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ABSTRACT With the growing elderly population worldwide, it is crucial to develop an advanced
elderly-assistant robot that can assist healthcare workers and reduce the care burden on society. Nonetheless,
older people, often associated with decreased muscle strength and increased fatness, could be adversely
affected by the induced vibration of the assistant robots. Thus, to help older people execute daily activities
while reducing vibration impacts, the vibration characteristics analysis of the human-robot coupled system
for the transporting posture of the elderly-assistant robot (EAR) is presented in this paper. The equations
of motion for the coupled elderly-EAR system are established using Newton’s second law. Then, the
dynamic behavior of the model is investigated and analyzed in a Matlab simulation environment for different
road roughness and robot speeds. In addition, real-time experimental analysis was conducted to verify the
effectiveness of the derived model using asphalt and interlock roads for the EAR’s speeds of 4.5km/h and
7km/h. The simulation and the experimental results show that the derived model can be efficiently applied to
assess the robot-user vibration transmissibility of the road-induced vibration. Finally, the ISO 2631-1 based
comfortability analysis demonstrates guaranteed EAR’s stability and ride comfort of the elders on asphalt
and interlock roads.

INDEX TERMS Vibration analysis, dynamic model, EAR, ride comfort, elder-robot couple model.

I. INTRODUCTION
The elderly who are 60 and older are the world’s fastest-
growing population group. However, their physical activities
are reduced due to aging, often characterized by decreased
muscle strength and increased fatness. Generally, when peo-
ple reach the age of fifty, their muscles’ mass and strength
steadily decline in a process called sarcopenia. This muscle
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declination leads to the poor physical strength of older people
and hence reduced independence [1], [2].

According to the United Nations’ 2020 Population Aging
Report [3], it projects that by the year 2050, the population of
older peoplewould increase to 21.4% of the global population
from 13.2% in 2019, 11.7% in 2013, 9.88% in 2000 and 8%
in 1950. Also, according to theWHO’s 2011World Report on
Disability [4], 20% of the global population (5.1% less than
14 years old and 14.9% between 15 and 59 years old) have a
moderate and severe impairment. This demonstrates that the
percentage of people needing a special assistant to execute
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daily activities will significantly increase, leading to higher
pressure on the healthcare system and a substantial economic
burden on society.

Thus, developing an advanced elderly-assistant robot is
crucial to assisting healthcare workers and reducing the care
burden on families and society. Ward et al. [5] assess the
importance of a power wheelchair for patients with Amy-
otrophic lateral sclerosis (ALS), a nervous system disease.
The survey showed that the mobility, comfortability and
life quality of the patients have considerably improved with
decreased pain. Fascinatingly, many researchers have intro-
duced various kinds of elderly-assistant mechanisms around
the world to enhance the daily activities of older people [6],
[7]. Some of these assistant robots have been developed and
adapted for particular uses, such as home companionship
robots [8], health institutions for nursing care [9], and trans-
porting aids, which are the primary motivation of this paper.

The Elder-Assistant Robot (EAR) is a multifunctional
robot that assists the elderly in walking with a smart cane
and transports them as an intelligent wheelchair. As safety
and comfortability are the most crucial issues for older people
who use EAR or intelligent wheelchairs, most of the research
on EAR has focused on improving the design and the oper-
ations of the robots for better ride comfort for the users. For
instance, Park et al. [10] developed an intelligent wheelchair
(ichair) that the user’s head can control. The system was
equipped with sensors that can measure the rotation angles of
the wheelchair, the blood pressure, and other user properties
and send the information as a text message to the designated
caregivers for monitoring. The system serves as a monitor for
the user’s safety, especially for checking whether the user has
fallen or not. Also, a power wheelchair that the user’s eye-
gaze can control is introduced [11]. The system uses an N-cell
to navigate the wheelchair in an unstructured environment,
and it is equipped with an emergency off switch if the user
feels unsafe. To avoid falls and other hazardous incidents
from inexperienced power wheelchair users, virtual training
is introduced for new users of poweredwheelchairs [12], [13].
Park et al. [10] used gyro and tilt sensors to decrease the

falling risks of wheelchair users by controlling the seat angle.
However, this method needs two motors for seat control and
the motors that drive the wheelchair, which consumes a lot
of power. Kundu et al. [11] introduce an electric wheelchair
equipped with omnidirectional wheels and a front-wheel sus-
pension system that minimizes wheelchair vibration. The
study experimented on five users on a very smooth lane.
Based on the results, the average vibration was reduced from
1.091g to 1.057g, which shows little effect on the suspension
system. In [12] and [13], a model predictive control was
used to increase the user’s comfort and to avoid collision.
However, when the optimum control sequence is computed,
the wheelchair’s future potential motion is unknown. As a
result, the control assumed constant speed or acceleration,
which is not the case.

In [14], [15], and [16], a ‘‘comfortable map’’ idea
was introduced, which offers a navigation method for

autonomous wheelchairs that is both secure and comfortable
for wheelchair users and pedestrians. Also, anti-vibration or
isolators were used [17] to minimize the vibration transmitted
from the machine to the human body. However, the isolators
were only used to reduce the vibration at the machine’s han-
dles. Additionally, different methods were used to attenuate
vibration and increase the safety and comfortability of the
user, such as using dynamic absorbers [18], [19], suspension
systems [20], [21], and cushioning [22], [23], [24]. Although
these methods are effective, their performance depends on the
appropriate design and development of the wheelchairs.

Dynamic modeling and simulation analysis are crucial for
assessing the design performance of the EAR, especially in
hazardous situations where users could be at risk for the
experimental test. Thus, it is essential to perform the dynamic
analysis of the robot-user system before practical application
of the system by the users. Some studies that used springs,
dampers, and masses to represent the human-seat couple sys-
temwere presented [25], [26], [27]. Also,Matsuoka proposed
a model for a vehicle equipped with wheelchair transporting
apparatus (WTA) [28], [29], [30]. In the study, the wheelchair
user was described as having five rigid masses linked by
rotational dampers and springs, while a single rigid mass was
used for the wheelchair. Here, the induced vibrations of the
wheelchair can cause the user to feel uncomfortable. Other
researchers [31], [32], [33], [34], [35], [36] have used the
concept of an inverted pendulum to model the user, whereby
the torsional springs and dampers represent the user’s mus-
cles. Also, the backrest’s impedance was represented by the
stiffness and damping in the backrest. These studies examined
the relationship between the riding comfort and safety of the
users.

Another model of a wheelchair user subjected to vibra-
tion is described [37]. The study modeled the system into
transitional and rotational sections. The user’s lower torso
and the seat cushion are represented as the rigid transitional
component, while the user’s upper torso is defined as the rigid
rotational transitional component. The rotational springs and
dampers reflected the relationship between the two elements.
However, in [38] and [39], the wheelchair is modeled as a half
car, whereby the head and body of the user are structured with
rigid masses connected by a linear spring and damper. Also,
the wheelchair was modeled as a single mass attached to the
user through a linear damper and spring. Thus, to improve
the EAR’s ride comfort for older people, a multi-function
robot was developed by the authors’ lab [40], [41], [42], [43].
An electric linear actuator allows the robot to adjust its pose.
When the elder wants to use the robot as a guidewalking cane,
the system is straightened up, and the seat holds up. If the
elder uses it as a wheelchair, the seat returns to its original
position, and the robot’s stance is adjusted to accommodate
the elder. In [44], the vibration characteristics of the EAR
for the walking posture were studied without considering the
transporting (seated) posture.

This research presents the results of the dynamic analysis
of the elder-robot coupled system for transporting posture
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under various road roughness. The equations are delivered
using Newton’s second law by describing each component of
the robot and the user according to the mass-spring-damper
concept. An in-depth analysis of the vibration transmissibility
of the road-robot-user interaction is conducted to confirm
the effectiveness of the robot design. MATLAB simulation
software analyzes the system’s vibration characteristics while
the model’s accuracy is verified experimentally using the
laboratory EAR.

The remainder of the paper is divided into the following
sections: The composition, function, and dynamic model of
the EAR are presented in section II. Section III describes
and analyzes the elder-robot coupled model simulation.
The setup for the experiment and results analysis are pre-
sented in section IV. Section V shows the conclusion and
recommendations.

II. THE EAR & ITS DYNAMIC MODEL
A. ROBOT DESCRIPTION
The structural design of the elderly-assistant and walking-
assistant robot considered in this paper is illustrated in Fig. 1.
As shown, the system consists of two twin herringbones,
a folding mechanism for altering the robot’s posture, tactile-
slip sensors that serve as man-machine interfaces, and a trunk
that houses the robot’s control and driver circuits. Also, two
linear electrical actuators were installed between the legs of
the robot to allow it to switch between walking and trans-
portation postures and vice versa. The front wheels (hub
motors) drive the robot, while the speed difference between
the left and right front wheels defines the robot’s path. The
wheels on the back are universal. The robot arm’s maximum
adjustable height is 1150mm, and the gap between the front
and back wheels is 650mm, which can be balanced using the
primary electric actuator. In the wheelchair delivery position,
the arm of the robot in the lowest point is 740mm, and the
seat height is around 500mm.

FIGURE 1. The main structure of EAR.

B. DYNAMIC MODEL
The dynamic model of the elder-robot coupled system is
derived using Newton’s second law, which is presented in
this section. Figure 2 depicts the schematic diagram of the

elder-robot system in transporting posture. The proposed
model comprises six rigid masses, expressed in red, repre-
senting the elder’s head, body, hands, and legs. Also, the elder
muscles are defined by the springs and dampers that bind
the masses. A rigid mass with linear springs and dampers
was used to describe the robot, expressed in a blue line. The
robot’s motion is considered vertical and rotary, while the
elder’s motion is considered only to move vertically.

The following are the basic simplifying assumptions made
for the dynamic modeling:

• The rigid object idealizes a solid body that ignores defor-
mation.

• The dampers and springs handle all the rigid objects’
interactions.

FIGURE 2. Elder-robot couple model.

The following are the generalized coordinates:

{q} =

{
z1, z2, z3, z4, z5, z6, z7, z8,
z9, z10, z11, z12, z, θ

}
(1)

where z1, z2, z3, and z4 are the vertical displacements of the
robot wheels. It can be assumed that the vibrations of the two
front or rear wheels are identical, i.e., (z1 = z3) and (z2 =

z4). Also, z5 & z6, z7 & z8 are the vertical displacements
of the elder legs and hands, respectively. It can be assumed
that the vibrations of the two legs or hands are identical, i.e.,
(z5 = z6) and (z7 = z8). In addition, z9 and z10 are the vertical
displacements of the elder’s body and head, respectively. z is
the vertical displacement of the robot’s body, and θ is the
rotation angle of the robot about Y-Axis.

When the external disturbances (q1 and q2) acted on the
robot, the length d and tilt angle β of the tilt springs and
dampers for the robot-elder couple system changed by 1d
and 1β, respectively, as shown in Fig. 3. This change is
caused due to the movements of point A and B by different
displacements of zi and zi+1, respectively. Using trigonome-
try, the 1d, vertical spring force, and vertical damping force
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FIGURE 3. Extension displacement of tilt spring.

can be illustrated in equations 2, 3, and 4, respectively.

1d =
s
d
(zi+1 − zi) (2)

Fs = k1d sinβ = kli(zi+1 − zi) (3)

FD = cli(żi+1 − żi) (4)

where li = (s/d) sinβ, c is the damping coefficient, and k
is the spring stiffness. After preliminary measurement of the
system, it’s found that l1 = (s1/d1) sinβ1 = 0.3m, l2 = (s2/d2)
sinβ2 = 0.419m, l3 = (s3/d3) sinβ3 = 0.011m, l8 = (s8/d8)
sinβ8 = 0.264m, l9 = (s9/d9) sinβ9 = 0.132m, l6(the length
of robot arm starting at the arm-robot fixed point and ending
at the arm-actuator intersection point) = 0.4m, l7(robot arm
length)= 0.81m, l10( the distance between the robot center of
gravity and the effectiveness point of the robot leg)=0.02m,
l11( the distance between the robot center of gravity and
the elder sit point)=0.1m, l(the distance between the robot
center of gravity and robot-arm actuator intersection point)=
0.14m.

m1z̈1 + (c1 + c5l1 + c9)ż1 − c9ż5 − c5l1ż− c5l1l10θ̇

+ (k1 + k5l1 + k9)z1 − k9z5 − k5l1z− k5l1l10θ

= c1q̇1 + k1q1 (5)

m2z̈2 + (c2 + c6l2)ż2 − c6l2ż+ c6l2l10θ̇

+ (k2 + k6l2)z2 − k6l2z+ k6l2l10θ = c2q̇2 + k2q2 (6)

m3z̈3 + (c3 + c7l1 + c10)ż3 − c10ż6 − c7l1ż

− c7l1l10θ̇ + (k3 + k7l1 + k10)z3 − k10z6
−k7l1z− k7l1l10θ = c3q̇3 + k3q3 (7)

m4z̈4 + (c4 + c8l2)ż2 − c8l2ż+ c8l2l10θ̇

+ (k4 + k8l2)z2 − k8l2z+ k8l2l10θ = c4q̇2 + k4q2 (8)

m5z̈5 − c9ż1 + (c9 + c11l3)ż5 − c11l3ż9
− k9z1 + (k9 + k11l3)z5 − k11l3z9 = 0 (9)

m6z̈6 − c10ż3 + (c10 + c12l3)ż6 − c12l3ż9
− k10z3 + (k10 + k12l3)z6 − k12l3z9 = 0 (10)

m7z̈7 + (c13 + c15l8)ż7 − c15l8ż9 − pc13ż11
+ (k13 + k15l8)z7 − k15l8z9 − pk13z11 = 0 (11)

m8z̈8 + (c14 + c16l8)ż8 − c16l8ż9 − pc14ż12
+ (k14 + k16l8)z8 − k16l8z9 − pk14z12 = 0 (12)

m9z̈9 − c11l3ż5 − c12l3ż6 − c15l8ż7 − c16l8ż8 + h1ż9
−c18ż10 − c17ż− c17l11θ̇ − k11l3z5 − k12l3z6 − k15l8z7

− k16l8z8 + n1z9 − k18z10 − c17z− k17l11θ = 0 (13)

m10z̈10 − c18ż9 + c18ż10 − k18z9 + k18z10 = 0 (14)

m11z̈11 − pc13ż7 + [p2c13 + c19l9]ż11 − l9c19ż

+ ll9c19θ̇ − pk13z7 + [p2k13 + k19l9]z11 − l9k19ż

+ ll9k19θ = 0 (15)

m12z̈12 − pc14ż8 + [p2c14 + c20l9]ż12 − l9c20ż

+ ll9c20θ̇ − pk14z8 + [p2k14 + k20l9]z12 − l9k20ż

+ ll9k20θ = 0 (16)

mz̈− c5l1ż1 − c7l1ż3 − c6l2ż2 − c8l2ż4 − c17ż9
−c19l9ż11 − c20l9ż12 + h2ż− h3θ̇ − k5l1z1 − k7l1z3
− k6l2z2 − k8l2z4 − k17z9 − k19l9z11 − k20l9z12
+ n2z− n3θ = 0 (17)

I θ̈ − c5l10l1ż1 − c7l10l1ż3 − c6l10l2ż2 − c8l10l2ż4
− c17l11ż9 + c19ll9ż11 + c20ll9ż12 − h4ż+ h5θ̇

−k5l10l1z1 − k7l10l1z3 − k6l10l2z2 + k8l10l2z4
−k17l11z9 + k19ll9z11 + k20ll9z12 − n4z+ n5θ = 0

(18)

Thus, the final equations of motion for the elder-robot couple
system can be derived using Newton’s second law, as shown
in Eq. (5) to Eq. (18). Where p, h1, h2, h3, h4, h5, n1, n2, n3,
n4, and n5 are constants and presented in appendix.
Finally, the derived dynamic equations can be expressed

using Eq. (19)

M z̈+ Cż+ Kz = b1q̇+ b2q (19)

M, C, and K are the mass, damping, and stiffness matrices,
respectively. However, b1 and b2 are the input matrices. Using
data in Table 1, the numerical values of M, C, K, b1, and b2
will be shown in Appendix.

1) MODEL SIMULATION
To analyze the dynamic behavior of the robot-elder sys-
tem, a simulation using Matlab software was conducted for
different road roughness and robot speeds. To begin with,
a 32-year-old, 71.8kg male subject is adopted as the case
study for the experimental analysis in this study. Also, the
parameters of Eq. (19) need to be calculated for the simulation
analysis. Thus, the Coinv DASP V10 DAQ set-up shown
in Fig. 4 was used for the experimental parameter identifi-
cation of the physical prototype. After the modal analysis
of each part of the system, the simulation parameters were
determined and listed in Table 1. Moreover, the human-robot
system will vibrate when it runs on an uneven road. Hence,
the responses in the coupled part’s time and frequency
domains under different road surfaces can be analyzed as
described below. The road roughness can be mathematically
expressed as presented in [45], [46], and [47]. In this work,
the road spectrum for The simulation analysis was generated
by filtering white noise as expressed in Eq. (20) [48], [49].

q̇(t) = −2π f0q(t) + 2π
√
Gdvω(t) (20)

VOLUME 12, 2024 153631



K. Hamza et al.: Vibration Characteristics Analysis of Elderly-Robot Couple System

FIGURE 4. Coinv DASP V10 by china orient institute of noise & vibration.

FIGURE 5. a) Block road, b) Asphalt road.

FIGURE 6. Uneven road excitation: a) Asphalt Road (4.5 km/h), b) Asphalt
Road (7 km/h), c) Interlock (4.5 km/h), d) interlock Road (7 km/h).

where q(t) is a column vector with input displacements of
the front and rear wheels, q̇(t) is a column vector com-
prised of zero-mean white noise, f0 is a lower cut-off
frequency (f0 = 0.0628Hz), v is the robot’s speed, and
Gd is the road roughness coefficient. The road roughness
excitation of the rear wheels lags relative to the front
wheels. Thus, the road excitation signals of Fig. 5 for the
robot’s front and rear wheels can be generated, as shown in
Fig. 6.

TABLE 1. Parameters of elder-robot couple system.

III. VIBRATION ANALYSIS OF EAR SIMULATION
To perform the vibration model analysis, it is essential to
check for resonance, which could affect the safety of elder
people during the transporting process. Using Solidwork, the
inherent frequencies of the first eight modes for the EAR
couple system are (0.0477, 0.0853, 0.1364, 0.2324, 0.2862,
0.324, 0.403 and 0.4156) Hz. This work considered two
different speeds of 7 km/h (F = 3.09Hz) and 4.5 km/h (F =

2Hz). There are two sources of vibration in the system; one
is from the motor shaft rotation, and the other is from the
uneven road. There would be no resonance when comparing
the robot hub-motor output rotation frequencies with the
inherent frequencies. Thus, the study’s focus will be on the
system’s vibratory response under the road’s uneven excita-
tion. Figure 7 shows the first four modes of EAR vibration.

According to ISO 8608, the roads are classified into eight
classes, from soft (A) to rough (H), as illustrated in Table 2.
The dynamic model of the elder-robot couple system is
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FIGURE 7. Vibration modes of EAR.

TABLE 2. ISO 8608 road classifications.

simulated and analyzed for two types of roads, namely asphalt
and interlock roads, as shown in Fig. 5.

A. ASPHALT ROAD
When the EAR moves on an asphalt road, which is classi-
fied as A class road [50] (Gd = 8 × 10−6m3/cycles), the
robot vibrates under the excitation of the uneven road. The
excitation of Eq. (20) is the input to the elder-robot couple
system. Two different velocities (4.5 and 7km/h) are used to
check the accuracy of the dynamic model. The excitation of
the rear wheel lags from the front wheel by time t, where t
is the ratio of the distance between the front and rear wheel
and the robot speed (t = distance between the front and rear
wheel/robot speed). The elder-robot couple system’s input
excitation due to the asphalt road is shown in Fig. 6(a) and
Fig. 6(b).

B. INTERLOCK ROAD
The interlock road is classified as a C-class [50] (Gd =

128 × 10−6m3/cycles). Due to the unevenness of the road,
the elder-robot couple system will vibrate, and the dynamic
model excitation for the robot for 4.5 km/h and 7 km/h are
shown in Fig. 6(c) and Fig. 6(d), respectively.

C. SIMULATION RESULTS
The simulation analysis of the elder-robot system of Eq. (19)
was conducted using the input excitation of Eq. (20)
and Tables 1 & 2 parameters. Figures 8 and 9 show
the single-sided frequency response for every part of the
elder-robot system for the robot speed of 4.5 and 7km/h,
respectively. According to simulation results, The dominant
frequencies for the elder-robot couple system are (2.999,
3.061, 4.748, 5.061, 5.436, 16.24, 15.87, and 23.05). Compar-
ing these frequencies with the system’s inherent frequencies
shown in section IV, it will be noticed that there would be no
resonance during the transporting process.

FIGURE 8. Single-sided Frequency Response with Robot speed 4.5 km/h:
a) Front wheel, b) Rear wheel, c) Robot hand, d) Robot bod.

In addition, Fig. 10 shows the tilt angle of the robot during
the transporting process. For all cases, the tilt angle is less
than 0.167 rad (9.57 degrees), which is too little to pose any
danger or trouble for the users if compared with the critical
angle of robot rollover (25.3 degrees), which is calculated
using Eq. (21) [47]. These simulation results show that the
robot is reliable, safe, and difficult to fall during transport.

θcr = tan−1 B
2h

(21)

where B is the right and left wheel distance, h is the robot’s
center of gravity height.

IV. EXPERIMENTAL ANALYSIS OF EAR VIBRATION
A. EXPERIMENTAL SET-UP
The laboratory set-up used for the verification of the sim-
ulation analysis is illustrated in Fig. 11. The experimental
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FIGURE 9. Single-sided Frequency Response with Robot speed 7 km/h:
a) Front wheel, b) Rear wheel, c) Robot hand, d) Robot body.

FIGURE 10. Robot Tilt Angle about Y-Axis: a) Robot Speed = 4.5km/h,
b) Robot Speed = 7km/h.

study was also conducted to check the safety and discom-
fort of the elder assistant robot. As shown, four MPU6050
sensors (accelerometer + gyroscope) are utilized to mea-
sure 3-directional vibration as well as the tilt angle of the
robot. The sensor was chosen due to its high accuracy and
cost-effectiveness. The vibration sensors are placed at the
following locations:

• Between the elder’s hand and the robot.
• In the middle of an elder’s body and the robot’s seat.
• Between the elder’s foot and the robot’s footrest.
• In the middle of the elder’s head.

According to ISO 2631-1, these points were considered to be
where the vibration enters the elder’s body. In addition, two
speedometers were installed at the right and left front wheels
to measure the robot’s real-time speed. Finally, the Stm32f4
board was used as the data acquisition system to record the
3-axis vibration data of the elder-robot system at the four
measurement points.

B. RESULTS AND DISCUSSION
There are numerous approaches for assessing the impact of
vibration on humans. The weighted root mean square accel-
eration (wrms) is widely used for evaluating vibration. The
crest factor, the ratio of the instantaneous maximum value
to the root mean square (rms), can be utilized to check if
the wrms approach is sufficient or if additional evaluation
methods are needed in the evaluation process. According to

ISO 2631-1, the fundamental method is suitable and adequate
to evaluate the influence of vibration if the crest factor is less
than or equal to nine. Figure 12 depicts the crest factor for
all the measuring points for different road profiles. The crest
value is always less than six, indicating that the fundamental
method is adequate for evaluating the vibration of the elder-
robot system.

Figures (13)–(16) show that the most considerable vibra-
tion caused by road roughness occurs in the vertical direction
and is minimal in the fore and aft directions, except for the
elder head, where the maximum is in the fore and aft and
the least is in the vertical direction. Figure 17 shows the rms
acceleration of the two roads at different robot speeds for
the elderly (leg, hand, body, and head). The figure shows the
transmissibility of vibration from leg to head. It is clear from
Fig. 17 that the maximum vibration is at the elder’s hand
and leg. But the minimum is at the elder’s body and head.
The results demonstrated that the robot absorbed most of the
induced vibration.

1) ASPHALT ROAD
Asphalt road is considered for the vibration analysis of the
EAR because it is one of the most commonly used roads for
transportation. The set-up of Fig. 11 was allowed to move
on the asphalt road, and the responses were recorded. The
vibration generated from the road roughness was transferred
from the intersection point between the road and the elder
robot system through the robot to the elder body.

Figure 13 (a, b) shows how the vibration entered the elder’s
leg for the robot speed of 4.5km/h and 7km/h, respectively.
For the 4.5km/h speed, the rms vibration of the elder’s leg
was 0.1235g, 0.0685g, and 0.0551g for vertical, side-to-side,
and fore-and-aft, respectively. When the speed increased to
7km/h, the rms acceleration increased to 0.2039g, 0.0913g,
and 0.0970g, representing an increase of 65.1%, 33.28%,
and 76.04%, respectively. In addition, the maximum acceler-
ation had increased from 0.5419g to 1.0428g (+92.43%%),
0.2669g to 0.4362g (+63.43%), and 0.2395g to 0.5119g
(+113.74%) for the vertical, side-to-side, and fore-and-aft,
respectively.

FIGURE 11. Elder-robot transporting experimental system setup.
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FIGURE 12. Crest factor for elder-robot system vibration: a) Elder’s
leg-input, b) Elder’s hand-input, c) Elder’s body-input, d) Elder’s head.

Figure 14(a, b) shows how the vibration entered the elder’s
hand for the robot speed of 4.5km/h and 7km/h, respectively.
The vibrations reached the elder’s hand at rms accelerations
of 0.2408g, 0.1774g, and 0.1311g for vertical, side-to-side,
and fore-and-aft accordingly at a robot speed of 4.5km/h.
The rms climbed to 0.3424g, 0.2268g, and 0.1670g when
the speed was increased to 7km/h, representing an increase
of 42.19%, 27.85%, and 27.38%, respectively. In addition,
maximum vertical, side-to-side, and fore-and-aft accelera-
tions had increased from 0.9608g to 1.273g (+32.49%),
0.8323g to 0.9802g (+17.77%) and 0.6927g to 0.7453g
(+7.59%), respectively. Figure 15 (a, b) shows how the vibra-
tion entered the elder’s body for robot speeds of 4.5km/h
and 7km/h, respectively. The vibration enters the elder’s body
at rms accelerations of 0.0519g, 0.0277g, and 0.0327g for
vertical, side-to-side, and fore-and-aft, respectively. The rms
increased to 0.0737g, 0.0397g, and 0.0407g when the speed
was increased to 7km/h, representing an increase of 42%,
43.32%, and 24.46%, respectively. In addition, the maxi-
mum acceleration had increased from 0.1546g to 0.2934g
(+89.78%), 0.0969g to 0.1956g (+101.86%), and 0.1416g
to 0.1809g (+27.75%) for the vertical, side-to-side and
fore-and-aft, respectively. Figure 16 (a, b) shows the vibra-
tion of the elder’s head for robot speeds of 4.5km/h and
7km/h, respectively. The rms accelerations of the elder’s head
vibration were 0.0270g, 0.0281g, and 0.0652g for vertical,
side-to-side, and fore-and-aft, respectively. The rms increased
to 0.0424g, 0.0397 g, and 0.0875g when the speed was
increased to 7km/h, representing an increase of 57%, 41.28%,
and 34.2%, respectively. In addition, the maximum accel-
eration had increased from 0.1221g to 0.1703g (+39.48%),
0.1131g to 0.1547g (+36.78%), and 0.2690g to 0.3101g
(+15.79%) for the vertical, side-to-side and fore-and-aft,
respectively.

2) INTERLOCK ROAD
Also, the vibratory response of the elder-robot system was
analyzed using an interlock road, which is widely used
in residential complexes and sidewalks. Figure 13 (c, d)

FIGURE 13. Elder’s leg-input Vibration: a) Asphalt 4.5km/h, b) Asphalt
7km/h, c) Interlock 4.5km/h, d) Interlock 7km/h.

shows how the vibration entered the elder’s leg for robot
speeds of 4.5km/h and 7km/h, respectively. At a robot
speed of 4.5km/h, the vibration enters the elder’s leg at
rms acceleration 0.4245g, 0.1983g, and 0.1533 for ver-
tical, side-to-side, and fore-and-aft, respectively. The rms
climbed to 0.6683g, 0.216g, and 0.2336g when the speed
was increased to 7km/h, representing an increase of 57.43%,
8.93%, and 52.38%, respectively. In addition, the maxi-
mum acceleration had increased from 1.2958g to 2.8265g
(+118.13%), 0.7089g to 1.0165g (+43.39%), and 0.6001g to
1.1041g (+83.99%) for the vertical, side-to-side and foreand-
aft, respectively. Figure 14(c, d) shows how the vibration
entered the elder’s hand for robot speeds of 4.5km/h and
7km/h, respectively. Vibrations enter the elder’s hand at rms
accelerations of 0.5651g, 0.3648g, and 0.2569g for verti-
cal, side-to-side, and fore-and-aft, respectively, at a robot
speed of 4.5 km/h. the rms climbed to 0.8902g, 0.5535g,
and 0.5793g when the speed was increased to 7km/h, rep-
resenting an increase of 57.53%, 51.73%, and 125.5%,
respectively.

In addition, the maximum acceleration had increased
from 2.3127g to 3.0367g (+31.3%), 1.6747g to 2.0519g
(+22.52%), and 1.2345g to 2.0252g (+64%) for the vertical,
side-to-side and fore-and-aft, respectively.

For robot speeds of 4.5km/h and 7km/h, respectively,
Fig. 15 (c, d) depicts the vibration entering the elder’s body.
The vibration enters the elder’s body at rms accelerations of
0.2147g, 0.0647g, and 0.0849g for vertical, side-to-side, and
fore-and-aft accordingly at a robot speed of 4.5 km/h. The
rms increased to 0.2728g, 0.1035g, and 0.1367g when the
speed was increased to 7km/h, representing an increase of
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FIGURE 14. Elder’s hand-input Vibration: a) Asphalt 4.5km/h, b) Asphalt
7km/h, c) Interlock 4.5km/h, d) Interlock 7km/h.

FIGURE 15. Elder’s body-input Vibration: a) Asphalt 4.5km/h, b) Asphalt
7km/h, c) Interlock 4.5km/h, d) Interlock 7km/h.

27.06%, 59.97%, and 61.01%, respectively. In addition, max-
imum vertical, side-to-side, and fore-and-aft accelerations
had increased from 0.6944g to 1.089g (+56.83%), 0.2669g
to 0.3815g (+42.94%) and 0.2942g to 0.6135g (+108.53%)
respectively.

The vibration of the elder’s head is shown in Fig. 16 (c, d)
for robot speeds of 4.5km/h and 7km/h, respectively.
The rms accelerations of the elder’s head vibration were
0.0772g, 0.0543g, and 0.1894g for vertical, side-to-side, and

FIGURE 16. Elder’s head Vibration: a) Asphalt 4.5km/h, b) Asphalt 7km/h,
c) Interlock 4.5km/h, d) Interlock 7km/h.

FIGURE 17. Vibration due to road roughness (rms): a) Asphalt 4.5km/h, b)
Asphalt 7km/h, c) Interlock 4.5km/h, d) Interlock 7km/h.

FIGURE 18. Angular speed about Y-Axis due to road roughness (rms).

fore-and-aft, respectively, when the robot speed was 4.5km/h.
The rms increased to 0.0924g, 0.0666 g, and 0.2496g when
the speed was increased to 7km/h, representing an increase
of 19.69%, 22.65%, and 31.78%, respectively. In addition,
the maximum acceleration had increased from 0.2614g to
0.3772g (+44.3%), 0.2037g to 0.2373g (+16.49%), and
0.7598g to 0.775g (+2%) for the vertical, side-to-side and
fore-and-aft, respectively.
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3) MODEL VALIDATION
Figures 17 and 18 show the experimental measurement
results and the Matlab simulation results in rms values. For
the rms values, it’s clear that the experimental results are
very near to the simulation results as the vibration enters the
elder’s body. In addition, it’s a bit far as the vibration enters
the elder’s hand.

The average difference between experimental and sim-
ulation results, root mean square acceleration of asphalt
4.5km/h, asphalt 7km/h, interlock 4.5km/h, and interlock
7km/h for leg-input vibration is 0.0809g, hand-input vibration
is 0.15g, body-input vibration is 0.01425, and head vibration
is 0.0649g. Figure 19 shows the difference between experi-
mental and simulation results in rms acceleration for asphalt
4.5km/h, asphalt 7km/h, interlock 4.5km/h, and interlock
7km/h.

Hatano and Takahashi depicted the wheelchair user in [34]
as masses joined by torsional springs and dampers; however,
they represented the wheelchair as a mass with transitional
springs and dampers. For a female candidate traveling at a
speed of 20 km/h, a disparity between simulation and experi-
ment is greater than 70%. The average difference between the
simulation and experimental data as rms for the vibration that
entered the elderly body is approximately 2.48% in this work,
which is better than the difference that Yasuyoshi reported,
indicating that the suggested model is more accurate.

In addition, the experimental angular speed about the
Y-axis deviates from the simulation by 1.5544 degree/s as
the rms average. The dynamic model effectively represents
the dynamic behavior of the elder-robot system, especially
for the vibration entering the elder body and elder head due
to the slight difference between simulation and experimental
results.

FIGURE 19. Difference between experimental and simulation results
(rms).

4) COMFORTABILITY ANALYSIS
Comfortability is a significant factor for themachines used by
elderly people, especially elder-assistant robots. That’s due
to using the robot for an extended period and the muscles
decreasing, which happens with aging. According to ISO-
2631-1, comfortability can be checked by calculating the
weighted acceleration using Eq. (22).

aw =

√
a2x + 1.4a2y + 1.4a2z (22)

The vibration is measured on the elder-robot system without
installing a suspension system, cushion, or backrest. The
overall weighted root mean square accelerations based on
one-third octave for asphalt road (4km/h, 7km/h) and inter-
lock road (4km/h, 7km/h) are 0.021183m/s2, 0.034411m/s2,
0.054153m/s2, 0.240636m/s2 respectively as shown in
Fig. 20. Comparing these results with the ISO 2631-1 approx-
imate values of table 3 results all the values are less than
0.315m/s2 which mean the elder will feel comfortable on the
asphalt road and interlock road at the speed of 4km/h and
7km/h without any need for suspension system or cushion.

FIGURE 20. Comfortability analysis for the elder-body input vibration.

TABLE 3. ISO 2631-1 comfort approximate indications of passenger
reactions to various magnitudes of overall vibration total values.

5) VIBRATION TRANSMISSIBILITY
The vibration transmissibility of the robot is the ratio of
vibration output from the robot to what input to the robot.
The vibration is measured after the robot wheel, which
considers the vibration entering the robot body, and then
measured at the robot output, which considers the vibra-
tion entering the elder body. Transmissibility is calculated
based on the root mean square acceleration. As shown in
Fig. 21, the robot’s vertical vibration transmissibility for
asphalt 4.5 km/h, asphalt 7 km/h, interlock 4.5 km/h, and
interlock 7 km/h, respectively, is 0.42, 0.361, 0.506, and
0.408. For side-to-side, the values are 0.404, 0.435, 0.326,
and 0.479. For fore-and-aft, the values are 0.593, 0.42, 0.554,
and 0.236.

6) SENSITIVITY ANALYSIS
To create the best possible design for the robot, sensitivity
analysis examines how altering system parameters impacts
the vibration of the elder-robot couple system. Matlab
Simulink was used to analyze the dynamic model.

Figure 22 displays the impact of front wheel damping (C1)
and rear wheel damping (C2) on the vertical vibration of the
leg, hand, body, and head as rms.
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FIGURE 21. Vibration transmissibility of elder-assistant robot.

FIGURE 22. Effect of C1 and C2 on vertical vibration (rms): a) Leg,
b) Hand, c) Body, d) Head.

Ahigher value for C1 will result in less leg, hand, body, and
head vibration. Additionally, increasing the value of C2 will
result in a slight increase in leg vibration while decreasing the
hand, body, and head vibration. Figure 22 shows that C2 has
a more significant impact on reducing vibration for the hand,
body, and head than C1.

The effect of front and rear wheel stiffness (K1 and K2)
on the vertical vibration of the leg, hand, body, and head is
shown in Fig. 23 as rms.
Increasing K1 will cause Less vibration in the leg, but

the effect on vibration in the hand, body, and head will
be minimal. Additionally, increasing the value of K2 will
significantly impact the vibration of the head, body, hand, and
leg. It is clear from Fig. 23 that K2 is more effective than K1
at reducing vibration in the leg, hand, body, and head.

The effect of the front leg damping (C5) and the robot’s rear
leg damping (C6) on the leg, hand, body, and head’s vertical
vibration is shown in Fig. 24 as rms.
Less leg, hand, body, and head vibration will occur from a

greater value for C5. Additionally, increasing the value of C6
will cause a tiny decrease in the vibration of the hand, body,
and head while slightly increasing the vibration of the leg.

FIGURE 23. Effect of K1 and K2 on vertical vibration (rms): a)Leg,
b) Hand, c) Body, d) Head.

FIGURE 24. Effect of C5 and C6 on vertical vibration (rms): a) Leg,
b) Hand, c) Body, d) Head.

It is clear from Fig. 24 that C5 affects vibration reduction for
the hand, body, and head that is stronger than C6.

In Fig. 25, the rms value represents the influence of the
robot’s legs’ stiffness (K5 and K6) on the vertical vibration of
the leg, hand, body, and head.

Although the leg vibrates less due to increased K5 and K6,
the hand, body, and head will vibrate more. K6 has less of an
influence than K5, which has more.

Figure 26 displays the influence of the elder’s mass and the
robot’s mass on the vertical vibration of the leg, hand, body,
and head as rms. Less vibration will be created at all sites
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FIGURE 25. Effect of K5 and K6 on vertical vibration (rms): a) Leg,
b) Hand, c) Body, d) Head.

FIGURE 26. Effect of robot’s mass elder’s mass on vertical vibration
(rms): a) Leg, b) Hand, c) Body, d) Head.

when the elder’s mass increases. Additionally, all places on
the robot will experience less vibration as its mass increases,
except the hand, where vibration will increase. It is evident
fromFig. 26 that the elder’smass ismore effective in damping
vibration than the robot’s mass. Less than 60 kg of elder mass
will result in high leg vibration in the existing design.

V. CONCLUSION
The main objective of this paper is to assess the design of an
elder-assistant robot for safe application on vibration-prone
roads of different roughness. The EAR structure presented in
this work is a double herringbone, which acts as springs and

dampers and, thus, minimizes the vibration transmission from
the robot wheels to the elder’s body.

The summary of the whole paper can be presented as
follows:

1) A new dynamic model for the elder-EAR coupled
system was derived using mass-spring-damper com-
binations. The model parameters, namely, damping
coefficients and the spring stiffness, were experimen-
tally determined using Coinv DASP V10.

2) The Matlab simulation analysis was conducted for dif-
ferent road roughness and the robot’s speed. The results
show that the tilt angle of the robot is less than 6 degrees
for all cases. Thus, this demonstrates that the robot is
safe, stable, and can prevent the elderly from falling.

3) The model was validated experimentally with two
different roads, asphalt and interlock, for the robot
speed of 4.5km/h and 7km/h. The results for the rms
acceleration of the experimental analysis confirmed the
simulation analysis, especially at the vibration entering
the elder’s body.

4) The ISO 2631-1 based comfortability analysis shows
that the wrms acceleration for all cases is less than
0.315m/s2. This demonstrated a guaranteed EAR’s sta-
bility and ride comfort of the elders on both asphalt and
interlock roads.

5) The transmissibility analysis shows that the robot
absorbed at least 49%, 52%, and 40% of vertical, side-
to-side, and fore-and-aft vibrations, respectively. This
means that the robot can absorb most of the vibrations
generated from the road excitation.

Finally, it can be concluded that the robot’s double
herringbone design has effectively decreased the vibration
transmitted to the elderly and, thus, improved safety and ride
comfortability. The dynamic model used in this study’s simu-
lations is very close to the experiment at the elder’s body input
but a little distant at the elder’s leg input. Future develop-
ment will, therefore, concentrate on refining the model to get
more accurate results and equipping the robot with cushion
and suspension systems to lessen vibration and enhance the
comfort of the elderly, utilizing an active suspension system
with intelligent control to improve EAR’s comfort level.

APPENDIX

p = l7/l6
h1 = c18 + 2c11l3 + c17 + 2c15l8
n1 = k18 + 2k11l3 + k17 + 2k15l8
h2 = c17 + 2c19l9 + 2c5l1 + 2c6l2
h3 = 2c19ll9 − c17l11 − 2c5l10l1 − 2c6l10l2
n2 = k17 + 2k19l9 + 2k5l1 + 2k6l2
n3 = 2k19ll9 − k17l11 − 2k5l10l1 − 2k6l10l2
h4 = 2c19ll9 − c17l11 − 2c5l10l1 − 2c6l10l2
h5 = 2c19l2l9 + c17l211 + 2c5l210l1 + 2c6l210l2
n4 = 2k19ll9 − k17l11 − 2k5l10l1 − 2k6l10l2
n5 = 2k19l2l9 + k17l211 + 2k5l210l1 + 2k6l210l2
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M =



4.5 0 0 0 0 0 0 0 0 0 0 0 0 0
0 1.7 0 0 0 0 0 0 0 0 0 0 0 0
0 0 4.5 0 0 0 0 0 0 0 0 0 0 0
0 0 0 1.7 0 0 0 0 0 0 0 0 0 0
0 0 0 0 4.31 0 0 0 0 0 0 0 0 0
0 0 0 0 0 4.31 0 0 0 0 0 0 0 0
0 0 0 0 0 0 4.16 0 0 0 0 0 0 0
0 0 0 0 0 0 0 4.16 0 0 0 0 0 0
0 0 0 0 0 0 0 0 49.8 0 0 0 0 0
0 0 0 0 0 0 0 0 0 5.1 0 0 0 0
0 0 0 0 0 0 0 0 0 0 3.25 0 0 0
0 0 0 0 0 0 0 0 0 0 0 3.25 0 0
0 0 0 0 0 0 0 0 0 0 0 0 77.9 0
0 0 0 0 0 0 0 0 0 0 0 0 0 35.3



b1 =



476.6 0 0 0
0 572.4 0 0
0 0 476.6 0
0 0 0 572.4
0 0 0 0
0 0 0 0
0 0 0 0
0 0 0 0
0 0 0 0
0 0 0 0
0 0 0 0
0 0 0 0
0 0 0 0



, b2 = 105 ×



0.669 0 0 0
0 1.47 0 0
0 0 0.669 0
0 0 0 1.47
0 0 0 0
0 0 0 0
0 0 0 0
0 0 0 0
0 0 0 0
0 0 0 0
0 0 0 0
0 0 0 0
0 0 0 0



C =



1295.5 0 0 0 −714 0 0 0 0 0 0 0 −105 −2.1
0 760.8 0 0 0 0 0 0 0 0 0 0 −188.3 −3.8
0 0 1295.5 0 0 −714 0 0 0 0 0 0 −105 −2.1
0 0 0 760.8 0 0 0 0 0 0 0 0 −188.3 −3.8

−714 0 0 0 718.2 0 0 0 −4.2 0 0 0 0 0
0 0 −714 0 0 718.2 0 0 −4.2 0 0 0 0 0
0 0 0 0 0 0 398.3 0 −105.3 0 −593.3 0 0 0
0 0 0 0 0 0 0 398.3 −105.3 0 0 −593.3 0 0
0 0 0 0 −4.2 −4.2 −105.3 −105.3 2632.3 −613 0 0 −1800.3 −180
0 0 0 0 0 0 0 0 −613 613 0 0 0 0
0 0 0 0 0 0 −593.3 0 0 0 1287.4 0 −85.9 12
0 0 0 0 0 0 0 −593.3 0 0 0 1287.4 −85.9 12

−105 −188.3 −105 −188.3 0 0 0 0 −1800.3 0 −85.9 −85.9 2558.6 167.7
−2.1 −3.8 −2.1 −3.8 0 0 0 0 −180 0 12 12 167.7 21.6



K = 105 ∗



1.2774 0 0 0 −0.0264 0 0 0 0 0 0 0 −0.5820 −0.0116
0 3.2004 0 0 0 0 0 0 0 0 0 0 −1.7304 −0.0346
0 0 1.2774 0 0 −0.0264 0 0 0 0 0 0 −0.5820 −0.0116
0 0 0 3.2004 0 0 0 0 0 0 0 0 −1.7304 −0.0346

−0.0264 0 0 0 0.0267 0 0 0 −0.0003 0 0 0 0 0
0 0 −0.0264 0 0 0.0267 0 0 −0.0003 0 0 0 0 0
0 0 0 0 0 0 0.0179 0 −0.0043 0 −0.0275 0 0 0
0 0 0 0 0 0 0 0.0179 −0.0043 0 0 −0.0275 0 0
0 0 0 0 −0.0003 −0.0003 −0.0043 −0.0043 0.6957 −0.6230 0 0 −0.0637 −0.0064
0 0 0 0 0 0 0 0 −0.6230 0.6230 0 0 0 0
0 0 0 0 0 0 −0.0275 0 0 0 1.0259 0 −0.9649 0.1351
0 0 0 0 0 0 0 −0.0275 0 0 0 1.0207 −0.9649 0.1351

−0.5820 −1.7305 −0.5820 −1.7305 0 0 0 0 −0.0637 0 −0.9649 −0.9649 6.6150 −0.1713
−0.0116 −0.0346 −0.0116 −0.0346 0 0 0 0 −0.0064 0 0.1351 0.1351 −0.1713 0.0403


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