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Abstract—This  work presents the design and
development of a Smart Patient Transfer Bed, an
innovative solution designed to address the major
challenges associated with manual patient handling in
healthcare. Manual patient transfer poses a high risk of
musculoskeletal injuries to caregivers and can cause
significant patient discomfort or secondary injuries. The
primary goal of this project is to develop a cost-effective,
ergonomic, and mobile system that mechanizes the
patient transfer process, thereby reducing manual labor
and increasing safety. The proposed design features a
sturdy mechanical system integrated with a conveyor-
based transfer mechanism, an electrically powered rack-
and-pinion drive for a smooth sliding mechanism, and
linear actuators for precise height adjustment. System
functionality is achieved through the coordinated
movement of electrical components managed via an
intuitive user interface, facilitating smooth, reliable, and
accurate patient transfers between surfaces. In contrast
to current commercial models that tend to be
prohibitively expensive and underutilized in resource-
constrained facilities, this project delivers an affordable,
highly practical design suitable for various healthcare
settings. Implementation of this prototype is anticipated
to significantly decrease the physical burden on
healthcare workers, enhance the comfort and dignity of
patients during transfer, and offer an affordable solution
to the rising demand for automation within the medical
sector.

Index Terms—Smart Patient Bed, Patient Transfer,
Conveyor Mechanism, Rack and Pinion Drive, Cost-
Effective Solution, Healthcare Technology

I. INTRODUCTION

Healthcare systems globally seek innovative
approaches to ensure the delivery of safe, efficient,
and high-quality care for both patients and healthcare
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professionals. Among the physically demanding tasks
in healthcare environments, patient transfer remains
one of the most challenging. This task involves
moving patients between surfaces, such as from a bed
to a stretcher, wheelchair, or examination table. In
many healthcare settings particularly those with
limited resources manual methods remain the default
approach for transferring patients who are unable to
move independently, including critically ill, elderly, or
mobility-impaired individuals. The complexity of
patient transfer escalates significantly in emergency
situations where time constraints demand rapid action
without compromising safety. In these scenarios,
caregivers must act swiftly and with high precision,
adding further strain to an already demanding role.
Manual handling under these conditions challenges
the physical capabilities of healthcare workers and
increases the likelihood of operational errors.

A critical concern of manual patient transfer is the high
risk of injury to healthcare workers. Repeated lifting,
repositioning, and transferring of patients often in
awkward postures places substantial stress on the
musculoskeletal system, particularly the lower back.
Studies indicate that nurses and caregivers experience
significantly ~ higher  rates of  work-related
musculoskeletal injuries compared to other
professions, highlighting an urgent need for supportive
technologies. This continuous physical strain leads to
fatigue, reduced efficiency, and long-term health
issues, ultimately impacting the overall quality of care.
Patients are equally at risk during manual transfers;
improper handling can result in discomfort, anxiety,
pressure sores, skin breakdowns, or even fractures.
This risk is heightened in elderly individuals, where
minor handling disturbances can lead to severe health
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complications or falls. Furthermore, manual transfer is
resource-inefficient,  often  requiring  multiple
caregivers to move a single patient, which strains
hospital staffing levels. To address these limitations,
various mechanical and automated systems have been
developed, including conveyor-based systems,
adjustable beds, and powered mobility devices.
Conveyor systems facilitate smooth, controlled lateral
movement to eliminate sudden jerks.
Rack-and-pinion mechanisms convert rotational
motion into stable linear motion, while linear actuators
allow accurate height adjustments with high load
capacities. The integration of mechanical components
with electronic control units has yielded advanced
mechatronic systems. However, most high-end
automated systems are costly and require specialized
maintenance, making them inaccessible to smaller
healthcare  facilities and developing regions.
Consequently, a significant gap remains between
advanced technology and its practical implementation.
This project aims to bridge that gap by utilizing basic
mechanical principles and practical design approaches
to build a safe, cost-effective, reliable, and easily
operated intermediate patient transfer device.

Il. METHODOLOGY

The development process integrates systematic

engineering phases encompassing design, analysis,

and structural evaluation, as outlined below:

1.Problem Identification & Literature Review:
Examination of current patient transfer systems to
discover limitations regarding cost, ergonomics, and
automation levels. Synthesis of peer-reviewed
journals and patents regarding smart beds.

2.Conceptual Design: Establishing the conceptual
layout encompassing both the mechanical and
electrical subsystems, while defining dimensional
metrics based on ergonomic needs.

3.Component Selection & Calculations: Selection of
DC geared motors, linear actuators, and conveyor
mechanisms alongside rigorous torque, speed, and
load calculations.

4.3D Modeling & Simulation: Development of CAD
models followed by structural Finite Element
Analysis (FEA) using ANSYS Workbench under
uniformly distributed loads (1000 N to 1500 N).

5. Fabrication Plan & Iteration: Material selection and
structural layout design for the sliding frame, motor
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mounts, and roller bed structure up to final
verification.
Figure 1 illustrates the systematic methodology
followed in the design, fabrication, and
implementation of the Smart Patient Transfer Bed.

Problem ldentification and
Objective

—

iterature Review an tugcy
of Existing patient Transfer
Systems

Concept Development and

Mechanism Selection

@

3D CAD Modelling of the
Smart Patient Transfer Bed

¥

Structural Analysis Using
ANSYS Workbench

election O uitabile

Mechanical and Electrical
Components

=
—

Fabrication of Bed Frame

and Structural Elements

Prototype Evaluation and
Design Iteration

=
Installation of Sliding Frame
and Conveyor Mechanism
&
ntegration O 3in—
Sprocket Drive System and
Electrical Control Setup

=
5

System Testing and
Performance Evaluation

Fig. 1 Methodology of the Work
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I1l. DESIGN AND FABRICATION

Fig. 2 3D Model of the bed

3.1 Mechanical Architecture

The core system components integrate mechanical,
electrical, and structural elements into a single,
compact frame.

The foundational mechanical elements include:

e Conveyor Belt: Facilitates smooth lateral patient
transfer between surfaces.

¢ Rollers: Support the belt to maintain continuous,
uniform motion and optimal weight distribution.

¢ Sliding Mechanism: Allows the conveyor section to
extend outward to bridge the gap to an adjacent bed
or stretcher.

e Slot Arrangement: Guides the sliding framework
and preserves structural alignment.

e Supporting Frame: Manufactured from mild steel to
maximize structural strength and stability.

e Lockable Caster Wheels: Provide secure mobility
and absolute stability during transfer operations.

3.2 System Specifications

The chosen electromechanical actuators and drives are

detailed below:

e Conveyor System Motor: MY1016Z DC Gear
Motor (250 W, 330 RPM, 35 Nm torque, 12 V DC,
23 A rated current).

o Sliding Mechanism Motor: Low-speed, high-torque
DC Gear Motor (50 W, 40 RPM, 30 Nm torque).

e Height  Adjustment System: GM64 AC
Motor/Actuator (220 V AC, 1400 RPM).

3.3 Design Assumptions and Calculations

Structural Load Assumptions

The maximum patient mass (m_p) is assumed to be
150 kg. The total design load (including structural
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margins) is 1500 N uniformly distributed over the
frame. Finite Element Analysis (FEA) performed
using ANSYS Workbench verified that induced
stresses and deformations lie well within acceptable
safety factors for mild steel, ensuring structural
integrity.

Actuator Lifting Force Calculations
To verify height adjustment capabilities, a nominal
operational mass configuration was evaluated: Patient
weight limit = 100 kg, Bed frame weight = 30 kg,
yielding a Total Mass (m) = 130 kg.

The total vertical lifting force required (F) is
calculated as:

F=mxg=130Kkg x 9.81 m/s2=1275.3 N

Since the load is shared equally between two
synchronized linear actuators, the force required per
actuator (F_required) is:

F_required =1275.3N/2=637.65 N

The height adjustment drive features a motor spinning
at 1400 RPM paired with a 32:1 gear reduction
mechanism, yielding an output speed of:

N_out =1400/32 =43.75 =~ 44 RPM

Using the standard power-torque-velocity relationship
(P =T x w), the available output torque (T) at the lead
screw is approximately 11 Nm. Given a lead screw
pitch radius (r) of 10 mm (0.01 m), the mechanical
lifting force generated per actuator (F_generated) is
computed as:

F generated~T/r=11 Nm/0.0l m=1100 N
Safety Verification: Since F_generated (1100 N) >
F_required (637.65 N), the selected actuator
configuration provides a more than sufficient safety
margin to lift the bed and patient safely.

Sliding Motor Dynamics

The sliding mechanism converts the high-torque
motor rotation into a stable linear travel velocity (V =
0.04 m/s) over a sprocket/pinion radius (R = 0.03 m):
®=V/R=0.04m/s/0.03 m=1.33 rad/s

Accounting for friction and movement dynamics
under full load conditions (m = 120 kg):
F=120x9.81=1177.2N

T=Fxr=1177.2 N x 0.03 m =35.316 Nm
P=Tx®=35.316 Nm x 1.33 rad/s =46.97 W

The results perfectly validate the selection of the 50 W
sliding motor.
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Conveyor Motor and Speed Reduction Calculations

e Load Estimation: Patient weight (100 kg) +
Belt/Roller assembly weight (20 kg) = 120 kg Total
Load.

e Force Required: F =120 kg x 9.81 m/s2 = 1177.2 N.

e Torque Required at Roller: Given a final conveyor
roller sprocket radius r =0.03 m (28 teeth, @ =6 cm)

To achieve a safe, slow patient transfer speed, a 3-

stage speed reduction system is implemented:

e Stage 1 (Motor to Gearbox Input): 9-tooth motor
sprocket to 18-tooth gearbox sprocket — Reduction
Ratio = 0.5. Output speed N_2 = 330 x 0.5 = 165
RPM.

e Stage 2 (Internal Gearbox): Fixed reduction ratio of
1

e Stage 3 (Gearbox Output to Conveyor Roller): 12-
tooth sprocket to 28-tooth roller sprocket —
Reduction Ratio = 12/28 = 0.428. Final roller speed
N 4=27.5x%x0.428=11.77 = 12 RPM.

The total system reduction ratio achieved is:

Total Reduction =2 x 6 x (28 / 12) = 27.96

The raw motor torque derived from the power formula
(P =2aNT/60) is:

T_motor = (250 W x 60) / (2x x 330 RPM) = 7.23 Nm
Thus, the final torque available at the conveyor roller
(T _available) is:

T _available = T_motor x Total Reduction = 7.23 Nm
x 27.96 = 202.1 Nm

Performance Verification: Since T_available (202.1
Nm) > T_required (35.31 Nm), the selected drive
motor is fully capable of driving the conveyor belt
under full load conditions without stalling.

3.4 Electrical Control Architecture

The electrical control system coordinates all
electromechanical movements, regulating the
conveyor system, sliding mechanism, and height-
adjusting linear actuators. To optimize operator
convenience and safety, the architecture incorporates
redundant control topologies: Manual Control via
tactile physical switches, and Wireless Control via
integrated Bluetooth communication. The core
components include an ESP32 microcontroller, a 4-
channel relay module, mechanical limit switches to
prevent over-extension, a Bluetooth interface, and a
highly regulated power supply network.
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IV. ANALYSIS

4.1. Structural ~ Analysis Overview &  Model
Preparation

To assess the mechanical stability, structural integrity,
and deflection characteristics of the proposed patient
transfer bed during operation, static structural finite
element analyses (FEA) were conducted using
ANSYS Workbench 2025 R2. The three-dimensional
solid geometry was imported via a standardized STEP
pipeline and mapped with isotropic structural steel
material properties due to its high yield strength and
resilience. The core simulation objectives focused on
extracting  directional field parameters total
displacement deformation (), equivalent Von-Mises
stress (o_v), and equivalent elastic strain (g) under
fixed kinematic boundary conditions. Two distinct
gravitational force cases, 1000 N (nominal) and 1500
N (overload limit), were evaluated to verify structural
safety factor boundaries.

4.2. Computational Meshing & Spatial Discretization
Spatial discretization of the continuum domain was
executed via an automated patch-conforming mesh
routine, setting a regulated global element sizing
baseline of 0.1 m. This configuration generated an
optimized mesh density encompassing approximately
30,135 nodes and 13,166 elements, establishing a solid
balance between computational execution speed and
grid independence accuracy.

Advanced curvature-based adaptive refinement
parameters were enabled to increase element
concentration near geometric discontinuities, while
smoothing techniques minimized shape distortion to
prevent localized numerical artifacts during solver
matrix inversion.

4.3. Simulation Environment Setup & Boundary
Conditions
Kinematic constraints were applied to represent real-
world operation by defining the lower base pad and
wheel mounting faces as fixed supports, nullifying all
translational and rotational degrees of freedom (Ax,
Ay, Az = 0). The external forces were applied
uniformly across the upper load-bearing chassis
profiles, oriented vertically downward along the
negative Y-axis to replicate gravitational patient loads.
Forces were steadily ramped up through incremental
load-stepping  convergence loops inside the
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Mechanical APDL solver to achieve smooth

numerical equilibrium.

4.4, Numerical Stress, Strain, and Deformation
Results

e Equivalent Von-Mises Stress (6_v):

Evaluated to predict potential material yield and
failure under multi-axial force states. Under the 1000
N baseline load, the maximum stress reached a minor
2.40 MPa. For the 1500 N overload configuration, the
peak stress shifted linearly to 3.61 MPa. Both absolute
maxima remain far below the material yield strength
of structural steel (c_y = 250 MPa), yielding a
structural factor of safety exceeding 60.

o Equivalent Elastic Strain (g):

Measures micro-deformation per unit length within
the mechanical matrix. The analysis yielded an elastic
strain of 1.23 x 10~ m/m under the 1000 N case,
scaling up to 1.85 x 10~° m/m at 1500 N. These highly
restricted strain orders confirm that the material
behaves purely within its linear-elastic profile,
guaranteeing zero permanent micro-yielding or
residual deformation upon unloading.

e Total Deformation (5):

Defines global displacement vectors across structural
nodes to evaluate chassis stiffness. Under the 1000 N
force profile, the peak recorded displacement was
constrained to 2.69 x 10 m (0.269 mm). Under the
intensive 1500 N load case, the maximum global
displacement reached a negligible 4.04 x 10 m
(0.404 mm), which is completely negligible for
clinical applications and confirms high structural
rigidity.

4.5. Analytical Synthesis & Structural Compliance
The numerical calculations demonstrate a predictable,
stable, and linear structural response across all test
states. Because the induced stress and displacement
fields remain well within permissible engineering
thresholds, the analysis confirms that the proposed
smart transfer bed provides sufficient rigidity and
load-bearing safety margins. The chassis is fully
qualified to sustain both standard patient loads and
transient shock spikes without the risk of physical
distortion or mechanical yielding over an extended
operational lifecycle.
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V. RESULTS AND DISCUSSION

5.1 Experimental Observations

Table 1: Experimental Operation Parameters and

Performance

Parameter | Observation Remarks
Maximum | Stable and safe | No visible
Load operation structural
Capacity deformation
Conveyor | 0.04 m/s smooth, | Ideal for
Belt Speed | controlled maximizing

motion patient comfort
Chain & | Linear travel | Minimal audible
Sprocket (0.04 m/s) noise and
Motion vibration
Height 750 - 850 mm | Highly reliable
Adjustment | vertical range vertical
Range alignment
Power 12 V DC motor | Low power
Source system consumption
Efficiency profiles

5.2 Comparative Analysis

Table 2: Engineering and Economic Comparison

Feature Commercial Proposed
Automated Beds | Designed Bed
Cost Extremely high | Low-cost
(5 - 10 Lakh | (Below 20,000
INR) INR)
Transfer Fully Automatic | Semi-
Mechanism Automatic
Maintenance | Highly complex, | Simple,  low-
proprietary parts | cost local
maintenance
Safety High-end Dependable
Features electronic mechanical
Sensors limit switches
Portability Moderate High portability
and low
footprint

VI. APPLICATIONS

o Hospitals, Clinics, & ICUs: Facilitates effortless
transfers between beds, stretchers, and diagnostic

tables without disturbing complex,

connected

clinical lines or patient monitoring devices.
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e Emergency & Trauma Care Units: Enables swift,
stabilized lateral transfers under tight clinical time
constraints.

e Operating Rooms: Minimizes post-surgical body
disturbances when transferring patients back to
recovery beds.

e Home Healthcare & Senior Living Facilities:
Minimizes the daily physical workload of single
caregivers when moving bedridden or geriatric
individuals.

¢ Diagnostic Centers: Simplifies positioning onto
imaging bays, including X-ray, CT, and MRI
machinery.

o Field Hospitals & Disaster Response: Offers a
lightweight, highly portable, and structurally robust
patient handling setup operable in off-grid locations.

VII. CONCLUSION

This project successfully designed, analyzed, and
manufactured a functional prototype of a cost-
effective, safe, and ergonomically optimized Smart
Patient Transfer Bed. By coupling a conveyor-based
lateral transfer belt, a rack-and-pinion horizontal
sliding mechanism, and linear vertical lift actuators,
the device eliminates the physical hazards of manual
lifting.

Financially, the prototype costs under 20,000 INR,
which is a tiny fraction of the cost of commercial
alternatives, making automation accessible to
healthcare facilities in developing countries. The
structural and electrical subsystems prioritize user
safety, clinical dignity, and high energy efficiency.
Ultimately, this design stands as a highly scalable and
practical modern engineering solution to a critical
problem in the medical field.

VIII. FUTURE SCOPE

e lIoT Infrastructure Integration: Implementing
Internet of Things (IoT) connectivity modules will
support real-time remote monitoring, systemic
performance analytics, and equipment fleet tracking
across large clinical facilities.

e Advanced Safety Sensing Arrays: Integrating
electronic weight/load cells can automatically adapt
motor speeds based on real-time patient weight
metrics. Ultrasonic or infrared proximity sensors
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will actively prevent cross-surface collisions or
structural misalignment during setup.

o Intelligent Control Algorithms: Replacing basic
relays  with  microcontrollers using  smart
acceleration and deceleration algorithms can
optimize power delivery and eliminate mechanical
jerks across varying load conditions.

e Continuous Patient Vital Monitoring: Incorporating
non-invasive biometric sensors directly within the
bed framework (e.g., heart rate, core temperature,
and interface pressure mapping sensors) will
transform the platform into an intelligent,
comprehensive patient care node.
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