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Mobile robotic cart development

to support home oxygen therapy patients:
Study on handling interface for mobile robotic
cart similar to wheeled walker
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Abstract

We propose a motion control interface system for a mobile robotic cart to support Home Oxygen Therapy (HOT)
patients when they go out. Our goal is to realize a mobile robotic cart similar to a wheeled walker that carries oxygen
devices in front of patients, because HOT patients whose physical strength has especially waned would like to use
such a cart according to the results of our questionnaire given to patients. The proposed handling interface of the
mobile robotic cart adopts simple mechanisms and commonly used force sensors to sense only pushing and pulling
forces from the user. We also apply a two-degrees-of-freedom (2 D.O.F) control system to control the velocity and
response time of the robotic cart. The feedforward controller of the 2 D.O.F. control system, which is an impedance-
adjustable element, is expected to be used not only to adjust the response time but also to compensate for interfer-
ence between the forces applied by the user and the robotic cart during operation. In this study we evaluated the
effectiveness of our proposed handling interface mechanisms and control system by performing several experiments
on a prototype robotic cart, and then we carried out user tests on some HOT patients and received a positive evalua-

tion of the robotic cart’s performance.
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Background

Home oxygen therapy (HOT) is a medical treatment for
patients who suffer from lung problems such as chronic
obstructive pulmonary disease (COPD), and it is thought
that about 160,000 patients are currently receiving HOT
treatment in Japan [1]. HOT patients must receive highly
concentrated oxygen to maintain a constant level of oxy-
gen in their blood, thus patients must carry a portable oxy-
gen tank when they go out as shown in Fig. 1. In particular
COPD patients are recommended to perform moderate
exercise, i.e., walking outdoors, to maintain their physical
strength, so they must use portable oxygen tanks. However,
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the total mass of the portable oxygen equipment, which
includes a portable oxygen tank, an oxygen saver (which
is a flow controller), and a carry cart, is about 5 kg, which
is sufficient to discourage patients from going out. In a
questionnaire given to 88 HOT patients, 55 respondents
(62.5 %) answered that a reason for avoiding going out is
the problem of the portable oxygen equipment. In addition
36 respondents, who represented the problem of the port-
able oxygen equipment above, also commented that the
weight of the portable oxygen equipment is a problem [2].
With this background, we have proposed and devel-
oped mobile robotic cart prototypes with Hyper-Tether-
type operational interface to carry oxygen equipment and
follow HOT patient to encourage the patient to go out.
We also have shown the effectiveness of such a robotic
cart for carrying portable oxygen equipment in several
user tests [3—5]. On the other hand, there are currently
several types of oxygen equipment carriers that can
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Fig. 1 Home oxygen therapy (HOT) patients must use a set of oxy-
gen equipment when they go out

accompany HOT patients. Thus, it may be possible to
find out a suitable type of robotic cart without a Hyper-
Tether-type interface to meet the needs of patients.

In this paper, on the basis of the results of a question-
naire investigating the needs of HOT patients, we propose
a new type of mobile robotic cart that moves in front of the
users similarly to a wheeled walker that can carry a set of
portable oxygen equipment. Especially, as part of the devel-
opment, we study the operation of the handling interface
mechanism and control system of the mobile robotic cart.

Methods

Needs survey to identify feasible style of mobile robotic
cart

There are several types of conveyance cart for carrying
oxygen equipment for HOT patients such as the wheeled
carry-on type and the wheeled walker type. By consid-
ering the current apparatus, we can probably find other
types of mobile robotic cart that satisfy patient needs
in addition to the Hyper-Tether-type robotic cart men-
tioned in the previous section. Naturally, it is important
to survey the needs of patients accurately before develop-
ing a robotic cart for HOT patients.

We thus designed a questionnaire for HOT patients to
determine needs regarding the moving position and oper-
ation method of a mobile robotic cart. We carried out the
first survey in Tokyo in June 2012 in cooperation with the
NPO J-BREATH, which is a patient-based for people with
respiratory disabilities, and then we carried out a second
survey in Nagano in September 2012 in cooperation with
HOKUSHIN Flying Disk Club, which is a patient-based
group that aims to improve the quality of life of HOT
patients through a flying disk game [6]. The questionnaire
is shown in Fig. 2, and the results are shown in Fig. 3.

What type of mobile robotic cart do you prefer to use ?

running direction

running direction running direction

—_—

o

Both One
hands hand T .
Walker type Carry-on type Follower type

Fig. 2 The questionnaire contents to the HOT patients

The results in Fig. 3a show that patient preferences do
not concentrate on a particular type of cart. However,
examining the mutual relations among the preferred
types of cart and the average time spent going out per
week, which indicates the activeness of the patients, we
can confirm that the patients who do not go out much
tend to prefer walker type as shown in Fig. 3b.

On the basis of these results, we attempted to real-
ize a mobile robotic cart that conveys oxygen equip-
ment and moves in front of the user. Particularly, in this
study, we attempted to establish a motion control method
for a mobile robotic cart that moves in front of the user
and conveys oxygen equipment, similarly to the wheeled
walker shown in Fig. 4, which is a current oxygen equip-
ment carrier supplied from a medical device manufacturer.

Concept of the proposed mobile robotic cart
In this study, on the basis of the questionnaire, we
attempt to realize a mobile robotic cart which moves in
front of the user and convey the oxygen equipment. We
often find researches on the robotic cart, which is similar
to our proposed robotic cart, in the field of medical and
welfare. The researches usually aim to support the elderly
or disability people who have difficulty with ambulation
[7, 8]. Thus, for the purpose of implementation of the
robotic cart, the researches adopt the operating forces,
which are applied to the handles, to control the motion of
the robotic cart for supporting users ambulation [9-12].
On the other hand, our goal is to reduce the transport
loads of HOT patients, not to support the elder and the peo-
ple with difficulty of walking. Therefore, at first, it is impor-
tant for the robotic cart to be able to follow the HOT patient
accurately and stop correctly, same as the past researches.
In addition, the robotic cart must stop its operation to avoid
malfunction, not to continue its conveyance operation,
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Fig. 3 Questionnaire results from HOT patients. There is a correlation between the preferred type of cart and the average time spent going out per
week. a Questionnaire result about preferred cart type, valid response 27, multiple answers are allowed. b Correlation between the patients average

Fig. 4 Current Oxygen equipment carrier like wheeled walker. Cour-
tesy of Teijin Pharma Limited

when the motion of grasping or leaning on the handle,
which is not normal operation, occurs. To realize such the
function, we need the high-performance control system that
can also adjust the response property by itself, and also need
the handling interface mechanism that can sense the input
forces correctly. We, thus, propose and develop a filter type
two-degrees-of-freedom control system for the controller
and new interface mechanism for the operational handle.

We show a concept of our proposed mobile robotic
cart in Fig. 5. We adopt two passive wheels and two drive
wheels for the robotic cart as shown in the Fig. 5. Users
hold the handle grips installed on the mobile robotic cart
to control the cart’s motion. The cart’s motion is controlled
by the sum of the left and right drive-wheel velocities and
the ratio of the two drive-wheel velocities, which are calcu-
lated from the pushing forces of the handle grips. The ref-
erence velocities of the two drive wheels are calculated by

{

where Fp and F; are the pushing forces sensed on the
right and left handle grips respectively, which are positive
in the forward direction. V_,cand V;_,are the refer-
ence velocities of the velocity feedback control system for
the right and left drive wheels. K and K are coefficients
representing the sensitivity for straight motion and turn-
ing motion, respectively. Users will be able to adjust these
coefficients according to their needs.

Vr—ref = Ks(FR + F1) — Kp(Fr — FL)

b 1
Vi_res = Ks(Fr + 1) + K (F — F1) M

Our proposed handling interface mechanism

For our proposed mobile robotic cart development, we
attempted to develop a handling interface and a motion
control method for a mobile robotic cart that can be oper-
ated similarly to a wheeled walker type conveyance cart
as shown in Fig. 5. When using conveyance carts similar
to our proposed robotic cart, users often lean on the cart
because its shape is easy to lean on. Moreover, the user
may often grip and twist the handle grips unconsciously.
It is therefore assumed that these unconscious actions
will generate unintentional operating forces, causing the
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Fig. 5 Our proposed mobile robotic cart similar to a wheeled walker

erroneous motion of the mobile robotic cart. As a coun-
termeasure against this problem, we adopt the handling
interface shown in Fig. 6.

In the proposed interface structure, a solid grip com-
prising a square aluminum pipe is fixed to cover the force
sensors fixed on the right and left ends of the handle pil-
lar. There are a total of six force sensors fixed to the right
and left ends of the handle pillar. It is designed so that the
internal dimension of the solid grip cover in the trans-
verse direction is larger than the outer dimension of the
handle pillar to allow 0.5 mm clearance. There are also
thin force sensors fixed by polyvinyl tape between the
handle pillar and the solid grip cover.

The force sensor fixed to the back of the handle pillar
is named the forward force sensor (FFS) which senses the
pushing force; the force sensor fixed to the front of the
handle pillar part is named the backward force sensor
(BES), which senses the pulling force; and the force sensor
fixed to the top of the pillar is the downward force sensor
(DES), which senses the force applied from above. Each
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type of sensor is fixed to the right and left ends of the han-
dle pillar. Since the handle grip adopts this mechanism, F;
and Fy in Eq. (1) are calculated as the difference between
the values obtained by the FFS and BES as follows:

F; = FLJ-"FS - FL_BFy Fr = FR_FFS - FR_BFS' 2)

The mechanisms for detecting the intended actions of
the users are shown in Fig. 7. When the user does not
the hold handle grips, the force sensors do not sense the
forces, as shown in Fig. 7 (1). When the user moves for-
ward or backward, the handle grip is pressed obliquely
from above by the user, as shown in Fig. 7 (2), and the
downward force that is sensed by the DFSs becomes
greater than the set threshold value. At the same time, the
FESs or BESs is also pressed and the pushing or pulling
force applied to the handle grip is sensed. When a down-
ward force and a forward or backward force are simulta-
neously detected, as described above, we can determine
the motion of the robotic cart for forward or backward.

The unintended motion such as the grasping sometimes
causes misdetection because the force sensors fixed in the
handle grip are pressed at the same instant by the grasping
motion. Our proposed handling interface prevents such
misdetection due to the grasping motion, which causes a
malfunction, because the solid grip cover blocks the grip-
ping forces, as shown in Fig. 7 (3). The twisting motion
also sometimes causes similar misdetection. However,
when the user twists the handle grip, as shown in Fig. 7 (4),
the DFSs do not come in contact (or only come in slight
contact) with the solid grip cover because of our proposed
mechanical structure. Therefore, when the user twists
the handle grip, the downward force sensed by the DFSs
becomes smaller than the set threshold value. On the other
hand, the FFSs and BFSs are pressed at the same time;
thus, the sensors sense the pushing or pulling force applied
to the handle grip as shown in Fig. 7 (4). Although the
forces are detected, we can prevent the erroneous motion
of the robotic cart because the downward force is smaller
than the set threshold value.

In the case that the user only leans on the robotic
cart without operating the handle grips, all of the user’s
weight becomes a load detected by the DFSs; thus, no
signal is sensed by the FFSs or BFSs. Therefore, we can
ensure that the robotic cart remains stationary by moni-
toring the value from the DFSs.

We, then, carried out some measurement experiments to
confirm the effectiveness of our proposed handling inter-
face. In the measurement experiments, the participant
(normal male age 23) operated the handle grip of the pro-
totype robotic cart which is shown in Fig. 10. We measured
the force signals detected by the FFS, BFS, and DFS when
the participant moved in a straight line and only twisted the
handle grip in the forward and backward directions.
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Fig. 6 Proposed handling interface mechanism. a Layout of force sensors in the handling interface mechanism. b Detailed structure of the han-
dling interface mechanism and force sensors’mounting
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Fig. 7 Operational force detection and estimation of the users' behavioral intention
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Figure 8 shows the experimental results for the right
side handle grip. We found that the force detected by the
DEFS during forward and backward movement was more
than 4.0 N as shown in Fig. 8a, b. We also found that the
force detected by the DFS during twisting motion was
less than 2.0 N as shown in Fig. 8c, d. On the basis of
these results, the threshold value of the DFS was set to
2.0 N, which was used to predict the intended movement
of the user. By adopting the handling interface shown in
Fig. 6, it is possible to predict the user’s intended move-
ment as well as three operations that cause malfunction:
grasping, twisting, and leaning on the robotic cart.

Concept of control system design
The mobile robotic cart proposed in this study adopts the
velocity control system to control the velocities of the left
and right drive wheels according to the operating forces
applied to the handle grip by the user as shown in Fig. 5.
It is of course necessary for the velocity control sys-
tem to rapidly respond to the user. On the other hand,
the assumed users of the robotic cart are HOT patients;
thus parameters such as the maximum velocity and
acceleration should be adjusted according to the user’s
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age, physical strength, and size. Therefore, in the control
system of the robotic cart, a new function is required
to adjust the maximum velocity and acceleration for
each user in addition to the general characteristics of
the controller such as the steady state and tracking
performances.

To meet these requirements, we propose a filter type
two-degrees-of-freedom control system whose input
signal is the pushing force F and F;, and whose output
signal is the velocity v, and v;. Figure 9 shows a block dia-
gram of the control system; Fy and F; are Forces from the
user which are applied to the right and left handle grips,
VR—ref apd Vi—ref are Reference velocities calculated by
Eq. (1), Vr—rer and Vs are Reference velocities passed
through the feedforward controller C1_;(s) and C1_g(s),
Ci1_r(s) and C1_ (s) are Transfer functions of the feedfor-
ward controller which consist of first-order lag element,
Cy_r(s) and Cy_;(s) are Transfer functions of the feed-
back controller which are PID controller, Gr(s) and Gy (s)
are Transfer functions of the control object which is the
mechanical system of the robotic cart.

We adopt PID controller for Cy_z(s) and Co—_z (s), which
determines the velocity feedback control characteristic,
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Fig. 8 Signals of force sensors and estimation of the users behavioral intention. a Each force signal output: forward movement. b Each force signal
output: backward movement. ¢ Each force signal output: twisting for forward. d Each force signal output: twisting for backward
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Fig. 9 Control system block diagram of our proposed robotic cart

and also adopt a first-order lag element filter for C;_g(s)
and C;_;(s), which determines the feedforward con-
trol characteristics of the input and output responses
for our proposed control system shown in Fig. 9. The
feedforward controllers C;_g(s) and C;_j(s) adjust the
maximum velocity and the start-up response time of
the robotic cart, in other words, they act as elements to
adjust the mechanical impedance. We describe the spe-
cific contents of the elements used to configure the con-
trol system as follows.

The parameters K;_; and K;_p in Eq. (3) are used to
adjust the maximum velocity of the left and right drive
wheels respectively. The parameters T;_; and T;_; in
Eq. (3) are the start-up time constants used to adjust the
start-up response of the robotic cart. The parameters
Ky p Ky 5 Koy Kog p Kop pand Ky fin Eq. (4) are the
control gains of the PID controller. The parameters M,
Ry, and D are the mass of the robotic cart, the radius
of the drive wheel, the coefficient of dynamic friction,
respectively.

Kir Kip

Cir(s) = —1R (5= L
1-Rr(5) Tr s 1 1 1-L(8) Tr s+ 1 3)
Kor 1
Co_r(s) =Kop p+5sKyr p + P
K:
Cor(s) = Ko p+ 5Ky p + —2= 4)
K 1
Gr(s) = —= :
Rw 05Mcs+ Dc
Kr g 1 ®)
Gr(s) = —=

Ry 05Mcs—+ D¢

We first design the feedback controller C, (s) whose
input is ¥,.r and output is v because C, (s) determines the
stability of the velocity feedback control system. After
designing C, (s), we design the feedforward controller C,
(s) so that the moving velocity and start-up response can
be tailored to individual users. We found that the control
system satisfies its designed purpose when adopting this
configuration.

Page 7 of 14

Evaluation of control system using a prototype robotic cart
Here we evaluate the feasibility and effectiveness of our
proposed control system by performing several experi-
ments using the laboratory prototype mobile robotic cart
shown in Fig. 10, whose main specifications are given in
Table 1. This robotic cart was designed for evaluation
tests in an indoor environment or on a flat road sur-
face. The handle grips of the prototype have the struc-
ture shown in Fig. 6, which detect the operational forces
applied by the user. The reference velocities of the right
and left drive wheels are calculated from the detected
operational forces using Egs. (1) and (2), and the motion
of the prototype is controlled by the control system
described in Fig. 9 on the basis of the calculated reference
velocities. We can adjust the handle height from 765 to
945 mm in seven steps, allowing the prototype robotic
cart to fit the height of the user.

Figure 11 shows a block diagram of the hardware of our
proposed control system. A microcomputer mounted on
an SH2 Tiny Controller (Hi-bot Inc.) controls the entire
system of the prototype robotic cart. The microcomputer
detects the output voltages from FSR408 force sensors
(Interlink Electronics Inc.), and variable resistors are set
to adjust the parameters of the feedforward controller C;
(s) through an AD converter circuit. The microcontroller
also counts the pulse signal outputs from rotary encoders
attached to the wheel drive motors to detect the angu-
lar velocities of the drive wheels through a pulse counter
circuit embedded in the microcomputer. From the input
signals from the force sensors, variable resistors and
rotary encoders, the velocity controller shown in Fig. 9
calculates the PWM duty signals for the drive motors,
and then the controller controls the motion of the proto-
type robotic cart.

Figure 12 shows the step response of the prototype
robotic cart when a constant value is given to the con-
troller as a reference velocity programmatically (not by
the user). Figure 12a shows the step response from the
input values \A/R,ref and IA/L,ref to the output values Vz and
Vi without the feedforward controller C; (s). Figure 12b
shows the step response trajectories of the right drive
wheel when the time constants T;_, and T;_; of the
feedforward controllers are changed experimentally. The
experimental result shown in Fig. 12a indicates that the
velocity feedback controller C, (s) can ensure that the
response characteristic of each drive wheel is equal and
stable. Also, the experimental results shown in Fig. 12b
indicate that the feedforward controller C; (s) can adjust
the start-up response between the input and output sig-
nals. In particular, it can adjust the start-up time constant
from 0.05 to 2.0 s. These results show that our proposed
control system can act as a stable velocity feedback
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Fig. 10 Prototype robotic cart for evaluation
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Table 1 The prototype robot’s specification

Dimension [W x D x H]
Weight
Power supply

360 x 370 x 765 ~ 945 [mm]
8.5 kg (with batteries)

Nickel metal hybride
12V/4200 mAh

Series connection

Actuation DC-motor: TG-85R-SU
Reduction ratio: 1/69.14
CPU SH2/7047 (CLK/44.2 MHz)

controller and adjust the sensitivity between the inputs
and outputs.

Results and discussion

Test to evaluate design

We carried out tests to evaluate our design. In the tests,
the participant (normal male age 23) operated a com-
monly used wheeled walker and the prototype robotic
cart, moving it in a straight line and turning it to the
right and left. At the same time, we measured the oper-
ating forces applied to the handle grip to assess the
presence of the power assistance. Figure 13 shows the
experimental results using commonly used wheeled
walker, and Fig. 14 shows the experimental results using
the robotic cart.

As shown in Fig. 13, the total operational forces applied
to both the left and right handles by the participant were
a smaller about 20 N while moving in a straight line and
turning right and left. On the other hand, we found that

the total operational forces applied to the left and right
handles of a prototype robotic cart were less than 10 N as
shown in Fig. 14. We therefore found that our proposed
robotic cart moves with a smaller applied force than that
required for a current conveyance cart.

Then we investigated the power assistance effect of
the prototype robotic cart when moving on a barrier-
free slope. While the participant operated the prototype
robotic cart on the barrier-free slope, as shown in Fig. 15,
we compared the behaviors of the prototype robotic cart
and a wheeled walker as a current conveyance cart at that
time. The experimental results are shown in Fig. 16.

The average pushing force required to operate the
wheeled walker was 15 N, as shown in Fig. 16a, when
the participant walked up the slope. On the other hand,
the average operating force for the prototype robotic
cart was 5.5 N as shown in Fig. 16b. Also, the operating
forces added to the handle grips became zero when the
participant temporarily stopped during the operation, as
shown in Fig. 16b because there was no need to push the
prototype robotic cart. In contrast, the pushing forces
added to the wheeled walker remained over 5 N during
the operation to maintain its stationary state as shown
in Fig. 16a.

When the participant walked down the slope, the aver-
age operating force pushing the wheeled walker was
—5 N as shown in Fig. 16c. On the other hand, the aver-
age operating force of the prototype robotic cart was
5 N as shown in Fig. 16d. The operating forces added to
the handle grips also became zero when the participant
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Fig. 12 Step response of our proposed 2-D.O.F. PID control system. a Step response of C,_g(s) and C,_,(s). b Step response of each C,_g(s) and
C,_g(s): time constant is variable

temporarily stopped during the operation as shown in
Fig. 16d, because there was no need to hold the prototype
robotic cart. In contrast, the pulling forces added to the
wheeled walker remained under -8 N during the opera-
tion to maintain the stationary stale as shown in Fig. 16c.
These experimental results show that the prototype

robotic cart moves according to only the pushing forces
and that its motion is not affected by gravity.

From the above experimental results, we found out that
the participant’s operating forces are reduced by the pro-
totype robotic cart. The results therefore clearly illustrate
the power assistance effect of the prototype robotic cart.
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Fig. 14 Experimental results of handling force while the participant operated the prototype robotic cart. a Moving straight experiment. b Turning
right experiment. ¢ Turning left experiment

Fig. 15 Operational experiment on the barrier-free entrance slope by using the prototype robotic cart. a Walking up the slope by the prototype
robotic cart. b Walking up the slope by a commonly used wheeled walker as a comparative sample

Evaluation by HOT patients

We next carried out a test in which HOT patients evalu-
ated the operability of the robotic cart. Our experiments
are approved by the ethical committee of Tokyo Institute
of Technology (approval number 2012014 and 2013002).

We also obtained the consents of the participants for all
experiments.

The test was carried out in cooperation with the patient-
based Kiyose-KIBOEN group in Tokyo on September 26,
2013, as shown in Fig. 17a. In this user test, HOT patients
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Fig. 16 Operational experiment results on moving up and down the barrier-free entrance slope. a Moving up the slope: wheeled walker. b Moving
up the slope: prototype robotic cart. € Moving down the slope: wheeled walker. d Moving down the slope: prototype robotic cart

operated the prototype mobile robotic cart while mov-
ing forward in a straight line, after adjusting the handle
heights that were decided by the participants. The partici-
pants were also allowed to adjust the setting parameters
of the feedforward controller C; (s) to operate the proto-
type cart easily. The evaluation tests were carried out with
an experimental assistant who took the participant’s side
and controlled a safety switch during the tests to prevent
the emergency situation (Additional file 1).

We recorded the input and output signals when the
participants operated the prototype mobile robot with
their preferred parameters, and we also confirmed the
leaning on and grasping detection worked correctly.
Table 2 shows the average and maximum values of the
pushing force of the participants in the experiment. Two
HOT patients carried out the user test, one female age 74
(participant A) and one male age 69 (participant B).

The average pushing force of the users of a wheeled
walker is 12-17 N typically [13]. Therefore, by compar-
ing the results shown in Figs. 13 and 14, it can be seen
that the average values in Table 2 are satisfying low.
These results show the effectiveness of the mobile robotic

cart for conveying oxygen equipment to support HOT
patients.

Evaluation by elderly people

A test was also carried out involving the elderly people
for comparison with the results for the HOT patients.
This test was carried out in cooperation with NPO Cor-
poration “Osaka Kohreisha Daigakko”, which is a college
of retired elderly people for their lifelong study, in Osaka
on March 3rd, 2014, as shown in Fig. 17b.

In this test, 43 participants aged from 62 to 80 years
operated the prototype mobile robotic cart while moving
forward in a straight line similarly to in the previous test.
The participants were also allowed to adjust the setting
parameters of the feedforward controller C; (s) to oper-
ate the prototype cart easily. We recorded the input and
output signals when the participants operated the proto-
type cart with their preferred parameters. In addition, we
collected their impressions of the prototype by question-
naire. The results of the questionnaire (37 valid responses,
24 men, 13 women) are shows in Fig. 18 and indicate a
favorable evaluation of the prototype robotic cart.
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3rd, Mar,, 2014)

Fig. 17 User evaluation tests by HOT patients and elderly people. a Tests by HOT patients (Tokyo, 26th, Sep., 2013). b Tests by elderly people (Osaka,

Table 2 Evaluation results by HOT patients

Participant A Participant B

Right Left Right Left
Pushing force (max.) [N] 6.7 7.37 524 737
Pushing force (ave.) [N] 242 1.19 0.55 4.87

Discussion of mutual response between user and robotic
cart during operation

When using our proposed mobile robotic cart, users
hold the rigid handle directly. Therefore, the difference
between the velocities of the user and the robot gener-
ates a mutual interference force during the operation of
the prototype cart. We show the relationship between
the reference and actual velocities for HOT patients in
Fig. 19.

We found that periodic fluctuation occurs owing to
the walking motion of the patients, as shown in Fig. 19,
when the participant operated the prototype robotic cart.
The velocities oscillate around the average speed of 0.2—
0.3 m/s, and the oscillation involves the mutual interfer-
ence of the force which reduces the operability of the
cart, describe above. Thus it is necessary to suppress the
vibration force caused by the mutual interference to pre-
vent the discomfort of the users.

To meet the requirement, we arrange the parameter T
in the feedforward controller C; (s) for the users to adjust
the start-up sensitivity of the moving velocity to suppress
the vibration force caused by the mutual interference.
Figure 20 shows a block diagram of the control system
used to model the mechanism of mutual interference
between the user and the prototype robotic cart. The
interaction forces between the user and the prototype
cart occur by the mechanism enclosed by the broken line
in Fig. 20, which is added to the control system shown in

Fig. 9. In this control system, C, (s) is the velocity feed-
back controller for the control object G (s) from the
input ¥, to the output v, and the controller is designed
to make the feedback system stable as described above.
Therefore, the closed-loop transfer function from 7, to v
becomes a stable transfer function.

Here we rewrite the system block diagram of Fig. 20 as
shown in Fig. 21 to determine the mutual interference
force. The control system in Fig. 21 can be interpreted
as a force feedback control system between the push-
ing force of the user and the propulsion of the prototype
robotic cart. As the transfer function of the closed-loop
velocity controller in this system is stable, the charac-
teristic of this force control system is determined by the
combination of the robotic cart’s dynamics and the feed-
forward controller C, (s).

We examine the effect of the feedforward controller C,
(s) on the properties of the force control system. We first
examine the cutoff frequency, which indicates the start-
up response time of C,; (s) when the HOT patients and
elderly participants carried out the test. We then deter-
mined the principal frequency component of the control
input (reference velocity) signal by FFT analysis when
each participant operated the prototype robotic cart.

Figure 22 shows a scatter diagram of the cutoff fre-
quency of C; (s) and the principal frequency component
of the input signal of the HOT patients. In addition, we
plot the results of a similar experiment on five elderly
participants (female age 63, female age 63, male age 62,
male age 69, female age 65) who are representative sam-
ple in Fig. 17b and five young participants who are nor-
mal males aged 22—24 for comparison.

The vertical axis in Fig. 22 shows the walking frequency
of the participants, that is, the walking speed. The figure
shows that the walking speed of the young and normal
participants tended to be high compared with that of the
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elderly and HOT patients. Also the cutoff frequencies
of C; (s) are within the range of 0.2-0.6 Hz regardless
of the type of participants as the adjusted results. This
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Fig. 22 Relations between patients'input signal and cutoff fre-
quency of C,(s)

result indicates that all the participants tended to adjust
the parameter T of C, (s) to reduce the deviation of the
steady force component. From the above results, our
proposed control system is believed to effectively reduce
mutual interference between the forces applied by the
user and the prototype robotic cart.
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Conclusions

In this paper we proposed a mobile robotic cart similar to
a wheeled walker that carries oxygen equipment to sup-
port HOT patients when they go out. We also proposed
a new operation interface mechanism employing a rigid
handle with several commonly used force sensors and a
motion control system. Specifically, for the new opera-
tion interface, we proposed a new mechanical structure
and force sensor arrangement that prevent erroneous
operation due to grasping, twisting, and leaning on the
handle. Then we proposed a two-degrees-of-freedom
control system whose inputs are the pushing forces of
the user and whose outputs are the velocities of the drive
wheels of the robotic cart.

We then carried out several experiments by using a
prototype robotic cart and showed the effectiveness of
the power assistance for carrying the portable oxygen
equipment. We also evaluated the control system by per-
forming several experiments using the prototype mobile
robotic cart and found that the feedforward controller
in the two-degrees-of-freedom control system acted as a
control element of the force control system between the
user and the mobile robotic cart.

In future works, we will attempt to design a mobile
robotic cart that is able to move in an outdoor environ-
ment and perform user evaluation tests. We also plan to
solve these remaining problems with the system, with the
aim of its early commercialization.

Additional file

Additional file 1. This video clip shows a scene of the user test in which
HOT patients evaluated the operability of the robotic cart. The evaluation
tests were carried out with an experimental assistant who took the partici-
pant’s side and controlled a safety switch to prevent the emergency situ-
ation. The experiments are approved by the ethical committee of Tokyo
Institute of Technology (approval number 2013002). We also obtained the
consents of the participants for all experiments. The test was carried out
in cooperation with the patient-based Kiyose-KIBOEN group in Tokyo on
September 26, 2013.
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