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Abstract: Patients who stay in bed for long periods are prone to pressure sores. Pressure sores cause
multiple complications and prolong hospitalization. To prevent pressure sores, the patient’s lying
position must be changed continuously so that excessive pressure on any body part does not last
long. In this paper, we propose a novel robotic bed to prevent the formation of pressure sores. This
robotic bed is composed of multiple segments that are driven independently by brushless direct
current motors and that use body pressure information for feedback control. By controlling the
movement of the segments on the top of the bed with a fuzzy controller, the patient’s body pressure
is kept below the reference value. Moreover, a belt-type body pressure sensor is developed herein by
using force-sensing resistor technology to measure the patient’s body pressure. A bed control system
composed of the main controller, a teach pendant, motor controllers, and sensors was implemented.
Through real experiments, the validity of the proposed robot bed was verified, and it was confirmed
that the fuzzy closed-loop controller followed the reference body pressure commands well.
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1. Introduction

Pressure Sores. Appl. Sci. 2021, 11, A significant number of people are receiving long-term care in hospitals and at home
8459. https://doi.org/10.3390/ for various conditions, including dementia, disability, and other diseases. Caring for
app11188459 such patients requires nurses to possess specialized skills and qualifications in addition

to requiring them to perform many simple and labor-intensive tasks. Therefore, patient
Academic Editor: Giuseppe Tortora care is considered a suitable field for the application of robots and artificial intelligence.

Patients with severe conditions who need nursing care spend most of their time in bed.
Received: 10 August 2021 Accordingly, several researchers have conducted studies to robotize a bed for such patients.
Accepted: 8 September 2021 A few researchers have proposed a bed with a robotic arm that can serve patients. Kapusta
Published: 12 September 2021 proposed a robotic system that consists of a bed and a mobile manipulator to provide

bedside assistance [1]. Seo et al. presented a robotic bed equipped with two robot arms
Publisher’s Note: MDPI stays neutral - and an array of pressure sensors attached onto the mattress. They used the pressure
with regard to jurisdictional claims in - djgtribution on the mattress to estimate the pose of the patient [2]. Studies on beds that
published maps and institutional affil- oo tro] the patient’s posture and sleep quality by measuring the patient’s vital signals have
been conducted as well. Loos developed a bed with a multi-sensor mattress pad to detect
heart rate, breathing rate, and body orientation [3]. In addition to these studies, a bed
that facilitates the lateral rotation or transfer of immobilized patients [4] and a chair bed
Y system [5] have been proposed.
Copyright: © 2021 by the authors. Patients who stay in bed for long periods may develop pressure sores. A pressure
Licensee MDPI, Basel, Switzerland.  sore occurs due to ischemia of the skin and muscles because blood circulation is impaired
This article is an open access article  jn parts of the body that are constantly pressed upon. Pressure sores are usually formed
distributed under the terms and jp areas of the skin that touch the bed when a person has been bedridden for a long
conditions of the Creative Commons  tjme and the incidence of pressure sores among patients in intensive care units in Korean
Attribution (CC BY) ficense (https:// - ogpitals was reported to be 38.3% [6]. Pressure sores cause multiple complications,

Zr;j?vecommons'Org/hcenses/by/ prolong hospitalization, and increase a patient’s risk of death [7-9]. When pressure above

iations.
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a threshold value is applied for more than a certain amount of time, pressure sores are
formed. The pressure value at which pressure sores develop varies, but in general, many
researchers agree that the threshold is 32 mmHg [10]. To prevent pressure sores, various
studies and expert analyses have been conducted, and a number of devices have been
developed. These devices can be classified into active devices that control body pressure
manually or automatically and passive devices that only relieve body pressure but do not
control it. Furthermore, these devices can be classified based on whether they use body
pressure information or do not use body pressure information. The most commonly used
commercial product is a passive bubble air mattress that is installed on the bed. Sorbed Co.
launched an active bed with an integrated pressure sore mattress and a pneumatic pump.
The basic concept of this product is similar to that considered in this study, and it controls
body pressure by using pneumatic actuators, but it does not use pressure information and
is affected by noise issues because of the pneumatic pump [11]. Wellsense, Inc., released the
Monitor Alert Protect system, which analyzes body pressure data gathered using sensors
embedded in the bed mattress and sounds an alarm when there is a risk of pressure sore
formation [12]. Through project INSYDE, the Fraunhofer Institute developed technology to
reduce a user’s body pressure by changing the posture of the bed based on measurements
of body pressure distribution [13]. Yousefi proposed a bed equipped with multiple air
bladders in which the postures are controlled by motors and lead screws to prevent the
formation of pressure sores. This bed utilizes body pressure distribution information, but
it is impractical because it requires a large number of actuators for bed operation [14]. An
air mattress integrated with a pneumatic pump was developed to estimate body pressure
by measuring mattress deformation [15]. Misaki et al. proposed an anti-bedsore mattress
consisting of multiple air cells and a capacitive pressure sensor. The sensors measure body
pressure, and the tension of the air cells is adjusted based on the measured values by using
a pneumatic pump [16].

In this study, we propose a novel robotic bed to prevent the formation of pressure
sores. This bed consists of multiple independently controlled segments. Each segment is
driven using a four-bar mechanism and a brushless direct current (BLDC) motor. The use
of an electric motor reduces noise and can eliminate the discomfort caused to patients by
pneumatic pump noise in robotic beds that use pneumatic actuators. In addition, in the case
of closed-loop control, electric motors offer faster and more precise response characteristics
than pneumatic actuators. In the case of open-loop control, excessive pressure may be
applied to the body depending on the body type even after controlling. To solve this
problem, we implement a closed-loop controller that uses sensors to collect body pressure
information. Body pressure is measured using a pressure sensor array composed of force-
sensing resistors (FSRs), and the pressure applied to the body is automatically controlled to
be lower than the threshold value through fuzzy control. For this purpose, we developed a
flexible belt-type pressure sensor. Through actual experiments, the validity of the proposed
robot bed is verified. The remainder of this paper is organized as follows: Section 2 presents
the details of the proposed bed system, Section 3 presents our experimental results, and
Section 4 provides the concluding remarks.

2. Developed Robot Bed System
2.1. Robotic Bed Mechanism Design

Figure 1 shows the robotic bed developed in this study. The lower part of the bed
is a typical motor-driven medical bed frame. The upper part of the bed is composed of
17 independently controlled segments. As shown in Figure 2, each segment is driven by a
four-bar mechanism actuated using a BLDC motor and can move up and down. To solve
the phase inversion problem inherent in the four-bar mechanism, a phase offset has been
implemented [17].
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Figure 1. The developed medical bed.

Figure 2. Modified four-bar link mechanism.

Figure 3 shows the kinematics of the four-bar mechanism used in each bed segment.
Given a link rotation radius r, the height of a segment / and its rotation angle 6 can be
obtained using Equations (1) and (2), respectively [17].

h =r(1— cos) 1)

6 = acos <1 — ;) 2

Figure 3. Kinematics of the four-bar link mechanism.
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2.2. Pressure Sensor

A force/pressure sensor converts a force or pressure into an electrical signal. As each
segment of the proposed bed moves relative to the others and pressure sensors are to be
installed on the bed, belt-shaped and flexible pressure sensor arrays are needed. With
the increasing use of wearable wireless sensor networks, FSRs are increasingly attracting
the attention of researchers and practitioners. An FSR is based on the principle that the
conductivity of a material changes when it is deformed by an external force. As an FSR is
manufactured by printing electrodes on various materials, it is cost-effective to manufacture
a large number of FSR arrays, as is required in this study. Each FSR consists of electrodes
and a carbon resistive layer, and Figure 4 shows the shape of the FSR electrode used in
this study. We printed electrodes on a polyethylene terephthalate (PET) substrate by using
conductive silver ink. The resistive layer was fabricated by printing conductive carbon
onto a PET film. The measurable pressure range and sensitivity can be tuned by changing
the shape of the electrode pattern and the resistance value of the carbon layer. Figure 5
shows the belt-shaped FSR sensor we developed; 10 electrodes are printed on each belt.

Electrode —

*

Carbon
Resistive Film

Spacer —*

Figure 4. Structure of the single force-sensing resistor.

Figure 5. The belt-shaped force-sensing resistor.

One FSR sensor belt is installed on each segment, and in total, 17 sensor belts are
used in one bed. Body pressure can be measured at all 170 electrode locations. Pressure is
detected using an externally installed resistor distribution circuit and is converted into a
digital signal by using an analog-to-digital (A /D) converter in the microcontroller.

2.3. Control Laws

The bed controller was implemented as a dual-mode controller with closed- and open-
loop control modes. In the closed-loop control mode, the controller uses body pressure
information obtained from the pressure sensor to adjust the pressure acting on the body so
that it is lower than the reference value. The same body posture should not be maintained
for more than 2 h [6]. If excessive body pressure is applied for an extended period and it is
judged that the closed-loop control has failed, the controller enters the open-loop control
mode. In some cases, the user can select the open-loop control mode.
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2.3.1. Closed-Loop Control Mode

Figure 6 shows the system model used for closed-loop control. The patient’s body
is modeled as a spring-damper, where the spring coefficient k and damping coefficient b
are not known exactly. The pressure applied to the body is controlled by controlling the
segment height h.

Body k Eb

FSR
Segment

4 Bar-Link

Figure 6. System model for the control.
The pressure error ¢; of the ith segment is calculated using Equation (3)
e; = max(Pyi — Peu, 0), i=1,2,...N 3)

where P, denotes the reference pressure and N is the number of segments. P,; is the
maximum measured pressure value of segment i: p,,,; = maxpijj, j=1,2,...M, where M is
the number of pressure sensors in a segment.

We use a fuzzy control algorithm to implement the closed-loop bed controller. Fuzzy
controllers are used when the system model parameters are unknown. A fuzzy logic system
has three stages: fuzzification, inference, and defuzzification [18]. The body pressure
sensors are mounted on a segment, and the height of the segment is controlled using a
fuzzy controller. The error e; in Equation (3) is the input to the controller, and the segment
height h; in Equation (1) is the output. The input is composed of four fuzzy sets, namely
ERR_LOW, ERR_HIGH, ERR_VERYHIGH, and ERR_TOOHIGH. The output is composed
of a singleton fuzzy set with the linguistic values LOW, MEDIUM, HIGH, and TOOHIGH.
The fuzzy rules are summarized in Table 1.

Table 1. Fuzzy Rules.

Rule If-Then
R4 If e is ERR_LOW, then u is LOW
Ry If e is ERR_HIGH, then u is MEDIUM
R3 If e is ERR_VERYHIGH, then u is HIGH
Ry If e is ERR_TOOHIGH, then u is TOOHIGH

Using the center-of-gravity defuzzification method, the controller output is deter-
mined using Equation (4)
i qittie)
T wile)

where y;(+) is a membership function value and g; is constant.

u =

(4)

2.3.2. Open-Loop Control Mode

In the open-loop control mode, the segment height is periodically changed to adjust
the amount of pressure applied to the body. The open-loop control is repeated at intervals
of T1 + T, (10 min in this study). During T; (7 min), the segment is in a low position,
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and during T, (3 min), the segment remains flat. Odd- and even-numbered segments
are operated alternately. Open-loop control ensures that pressure sores do not occur by
preventing the application of excessive pressure to the body for more than 2 h at a stretch.
A block diagram of the overall control mode is shown in Figure 7.

© ! [P T
Body _Zm_ Segment
Even Numbered
Pressure Fuzzy
Segment Down
Reference .
Pressure Even Numbered
Sensor Segment Up
Closed-loop Control Mode Odd Numbered

Segment Down

Odd Numbered
Segment Up

Reset

Open-loop Control Mode
Figure 7. Controller bock diagram.

2.4. Integrated System

The entire system consists of a robotic bed and a control system, and the bed control
system is composed of a main controller, a teach pendant, 17 motor controllers, and 17 FSR
sensor interface boards. The sensor data and motor control signal are transmitted through
a control area network (CAN). The main controller has two CAN ports, one connected
to the motor drivers and the other to the body pressure sensor controllers, as shown in
Figure 8. The main controller and the status monitor exchange data through a separate
UART (Universal Asynchronous Receiver/Transmitter) serial communication channel [19].

Pressure Sensors

CAN 1 .
e LN

Sensor/Data

Controller

Position\Data

Teach Pendant

17 Motor Drivers
Figure 8. Structure of the control system.

3. Experiments

First, the performance of the newly developed pressure sensor was experimentally
verified. As shown in Figure 9, the sensor resistance was measured by increasing the mass
of the weight on the FSR sensor. The weight was wrapped in a soft material to simulate



Appl. Sci. 2021, 11, 8459

7 of 13

human skin. As the pressure increased, the resistance value decreased and then saturated,
but the sensor was able to measure pressure values of up to 80 mmHg. FSR sensors have
drift and hysteresis characteristics, and these are undesirable [20]. Figure 10 shows that the
measured resistance drifts with time for a constant pressure. In this study, sensor drift was
not considered, but it should be considered in a future study to realize precise control.

24
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. . . . . . ]
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Pressure (mmHg)

Figure 9. Change in resistance.
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Figure 10. Resistance drift.

A body pressure control experiment was performed with a test engineer lying on the
developed robotic bed. Figure 11 shows the graphical user interface (GUI) of the main
control unit. The GUI displays the pressure and height of each segment and the overall
body pressure distribution on the screen. Through this GUI, we can set the reference value
of body pressure and control the movement of each segment [19]. In the experiment, the
subject was lying on the newly developed bed in two positions, supine and side-lying, as
shown in Figure 12. Figure 12c shows the body pressure distribution in these two postures.
Figure 13 shows the results of closed-loop control experiments conducted for these two
postures. The reference value of body pressure P, was set to 32 mmHg. When the test
subject was lying in the supine position, the body pressure in segments 10 and 14 was
higher than the reference value at the beginning, but it was controlled to a value lower
than the reference through fuzzy feedback control. The heights of these two segments were
changed by —5 mm and —30 mm, respectively (Figure 13a). The following experiment
was conducted in the side-lying posture. Before feedback control, the body pressure in
segments 8 and 9 was excessive. With feedback control, the body pressure in these two
segments was adjusted to 31 mmHg and 30 mmHg, respectively, and they were moved
downward by —26 mm and —10 mm.
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Figure 12. Two body postures considered in the experiments.
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Figure 13. Closed-loop control experiment results.

Figure 14 shows the pressure errors of a segment in the supine and side-lying pos-
tures under fuzzy control, where the x-axis represents the number of control iterations.
According to the figure, the errors converge at zero. However, if the errors do not converge
at zero within the predefined number of iterations, the controller enters the open-loop
control mode.
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15

0.5

Control Cycle
(a) Supine

Figure 14. Cont.
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Figure 14. Fuzzy pressure control performance.

Finally, we tested the open-loop control mode. When entering this control mode, the
even- and odd-numbered segments repeat upward and downward motions synchronously,
as illustrated in Figure 15. When the control mode is reset, the controller enters the
closed-loop control mode again.

By, ST

Figure 15. Open-loop control experiment result.

4. Discussion

In this study, we proposed a new robotic bed to prevent pressure sores. To prevent
pressure sores, it is important to ensure that the pressure applied to the patient’s body
is not excessive and does not last for a long time. Thus far, the most commonly used
commercial products are bubble air mattresses, which have no function to control body
pressure. Although these mattresses may reduce the likelihood of pressure sore formation,
the risk of excessive pressure on the body remains, depending on the patient. An active
mattress with pneumatic actuators can regulate body pressure, but the pneumatic pump is
excessively noisy, which can cause patient discomfort. In this study, we proposed a new
medical robotic bed that controls body pressure by using a closed-loop control method.
The developed robot bed is composed of 17 independently driven segments and uses
body pressure information for feedback control. Each segment is driven by a four-bar
mechanism actuated by a BLDC motor. A new belt-shaped pressure sensor array was
developed for this bed by using FSR technology. Electrodes and resistors were printed on
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a PET substrate, and the developed sensor was found to be capable of measuring body
pressure values of up to 80 mmHg. The control system was implemented as a multi-mode
controller with closed- and open-loop modes. In the closed-loop control mode, the segment
height is controlled to ensure that the body pressure is lower than the reference value by
using the body pressure sensor information and the fuzzy controller. The reference body
pressure was set to 32 mmHg, which is known as the pressure that can cause pressure
sores. If excessive body pressure is applied for a long time, the controller switches to the
open-loop control mode, in which the positions of the bed segments are periodically and
forcefully repositioned to ensure that excessive pressure is not applied to the body for a
long period. Body pressure control experiments were performed with the test subject lying
on the developed bed. The experiments were conducted for two postures, and in both
cases, it was proven that the body pressure error converged at zero and was controlled
to a value lower than the reference pressure. Through actual experiments, we verified
that the proposed bed is effective at preventing pressure sores. In the future, through
long-term clinical trials, we plan to prove the effectiveness of the proposed robotic bed for
various body types and patient groups. Moreover, improving patient comfort is another
future goal.
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