
main parts:

1) Analyze the human motion during sit to stand in the
four different phases of standing up: trunk flexion, momen-
tum transfer, hip joint extension, movement stabilization[19]

(Fig. 7) and to show the angles of knee and trunk (Fig. 8).
2) Verify the performance of the IMUs as compared with

the VICON data.
3) Design a adaptive neuro-fuzzy inference systems (AN-

FIS) based sensor fusion system by using the output data

from VICON and IMUs.

Fig. 7 Sit-to-Stand phases

Fig. 8 Knee and trunk angular values for sit to stand

3.2 Simulation of EJAD assisting a patient
during stand up

Computer simulation is used to verify the performance of
the system. In this simulation, the experimental data were
used to obtain the reference angles, displacement and ve-
locities for the EJAD system joints as shown in Fig. 9. The
human model (red sticks) stands up like a healthy subject
and EJAD assists him during this operation as shown in
Fig. 10.

4 Proposed control strategy

The patient with the EJAD performs autonomously im-
portant tasks like walking and sit-to-stand without the nec-
essary support of the caregiver. This relaxes the caregivers
to reduce the physical efforts in assisting the patient and
decreases the risk of back problems. The EJAD helps the
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patient to use his remaining physical strength and this in
turn will help the patient to keep his fitness conditions over
time. In the following, the proposed control scheme and
the ANFIS sensor fusion algorithm will be described. The
ANFIS technique is an algorithm that combines the neural
networks and fuzzy logic approaches[20].

Fig. 9 Angles, displacement and velocities of EJAD during sit-

to-stand

Fig. 10 Subject supported by EJAD during the sit-to-stand

To design the interactive control between patient and

EJAD, the posture of the user by using inertial sensors will
be reconstructed. IMUs are placed at the patient leg and
trunk as shown in Fig. 11. The raw data of the inertial sen-
sors are elaborated with an ANFIS algorithm to estimate
the patient posture and to generate the reference for the
end effector in the world coordinates. The inverse kinemat-
ics solution of the EJAD, calculated in the previous section,
will be used to determine the joints variables.

Fig. 11 General motion control diagram of EJAD

4.1 Proposed control scheme

The proposed control scheme for EJAD mechanism can
be divided into two stages as shown in Fig. 12. In the first
stage, the initialization of the system and the recognition
of the position and coordinates of the patient with respect
to the EJAD are carried out. A laser range finder (LRF)
is used to measure the horizontal distance between the pa-
tient and the system. In the second stage, when the user
wants to stand up, the system reads the inertial sensors
data to determine the patient posture using the ANFIS al-
gorithm. After knowing the posture of the patient, it is
possible to know the required position of the end effector
of the EJAD. Using the inverse kinematics solution of the
EJAD, the values of joints variables can be calculated. Fi-
nally, the controller will use these joints values as references
for the motors to move to the required position of end ef-
fector while assisting the patient.

4.2 Sensor fusion process

To design the interactive control between the patient and
EJAD, IMUs data are used to calculate the posture of the
human. The raw measurements of trunk inertial sensor and
leg inertial sensor are used as inputs to an ANFIS algorithm
to estimate the posture of the patient as shown in Fig. 13.
Part of the data from sit-to-stand experiments are used as
training data set while the rest are used as testing data set
to design the fuzzy sensor fusion. The design procedure of
fuzzy sensor fusion is as follows:

Step 1. Collect the training data from the sit-to-stand
experiment for healthy subject with VICON and WB-3 sys-
tems. Two experimental data sets are used as training data
set while the third experimental data set is used for testing.

Step 2. A script in Matlab organizes the acceleration
data of the leg and trunk, and the angular speed of the
leg as inputs for the ANFIS algorithm. The output data
consists of the coordinates obtained by the VICON system
data.
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Step 3. ANFIS training. The training data is used to
train the ANFIS algorithm.

Step 4. Designing the fuzzy sensor fusion. Fig. 14 shows
the surfaces of the generated fuzzy sensor fusion system.

Fig. 12 Flow chart of the proposed control scheme

Fig. 13 Inputs and outputs of ANFIS

Step 5. Test the output of the generated fuzzy sensor
fusion system with the data measured by the VICON sys-
tem.

Two ANFIS-based fusion systems are designed to obtain
the XZ position of the end effector. Each ANFIS-based
system has three inputs with three triangular type fuzzy
membership functions for each input variable.

5 Results

The performance of the proposed control strategy is ver-
ified with the data measured from the VICON system for

healthy subjects. The data collected using the inertial sen-
sors on the leg and trunk of the subject are used as inputs to
the ANFIS-based sensor fusion. Fig. 15 shows the results of
the ANFIS-based fusion system. The ANFIS fusion system
estimates the path of the end effector. The estimated path
is very close to the real path given by the VICON system,
with a max error of about 0.04m as shown in Fig. 16. The
estimated path of the end effector is then applied to the
EJAD inverse kinematics solution to calculate the displace-
ment and the angles of EJAD joints as shown in Fig. 17.

Fig. 14 Inputs and outputs of ANFIS

Fig. 15 The output XZ-result from ANFIS system

For force transmission analysis, the device will carry 50%
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of person weight. The subject weight is 500N. Therefore,
the device will carry 250 N maximum in the vertical direc-
tion. Figs. 18 and 19 show the torques of the EJAD.

Fig. 16 The path of EJAD end effector

Fig. 17 The displacement and angles of EJAD

6 Conclusions

The analysis and simulation of a new assistive device
named EJAD are presented. It is proposed to help elderly
people to use their remaining physical strength during sit-
to-stand activity. The forward and inverse kinematics so-
lutions are derived. Experiments using VICON and WB-3
systems are carried out to determine the human posture
during sit-to-stand activity. An ANFIS-based sensor fusion
system is designed to estimate the patient posture from
the inertial sensor data. A control scheme is proposed for

controlling EJAD actuators and a computer simulation is
conducted to evaluate the performance. The results indi-
cate that the generated path for EJAD is close to the real
path of healthy subject with a max error of 0.04m. In fu-
ture work, an increasing number of IMUs will be used to
estimate the human posture to improve the performance of
the EJAD.

Fig. 18 Torque on second joint

Fig. 19 Torque on third joint
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