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ABSTRACT As a senile chronic, progressive and currently incurable disease, dementia has an enormous
impact on society and life quality of the elderly. The development of teleoperation technology has changed
the traditional way of care delivery and brought a variety of novel applications for dementia care. In this
paper, a telerobotic system is presented which gives the caregivers the capability of assisting dementia elderly
remotely. The proposed system is composed of a dual-arm collaborative robot (YuMi) and a wearable motion
capture device. The communication architecture is achieved by the robot operation system (ROS). The
position-orientation data of the operator’s hand are obtained and used to control the YuMi robot. Besides,
a path-constrained mapping method is designed for motion trajectory tracking between the robot and the
operator in the progress of teleoperation. Meanwhile, corresponding experiments are conducted to verify
the performance of the trajectory tracking using the path-constrained mapping method. Results show that
the position tracking deviation between the trajectory of the operator and the robot measured by dynamic time
warping distance is 1.05mm at the sampling frequency of 7.5 Hz.Moreover, the practicability of the proposed
system was verified by teleoperating the YuMi robot to pick up a medicine bottle and further demonstrated
by assisting an elderly woman in picking up a cup remotely. The proposed telerobotic system has potential
utility for improving the life quality of dementia elderly and the care effect of their caregivers.

INDEX TERMS Assistive robot, motion capture, remote dementia care, teleoperation, telerobotic system.

I. INTRODUCTION
With the rapid population aging, more and more elderly peo-
ple are suffering from dementia. Statistics indicate that one
person develops dementia every 3 seconds in the world [1].
In parallel, global estimates of dementia prevalence are up
to 7% of individuals above the age of 65 years [2]. Unfor-
tunately, dementia disorders are chronic, long-lasting, pro-
gressive and currently incurable, which require coordinated
care to address the medical, behavioral, and social aspects
of the disease [3]. As a chronic disease, dementia has an
enormous impact on both society and the life quality of
patients. Long-term care at nursing homes or other healthcare

institutions is a major component of this societal and eco-
nomic burden [4]. In addition to such institutional care,
informal caregivers (usually family members) provide a large
proportion of dementia care [5].

For dementia elderly with obviously reduced capacity, sup-
portive living situations and integrated care systems can give
them a healthy life with dignity again [6]. However, health-
care services remain unmet, partly because of the insufficient
number of caregivers. In order to make up for the shortage of
healthcare staff, a promising trend in healthcare is to move the
healthcare services from healthcare institutions to home [7].
It is also worth noting that these informal caregivers still
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experience psychological burden themselves due to the
imbalance between their work and the care delivery [8], [9].
It is generally acknowledged that assistive technologies in
home-based settings can promote the wellbeing of people
with dementia, remedying any loss of autonomy for
patients [10], and also give their caregiver periods of relief
to lessen the burden on their shoulders [11].

In recent years, indoor assistive robots and integrated
robotic systems for the elderly assistance have gradually
come into people’s sight, and have been extensively used
in the context of dementia care and management [12], [13].
Due to the limited mobility and degraded learning ability of
the elderly with dementia, complex control methods make
it impossible for them to control the robot on their own.
This puts forward higher requirements for the intelligence
and automation of assistive robots for dementia care [14].
To address this problem, engineers have moved toward the
creation of generic robotic platforms that can be programmed
to undertake various tasks that focus on improving the quality
of life for older people with dementia [15]. Telerobotic sys-
tems that allow the caregivers to control the assistive robot
remotely and conduct the telepresence of the elderly with
dementia emerged under new circumstances. More detailed
related works on assistive robots for remote dementia care
are listed in Section II. However, Current research about
the telerobotic technology for dementia care focus mainly
on the monitoring of the elderly and most of the execu-
tive functions are simple and unreliable which limits their
wide applications. Dementia care is a skilled and ‘‘operator-
dependent’’ technique in which the caregivers need enough
training and experiences [16]. In order to carry out the remote
assistance, the novel solution of human-robot interaction that
can accurately reflect the intention of the caregivers will have
a great potential for remote dementia care [17]. Therefore,
finding an effective and natural method to recognize the
intention of the caregivers’ operation without imposing an
additional burden for interaction with the assistive robots is
one of the focus issues to be addressed for remote dementia
care [18], [19].

In this paper, we proposed a telerobotic system for remote
dementia care based on inertial motion capture technology
which is low training cost for caregivers and scalable for
function realization. The diagram illustrating the framework
of the whole system is shown in Fig. 1. A self-designed
care-assistive robot is used in the proposed telerobotic system
which can assist with mobility, household tasks [20]. The
dual-arm collaborative robot YuMi with seven degrees of
freedom (DOFs) of each arm is chosen as the manipula-
tor during the teleoperation. During the teleoperation, the
position-orientation data of the operator’s hand are obtained
via coordinate transformations using the inertial motion cap-
ture system. Then the data will be transmitted to the indus-
trial personal computer (IPC) installed with robot operating
system (ROS) through the Internet [21]. Finally, the robot
performs the corresponding action according to the operator’s
intention to assist dementia elderly.

FIGURE 1. The overall architecture of the proposed telerobotic system for
remote dementia care. (Vectors of the dementia patient and caregivers
were designed by Freepik).

This work has the following primary contributions and
novelties: 1) The design of a telerobotic system based on
ROS for remote dementia care using inertial motion capture
system; 2) The implementation of a path-constrained map-
ping method for teleoperation based on upper limb motion
data of operator.

The remaining structure is as follows. Section II introduces
the related work on assistive robots for remote dementia care,
and the motivation of this work is given by concluding the
pros and cons of current related studies. The architecture of
the proposed system is introduced in Section III. In addition,
Section III also details the approach of the motion capture
and the motion mapping method between the operator and
YuMi robot. Section IV describes the experimental settings
and evaluates the performance of the proposed system with
the analysis of the results of experiments. The verification and
demonstration of picking up a medicine bottle and assisting
an elderly woman using the telerobotic system are described
in the last part of Section IV. Discussions and conclusions of
this work are summarized in Section V.

II. RELATED WORK ON ASSISTIVE ROBOTS FOR REMOTE
DEMENTIA CARE
Currently, many projects are exploiting assistive robots to
support the aging life of elderly people. Assistive robots
are autonomous robots that communicate with the users
for a well-defined care purpose. Some assistive robots are
used as assistive devices to support independent living and
mobility. Others are used as companion robots, aiming at
providing social support, increasing health and physiological
well-being [22]. Significant research and development efforts
have recently taken place for the design and development of
assistive technologies to support the elderly in general and
manage the dementia patients in specific.

A. FUNCTIONAL DESIGN OF CURRENT ASSISTIVE ROBOT
Pineau et al. from Carnegie Mellon University developed
a mobile assistive robot named Nursebot, which can be
used to assist elderly individuals with mild dementia and
physical impairments, as well as support nurses in their
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daily activities. It also can provide companionship and help
the elderly to communicate with physicians and caregivers
remotely [23]. During experiments conducted in an assisted
living facility, the Nursebot successfully demonstrated its
ability to autonomously provide reminders and guidance for
elderly residents. Besides, the ROBADOM project is devoted
to the design of a robot-based solution for assisting activ-
ities of daily living: management of shopping lists, meet-
ings, medicines for older adults [24]. The specificity of this
project is to develop a specific robot for providing verbal
and non-verbal help, support, and coaching during various
tasks such as cognitive stimulation exercises. Meanwhile,
the acceptance and the impact of the robot on older adults
are addressed in the last step of the ROBADOM project.
Also, an European Union (EU) funded project ‘‘HOBBIT –
The Mutual Care Robot’’ was carried out and the Hobbit
robot was designed to support household tasks, medical and
social assistance for the elderly [25]. The Hobbit robot is also
capable of fall prevention and detection as well as emergency
detection and handling. Other included functions are: picking
up objects from the floor, bring objects, offering reminders,
and entertainment [26].

B. TELEROBOTIC TECHNOLOGY APPLIED ON ASSISTIVE
CARE
The telerobotic technologies are usually employed in the
telepresence robots for elderly assistive care, supporting
better communication between patients with dementia and
their caregivers. These robots are usually free-standing,
wheel-based and feature a videoconferencing system that
includes a web camera, moveable LCD screen, speaker,
and microphone [15]. An important characteristic of such
systems is mobility, which involves moving or steering the
robot around the space, either from a remote location by
a person or using space mapping functions embedded in
an autonomously or semi-autonomously operated robot. For
instance, one of the pioneer robots in this area was the
Nursebot mentioned above in [23]. It uses natural language
to provide information related to activities of daily living
obtained from the web, and it also enables remote caregivers
to establish telepresence at home. Another EU funded project
GiraffPlus develops a telepresence robot, which allows rela-
tives or caregivers to virtually visit an elderly at home [27].
GiraffPlus robot benefits from a network of sensors to mon-
itor the activities in the home environment, placed in and
around the home, as well as on the body of the elderly
to extract high-level activities from sensor data [28], [29].
Furthermore, Puente and colleagues report a system enabling
a mobile robot to autonomously pick-up objects a human is
pointing at from the floor [30], and their proposed system is
tested in real apartments with elderly people using the second
prototype of the Hobbit robot mentioned in [25].

From the above description of the current related works,
we can see that, on one hand, most researches of the assis-
tive robots for dementia focus on companion and cognitive
interaction ability. Telerobotic technology is mainly used

in condition monitoring of the elderly [31]. On the other
hand, only a few studies included caregivers other than the
elderly or the patients. Different caregivers (e.g., nurses,
family members, managers of nursing homes) have different
needs and their expectations of robots vary widely, and it is
important to consider their perspectives, so one of the starting
points should be identification and examination of various
caregivers’ expectations. The basic motivation of our work
was given by the above pros and cons of the related studies,
which consider the requests of patients, caregivers, and the
application scenarios for dementia remote care.

III. SYSTEM DESIGN AND IMPLEMENTATION
A. OVERALL ARCHITECTURE
The proposed telerobotic system includes three main parts:
caregivers as the tele-operator, assistive robot, and dementia
elderly as the on-site patient. The tele-operator is the input of
the assistive robot, i.e. caregivers such as family members and
nursing staff not at home. The assistive robot is the receiver of
the instruction and the output of the action. The on-site patient
is a dementia elderly person who needs assistance and care.

According to the detailed control block diagram of the
system as shown in Fig. 2, the proposed telerobotic system
can be divided into a human-motion-capture subsystem and
a robot-control subsystem. The human-motion-capture sub-
system obtains motion signals of the tele-operator through a
wearable motion capture device. The dual-arm robot YuMi is
chosen as the manipulator for carrying out the assistance of
the robot-control subsystem [32]. This system is a multi-node
distributed control system based on ROS, whose details are
given below in section III. B and section III. C.

B. HUMAN-MOTION-CAPTURE SUBSYSTEM
1) BASIC CONFIGURATION
The motion capture system mainly consists of a wearable
motion capture suit and the corresponding software, which
can acquire, process, and transmit motion signals wirelessly
in real time.

The motion capture suit, Perception Neuron, is a versatile
and adaptable motion capture device which can be used
both indoors and outdoors [33]. It consists of multi-node
inertial measurement units (IMUs) which are composed of
gyroscopes, accelerometers, and magnetometers. All IMUs
are on straps which are worn on the body. Hub, the central
processing unit of Perception Neuron, compiles and synchro-
nizesmotion data between IMUs and software throughWi-Fi.
Axis Neuron, a supporting application of Perception Neuron
in the Windows operating system (OS), is used to receive the
motion data from the hub, then process and export the motion
data of the wearer. Furthermore, we developed an executable
program, called Neuron-to-ROSwhich can extract movement
data from Axis Neuron and communicate with ROS through
the serial port.

As shown in Fig 3, the IMUs are mounted on straps which
are worn on the upper limb. On the basis of the operator’s
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FIGURE 2. Detailed control block diagram of the proposed telerobotic system.

FIGURE 3. The skeleton model of the upper limb and the placement of
IMUs on the human body. The skeleton model of the upper limb is
structured using the processed data from the IMUs, in which the number
of bones does not correspond to the number of IMUs.

upper limb motion data acquired from the IMUs, the human
skeleton model is constructed which is composed of the
hip, spine 0, spine 1, spine 2, spine 3, shoulder, upper arm,
forearm, right hand. In the process ofmotionmapping, the hip
of the operator is set to coincide with the root node of the
body’s skeleton model, while the right hand coincides with
the end node. The other bones arematchedwith other nodes in
turn according to the relative motion. According to the human
skeleton model, the two adjacent nodes form a parent-child
relationship, in which the node far away from the hip is the
child node.

In addition, motion capture glove also belongs to the
motion capture system, but the design and control of it are
separated from the motion capture suit. The bending signals
of the fingers, which can reflect the operator’s grab or release
intentions, are transmitted to node of ROS through Wi-Fi to
control the opening or closing state of the robot’s gripper.
Since it is not the technical focus of this paper, the related
details are not described here.

2) HUMAN MOTION TRACKING
During the humanmotion tracking, the motion capture device
and ROS are synchronously connected to Neuron-to-ROS
via TCP/IP protocol. The real-time maximum sampling fre-
quency of the motion capture system is 120Hz. The Percep-
tion Neuron obtains the position-orientation data of wearer
through IMUs which are mounted on the suit. Axis Neuron
reflects human motion through a virtual animation model.
However, because of different body sizes of wearers, the ini-
tial pose of the virtual animation model is not matched with
the pose of human. Therefore, it is required to measure
parameters of the body size such as arm length, shoulder
width and the height of the wearer first. These parameters
are set to create a corresponding virtual animation model.
Then the motion calibration is performed to make the Axis
Neuron display human motion synchronously through a vir-
tual human model. The virtual animation model is shown
in Fig. 4.

Besides, Axis Neuron exports motion data acquired from
the motion capture suit to the Neuron-to-ROS in Windows
Operation System (OS). Neuron-to-ROS, which can make
connections between the Axis Neuron in Windows OS and
ROS in Linux OS, is programmed to parse and transmit
data streams based on the application program interface of
Axis Neuron. The data streams include parameters of the
human skeleton and motion data. The parameters describing
the wearer’s skeleton size information are used to construct
the corresponding human skeleton model. The motion data
recording the limb motion include the position-orientation
data of the human bones in the local coordinate systems.
Neuron-to-ROS uses data streams to construct the human
skeleton model and achieve coordinate transformations. Then
the analytical position-orientation data of the human hand
in the global coordinate system are published on ROS to
control the robot.
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FIGURE 4. The cyber-physical architecture of the telerobotic system. The
corresponding coordinate system of robot and operator is shown in the
above, and the cyber model of the physical operator and robot is shown
below.

C. ROBOT-CONTROL SUBSYSTEM
1) BASIC CONFIGURATION
Compared to the other robots, collaborative robot YuMi can
ensure stop-motion in the presence of an operator or obstruc-
tion, and also can keep the electric motor drives on for a
quick restart, which is crucial in the remote care operations.
In addition, another research focus of our team is the develop-
ment of robot skin for safe human-robot interactionwhich can
provide host robots with the ability to detect much lower force
to enhance safety performance [34]. Improving the safety in
human-robot interaction by attaching flexible sensors to the
robot’s arm is an ongoing work. The operation system of the
YuMi robot, produced by Asea Brown Boveri Ltd. (ABB),
is consistent with that of ABB industrial robot. The Robot-
Ware OS running in the IRC5 controller is used to control the
two arms of the YuMi robot. The single manipulator consists
of a mechanical arm and a gripper, which is independently
communicated with the main control board via industrial
Ethernet.

In order to realize the distributed control based on
ROS, we conducted the control framework utilizing
ROS-Industrial. On the basis of the simple-message pro-
tocol, the motion control and socket communication of
YuMi’s arms and grippers are configured in the applica-
tion layer of the robot controller which is programmed in
RAPID language. An IPC installed with ROS is used as the
upper computer of the system. In the ROS interface layer,
abb-driver, an official program package for the communica-
tion between ABB industrial robot and ROS, is configured.
The motion planning and control of the robot are completed
in MoveIt, an open-source project in ROS. In this case,
we modified an open-source unified robot description format
(URDF) model of YuMi provided by Lundell et al. [35].
Because YuMi’s manipulators and grippers are controlled

independently based on different IP addresses, we divided the
whole robot into four motion planning groups after URDF
remodeling: left arm, right arm, left hand and right hand.
In addition, the base coordinate system (BCS) of the YuMi
robot is set in the front middle of the base in the URDFmodel.

2) MOTION PLANNING AND EXECUTION
In order to execute the movements of motion planning
groups, the communication between IPC and YuMi is carried
out via industrial Ethernet. The kinematics and dynamics
library (KDL), a popular kinematics solver, is used to cal-
culate the inverse kinematics and plan the movement of the
robot’s motion planning group according to the start-state
and goal-state of robot. The current position of the robot is
chosen as the start-state of motion planning, and goal-state
is determined by the specific position-orientation data of the
operator’s hand in the process of the operation. The KDL
solver calculates the robot’s joint values in the process and
the motion is executed throughMoveIt. Furthermore, in order
to feedback the on-site status of the robot’s motion execution,
a household web camera TL-IPC40C-4 is chosen to transmit
the on-site video to the tele-operator. Bandwidth of the web
camera is up to 300Mbps in the 2.4 GHz band.

The coordinate system of the operator is different from
the coordinate system of the robot. According to the human
skeleton model described above, the BCS of the tele-
operator’s body is in the part of the hip. The coordinate
system of hand is chosen as the end coordinate system (ECS),
as shown in Fig. 4. Besides, the BCS of the robot is set in
the front middle of its base, and the tool coordinate system is
set in the middle of the robot’s gripper finger. The operator’s
ECS position-orientation data obtained by the motion capture
system cannot be used as the position-orientation data of the
robot’s tool central point (TCP) directly to conduct the robot
control. It is important to note that the coordinate system
based on the wearable device is different from the traditional
coordinate system. Therefore, we need to adjust YuMi robot’s
model for making coordinate system corresponding in the
ROS node program based on the above coordinate transfor-
mations. The orientation offset δO between ECS and TCP is
set to zero by modifying the URDF model of YuMi robot.

Based on the point-point mapping method, we proposed
a novel path-constrained mapping method for teleoperation,
which is more applicable for the continuous trajectory fol-
lowing. The path-constrained mapping method is based on
trajectory pre-sampling in periodic time intervals to achieve
the robot control. With a pre-defined time interval 1T , a
series of operator’s ECS position-orientation data [N_P(t −
1T −δt: t), N_O(t−1T −δt: t)] and current TCP pose data
[R_P(t), R_O(t)] are input as the path-constrained points for
robot’s motion planning. δt is the refresh time of robot motion
planning in ROS. A series of points [R_P(t+δt: t+1T+δt),
R_O(t + δt: t + 1T + δt)] are output as the robot’s TCP
pose data within the next sampling time 1T . The detailed
procedure is described in Algorithm 1.
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Algorithm 1 Path-Constrained Mapping Method
Input: [N_P(t−1T−δt: t), N_O(t−1T−δt: t)], [R_P(t),
R_O(t)]
Require: δO = 0
Output: [R_P(t+δt: t+1T+δt), R_O(t+δt: t+1T+δt)]
1: R_P(t −1T − δt: t) = N_P(t −1T − δt: t)+ δP
2: R_O(t−1T − δt: t) = N_O (t −1T − δt: t)
3: Waypoints = ([R_P (t), R_O(t)])
4: For i = t −1T − δt: t
5: Waypoints = Add(Waypoints, [N_P(i), N_O(i)])
6: End for
7: Traj =MoveitPlan(Waypoints)
8: For i = t + δt: t +1T + δt
9: [R_P(i), R_O(i)] = Sampling(Traj)
10: End for
11: Clear Waypoints

IV. EXPERIMENTS AND RESULTS
A. EXPERIMENTAL SETTING
In this experiment, the operator carried out the teleopera-
tion using the proposed path-constrained mapping method.
The rosbag, a gadget in ROS, was used for recording the
real-time position-orientation data of the operator’s ECS
and robot’s TCP during the experiments. Before carrying
out this research, approval of the Ethics Committee of the
117th Hospital of People’s Liberation Army (PLA) has been
obtained.

At first, a wearable motion capture suit was worn by the
operator with a USB data wire connected to the laptop. The
IP address and port number of Axis Neuron for data trans-
mission needed to be set, then the data wire between the
wearable device and laptop was disconnected and the two
devices reconnected through Wi-Fi. After reconnection, the
motion calibration process was performed, and the motion
data of operator were transmitted to the software terminal
in real time. On the robot side, the YuMi robot was turned
on first and the background program configured on robot
controller started through the FlexPendant for communica-
tion with ROS. The coordinate calibration mentioned above
was conducted for motion mapping between the tele-operator
and robot. Then ROS nodes for communication between the
motion capture system and the robot started up for receiv-
ing real-time motion data of operator to control the robot.
The movement speed of the robot’s end effector was set
to 0.135m/s. 1T and δt were configured as 1 second and
0.2 seconds respectively.

Once the experiment settings above were completed,
the operator moved his upper limb and the robot’s armmoved
following the operator’s motion. The details of the experi-
ments and the analysis of the results are as follows.

B. EXPERIMENTS RESULTS AND ANALYSIS
In order to verify the tracking performance of the robot’s
motion trajectory when using the path-constrained mapping

FIGURE 5. The tracking performance of the four trajectories (horizontal
line ‘‘—’’, vertical line ‘‘|’’, triangle ‘‘1’’, and arc ‘‘_’’) at the sampling
frequency of 7.5Hz. The blue lines refer to the tracking trajectories of the
robot, while the red dotted lines refer to the hand trajectories of the
operator.

method, we designed trajectory tracking experiments of
four pre-defined trajectories which cover the basic spa-
tial characteristics in cartesian coordinate space: horizontal
line ‘‘—’’, vertical line ‘‘|’’, triangle ‘‘1’’, and arc ‘‘_’’.
All trajectories were performed by the operator at five
pre-sampling frequencies to study the influence of sampling
frequency on the performance of trajectory tracking.

The operator performed the four trajectories ‘‘—’’ ‘‘|’’
‘‘1’’ ‘‘_’’ and the robot moved following the hand trajectory
of the operator. The tracking experiment of each trajectory
was repeated five times to ensure the reliability of the data.
As shown in Fig. 5, the four trajectories at the pre-sampling
frequency of 7.5Hz were displayed. Because the robot’s
motion speed was different from the operator’s motion speed,
the delay was inevitable between the robot trajectory and
operator’s hand trajectory. The sampling points of planned
trajectory and the tracked trajectory were not one-to-one
correspondence at the same moment. In order to measure the
tracking performance of motion trajectories between robot
and operator, the dynamic time warping (DTW) algorithm
was used to decrease the distortion of trajectory signals in
the time domain [36], [37]. The DTW distance warped the
time series first and then calculated the distance between two
trajectories. Essentially, the calculated DTW distance was the
absolute Euclidean distance.

After obtaining the trajectory data, the DTW distances
between the hand trajectory of operator and the tracking
trajectory of robot were calculated using the DTW algorithm.
The DTW distances of the position data (x, y, z) and the
orientation data (roll, pitch, yaw) between the two trajectories
are shown in Table 1. The four trajectories had different
spatial characteristics: (1) the coordinate change of trajec-
tory horizontal line ‘‘—’’ occurred mainly along the Y-axis;
(2) the coordinate change of vertical line ‘‘|’’ occurred mainly
along the Z-axis; (3) the coordinate change of triangle ‘‘1’’
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TABLE 1. The average DTW distances of the four trajectories.

occurred mainly along the Y-axis and Z-axis; (4) the coor-
dinate change of arc ‘‘_’’ occurred mainly along the X-axis
and Y-axis. Theoretically, the maximum error appeared in the
direction where the coordinate changedmost in the trajectory.
At a high sampling frequency, the experimental results fully
conformed to the theoretical inference. The abnormal result
at the lower 2 Hz sampling frequency was due to the too few
sampling points which result in a largemapping deviation and
abnormal error distribution.

For a more comprehensive evaluation of the tracking per-
formance, we calculated the root mean square (RMS) of
position data and orientation data respectively. As shown
in Table 1, the DTW distances of the corresponding trajec-
tories degraded with the increase of pre-sampling frequency,
which meant the increasing tracking performance between
the trajectories of human and robot, both position and ori-
entation. The DTW distances at 7.5 Hz and 10.0 Hz were no
more than 2.00 mm. However, the DTW distance at 10.0 Hz
was 1.80 mm, which was larger than the 1.05 mm at 7.5 Hz.
This was due to the excessive number of sampling points at
10.0 Hz, which led to more complex motion planning and the
decreased tracking performance of the robot’s motion trajec-
tory. About the orientation tracking performance, the smallest
orientation DTW distance was achieved at the frequency
of 10.0 Hz, not 7.5 Hz, with the average orientation DTW
distance of 0.0075 rad. The reason was that the orientation
of the operator’s hand changed a bit during the experiment.
In order to show the data of tracking performance more intu-
itively, we gave a graphical representation of the experiments
results, as shown in Fig. 6.

C. VERIFICATION AND DEMONSTRATION
The proposed telerobotic system had great potential in the
home environment for remote dementia care. It made it pos-
sible that the caregivers assist the elderly remotely to do
some essential chores that are difficult by themselves, such as
assisting them to get the medicine correctly. In order to con-
duct the verification of the practical application performance
of the proposed telerobotic system for remote dementia care,
we used the proposed telerobotic system to conduct a task

FIGURE 6. Overview of the tracking performance by DTW distance
measure. (a) position tracking performance at five sampling frequencies;
(b) orientation tracking performance at five sampling frequencies.

of picking up a medicine bottle at first, and the operational
process is displayed in Fig. 7.

In this application, the operator put on the wearable motion
capture device first. Then the operator performed the corre-
sponding picking action by the side of the robot. The motion
capture device was powered by a portable battery, and the
motion data were processed and transmitted to IPC installed
with ROS through Wi-Fi. Then the robot was controlled
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FIGURE 7. Demonstration of picking up a medicine bottle using the proposed telerobotic system.

using the obtained motion data. The process was manually
divided into four processes: Start, Ready, Grip Pick, as shown
in Fig. 7. The operator started from the starting position and
moved his hand to a posture ready to pick. Then the robot
moved its gripper following the operator’s upper limbmotion.
When the gripper moved to a position that is suitable for
picking, the operator spread his hand to open the robot’s
gripper and picked up the medicine bottle.

The functional performance of the proposed system has
been reflected through the above application. In order to
demonstrate the practicability of the proposed system for
remote dementia care, we further applied the proposed teler-
obotic system to conduct a task of assisting a remote elderly
woman in picking up necessaries, and a cup was demon-
strated as an example here. The implementation of this appli-
cation is demonstrated in Fig. 8. Further, acceptability of the
assistive robot and the reaction of the care recipient merited
consideration. The appearance design of YuMi’s dual-arm
was anthropomorphic, and the ultra-light magnesium arm
rotated on seven axes to mimic human-like movements with
greater agility than 6-axis robots. The above features of YuMi
robot were friendly and acceptable to the care recipient during
the teleoperation progress.

FIGURE 8. Demonstration of assisting an elderly woman in picking up a
cup using the proposed telerobotic system remotely.

In the second application scenario, the care recipient and
the caregiver stayed into two different rooms respectively.
The caregiver put on the wearable device for motion capture
at first. On-site video of the remote elderly woman was
captured through aweb camera and transmitted to themonitor
in front of the caregiver through the Internet for teleopera-
tion. The delay existed using the web camera for feedback
compared to the first application scenario. The caregiver
performed the corresponding picking action and adjusted
according to the video from the remote scene. The motion
data were used for planning the robot’s motion path in the IPC
which was connected to the robot based on industrial Ethernet
through a wireless bridge. Then the robot was controlled
using the obtained data remotely.

The elderly woman sat on the seat of our self-designed
nursing-care robot waiting for assistance. More details of the
self-designed care-assistive robot can be found in [20]. The
robot moved its arm following the remote operator’s upper
limb motion until its gripper had arrived at a suitable place
for grip according to the on-site feedback. When the gripper
moved to a position that is suitable for picking, the operator
spread his hand to open the robot’s gripper and then the robot
picked up the cup. Then the caregiver delivered the cup to
where the elderly woman can get it easily on the premise of
ensuring safety. At last, the elderly woman got the cup easily
from the robot based on the telerobotic system.

V. DISCUSSION AND CONCLUSION
In this paper, a novel telerobotic system composed of a wear-
able inertial motion capture device and a dual-arm collabo-
rative robot for remote dementia care is proposed. Based on
the upper limb motion data obtained from the motion capture
system, the position-orientation data of the operator’s hand
are acquired via coordinate transformations. The control of
the robot is realized by mapping movements from the upper
limb of the tele-operator to the YuMi robot according to the
position-orientation data of the operator’s hand. In addition,
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a path-constrained mapping method is proposed for better
performance of trajectory tracking.

The performance of the proposed telerobotic system
using the path-constrained mapping method is evaluated by
comparing the trajectory tracking deviations of four
pre-defined trajectories under five sampling frequencies.
As a result, based on the path-constrained mapping method,
the position tracking deviation between the trajectory of
operator and robot measured by DTW distance is 1.05 mm at
the sampling frequency of 7.5 Hz, which is the best tracking
performance in the experiments. Furthermore, the system is
demonstrated by teleoperating the robot to pick up amedicine
bottle and assisting an elderly woman to get a cup, which
further demonstrates the practicability of the proposed system
for carrying out the assistance for remote dementia care.

It is undeniable that there are still some limitations in the
current work. Future work will focus on dealing with the time
delay of the path-constrained mapping method. In addition,
the dual-arm teleoperation and the collaborative control strat-
egy during the teleoperation tasks will be also considered in
the future works [38]. Under the configuration of the current
web camera, the delay time is within the tolerance of normal
operation and the caregivers can complete the teleoperation
slowly. In the future works, a feedback solution with better
transmission performance will be considered to get the lower
latency.

ACKNOWLEDGMENT
The authors would like to express their gratitude to all the
participators of this experiment.

REFERENCES
[1] L. Koumakis, C. Chatzaki, E. Kazantzaki, E. Maniadi, and M. Tsiknakis,

‘‘Dementia care frameworks and assistive technologies for their implemen-
tation: A review,’’ IEEE Rev. Biomed. Eng., vol. 12, pp. 4–18, Jan. 2019,
doi: 10.1109/RBME.2019.2892614.

[2] M. Prince, R. Bryce, E. Albanese, A. Wimo, W. Ribeiro, and C. P. Ferri,
‘‘The global prevalence of dementia: A systematic review and metaanal-
ysis,’’ Alzheimers Dementia, vol. 9, no. 1, pp. 63–75, Jan. 2013, doi: 10.
1016/j.jalz.2012.11.007.

[3] Z. S. Tan, L. Jennings, and D. Reuben, ‘‘Coordinated care management for
dementia in a large academic health system,’’Health Affairs, vol. 33, no. 4,
pp. 619–625, Apr. 2014, doi: 10.1377/hlthaff.2013.1294.

[4] M. D. Hurd, P. Martorell, and K. Langa, ‘‘Future monetary costs of demen-
tia in the United States under alternative dementia prevalence scenarios,’’
J. Population Ageing, vol. 8, nos. 1–2, pp. 101–112, Mar. 2015, doi: 10.
1007/s12062-015-9112-4.

[5] A. Association, ‘‘2015 Alzheimer’s disease facts and figures,’’ Alzheimer’s
Dementia, vol. 11, no. 3, pp. 332–384,Mar. 2015, doi: 10.1016/j.jalz.2015.
02.003.

[6] L. Mertz, ‘‘The coming gray tide: Wanted: health innovations for an
increasingly older population,’’ IEEE Pulse, vol. 8, no. 2, pp. 6–11,
Mar. 2017, doi: 10.1109/Mpul.2016.2647058.

[7] G. Yang et al., ‘‘A health-IoT platform based on the integration of intel-
ligent packaging, unobtrusive bio-sensor, and intelligent medicine box,’’
IEEE Trans. Ind. Informat., vol. 10, no. 4, pp. 2180–2191, Nov. 2014, doi:
10.1109/Tii.2014.2307795.

[8] A. E. Sanders, ‘‘Caregiver stress and the patient with dementia,’’ Contin-
uum Lifelong Learn. Neurology, vol. 22, no. 2, pp. 619–625, Apr. 2016,
doi: 10.1212/CON.0000000000000301.

[9] J. Hugo and M. Ganguli, ‘‘Dementia and cognitive impairment,’’ Clinics
Geriatric Med., vol. 30, no. 3, pp. 421–442, Aug. 2014, doi: 10.1016/
j.cger.2014.04.001.

[10] F. Meiland et al., ‘‘Technologies to support community-dwelling per-
sons with dementia: A position paper on issues regarding development,
usability, effectiveness and cost-effectiveness, deployment, and ethics,’’
JMIR Rehabil. Assistive Technol., vol. 4, no. 1, pp. 1–21, Jan. 2017, doi:
10.2196/rehab.6376.

[11] S. Enshaeifar et al., ‘‘The Internet of Things for dementia care,’’ IEEE
Internet Comput., vol. 22, no. 1, pp. 8–17, Jan. 2018, doi: 10.1109/
MIC.2018.112102418.

[12] G. Yang et al., ‘‘An IoT-enabled stroke rehabilitation system based on
smart wearable armband and machine learning,’’ IEEE J. Transl. Eng.
Health Med., vol. 6, pp. 1–10, May 2018, doi: 10.1109/Jtehm.2018.
2822681.

[13] Y.-H. Wu, C. Fassert, and A.-S. Rigaud, ‘‘Designing robots for
the elderly: Appearance issue and beyond,’’ Arch. Gerontology Geri-
atrics, vol. 54, no. 1, pp. 121–126, Jan. 2012, doi: 10.1016/j.archger.
2011.02.003.

[14] A. Kristoffersson, S. Coradeschi, and A. Loutfi, ‘‘A review of mobile
robotic telepresence,’’ Adv. Hum.-Comput. Interact., vol. 2013, pp. 1–17,
Apr. 2013, doi: 10.1155/2013/902316.

[15] W. Moyle, U. Arnautovska, T. Ownsworth, and C. Jones, ‘‘Poten-
tial of telepresence robots to enhance social connectedness in older
adults with dementia: An integrative review of feasibility,’’ Int. Psy-
chogeriatrics, vol. 29, no. 12, pp. 1951–1964, Dec. 2017, doi: 10.1017/
S1041610217001776.

[16] R. Nilforooshan et al., ‘‘Transforming care for people with dementia
using the Internet of Things,’’ Int. J. Integr. Care, vol. 19, no. 1, pp. 1–8,
Aug. 2019, doi: 10.5334/ijic.s3365.

[17] F. Chen et al., ‘‘WristCam: A wearable sensor for hand trajectory ges-
ture recognition and intelligent human–robot interaction,’’ IEEE Sen-
sors J., vol. 19, no. 19, pp. 8441–8451, Oct. 2019, doi: 10.1109/Jsen.
2018.2877978.

[18] J. Qi, P. Yang, L. Newcombe, X. Peng, Y. Yang, and Z. Zhao, ‘‘An overview
of data fusion techniques for Internet of Things enabled physical activity
recognition and measure,’’ Inf. Fusion, vol. 55, pp. 269–280, Mar. 2020,
doi: 10.1016/j.inffus.2019.09.002.

[19] J. Qi, P. Yang,M. Hanneghan, S. Tang, and B. Zhou, ‘‘A hybrid hierarchical
framework for gym physical activity recognition and measurement using
wearable sensors,’’ IEEE Internet Things J., vol. 6, no. 2, pp. 1384–1393,
Apr. 2019, doi: 10.1109/JIOT.2018.2846359.

[20] G. Yang et al., ‘‘A novel gesture recognition system for intelligent interac-
tion with a nursing-care assistant robot,’’ Appl. Sci., vol. 8, no. 12, p. 2349,
Nov. 2018, doi: 10.3390/app8122349.

[21] Transforming care for People With Dementia Using the Internet of
ThingsRobot Operating System. Open Source Robotics Foundation.
Accessed: 2008. [Online]. Available: https://www.ros.org/

[22] P. Yang, J. Liu, J. Qi, Y. Yang, X. Wang, and Z. Lv, ‘‘Comparison
and modelling of country-level microblog user and activity in cyber-
physical-social systems using weibo and Twitter data,’’ ACM Trans.
Intell. Syst. Technol., vol. 10, no. 6, pp. 1–24, Dec. 2019, doi: 10.1145/
3339474.

[23] J. Pineau, M. Montemerlo, M. Pollack, N. Roy, and S. Thrun, ‘‘Towards
robotic assistants in nursing homes: Challenges and results,’’ Robot. Auto.
Syst., vol. 42, nos. 3–4, pp. 271–281, Mar. 2003, doi: 10.1016/S0921-
8890(02)00381-0.

[24] Y.-H. Wu et al., ‘‘Designing an assistive robot for older adults: The
ROBADOM project,’’ IRBM, vol. 34, no. 2, pp. 119–123, Apr. 2013, doi:
10.1016/j.irbm.2013.01.003.

[25] D. Fischinger et al., ‘‘Hobbit, a care robot supporting independent living
at home: First prototype and lessons learned,’’ Robot. Auto. Syst., vol. 75,
pp. 60–78, Jan. 2016, doi: 10.1016/j.robot.2014.09.029.

[26] D. Portugal, P. Alvito, E. Christodoulou, G. Samaras, and J. Dias, ‘‘A study
on the deployment of a service robot in an elderly care center,’’ Int. J. Social
Robot., vol. 11, no. 2, pp. 317–341, Apr. 2019, doi: 10.1007/s12369-018-
0492-5.

[27] S. Coradeschi et al., ‘‘GiraffPlus: A system for monitoring activities and
physiological parameters and promoting social interaction for elderly,’’
in Human-Computer Systems Interaction, Backgrounds and Applications,
Z. S. Hippe, J. L. Kulikowski, T. Mroczek, J. Wtorek, eds. Cham, Switzer-
land: Springer, 2014, pp. 261–271.

[28] S. Coradeschi et al., ‘‘GiraffPlus: Combining social interaction
and long term monitoring for promoting independent living,’’
presented at the 6th Int. Conf. Hum. Syst. Interact., Sopot, Poland,
Jun. 2013.

1400510 VOLUME 8, 2020

http://dx.doi.org/10.1109/RBME.2019.2892614
http://dx.doi.org/10.1016/j.jalz.2012.11.007
http://dx.doi.org/10.1016/j.jalz.2012.11.007
http://dx.doi.org/10.1377/hlthaff.2013.1294
http://dx.doi.org/10.1007/s12062-015-9112-4
http://dx.doi.org/10.1007/s12062-015-9112-4
http://dx.doi.org/10.1016/j.jalz.2015.02.003
http://dx.doi.org/10.1016/j.jalz.2015.02.003
http://dx.doi.org/10.1109/Mpul.2016.2647058
http://dx.doi.org/10.1109/Tii.2014.2307795
http://dx.doi.org/10.1212/CON.0000000000000301
http://dx.doi.org/10.1016/j.cger.2014.04.001
http://dx.doi.org/10.1016/j.cger.2014.04.001
http://dx.doi.org/10.2196/rehab.6376
http://dx.doi.org/10.1109/MIC.2018.112102418
http://dx.doi.org/10.1109/MIC.2018.112102418
http://dx.doi.org/10.1109/Jtehm.2018.2822681
http://dx.doi.org/10.1109/Jtehm.2018.2822681
http://dx.doi.org/10.1016/j.archger.2011.02.003
http://dx.doi.org/10.1016/j.archger.2011.02.003
http://dx.doi.org/10.1155/2013/902316
http://dx.doi.org/10.1017/S1041610217001776
http://dx.doi.org/10.1017/S1041610217001776
http://dx.doi.org/10.5334/ijic.s3365
http://dx.doi.org/10.1109/Jsen.2018.2877978
http://dx.doi.org/10.1109/Jsen.2018.2877978
http://dx.doi.org/10.1016/j.inffus.2019.09.002
http://dx.doi.org/10.1109/JIOT.2018.2846359
http://dx.doi.org/10.3390/app8122349
http://dx.doi.org/10.1145/3339474
http://dx.doi.org/10.1145/3339474
http://dx.doi.org/10.1016/S0921-8890(02)00381-0
http://dx.doi.org/10.1016/S0921-8890(02)00381-0
http://dx.doi.org/10.1016/j.irbm.2013.01.003
http://dx.doi.org/10.1016/j.robot.2014.09.029
http://dx.doi.org/10.1007/s12369-018-0492-5
http://dx.doi.org/10.1007/s12369-018-0492-5


H. Lyu et al.: Teleoperation of Collaborative Robot for Remote Dementia Care in Home Environments

[29] D. Loza-Matovelle, A. Verdugo, E. Zalama, and J. Gómez-García-
Bermejo, ‘‘An architecture for the integration of robots and sensors for the
care of the elderly in an ambient assisted living environment,’’ Robotics,
vol. 8, no. 3, p. 76, Sep. 2019, doi: 10.3390/robotics8030076.

[30] P. De La Puente, D. Fischinger, M. Bajones, D. Wolf, and M. Vincze,
‘‘Grasping objects from the floor in assistive robotics: Real world implica-
tions and lessons learned,’’ IEEEAccess, vol. 7, pp. 123725–123735, 2019,
doi: 10.1109/Access.2019.2938366.

[31] G. Cortellessa et al., ‘‘ROBIN, a telepresence robot to support older
users monitoring and social inclusion: Development and evaluation,’’
Telemed. E-Health, vol. 24, no. 2, pp. 145–154, Feb. 2018, doi: 10.1089/
tmj.2016.0258.

[32] A. M. Zanchettin, A. Casalino, L. Piroddi, and P. Rocco, ‘‘Prediction of
human activity patterns for human–robot collaborative assembly tasks,’’
IEEE Trans. Ind. Informat., vol. 15, no. 7, pp. 3934–3942, Jul. 2019, doi:
10.1109/TII.2018.2882741.

[33] Perception Neuron. Noitom Ltd. Accessed: 2017. [Online]. Available:
http://www.noitom.com.cn/

[34] G. Pang et al., ‘‘CoboSkin: Soft robot skin with variable stiffness for
safer human-robot collaboration,’’ IEEE Trans. Ind. Electron., early access,
Mar. 13, 2020, doi: 10.1109/TIE.2020.2978728.

[35] J. Lundell, R. Krug, E. Schaffernicht, T. Stoyanov, and V. Kyrki,
‘‘Safe-to-explore state spaces: Ensuring safe exploration in policy
search with hierarchical task optimization,’’ presented at the
IEEE-RAS 18th Int. Conf. Humanoid Robots, Beijing, China,
Nov. 2018.

[36] Y. Wang, P. Lei, H. Zhou, X. Wang, M. Ma, and X. Chen, ‘‘Using DTW to
measure trajectory distance in grid space,’’ presented at the 4th IEEE Int.
Conf. Inf. Sci. Technol., Shenzhen, China, Apr. 2014.

[37] Y. Xu, C. Wang, P. Zalzal, O. Safir, and L. Guan, ‘‘Analysis of human gait
bilateral symmetry for functional assessment after an orthopaedic surgery,’’
presented at the 6th Int. Conf. Image Anal. Recognit., Halifax, Canada,
Jun. 2009.

[38] A. D. Dragan and S. S. Srinivasa, ‘‘Assitive teleoperation for manipulation
tasks,’’ presented at the 7th ACM/IEEE Int. Conf. Hum.-Robot Interact.,
Boston, MA, USA, Mar. 2012.

VOLUME 8, 2020 1400510

http://dx.doi.org/10.3390/robotics8030076
http://dx.doi.org/10.1109/Access.2019.2938366
http://dx.doi.org/10.1089/tmj.2016.0258
http://dx.doi.org/10.1089/tmj.2016.0258
http://dx.doi.org/10.1109/TII.2018.2882741
http://dx.doi.org/10.1109/TIE.2020.2978728

