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This study explores the development and performance evaluation of motorized
hospital beds, which aim to alleviate the physical burden on healthcare workers
and improve hospital efficiency. Traditional hospital beds, which require
significant physical effort to maneuver, often lead to musculoskeletal injuries
among healthcare workers. The proposed solution involves implementing mobile
robot technology, specifically swerve drive systems, into conventional hospital
beds to enhance their mobility. Two prototypes of motorized hospital beds were
developed, each featuring different swerve drive configurations. Prototype
1 utilizes DC motors with chain-driven wheels for propulsion and a gear-
based steering system. Prototype 2 employs a pulley and belt mechanism for
propulsion and a servo motor for steering. Both prototypes underwent
comprehensive motion testing, including straight-line and rotational motion
tests, using ArUco markers for precise position and movement measurements.
Results demonstrated that Prototype 2 significantly outperformed Prototype 1 in
maintaining a straight trajectory, with an average deviation of 5.38 cm compared
to 32.68 cm for Prototype 1. Factors influencing these results included initial
positioning, wheel grip, and acceleration balance. The study concludes that the
ArUco marker vision-based method is a reliable tool for measuring hospital bed
movements. Prototype 2's enhanced straight-line motion capability highlights its
potential to reduce physical strain on healthcare workers. Further optimization
and addressing mechanical and environmental factors can lead to the
development of more efficient motorized hospital beds, ultimately improving
hospital operations and patient care.

hospital bed, motorized
automation, robotics

hospital bed, swerve drive, omnidirectional,

1 Introduction

Hospital beds primarily serve as a place for patients to lie down. Over time, the need for
mobility in hospital beds has become increasingly important, especially for patients
requiring special care, laboratory tests, and other procedures. This mobility is essential
for efficiently moving patients within the hospital. Traditionally, hospital beds are designed
with four caster wheels, allowing them to be easily maneuvered by nurses or specialized
staff. There are two main types of hospital beds: those used in patient rooms and stretcher
beds specifically for patient transport. In general, pushing hospital beds requires
considerable physical effort, often involving at least two people, while moving larger
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hospital beds can require up to four people (Guo and Yu, 2016). This
task can become particularly challenging when there is a shortage of
healthcare personnel, which can occur due to various urgent
responsibilities, especially during emergencies or extraordinary
situations such as the COVID-19 pandemic (Nurhasan and
Hariyanto, 2021). During the pandemic, healthcare resources
treating COVID-19 patients,
highlighting the limitations in healthcare staffing. Healthcare

were heavily allocated to
workers, equipped with multiple layers of personal protective
equipment (PPE), including hazmat suits and masks, often
experienced oxygen deficits, leading to fatigue and health risks
(Haward et al., 2023).

Manually pushing hospital beds can cause injuries among
healthcare workers, such as lower back pain, shoulder strain, and
other musculoskeletal disorders. Musculoskeletal pain is prevalent
among healthcare workers, with a significant proportion, about
45.8%, experiencing such issues (Gusmiah et al, 2020). These
injuries are often due to the initial force required to move the
hospital beds, especially during the initial push phase (Leban et al.,
2022). While the concept of reducing the effort needed to use
hospital beds has long been of interest, most advancements have
focused on bed structure design and ergonomics to enhance patient
comfort. There is limited research and product development
addressing mobility aspects, which could significantly reduce the
physical burden on healthcare workers by up to 21% (Kotowski
et al, 2022). To address these concerns, Dhelika et al. (2021)
proposed the development of a motorized hospital bed designed
to improve safety and ease of use. These motorized hospital beds
utilize swerve drive as the drivetrain due to its high maneuverability
and efficiency in navigating tight spaces and various hospital
environments. During the development process, two versions of
the motorized hospital bed prototypes were developed, each with
different configurations. However, ensuring the precise motion and
control of such a motorized system in a hospital environment
necessitates rigorous testing, particularly in evaluating its motion
performance, path deviation, and path-following capabilities.

In the development of motorized hospital beds, it is essential to
have a reliable and straightforward method for motion testing and
performance evaluation. Precision in motion is critical in a hospital
setting to avoid potential harm to patients and to ensure that the bed
operates as intended (Morse et al., 2015). Typically, motion testing
in motorized systems involves the use of encoders or accelerometers
to measure speed, displacement, and orientation. However, these
methods are sometimes limited in features and are prone to noise
(DJB Electronic, 2024), (Rabbani et al., 2024).

We propose the use of ArUco fiducial markers as a tool to aid in
evaluating the path-following performance of motorized hospital
bed prototypes. ArUco markers are widely used in various
applications for precise tracking and positioning, particularly in
These
i.e.,, localization, for identifying the relative position of a robot in

robotics. markers serve two primary functions,
real space, which is useful for mapping the surrounding area and
pathfinding (Garrido-Jurado et al., 2014) and motion tracking for
following the movement of the robot along a predefined path (Kyrki
and Kragic, 2011).

While the distinction between localization and motion tracking
is subtle, the main difference lies in their application. Localization

typically involves no predefined path or location for the robot,
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requiring it to determine its coordinates based on markers scattered
throughout the surrounding area. Previous studies by Lee et al.
(2013) , Acuna et al. (2018), and Roos-Hoefgeest et al. (2021)
provide examples of using ArUco markers for robot localization.
Motion tracking, on the other hand, usually involves a predefined
path that the robot attempts to follow. Markers are used to track the
robot’s movement and compare it to the predetermined path to
assess movement accuracy.

Previous studies, such as those by Hij et al. (2022) and Botta and
Quaglia. (2020), have utilized ArUco markers for evaluating the
path-following performance of mobile robots. However, it is crucial
to note that the vast majority of these studies have focused
exclusively on small-scale mobile robots. These compact robots,
often weighing just a few kilograms and measuring less than a meter
in any dimension, present significantly different challenges
compared to larger mobile platforms. In contrast, our research
aims to apply ArUco marker technology to a much larger mobile
robot: a motorized hospital bed. These beds measure more than 2 m
in length, presenting a host of unique challenges that have not been
adequately addressed in previous ArUco marker studies. The
increased size and weight of the hospital bed affect its
maneuverability, turning radius, and overall dynamics, which in
turn impact the movement performance in ways that cannot be
directly extrapolated from small-scale robot studies.

The objective of this study is to evaluate the path deviation and
performance of motorized hospital bed prototypes using ArUco
fiducial markers, thereby bridging the gap between small-scale
in healthcare
environments. In addition, we aim to highlight the advantages of

robotics research and practical applications
the ArUco method compared to conventional manual measurement,
particularly in terms of consistency and efficiency. Two prototypes
with different swerve module designs were developed to provide a
more robust testing platform and richer experimental insight. It is
important to note, however, that the focus of this work is not a detailed
comparison of the mechanical designs, but rather the validation of
ArUco markers as a reliable tool for motion performance evaluation.

The evaluation of path deviation is critical in the development of
these larger mobile robots, as it directly impacts the performance,
reliability, and safety of the drivetrain design in a hospital setting.
Traditional methods of testing this performance often involve manual
measurements, which can be time-consuming and prone to error,
especially when dealing with larger platforms like hospital beds. By
employing fiducial markers, we aim to provide a simple, low-cost, and
potentially adaptable solution for hospital environments, facilitating
more accurate and efficient testing processes for these larger mobile
robots. This research not only advances the field of mobile robotics
but also has practical implications for improving patient transport and
care in healthcare facilities.

2 Methods
2.1 Hospital bed description

This study focuses on the development of two types of motorized
hospital beds by modifying conventional hospital bed designs. The

prototypes feature dimensions of 200 cm x 60 cm x 85 cm, with a
structure constructed from steel tubing. A swerve drive system was
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FIGURE 1

Prototype 1 or P1 of the swerve drive bed prototype by Girindra et al. (2023), with chain mechanism.

FIGURE 2

Prototype 2 or P2 of the swerve drive bed prototype, with pulley and belt mechanism.

selected as the drivetrain for the motorized beds due to its
exceptional maneuverability, allowing for omnidirectional
movement (Oftadeh et al, 2013). This type of movement is
crucial for hospital bed mobility, enabling the bed to be driven in
any direction with ease. A swerve drive module comprises two main
components: the propulsion part and the steering part, each of
which can be controlled independently. This independent control
provides the system with high movement flexibility. Both prototypes
are equipped with two swerve drive modules installed diagonally,
complemented by two caster wheels for balance. An Arduino Mega
serves as the main controller for all electronic components. The
prototypes differ in the specifications of their swerve drive modules
and supporting components.

In Prototype 1 or P1 developed by Girindra et al. (2023), as
shown in Figure 1, the propulsion system includes wheels driven by
DC motors connected via chains, with motor speed monitored by a
rotary encoder. The steering system uses a DC motor connected to a
set of gears and bearings, allowing for left and right rotation, with the
rotation angle measured by a Hall-effect non-contact potentiometer.
The movement of modules in this first version of prototype is
controlled by a set of pushbuttons for forward, backward and
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turning movement. This prototype employs only two swerve
drive modules, in contrast to the more common practice of using
four modules in similar designs. This decision was made to simplify
the system’s construction process, reducing both the mechanical and
control complexity involved. By streamlining the design in this way,
not only is the overall build time reduced, but the material costs are
significantly lowered as well. Additionally, the reduction in
components means less maintenance and fewer potential points
of failure, further contributing to the long-term reliability and
affordability of the system.

Prototype 2 or P2), as shown in Figure 2, employs a propulsion
system where the DC motor is connected to the wheel using a pulley
and belt mechanism. The motor speed is also monitored using an
embedded rotary encoder. For steering, this version uses a servo
motor connected to the wheel through a set of gears.

2.2 ArUco marker

ArUco markers are a type of fiducial marker developed by the
University of Cordoba (Romero-Ramirez et al., 2018), (Garrido-
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FIGURE 3
ArUco marker pose estimation result (Poroykov et al.,, 2020).
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FIGURE 4
Marker identification flow (Xu et al., 2021).

Jurado et al., 2016). Fiducial markers are physical objects used as
reference points for image scanning, crucial for applications

requiring precise and accurate and orientation

measurements, such as in medicine, robotics, and augmented

position

reality. Besides ArUco markers, other commonly used fiducial
markers include ARToolKit and AprilTags (Dos Santos Cesar
et al, 2015). Compared to other types of markers, ArUco
markers are renowned for their highly accurate and efficient
detection and tracking capabilities (Garrido-Jurado et al.,, 2014).
These markers are composed of binary patterns represented by
black-and-white squares, which can serve various functions, such as
pose estimation to determine the marker’s orientation relative to the
camera in 3D space as shown in Figure 3 (Kalaitzakis et al., 2021). In
addition to their utility in pose estimation, ArUco markers store
information about the marker type and a unique ID, enabling each
marker to be individually recognized by the detection algorithm.
This unique identification, combined with the marker’s precise
spatial information, makes ArUco markers particularly effective
in applications requiring reliable tracking and localization.

The detection process of an ArUco marker, as shown in Figure 4,
begins with image acquisition by a camera that captures the marker’s
image. Subsequently, the ArUco algorithm applies an adaptive
thresholding algorithm to distinguish the marker from its
background. This algorithm calculates the average pixel value
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surrounding each specific pixel to determine the threshold that
separates light and dark areas in the image. Through this method, all
contours in the image are identified, and non-square contours are
filtered out.

Next, the algorithm performs a projection operation using the
recognized contours to isolate areas that may contain markers. Once
these areas are identified, a code extraction process is conducted to
determine the detected ArUco marker pattern. This pattern is then
compared with patterns stored in a database. The subsequent step
involves error correction to ensure that the reading of pattern is
accurate and to eliminate potential reading errors. Finally, a unique
marker ID is generated, allowing each marker to be individually
recognized. The final stage of this process involves estimating the
marker’s pose relative to the camera. This pose estimation includes
information on the marker’s position and orientation in three-
dimensional space. It is performed using image processing
algorithms that account for perspective and camera distortion to
produce precise coordinates.

To perform position measurements using ArUco markers, a
marker detection program was developed using the Python
programming language and the OpenCV library, which includes
features such as camera access, image processing, and the ArUco
algorithm (Rosebrock, 2024). The markers used are of the 7 x
7 250 type, as shown in Figure 5a, printed on a paper with
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FIGURE 5

(a) ArUco marker 7 x 7 250, (b) Photo of the printed marker as identified by the program in one of the experiments.
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FIGURE 6

ArUco marker measurement testing.

dimensions of 16 cm x 16 cm. Additionally, Figure 5b shows the
photo of the marker in the experiment setting.

Before testing the capability of the motorized hospital bed, an
evaluation was conducted to determine whether the ArUco marker
program could accurately measure distances. This was achieved by
setting up an experiment where four markers were placed 20 cm
apart from each other, arranged around a central origin point. Prior
to taking measurements, the camera’s image frame was aligned so
that its center matched the origin point. Measurements were then
recorded at various distances from 1 to 5 m, in 1-m increments. The
results for each marker were documented, and the measurement
errors were calculated by comparing them to the actual 20 cm
distance. The setting of this test is shown in Figure 6.

2.3 Experimental setup
In conducting motion testing for hospital beds, two distinct

procedures were employed, namely, straight motion and rotational
motion testings. For straight motion testing, as shown in Figure 7a,

Frontiers in Mechanical Engineering

05

100cm ! 100cm | 100cm !

beds were positioned 5 m from a marker, with a camera placed
underneath the bed to ensure zero deviation for x-axis readings
relative to the marker. The bed was then moved forward to within
1 m of the marker, and deviations from the intended path were
recorded as deviation data. This procedure was repeated 10 times for
each of the two bed prototypes.

Figure 7b shows the schematic for the rotational motion testing,
in which the bed was initially placed on a square marker on the floor.
An ArUco marker was centrally affixed to the bed, with a camera
positioned 100 cm above it and oriented towards the marker. The
bed was then rotated 360° both clockwise and counterclockwise, and
deviations in position were recorded as deviation values.

For the rotational movement, all swerve drive modules were
turned at a 27° angle. Figure 7c illustrates the rotation direction of
each swerve wheel. When the front swerve wheel moved backward
and the rear swerve wheel moved forward, it resulted in a clockwise
rotation. Reversing this movement produced a counterclockwise
rotation. This rotational testing was conducted 10 times, alternating
between clockwise and counterclockwise rotations to ensure a
comprehensive evaluation.
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Schematics of experimental setups, (a) Straight motion experiment setup, (b) Rotational motion experimental setup, and (c) Diagrams of rotational
directions of the swerve drive modules during bed's clockwise and counterclockwise motions.

TABLE 1 Marker measurement trial 1.

ArUco measurement validation 1

Distance (cm) Position 1 Position 2 Position 3 Position 4
X-axis y-axis X-axis y-axis X-axis y-axis X-axis y-axis
(cm) (cm) (cm) (cm) (cm) (cm) (cm) (cm)
Actual 0 20 20 0 0 -20 -20 0
100 0.04 20.06 20.37 —0.09 0.13 ~19.66 -20.17 0.35
200 -0.45 19.80 2025 0.18 033 ~19.84 ~19.94 -0.01
300 -0.53 20.18 20.22 0.21 0.08 -20.02 -20.33 0.26
400 -0.02 19.97 20.78 -0.49 0.75 -20.48 -20.15 -0.38
500 -0.02 20.42 20.55 0.30 0.44 -20.25 -19.94 0.21

3 Results and discussion

The experiment is conducted in a controlled environment where
each test is performed. Below is the result of the experiment of
movement for motorized hospital bed based on methodology stated
previously.

3.1 Marker measurement result
The marker measurement process was repeated three times, with

measurements taken first from position 1-5 m and then from 5 to
1 m. The camera was manually repositioned to assess how random

Frontiers in Mechanical Engineering

changes affected the results. The results are tabulated in Tables
1,2, 3.

Tables 1, 2, 3 above display the measurement values for each
marker, starting with marker 1, which is positioned at the origin,
followed by marker 2 to the right of the origin, marker 3 below the
origin, and marker 4 to the left of the origin. The recorded values
represent readings for each axis. It is evident that the measurement
differences between markers at various distances are relatively minor,
with an average measurement accuracy difference of 0.1 cm. This data
is further illustrated in the graph shown in Figure 8 below. The
experimental results indicate that the readings for each marker at
distances ranging from 1 to 5 m demonstrate good accuracy, with an
average measurement difference of 0.12 cm.

06 frontiersin.org
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ArUco measurement validation 2

Distance (cm) Position 1 Position 2 Position 3 Position 4
X-axis y-axis X-axis y-axis X-axis y-axis X-axis y-axis
(cm) (cm) (cm) (cm) (cm) (cm) (cm) (cm)
Actual 0 20 20 0 0 -20 -20 0
100 -0.51 20.22 2021 0.48 036 -19.51 -20.32 0.08
200 0.01 19.75 20.49 -0.07 0.36 -19.93 -19.51 -0.12
300 -0.18 20.17 2051 0.33 0.55 -19.85 -20.02 033
400 0.10 2021 20.85 0.00 0.87 -20.47 -19.79 0.02
500 0.56 19.88 2146 -0.48 0.84 ~20.64 -19.72 -0.27

TABLE 3 Marker measurement trial 3.

ArUco measurement validation 3

Distance (cm) Position 1 Position 2 Position 3 Position 4
X-axis y-axis X-axis y-axis X-axis y-axis X-axis y-axis
(cm) (cm) (cm) (cm) (cm) (cm) (cm) (cm)
Actual 0 20 20 0 0 -20 -20 0
100 -0.42 20.27 20.30 0.52 0.51 ~19.40 -2021 0.15
200 0.20 20.08 21.09 0.40 0.78 -19.51 -19.24 0.26
300 0.28 19.95 20.72 -0.07 0.71 -20.38 -19.38 -0.03
400 0.25 19.94 20.89 -0.53 0.74 -20.93 -20.08 -0.37
500 -0.59 19.67 20.13 —0.42 -0.06 -20.98 -20.68 -0.50

3.2 Straight motion and rotational
motion results

Straight-line motion testing was carried out following the
procedures outlined in the previous chapter. This testing was
conducted on both Prototype 1 and 2. Data collection was
performed ten times for each prototype, with the results
showing the measured coordinates of the straight motion
shown in Figure 9a.

The data reveal a significant difference between Prototype 1 and
Prototype 2 (t = -7.86, p-value <3.114 x 1077). Prototype
2 demonstrates a tendency to move more straight compared to
prototype 1, as indicated by the data clustering closer to the zero
point. The average deviation for Prototype 2 is 5.38 cm, significantly
smaller than the average deviation of 32.68 cm for Prototype 1.

Additionally, the data for Prototype 1 is compared with results
from previous experiments using manual measurement methods
and the results are shown in Table 4.

The rotational motion test was also carried out on both
Prototype 1 and Prototype 2 following the previously outlined
procedures. Data was collected ten times for clockwise rotation
and ten times for counterclockwise rotation for each prototype. The
result from this study is shown in Figure 9b.

Frontiers in Mechanical Engineering

When examining each axis, Prototype 2 performs significantly
better along the y-axis, with data points closer to zero, while both
prototypes have similar deviation values on the x-axis. The average
deviation values for Prototype 1 and 2 are shown in Table 4, focusing
only on CW rotation to avoid confusion. The deviation for
rotational motion is defined as the Euclidian distance from the
ideal center, i.e., the origin (0,0). The average deviation for clockwise
(CW) rotation indicates that Prototype 2 outperforms Prototype 1,
with a t-test result of t = 3.91 and a p-value <0.00356. The average
deviation for CW rotation decreased from 7.16 cm to 4.07 cm.

3.3 Discussion

In straight-line motion, Prototype 1 tends to veer to the left,
evident from the positive x-values in the marker data distribution
shown in Figure 9a. This aligns with results from previous studies.
Switching from a DC motor to a servo motor for the steering system is
crucial for improving the swerve drive’s ability to maintain its
direction. Several external factors can also influence the test results.
These include the initial position of the hospital bed on the track and
the starting position of the caster wheels, which affect how the bed
initiates movement. Slippage between the floor and the wheels due to

07 frontiersin.org
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ArUco measurement testing result with the inset showing the enlarged portion of the data.
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(a) Straight motion result and (b) Rotational motion result.

insufficient grip can lead to unwanted directional changes.
Additionally, mismatched acceleration between the front and rear
wheels can cause unintended direction shifts. The ability of the servo
motor to maintain the steering wheel position is another critical factor.

As for the rotational motion test, several factors influenced the
results of it, contributing to modest improvement as compared to
straight-line performance. This may be attributed to several
mechanical and control factors. First, the servo-driven steering
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system primarily enhances directional stability in linear motion but
provides limited benefit during rotation, where both modules must
coordinate angular velocity precisely. Small timing mismatches
between front and rear wheel rotation, belt tension variability, or
micro-slippage can accumulate and offset the intended rotational
center. Also, the initial position of the hospital bed varied from one
trial to another. Additionally, the alignment of the camera with the
bed was not perfectly parallel, which affected measurement accuracy.
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TABLE 4 Tabulated results comparing average deviation values of manual and ArUco-based measurements.

Prototype

Types of

motion measurements

Average deviation of manual

Average deviation of ArUco-based Difference

measurements

Prototype 1 Straight-line motion 30.92 cm 32.68 cm 5.7%
Rotational motion 7.54 cm 7.16 cm 5.0%
Prototype 2 Straight-line motion 6.20 cm 5.38 cm 13.2%
Rotational motion 4.69 cm 4.07 cm 13.2%

Slippage between the floor and the wheels due to inadequate grip led
to unwanted directional changes. Differences in the rotational speeds
of the front and rear wheels, as well as discrepancies between forward
and backward speeds, also contributed to inaccuracies. Furthermore,
mismatched acceleration between the front and rear wheels resulted in
unintended direction changes.

From the experiment conducted, it was found that the hospital
bed’s ability to move in a straight line improved by 83.51%, while
there was no significant change in rotational movement capability,
with only a 25.02% improvement. This research aims to provide a
comprehensive evaluation of the motorized hospital bed prototypes,
focusing on both straight-line and rotational movement
performance. By addressing the mechanical and environmental
factors influencing these movements, the study seeks to develop
an optimized motorized hospital bed that enhances maneuverability,
reduces the physical burden on healthcare workers, and improves
overall hospital efficiency.

Furthermore, as shown in Table 4, the measurements obtained
from the manual method and the ArUco marker system are very
close, with differences ranging from 5.0% to 13.2%. This indicates
that the two methods produce generally consistent results, with
minor discrepancies likely attributable to mechanical factors.
Importantly, the relative performance ranking remains the same
across both methods, with P2 consistently outperforming P1.
Statistical analysis also suggests that the differences between the
two measurement methods are not significant.

From a clinical standpoint, maintaining a straight-line deviation
below approximately 10 cm is generally acceptable for safe navigation
of hospital beds in corridors at moderate speed. This tolerance ensures
that the bed remains centered within a standard 1.2 m-wide hospital
corridor and minimizes the risk of collision with walls or equipment.
The average deviation of 5.38 cm observed in Prototype 2 therefore
falls within a practically safe range for patient transport, while the
32.68 cm deviation in Prototype 1 would be considered excessive and
could necessitate frequent operator correction. These results highlight
that improved steering precision directly contributes to both patient
safety and reduction of caregiver workload.

In addition to consistency, the ArUco approach demonstrated a
clear advantage in efficiency, i.e., data collection using ArUco
markers required roughly one-third of the time compared to
manual measurement, as observed during experiments. The
ArUco-based results were also more consistent, as reduced
human involvement minimized potential operator error.

Overall, these findings confirm the feasibility and accuracy of
using ArUco markers to evaluate the motion performance of full-
scale motorized hospital beds. This vision-based method achieved
high measurement accuracy (average error =0.1-0.12 cm) across
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distances from 1 to 5 m, making it a reliable and efficient alternative
to traditional manual measurement.

Beyond evaluating our own prototypes, these results offer
broader implications for the robotics and healthcare engineering
communities. First, the application of ArUco markers in this context
demonstrates a low-cost, non-contact, and replicable method for
motion tracking and path deviation analysis on large mobile
systems. This is particularly valuable for research involving
Motorized hospital beds and stretchers, autonomous patient
transport robots, rehabilitation or eldercare mobile platforms, or
industrial carts in logistics settings such as AGV.

Unlike traditional approaches that rely on encoders, IMUs, or
expensive motion capture systems, ArUco marker-based tracking
offers a flexible and accessible alternative that can be adapted to
various environments without requiring major infrastructure or costly
instrumentation. Future benchmarking against high-precision
systems VICON motion capture, optical LIDAR
localization, or IMU-based tracking would further contextualize

such as

accuracy. VICON systems typically achieve sub-millimeter spatial
precision but at high installation cost, while LIDAR and IMU systems
provide robustness to occlusion and dynamic lighting. A comparative
assessment could quantify trade-offs between accuracy, scalability,
and cost, offering a clearer comparisons.

Moreover, our results underscore the significance of scaling
considerations. Much of the existing literature focuses on small-
scale robotic platforms, where dynamics such as momentum,
slippage, and torque response are negligible. However, when
dealing with full-size systems (~100-150 kg), these factors become
critical. The proposed method captures deviations caused by such
real-world dynamics, offering a practical way to benchmark and refine
motion control algorithms under operational conditions. The method
also facilitates repeatable and automated evaluation, reducing human
error in measurement and allowing for faster iteration during
prototype development. For researchers or engineers engaged in
hardware validation, especially those integrating advanced drive
mechanisms (e.g., swerve or omnidirectional systems), the marker-
based evaluation framework presented here can serve as a template for
performance benchmarking.

This study was conducted under controlled laboratory conditions
with uniform lighting and a flat floor surface. In real hospital
environments, additional factors such as irregular flooring, corridor
obstacles, variable lighting, and reflective surfaces may affect the
performance of the vision-based ArUco tracking system. Moreover,
the experiments did not account for the presence of patients or
additional payloads, which can introduce dynamic loading effects
such as shifting centers of gravity and inertial disturbances during
acceleration or turning. Marker occlusion due to medical personnel,
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equipment, or bed attachments (e.g., IV poles, side rails) may also
reduce tracking reliability. Future tests in operational hospital
corridors under varied lighting and load conditions are also
needed to validate robustness and clinical readiness.

4 Conclusion

This study demonstrates the feasibility and effectiveness of using
ArUco fiducial markers to evaluate the motion performance of full-
scale motorized hospital beds equipped with swerve drive modules.
Two prototypes were developed and tested using straight-line and
rotational motion experiments. The results show that Prototype 2,
which incorporates a servo-based steering mechanism and a belt-
driven propulsion system, significantly outperforms Prototype 1 in
an  83.51%
improvement in motion accuracy. The ArUco marker-based

maintaining  straight-line trajectory, achieving
measurement method proved to be highly accurate, time-
efficient, and easy to implement, with average measurement
errors of less than 0.12 cm across a 1-5 m range. Compared to
manual methods or conventional sensor-based tracking systems,
this vision-based approach offers a low-cost, scalable, and non-
invasive alternative that is well-suited for research involving large
mobile platforms. Future work may involve integrating real-time
feedback using ArUco data for closed-loop control, expanding the
test scenarios to include obstacle avoidance and dynamic
environments, and exploring further drivetrain optimizations.
Overall, this research offers both a practical validation tool and a
scalable methodology that can benefit other researchers and

practitioners in robotics and healthcare engineering.
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