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Abstract

We design and construct a prone positioning device for postural drainage therapy. The
device uses a linear motor control system to extend and retract its structure, allowing
controlled elevation and lowering of the device. The mechanism maintains an adjustable
angle between 30◦ and 45◦ relative to the horizontal plane to facilitate effective sputum
drainage. Functional testing and performance evaluation demonstrated that the device
operates according to the design specifications, operational safety, and structural stability.
The integrated structural and control system successfully lifted and supported loads rang-
ing from 40 to 80 kg and operated continuously for 30 min without structural failure or
mechanical malfunction. The results indicate that the proposed device provides sufficient
stability, operational safety, and reliability for postural drainage applications.

Keywords: prone positioning device; postural drainage therapy; linear motor control system

1. Introduction
Management of bronchial secretions remains a practical challenge in patients with

respiratory disorders, especially in those who have limited ability to cough or clear the air-
way by themselves. In clinical practice, airway clearance techniques (ACTs) are commonly
used in clinical practice to help remove mucus, reduce airway obstruction, and improve
ventilation [1–4].

Conventional ACTs commonly rely on manual methods and patient positioning to
assist mucus removal in patients with respiratory disorders. One widely used approach is
postural drainage, which applies gravity to facilitate mucus movement from the lower lung
regions toward the upper airways [5,6]. Prone positioning represents a form of postural
drainage in which the patient lies face-down and has been shown to enhance secretion
clearance from dependent lung regions. From an anatomical perspective, positioning the
patient prone reduces compressive forces on the dorsal lung areas by shifting the weight
of the heart toward the sternum, thereby promoting more uniform ventilation [7]. As a
result, prone positioning has been associated with improved breathing mechanics, better
ventilation distribution, increased lung expansion, and more effective airway secretion
clearance [7–10]. These physiological benefits support the use of prone positioning as an
effective approach for airway clearance across various clinical contexts.

In surgical and anesthetic applications, prone positioning has prompted the develop-
ment of specialized support devices. Singh et al. [11] reported a low-cost headrest designed
for prone positioning during anesthesia. Despite such innovations, prone positioning
remains technically demanding, requiring careful management to maintain hemodynamic
stability and minimize pressure-related complications. Visual complications, including
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central retinal artery occlusion and ischemic optic neuropathy, have been identified as
among the most frequently reported adverse outcomes associated with this position.

Device-based solutions have been proposed to address these challenges. Ding et al. [12]
designed a body-shaped plaster bed combined with skull traction for posterior cervical
spine fracture surgery. Rahman et al. [13] developed an orthopedic prone positioning device
for intubated patients with COVID-19. Although prone positioning offers well-recognized
clinical benefits, its application must consider associated risks such as visual impairment,
neurological injury, and the development of pressure ulcers over bony prominences. In
intensive care units, intubated COVID-19 patients were often maintained in the prone
position for prolonged durations of 16–18 h, exceeding typical surgical timeframes and
potentially increasing the incidence of complications. Kolb et al. [14] proposed an advanced
prone positioning technique to accommodate patients with complex spinal deformities and
increased frailty during spine surgery.

Severe kyphosis resulting from ankylosing spondylitis (AS) presents additional diffi-
culties for prone positioning, particularly when the chin–brow angle approaches or exceeds
90◦. To overcome these limitations, patient-specific positioning devices fabricated using
three-dimensional printing have been developed to closely conform to individual anatomy,
thereby reducing skin injury and excessive contact pressure. Zhang et al. [15] introduced
the adjustable prone positioning frame, which enables patients with severe AS-related
kyphosis to be positioned safely and comfortably during two-level osteotomy procedures.
While previous studies have reviewed smart medical bed technologies [16], these systems
are designed for alternative clinical applications, underscoring the need for task-specific
positioning devices.

Beyond hospital settings, physical therapists routinely provide community-based
care for bedridden patients in their homes. However, commercially available medical
positioning beds are often large and heavy, limiting their practicality for home visits. As
a result, therapists frequently rely on pillows, blankets, foam rolls, or wedges to improve
comfort and relieve pressure during therapy sessions. These materials, however, lack suffi-
cient stability for prone positioning and may collapse under load. Furthermore, manually
maintaining patients in the prone position can be physically demanding for healthcare
providers and uncomfortable for patients.

To address these challenges, we developed a portable prone positioning device with
several key design requirements. First, the structure must ensure patient safety by pro-
viding stable support throughout a typical treatment duration of approximately 30 min.
Second, the device should be constructed using waterproof materials to allow for effective
cleaning and disinfection. Third, portability is essential to facilitate use during community-
based rehabilitation visits. In response to these clinical and practical needs, this study
proposes the design and construction of an adjustable prone positioning device that com-
plies with established treatment protocols.

This manuscript is organized as follows. Section 2 describes the proposed system,
including mechanical design, structural analysis, and electrical control. Section 3 presents
experimental evaluation and results. Finally, Section 4 discusses the findings and outlines
future research directions.

2. Materials and Methods
The prone positioning device is configured to support the prone posture in accordance

with user-centered design principles and clinical guidelines for airway clearance. The
system consists of four main parts: hardware, a mechanical system, software, and circuitry.
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2.1. Materials and System Components

The structural support system consists of a main frame, a prone cushion upholstered
with PVC leather, and a head cushion (Figure 1). The elevating mechanism is constructed
from stainless steel, enabling vertical adjustment of the structure, as shown in Figure 2.
The circuit system includes a microcontroller that reads input signals from push-button
switches and sensors to control the linear motor, allowing the mechanical structure to
move upward or downward (Figure 3). The control program, developed in the Arduino
IDE, regulates motor rotation and adjusts the inclination to achieve the desired angle via
push-button operation, as illustrated in Figure 4.

Figure 1. (a) Hardware framework supporting the PVC-leather-upholstered structure with head
and tail cushions; (b) design of the mechanical structure. (1, 2: head and arm cushions; 3, 4: main
torso mattress; 5: leg and foot cushion; 6: cushion support structure; 7: wheel rails; 8: linear actuator
motor; 9: actuator fixation point; 10: internal casters/bearings; 11: wheel assembly; 12: patient
support frame).

Figure 2. Mechanical design of the developed system.
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Figure 3. A Block Diagram of the operation for the designed device.

Figure 4. Flowchart of the developed system.

2.2. Hardware Mechanism and Movement

As shown in Figure 1, the steel frame incorporates a hinge joint system that allows
for a wide range of motion from 0◦ to 45◦. The standard clinical range of inclination
angles for prone positioning is defined to support both patient comfort and therapeutic
effectiveness. A neutral prone position at 0◦ (horizontal alignment) is used for resting.
The Trendelenburg prone position, with the head positioned lower than the body at an
angle between 15◦ and 30◦, is the most commonly applied range in postural drainage
therapy. This utilizes gravitational force to facilitate the drainage of airway secretions
from the lower lung lobes, thereby enhancing sputum clearance and supporting airway
clearance techniques. According to clinical guidelines, the maximum safety limit should not
exceed 45◦ in the head-down position, as steep Trendelenburg angles are associated with a
significant increase in intraocular pressure (IOP) and intracranial pressure (ICP), potentially
leading to neurological and ocular complications during prolonged therapy [17–19].

The base is constructed with a sliding rail system, allowing the individual sections to
remain properly aligned during adjustment. This configuration supports the upholstery
structure, which is covered with PVC leather for durability and hygiene, including the
header and tail cushions. As shown in Figure 1, the retractable prone positioning device is
designed to assist patients in maintaining a prone posture, particularly when independent
sputum drainage is difficult. The device utilizes gravity, in combination with other ACTs to
support effective airway secretion clearance.

The system consists of a main mattress (Sections 3 and 4) that supports the patient’s torso and
can be adjusted to the desired inclination angle. Sections 1 and 2 are designated for supporting
the patient’s head and arms, while Section 5 is dedicated to supporting the leg and feet.

The system consists of a main mattress (components 3 and 4 in Figure 1a) that supports
the patient’s torso and can be adjusted to the desired inclination angle. Components 1 and
2 (Figure 1a) are designated for supporting the patient’s head and arms, while component 5
(Figure 1a) is dedicated to supporting the leg and feet. The cushion support structure (part 6
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in Figure 1b) is constructed from C-shaped metal steel. The wheel rails (part 7 in Figure 1b)
are integrated with bearings that function as internal casters (part 10 in Figure 1b). This
configuration ensures smooth, precise, and stable movement of the structure along the
rail system. All supporting components and upholstery surfaces are covered with PVC
material to facilitate hygiene and cleaning.

The patient support frame (part 12 in Figure 1b) is responsible for lifting and sup-
porting the cushion assembly and operates under motorized control. A linear actuator
motor (part 8 in Figure 1b) serves as the primary leveling mechanism by extending or
retracting along a straight axis connected to the wheel assembly (part 11 in Figure 1b),
thereby adjusting the mattress angle. The actuator is secured to the main structure via a
fixation point (part 9 in Figure 1b) to ensure stable and accurate operation.

As illustrated in Figures 1 and 2, the structural design focuses on a modular support
system constructed to facilitate prone positioning for therapy. The assembly is divided
into two functional layers: a rigid steel frame that enables mechanical movement and a
segmented support structure that distributes the patient’s weight. The base structure and
sliding rail system are designed with specific anatomical support zones.

Component 3 (Figure 1a) provides support for the patient’s torso and is the primary
movable component driven by the linear actuator. Section 4 is connected to Section 5 with
hinges. The primary load-bearing structure for Sections 3 and 4 has dimensions of 60 × 127 cm.
Meanwhile, the frame supporting the sliding wheel rails measures 60 × 130 cm to allow for
proper clearance and movement. The third section is the dynamic component of the design,
utilizing a linear motor to achieve precise angular adjustments. This allows the equipment to
safely transition the patient into the therapeutic prone position while maintaining structural
stability through the integrated rail system. The structure was simulated at an angle of
30 degrees as shown in Figure 2, with a steel diameter of 2.5 inches and a thickness of 1 mm.

2.3. Control System Architecture

The mechanical movement is driven by an electronic control system, as detailed in the
block diagram in Figure 3. The system integrates a microcontroller that processes inputs
from user-operated control switches, an infrared (IR) object detection sensor, an on/off
switch, and a safety switch. The operational workflow is as follows.

1. Microcontroller logic: The controller regulates the leveling of the cushion by sending
signals to an H-Bridge driver;

2. Actuation: The H-Bridge driver manages the electric linear actuators located beneath the
mattress, providing the necessary torque to push the equipment up or lower it down;

3. Positioning: This allows the mattress to achieve precise therapy angles in prone
positions. Once the desired level is reached, the user can stop the motor or release the
system to lock the current position using the control switch;

4. Safety Protection: The safety switch was designed to remove all power from the system.

The microcontroller gets the control signal from the control switches to control the
linear motor under the mattress, allowing the mattress to adjust the prone position up
and down to achieve a therapy angle, and a stop switch to maintain the desired position.
A safety switch that immediately halts system operation in emergencies.

2.4. Workflow

The operation starts by receiving a command from the push button to raise the seat
upwards. An infrared object detection sensor is installed inside the structure for detection
at a maximum angle of 45 degrees according to the clinical guideline. As shown in Figure 4.

The H-Bridge is an electronic circuit that controls the linear motor in either direction.
By toggling the digital inputs (In1, In2) and the pulse width modulation (PWM) signal,
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the microcontroller controls the actuator’s state. The digital pins In1 and In2 function as
directional switches.

5. When In1 = 1 and In2 = 0, the H-bridge allows current to flow in a direction that
extends the linear actuator, raising the cushion;

6. When In1 = 0 and In2 = 1, the current flow is reversed, causing the actuator to retract
and lower the cushion;

7. When both In1 = 0 and In2 = 0, the circuit is disconnected or shorted to ground,
causing the motor to stop immediately.

A comprehensive view of the system’s operational logic is shown in Table 1.

Table 1. Operational logic for h-bridge directional control and actuator state.

Action Switch Triggered In1 In2 PWM Movement

Cushion up Switch “A” 1 0 1 The actuator extends to lift the cushion
Stop Switch “B” 0 0 0 Motor stops and locks in position

Cushion down Switch “C” 0 1 1 The actuator retracts to lower the cushion
Safety stop Sensor Detect 0 0 0 Automatic stop at 45◦ for safety

2.5. Test Design

The functional performance of the prone positioning device was evaluated through
physical testing using simulated patient loads. The objective of testing was to assess
the mechanical stability, angle maintenance capability, and operational reliability of the
device. Testing on a conventional bed may introduce errors due to mattress compliance
and surface deformation. To minimize this effect and ensure accurate and repeatable angle
measurements, the experiments were conducted by placing the prone positioning device
on a rigid, solid surface.

We applied a full-body mannequin in a prone position with sandbags distributed
evenly across the torso to represent body weight. The applied weights ranged from 40 kg
to 80 kg, covering the typical weight range of adult patients. During testing, the device was
adjusted to a target inclination angle of 30◦. The inclination angle was measured using an
angle ruler, and the entire test procedure was recorded on video for a continuous duration
of 30 min. The recorded videos were subsequently analyzed using Kinovea software (GPL
v2 license) to extract angle and height measurements over time.

The evaluation focused on the device’s ability to maintain the target inclination angle
without observable collapse, drift, or mechanical instability throughout the test duration.
The measured results are shown in Table 2.

Table 2. Test results measure the angle at the fuselage below the reference level at the weight value
and duration difference.

Time
(Minute)

Angle of Body Below the Reference Level (◦)

40 kg 50 kg 60 kg 70 kg 80 kg

0 30 30 30 30 30

5 30 30 30 30 30

10 30 30 30 30 30

15 30 30 30 30 30

20 30 30 30 30 30

25 30 30 30 30 30

30 30 30 30 30 30
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3. Results
The functional performance of the prone positioning device was evaluated through

physical testing under simulated patient loads, as described in Section 2.5. The evaluation
focused on the device’s ability to maintain a stable therapeutic inclination angle during
continuous operation under different weight conditions.

Functional Performance Under Simulated Patient Loads

The functional performance of the lifting mechanism and support structure was as-
sessed using a full-body mannequin with sandbags distributed across the torso to simulate
patient body weight. The applied loads ranged from 40 to 80 kg. During each test, the
device was adjusted to an inclination angle of 30◦ relative to the horizontal plane and
operated continuously for 30 min. Throughout the testing period, the inclination angle
remained constant for all tested load conditions. No observable angular drift, structural
deformation, or mechanical instability was detected during the 30 min operation. The
lifting mechanism maintained the target position without back-driving or collapse after the
actuator was stopped.

Figure 5 shows the experimental setup with the mannequin positioned in the prone
posture on the device. The measured inclination angles at different time points and load
conditions are summarized in Table 2. As shown in the results, the inclination angle
remained at 30◦ for all loads and throughout the entire test duration The overall operation
and movement of the prone positioning device are demonstrated in the supplementary
video (see Supplementary Material Video S1).

Figure 5. The arrangement in a prone position.

4. Discussion
The functional performance evaluation demonstrated that the developed prone po-

sitioning device is capable of maintaining a stable therapeutic inclination angle under
simulated patient loads ranging from 40 to 80 kg. During a continuous 30 min operation at
an inclination angle of 30◦, no observable angular drift, mechanical instability, or structural
deformation was detected. These results indicate that the mechanical design and the lifting
mechanism provide stability for a short duration of therapy.
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The ability to hold the setting angle without collapse is important for clinical prac-
tice to ensure patient safety and minimize the need for manual adjustment by physical
therapists. Stable angle maintenance reduces the risk of positional changes that may com-
promise therapeutic effectiveness or increase physiological risks associated with excessive
inclination angles. Compared with conventional postural drainage approaches that rely on
pillows, foam wedges, or manual support, the proposed device offers improved mechanical
reliability and consistency of positioning. This is especially relevant for community-based
and home-care rehabilitation settings, where portable and stable equipment is essential
and where therapists often work without additional clinical support. In addition, the use of
waterproof PVC-leather upholstery supports infection control and hygiene requirements.
The total device weight of approximately 25 kg provides adequate structural robustness
while being able to be transported during home visits.

Although the present result demonstrates promising functional performance, the
evaluation was limited to intermediate inclination angles between 20◦ and 45◦ and simu-
lated patient loads representative of typical adult patients. Future work should include
usability assessment with healthy volunteers, ergonomic evaluation for therapists, and clin-
ical studies to assess patient comfort and therapeutic effectiveness during actual postural
drainage sessions.

5. Conclusions
We designed and fabricated an adjustable prone positioning device that supports

postural drainage therapy through controlled inclination and stable mechanical support.
The proposed hardware integrates a modular steel frame and a linear actuator system
to enable precise angular adjustment over a 0–45 ◦ range. Function testing results under
simulated patient loads demonstrated that the device can safely support weights ranging
from 40 to 80 kg while maintaining a stable therapeutic inclination angle of 30◦ during
continuous 30 min operation. No structural deformation, angular drift, or mechanical
failure was observed, confirming the reliability of the mechanical and control systems.
The total device weight of approximately 25 kg provides a balance between structural
robustness and portability, making the system suitable for both clinical and community-
based rehabilitation settings. Overall, the developed prone positioning device represents
a practical alternative to conventional manual positioning methods for postural drainage
therapy. In the following studies, clinical evaluation will be conducted with healthy
volunteers to assess user comfort, therapist usability, and therapeutic effectiveness in
real-world applications.

Supplementary Materials: The following supporting information can be downloaded at: https://
drive.google.com/drive/folders/1xEVicBAm-oKcOdKkq594dTf_Ckf1q3fq?usp=sharing (accessed on
30 September 2026); Video S1: Demonstration of the operation of the prone positioning device.
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