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Design research on a smart infusion
device to reduce medical workload
and enhance patient safety

Bo Mu'-3?, Yilun Wang'*, Xunchen Liu%*, Mohammad Puad Bebit3, Mingzhang Chen?*",
Hailin Wu?, Wei Zhang?, Lanxin Wang?, Yuan Fang* & Kang Dong?

In traditional infusion processes, issues such as untimely medication replacement and patients’
difficulty in continuously monitoring their medication levels are prevalent. This study presents the
design of a smart infusion automatic medication replacement device aimed at automating infusion
management through three key modules: high-precision liquid level monitoring, automated
medication replacement, and a smart control system. By monitoring liquid levels in real time, the
system eliminates the need for patients to constantly check their medication levels, accurately
controlling the amount of medication dispensed and transmitting monitoring signals within safe
thresholds. The rotational medication replacement mechanism stores and precisely replaces medicine
bottles, optimizing usage and minimizing waste. Automated settings for liquid level monitoring

and the plug-and-push system replace the need for manual assessment of medication completion

and input quality, ensuring consistent dosage and high-quality delivery. The rotational mechanism
also reduces the time needed for refilling and decreases the labor intensity for healthcare providers.

A stabilization and calibration mechanism ensures bottles remain centered, preventing issues

with internal pressure changes and loosening of the piercing tool. By replacing repetitive manual
adjustments with automated processes, healthcare professionals can focus more on patient care rather
than the cumbersome medication replacement procedures. The smart infusion automatic medication
replacement device enhances the quality of infusion therapy for patients and alleviates the repetitive
workload of medical staff.

Keywo rds Smart infusion device, Automatic medication replacement, Healthcare automation, Medical
device innovation

Intravenous infusion therapy is a fundamental aspect of modern medical practice, widely used across various
clinical settings”. However, traditional methods for infusion and medication replacement have several
limitations, including inconsistent manual monitoring®, delays in medication bottle replacement’®, and the
potential for human errors®. During prolonged infusion periods, healthcare providers and patients must
continuously monitor the infusion status, which increases the workload for clinicians due to frequent medication
changes and poses safety risks if patients forget to replace medications during rest periods’°.

Smart infusion pumps have shown exceptional performance in significantly reducing medication errors
by employing real-time monitoring and automatic correction functions, particularly in intensive care units'!.
Studies indicate that the implementation of smart infusion pumps in pediatric intensive care units notably
decreases medication dosage errors!?. In terms of automation and precision in drug delivery, smart pumps
enable the automatic replacement of vasoactive drugs, greatly enhancing the continuity and accuracy of
infusions'. Furthermore, the development of Internet of Things (IoT)-driven automated infusion systems
promises advanced monitoring and alert capabilities in the future!4-1°.

Building further on these smart technologies, recent studies have explored the integration of the IoT into
infusion systems, with research by Bai, Wang, and Cao focusing on infusion control systems to improve orthopedic
nursing tasks!”. Liu, Jiang, and Wang expanded on this by applying IoT technology to manage implantable
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intravenous ports for pediatric oncology patients, illustrating its efficacy in complex medical environments's.
The potential for smart automated drug administration systems is being advocated by researchers like Sharma,
Singh, and Gaur, while Wang’s group introduced an infrared infusion monitor to improve monitoring accuracy
through sophisticated data processing techniques'*2’.

Recent advancements in medical technology have led to significant improvements in smart infusion systems,
focusing on enhancing patient safety, accuracy, and efficiency—key elements in the development of smart
drug management devices?!~23. Initial efforts, such as those by Oros and colleagues, introduced smart infusion
systems that utilize advanced algorithms to refine drug delivery precision, laying the groundwork for smart
dosing strategies?!. Additionally, developments in image-processing-based monitoring offer real-time solutions
for adjusting infusion rates, supporting automated drug management systems®>2°. In critical care settings, smart
technology has been effective in intercepting errors, highlighting the importance of robust control algorithms for
precision and error prevention?’. Ergonomic design improvements further enhance usability, reducing operator-
related errors®®. Moreover, machine learning models can predict infusion rates in anesthesia, showcasing the
potential of Al-enhanced smart devices for personalized drug delivery*-3!.

Efforts to make healthcare innovations more accessible are evident in the work of Jannah and colleagues, who
developed an affordable infusion device analyzer based on Arduino, suitable for resource-limited settings*>~34.
Meanwhile, Bosque’s development of an alarm algorithm with a nanotechnology-enabled sensor aims to predict
and prevent infusion failures, highlighting advancements in early error detection, particularly in neonatal
care®>=37. Collectively, these studies showcase the extensive applications and future potential of smart infusion
technologies across diverse healthcare settings®*-4!.

Despite the excellent performance of smart infusion systems in many aspects**~*4, challenges remain in terms
of technical performance and device adaptability. Discussions on the limitations and performance of infusion
technologies highlight potential pitfalls these devices may encounter in complex medical environments*~*7.
In error detection and prevention, the implementation of improved alert systems to enhance the precision of
infusion pump programming can effectively reduce the risk of misoperation®®. Current challenges in infusion
therapy include discontinuous monitoring of infusion liquids, inefficiencies in medication replacement, safety
risks during operation, workforce pressure, and inadequate device adaptability?*->2. Traditional methods often
rely on intermittent manual checks which can lead to interruptions in delivery, cumbersome and error-prone
medication replacement processes, increased infection risks from manual handling, and frequent monitoring
that burdens healthcare personnel®. Additionally, research shows that low-cost capacitance sensors are valuable
for real-time bubble monitoring in infusion devices®»*, while cloud-enabled IoT integration provides new
solutions for sustainable remote intravenous therapy®®>’.

To address these challenges, a smart infusion device has been developed. Its plug-and-play module ensures
precise connections between the infusion apparatus and medication bottles, reducing repetitive tasks for nurses
and enabling continuous fluid delivery. Automation minimizes human error, especially during patient self-
administration. With a high-precision liquid level monitoring module, the device tracks fluid levels in real-time,
decreasing the need for constant supervision and allowing patients to rest comfortably. Its design accommodates
both bottled and bagged medications, enhancing flexibility, while a servo-controlled rotating switch enables
rapid and accurate bottle replacement. These features improve safety and efficiency in infusion operations and
significantly reduce healthcare providers’ workload.

By integrating liquid level sensing and automated control systems, the device ensures consistency in
medication changes and patient safety during infusion therapy®®*. It alleviates the labor-intensive task of
medication replacement for clinicians, enhancing treatment quality and providing patients with safer, more
precise care®.

Looking ahead, smart infusion systems are expected to become more automated and user-friendly®!-*3. New
technologies and ongoing optimization will create easy-to-operate devices for healthcare institutions, significantly
lightening medical staff workloads. Future research should enhance these systems’ multifunctionality to meet
diverse medical needs while exploring smart automated medication management and therapy.

42-44

Device framework and structural design

This section introduces the structure and functionality of the smart infusion automatic medication replacement
device. Figure 1 illustrates the overall design and the relative positions of each component within the system.
The fixed calibration mechanism, liquid level monitoring mechanism, and rotary replacement mechanism are
located at the top of the assembly, while the plug-and-push mechanism and control module are situated at
the bottom. These components work in concert to achieve smart monitoring of medication bottle levels and
automated replacement. This chapter will focus on describing the operation of the mechanisms responsible
for automatic bottle replacement and liquid level monitoring. Furthermore, it will detail the design of the core
systems to highlight their role in enhancing the continuity and safety of infusion therapy.

Enclosure design

The enclosure design of the smart infusion automatic medication replacement device is divided into two parts:
the upper and lower sections, each serving distinct functions. The upper enclosure primarily protects and
secures the liquid level monitoring mechanism and other upper components, shielding them from external
environmental influences during operation. As shown in Fig. 2, the design of the lower enclosure is particularly
critical, as it houses the rotary replacement mechanism, plug-and-push mechanism, and control module. The
lower enclosure is meticulously arranged to ensure smooth operation, coordination, and efficiency among the
components. The rotary replacement mechanism is centrally positioned within the lower enclosure to facilitate
the automatic replacement of medication bottles. The plug-and-push mechanism is located adjacent to the
rotary replacement mechanism, ensuring stability and precision during the bottle replacement process. The
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Fig. 1. Schematic of the smart infusion automatic medication replacement device: (a) actual photograph of
the smart infusion automatic medication replacement device and (b) model diagram of the device. (1. fixed
calibration mechanism, 2. liquid level monitoring mechanism, 3. rotary replacement mechanism, 4. plug-and-
push mechanism, 5. control module, 6. device casing)
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Fig. 2. Schematic of the smart infusion automatic medication replacement device enclosure dimensions and
structure.
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control module is situated on the side of the lower enclosure, allowing for easy wiring and transmission of
control signals. The dimensions of the lower enclosure are 147 mm in length, 54.6 mm in width, and 186.08 mm
in height.

As depicted in Fig. 3, the enclosure was fabricated using 3D printing with Fused Deposition Modeling (FDM)
technology and printed with PLA material. This material is chosen for its excellent toughness and malleability,
making it ideal for custom non-standard structures. 3D printing enables the design of complex geometries
tailored to specific needs, ensuring the enclosure perfectly accommodates internal components. The layer height
was set to 0.08 mm, achieving the highest printing precision available on desktop machines, which allows for
optimal adaptation to the components.

Leveraging 3D printing technology for the enclosure allows for rapid production and feasibility verification of
prototype models, enabling swift optimization of internal space utilization. The modular design ensures efficient
use of interior space, minimizing interference between components. This modular approach and 3D printing
fabrication facilitate easier maintenance and upgrades of the device. Components can be independently removed
and replaced, reducing downtime. The enclosure’s robust structure and well-organized internal layout enhance
the overall stability of the device, mitigating the risk of failures due to vibrations or external forces. Moreover,
3D printing allows for quick design modifications to accommodate various use cases and requirements, thus
increasing the device’s versatility. This enclosure design not only enhances the device’s functionality and
reliability but also provides a flexible foundation for iterative development of future prototypes.

Plug-and-push mechanism

As illustrated in Fig. 4, the plug-and-push mechanism’s components and assembly are detailed. This mechanism
primarily serves the bottle stopper piercer, ensuring it can smoothly penetrate the bottle stopper. Structurally, it
is an upgraded version of a simple lead screw slide table. The combination of the bearing protection sleeve and

(a) (b)

Fig. 3. 3D model printing schematic: (a) diagram of 3D printing equipment operation and (b) diagram of
some printed parts.
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Fig. 4. Schematic of the plug-and-push mechanism: (a) actual photograph of the plug-and-push mechanism
(b) model diagram of the mechanism (c) exploded view of the mechanism: (1. bearing protection sleeve, 2.
bearing, 3. slider, 4. connector, 5. piercer mounting plate, 6. screw, 7. bearing, 8. slide table, 9. motor fixing
plate, 10. motor)

bearings provides reliable rotational support for the smooth movement of the slider on the slide table. The slider
is fixed to the piercer mounting plate via a connector, ensuring stability during the piercing process.

The rotational motion of the screw is driven by a motor, which is securely mounted on the device using a
motor fixing plate, enabling linear movement of the slider. The slide table offers a precise motion track for the
slider, ensuring linearity and high precision in the plug-and-push action. The motor accurately drives the screw,
facilitating precise insertion and withdrawal of the piercer. The direct up-and-down transmission of the screw
enhances the automation level of the device, improving the stability of the piercer’s longitudinal movement, thus
ensuring reliability and high efficiency in practical applications.

When designing the plug-and-push mechanism for the smart infusion automatic medication replacement
device, calculating the force required for the piercer to penetrate the bottle stopper and selecting an appropriate
motor are crucial for ensuring efficient and reliable operation. As illustrated in Fig. 5, the following three aspects
should be considered for selecting the compatible model:

1. Required piercing force.

Piercer Diameter: d=5 mm.

Shear Strength of Stopper Material:o=2 MPa.

The shear strength of common medical-grade silicone typically ranges from 0.5 to 2 MPa. The cross-sectional
area (A) of the piercer is calculated as follows:

mxd>  mx(0.005)

A= = 1 =1.96 x 107° m? 1)

Calculate piercing force (F):
F=Ax0=196x10"x2=392x10""N 2)
2. Required torque.

The required torque (T) can be calculated based on the piercing force and the radius (r) of the lead screw:
Screw radius: r=2.5 mm, Transmission efficiency: =0.85,Calculate torque (T):

_ Fxr 3.92x107° x 0.0025

= =1.15x 107'N 3
n 0.85 % m ®)

T
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Fig. 5. Distribution diagram for power calculations of the plug-and-push mechanism (1. piercing force, 2.
torque, 3. power).
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3. Required power (W).
With the motor speed set at 100 revolutions per minute (w ), the required power (P) can be calculated as follows:

Txw 1.15x 1077 x 100 9
- - - 4
P 5550 9550 1.20 x 1077 kW (4)

Based on the calculations, the required torque is 1.15 x 1077 NM, and the necessary power is 1.20 W. Consequently,
a size 28 stepper motor was selected, featuring an outer diameter of 28 mm and a two-phase structure, with a
rated current of 1.0 A and a rated voltage of 3.0 V. The motor’s maximum speed of 100 rpm aligns perfectly with
the design specifications. This motor is well-suited for use under the design parameter conditions of the smart
infusion automatic medication replacement device, providing ample performance assurance.

Stabilization and calibration mechanism

As depicted in Fig. 6, the stabilization and calibration mechanism is designed to ensure the stability and precise
positioning of the medicine bottles during the replacement process. This mechanism comprises several precision
components, including a securing cylinder, upper securing platform, upper bearing, central housing, lower
bearing, bottle neck securing screw, and lower securing platform.

The securing cylinder is responsible for stabilizing the top of the medicine bottles, providing initial support.
The upper and lower securing platforms are positioned at the two ends of the medicine bottles, offering
rotational support through the upper and lower bearings to ensure the medicine bottles remains stable during
the replacement operation. The central housing connects the upper and lower securing platforms, forming a
complete stabilization structure. The bottle neck securing screw further anchors the medicine bottles neck,
preventing any movement of the plug-and-push mechanism during operation.

As shown in Fig. 7, this system employs a four-point stabilization method to effectively enhance the stability
and positioning accuracy of the medicine bottles. Fig (a) demonstrates the actual fixed state of the bottles, while
Fig (b) presents a schematic diagram of the simultaneous loading of the medication bag and bottles. Fig (c)
and (d) illustrate the structural schematics of the loading fixation, highlighting the critical fixation points that
stabilize the medicine bottles. This design secures the bottles at the bottom, body, and neck, ensuring that the
bottles do not displace or rotate during the entire operation process. The fixed structure at the bottom provides
initial support, preventing vertical movement of the bottles. The middle section of the bottle body is further
reinforced by the lower fixed platform to enhance stability and effectively resist external disturbances. The neck
of the bottle employs a screw knob fixation method to ensure that the bottle opening remains aligned at the
predetermined center position during use, preventing rotation or displacement due to improper handling.

For the installation of the medication bag, a fixed hook structure is designed within the fixation device,
ensuring that the medication bag is securely fixed at the tail end, maintaining a vertical orientation at all times.
This design effectively avoids the risk of sliding or falling off the medication bag due to external forces. The
fixed hook is made of TPU material and 3D printed, providing a certain level of elasticity. This design employs
a non-rigid fixation method aimed at accommodating deformation caused by internal pressure changes during
infusion, ensuring the vertical structure of the bottles and bags is maintained. The fixation of the bottle opening is
achieved through the screw knob method, providing a robust securing effect to ensure that the opening remains
centered at the designated position. Figure 7 clearly demonstrates this design logic. These carefully designed
fixation points exhibit the stability and accuracy of the mechanism, fully meeting the reliability requirements of
the medication delivery process.

(a)

Fig. 6. Schematic of the stabilization and calibration mechanism: (a) actual photograph of the mechanism (b)
model diagram of the mechanism (c) exploded view of the mechanism. components: (1. securing cylinder, 2.
upper securing platform, 3. upper bearing, 4. central housing, 5. lower bearing, 6. bottle neck securing screw, 7.
lower securing platform).
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(a)
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Fig. 7. Schematic of medicine bottles stabilization: (a) actual photograph of the vial stabilization (b)
installation model diagram for medicine bottles and medicine bags (c) cross-sectional view of medicine bag
fixation and (d) cross-sectional diagram of the medicine bottles stabilization points (1. securing hook, 2.
bottom fixation, 3. body fixation, 4. neck fixation).

(a) (b)

Fig. 8. Schematic of the rotational medication replacement mechanism: (a) actual photograph of the
mechanism and (b) model diagram of the mechanism (1. lower securing platform, 2. connecting disc, 3. flange,
4. servo motor).

The combination of the securing cylinder and platforms allows the medicine bottles to remain stable
throughout the replacement process, minimizing positioning errors caused by vibrations. The use of upper and
lower bearings provides rotational support, facilitating smooth medicine bottles rotation during replacement
and reducing mechanical friction and wear. The design of the central housing enhances the overall rigidity of
the structure, ensuring a tight fit among all components. The inclusion of the bottle neck securing screw further
improves the stabilization, preventing any displacement during operation.

The four-point stabilization design enhances the stability of the vial. The multi-point securing system at the
bottom, body, and neck ensures the medicine bottles remains stable in all directions, preventing any displacement
or rotation during operations. This modular stabilization design simplifies maintenance and cleaning of the
equipment, further improving its reliability and longevity.

Rotational medication replacement mechanism

Structural description

Asillustrated in Fig. 8, the rotational medication replacement mechanism is designed to automate the replacement
of medicine bottles. This mechanism consists of a lower securing platform, a connecting disc, a flange, and a
servo motor. The lower securing platform provides foundational support for the vial, ensuring stability during
operation. The connecting disc links the lower securing platform and the flange, forming a complete rotational
structure. The flange serves as the interface for the servo motor, ensuring it remains securely attached during
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rotation. The servo motor acts as the power source, enabling precise angular control to facilitate the rotational
replacement of the vial.

Through precise control by the servo motor, medicine bottles can be quickly and accurately rotated and
replaced, reducing the need for manual intervention and operation time. The combination of the lower securing
platform and connecting disc provides structural support, ensuring that the entire mechanism remains stable
during rotation driven by the servo motor, thereby minimizing the risk of faults due to vibration or external
forces.

Performance analysis

In this design, the rotary drug replacement mechanism is equipped with an HS-5485HB servo motor, which
provides efficient and reliable support to the system through its superior performance. The servo motor operates
at working voltages of 4.8 V and 6.0 V, with response speeds of 0.22 s/60° at 4.8 V and 0.18 s/60° at 6.0 V,
demonstrating exceptional rapid operation capabilities. Moreover, in terms of torque, the motor generates
4.8 kg-cm at 4.8 V and can reach 6.0 kg cm at 6.0 V, providing stable power output for the rotation mechanism.

Considering the working conditions of the servo motor in the rotary drug replacement mechanism, an
analysis was conducted on the motor’s driving capacity under full load. The rotation mechanism contains four
medicine bottles, with the servo motor’s drive point located at the center of the entire system, as shown in Fig. 9.
According to calculations based on bottle capacity and distribution, the mass of the bottles and their distance
from the motor’s center are critical factors in assessing the motor’s reliable operation.

Assuming each medicine bottle’s full capacity is 260 ml, the mass of each bottle would be approximately 260 g
(with water density of 1 g/ml). Since the four bottles are positioned diagonally in the rotation mechanism, the
distance from each bottle to the motor’s center is 70.55 mm. As the bottles are arranged in a square configuration,
this is calculated as the diagonal distance from the center to each bottle. By utilizing this distance, the total load
from the bottles can be converted into torque.

The formula for calculating the total torque required by the motor is:

70.55

/Medication Bottle Center

Servo Gear Center Rotation

‘0

w

-
.

Rotation Direction

Device Top View/unit: mm

Fig. 9. Rotation diagram.
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m=nxrxF (5)

Where n represents the number of bottles, and F represents the gravitational force of each bottle. The total load
of the four bottles is:

F, =4x0.26 kg =1.04 kg (6)

The total required torque is:

Tr =4 % 7.055 cm x 0.26 kg ~ 0.734 kg/cm (7)

According to the servo motor parameters, the HS-5485HB can provide a maximum torque of 6.0 kg-cm at 6 V.
Clearly, the required torque of 0.734 kg-cm is far below the motor’s maximum output capability. This indicates
that even when four medicine bottles are fully loaded, the motor can completely satisfy the driving requirements
of the medicine replacement mechanism.

Liquid level monitoring mechanism

The liquid level monitoring mechanism is designed to monitor the liquid level of the medication in real-time,
ensuring accuracy and safety during the infusion process. As shown in the cross-sectional schematic in Fig. 10,
the mechanism includes the monitored liquid level, the liquid level sensor, and the wiring hole. The monitored
liquid level represents the actual liquid level of the medication, which is continuously observed by the liquid
level sensor installed within the monitoring chamber. This sensor precisely detects changes in the liquid level.

The design of the wiring hole allows the sensor’s connections to integrate seamlessly into the microcontroller
housed in the lower casing, facilitating real-time data transmission and processing. This design allows for
continuous monitoring of changes in the medication’s liquid level, ensuring the accuracy of the infusion process.
The design of the monitoring chamber creates an enclosed environment, protecting the liquid level sensor from
external interference.

The system employs a capacitive liquid level sensor as its core detection component. This sensor utilizes a
non-contact detection principle, achieving a detection accuracy of +1.5 mm with a response time of 500ms,
enabling high-precision real-time liquid level monitoring. The sensor features an IP67 protection grade, ensuring
stable operation in medical environments. Its capability to detect through a 20 mm thick non-metallic container
wall fully meets the monitoring requirements of standard infusion bottles. The NPN output interface facilitates
easy integration with the control system, while its low power consumption of 5 mA guarantees long-term system
stability. Detailed parameters are presented in Table 1.

The capacitive liquid level sensor has certain technical limitations, including specific requirements for the
electrical conductivity of the measured liquid, potential electromagnetic interference, and specific container
material constraints. However, considering that the majority of liquids used in clinical infusion therapy possess
sufficient electrical conductivity, and infusion containers are typically made of non-metallic materials, these
limitations do not significantly impede the sensor’s application in routine infusion monitoring. Compared to
other types of liquid level sensors, the sensor used in this device not only meets basic functional requirements

Fig. 10. Cross-section diagram of the liquid level monitoring mechanism: (1. monitored liquid level, 2. liquid
level sensor, 3—4. wiring hole).
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Parameter category Parameter name Parameter value
Sensor type Non-contact liquid level sensor
Basic parameters
Exterior dimensions 28x28x17 mm
Operating voltage DC5-12V
Electrical parameters
Output mode NPN output
Power consumption 5mA
Power supply ripple requirements | <200 mV
Measurement accuracy +1.5 mm
Performance parameters
Response time 500 ms
Sensing thickness <20 mm
Output cable length 500+ 10 mm
Operating temperature range -20 to 105°C
Environmental parameters | Humidity range 5-100%
Protection level 1P67
Measured liquid requirements Conductive
Special requirements
Container material requirements | Non-metallic materials

Table 1. Technical parameters of level sensor.

but also offers cost advantages and excellent adaptability, making it the optimal choice for smart infusion devices
at the current stage.

From an application perspective, this sensor demonstrates significant practical value in routine infusion
therapy. Firstly, the non-contact detection method completely eliminates direct contact between the sensor and
the medication, adhering to the contamination-free requirements of medical equipment. The sensor’s detection
accuracy and response speed satisfy the basic needs of clinical infusion monitoring. Its simple installation and
maintenance facilitate easier adaptation in new equipment design and production. From a cost-effectiveness
standpoint, the sensor provides an ideal price-performance ratio, which is particularly beneficial for the practical
implementation of medical devices.

Relationships between core institutions

The structural design of the smart infusion device adopts a modular design concept, comprising four core
mechanisms: liquid level monitoring mechanism, rotation and drug replacement mechanism, insertion and
extraction mechanism, and stability calibration mechanism, as shown in Fig. 11.

The four core functional modules of the device have been spatially optimized: the liquid level monitoring
mechanism utilizes high-precision sensors to real-time monitor the infusion status; the rotation and drug
replacement mechanism employs a multi-position rotary platform to automatically replace medicine bottles; the
insertion and extraction mechanism is responsible for precisely controlling the trajectory of the puncture needle;
the stability calibration mechanism ensures the positioning of medicine bottles during the replacement process.

The Component Box, serving as the control core of the device, achieves collaborative motion of the four
core functional mechanisms through mechatronic design. The system’s workflow reflects the close cooperation
between modules, with corresponding coordination among the four core mechanisms. Specifically, the liquid
level monitoring mechanism and insertion and extraction mechanism are located on the left side of Fig. 11, with
the insertion and extraction mechanism performing actions only after the liquid level sensor activates and detects
the liquid; the rotation and drug replacement mechanism and stability calibration mechanism are positioned on
the right side of the Fig, providing necessary stability support during rotation.When the liquid level is detected
as insufficient, the liquid level detection mechanism and rotation and drug replacement mechanism interact to
rotate and replace the medicine bottle on the work platform. The relationship between the stability calibration
mechanism and insertion and extraction mechanism is focused on maintaining the bottle’s stability, ensuring
that the puncture needle of the insertion and extraction mechanism can accurately penetrate the medicine bottle.

The relationships between the core mechanisms and their collaborative control method guarantee the
reliability of coordination during the drug replacement process, thereby demonstrating the innovative value of
this design in the medical device domain.

Chapter summary

This chapter provides a detailed analysis of the structural design and operational workflow of the smart infusion
automatic medication replacement device. The device comprises key components such as the liquid level
monitoring mechanism, rotational medication replacement mechanism, and plug-and-push mechanism. These
components work in unison to achieve automated delivery and replacement of medication.

The liquid level monitoring mechanism continuously monitors the medication level, ensuring accuracy
and safety during the infusion process. The rotational medication replacement mechanism, driven by a servo
motor, facilitates rapid vial replacement. The plug-and-push mechanism ensures precise connection between
the piercing tool and the vial. The operational workflow covers all stages from preparation and initiation to
conclusion, highlighting the device’s effectiveness in reducing manual intervention and enhancing the continuity
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Fig. 11. Core organizational structure chart.

and safety of infusions. The optimization of these designs and processes provides strong support for increasing
the automation of medical procedures.

Code and control

Device operation process

The operation process of the smart infusion automatic medication replacement device consists of five stages:
preparation, initiation, infusion, replacement, and conclusion.

First, during the preparation stage, securely fix the vial or medication bag to the device, ensuring its stability,
and attach the piercing tool to the mounting plate of the plug-and-push mechanism. Next, initiate the device
by connecting to the power source, activating the control system, and conducting a system self-check. Once the
liquid level monitoring mechanism is confirmed to be functioning correctly, the plug-and-push mechanism
inserts the piercing tool into the bottle neck, and a doctor is notified for intravenous insertion.

During the infusion process, the liquid level monitoring mechanism continuously tracks the medication
level. If the level drops below a preset value, the sensor transmits a signal to the microcontroller, triggering an
alert to prompt vial replacement. The plug-and-push mechanism returns the fixing plate to its original position,
and the rotational medication replacement mechanism automatically activates. The servo motor rotates the
lower support plate by 90° to complete the vial replacement, and the plug-and-push mechanism moves the
platform upwards to ensure the piercing tool accurately enters the new vial.

After replacement, the system confirms the new vial is properly installed, and the liquid level monitoring
mechanism resumes its monitoring, allowing the device to continue with the infusion process. At the end of the
operation, power off the device and call the doctor to remove the needle. This process enables efficient and safe
delivery and replacement of medication, enhancing the automation of medical procedures. As shown in Fig. 12,
the workflow diagram illustrates the operation of the smart infusion automatic medication replacement device.

Liquid level monitoring

In designing our smart infusion pump system, we have selected capacitive sensors as the core technology for
liquid level monitoring. This choice is based on their ability to meet the specific needs of the device and their
suitability for application in medical environments. Capacitive sensors are capable of detecting various types
of liquids, including opaque and viscous ones, by sensing changes in capacitance to determine the liquid level,
unaffected by the color and transparency of the liquid. Additionally, their non-contact design minimizes direct

Scientific Reports |

(2025) 15:9265 | https://doi.org/10.1038/541598-025-93911-8 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

i Fixed infusion bottles and
Fixed | | Fredinsinbol
Calibration | infusion bags

|
|
|
|
|
|
!
Institution | ! |
|
|
|
|
|
|
|

| Check the infusion bottle
— Install cork piercer “ and bring it close to the

liquid level sensor

v 5

Turn on the switch

Did the liquid level monitor
light up for the first time?

Plug-in
Mecchanism

YES

|

|

1

|

|

|

|

: The mounting plate drives the
| pusher upward
|
|
|
|
|
|
|
|
|
|
|
|

I

Intravenous injection by a doctor

}

Start infusion

Continue infusion

Microcontroller
-Controlled
Step Unit

Liquid M

Level I ]

Monitoring
Agency

Is the liquid level
monitor lit up?

NO

The mounting plate drives the
puncher to return downward

| I

The servo motor drives the lixed

| plate Lo rotate 90 degrees
|

| y

| el The mounting plate drives the
pusher upward

Medication
Rotation
Institution

Mas all the infusion
been completed?

Turn off the power and call a
doctor to remove the needle ‘

[

| |
' |
' |
' |
| YES |
| v |
[

| |
' |
[

Fig. 12. Workflow diagram of the smart infusion automatic medication replacement device.

contact with the liquid, reducing contamination risks, making them highly suitable for medical equipment use.
High precision and reliability are other prominent advantages, meeting the stringent requirements of medical
infusion and maintaining consistent performance over long-term use.

In complex medical environments, capacitive sensors excel, particularly under conditions of humidity, dust,
or pressure variations, thanks to their excellent anti-interference capabilities, ensuring stability in electronically
noisy environments. Our designed sensors are easily integrated with the smart infusion pump’s control system,
allowing for flexible configuration through simple circuit adjustments. They can quickly respond to changes in
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liquid level, automatically adjusting infusion rates and dosages. This integration capability significantly reduces
manual intervention and enhances the system’s automation level. Considering these advantages, capacitive
sensors provide a reliable solution that balances performance and cost for our smart infusion pump system,
making them the ideal choice for achieving continuous, precise, and safe infusion operations. The specific code
for data processing and signal transmission of the liquid level monitoring system is shown below:

% Simulate liquid level sensor data acquisition
% Assume the sensor output voltage signal is proportional to the liquid level
numSamples = 100; % Number of samples

time = linspace(0, 10, numSamples); % Time vector

trucLevel = sin(time) + 1; % Simulated true liquid level signal

sensorNoise = 0.05 * randn(1, numSamples); % Add noise

sensorQutput = trucLevel + sensorNoise; % Sensor output signal

% Data processing: signal amplification and filtering

gain = 2; % Amplification factor

amplifiedSignal = gain * sensorOutput; % Amplified signal

% Low-pass filter design

filterOrder = 3; % Filter order

cutoffFrequency = 0.1; % Cutoff frequency

[b, a] = butter(filterOrder, cutoffFrequency, 'low'); % Butterworth low-pass filter
filteredSignal = filtfilt(b, a, amplifiedSignal); % Apply filter

% Signal transmission (simulation)

% In actual applications, this part may involve wircless transmission protocols
transmittedSignal = filteredSignal; % Here we simply use the filtered signal as the

transmitted signal

% Data visualization

figure;

subplot(3, 1, 1);

plot(time, sensorOutput, 'b', 'DisplayName’, 'Sensor Output');

hold on;

plot(time, trucLevel, 'r--', 'DisplayName’, 'True Level');

title("Sensor Output vs True Level');

xlabel("Time (s)');

ylabel('Signal’);

legend;

subplot(3, 1, 2);
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plot(time, amplifiedSignal, g, 'DisplayName¢', 'Amplificd Signal');
title('Amplified Signal');

xlabel("Time (s)");

ylabel('Signal');

subplot(3, 1, 3);

plot(time, transmittedSignal, 'm', 'DisplayName', 'Transmitted Signal');
title("Transmitted Signal');

xlabel('Time (s)');

ylabel('Signal');

Rotating dressing changing mechanism

The core of the rotating and converting medication mechanism lies in its ability to rotate and convert efficiently.
Through precise mechanical design, this mechanism can quickly switch between different medications, ensuring
the rapid delivery of the correct dosage when needed. The rotating component is typically driven by a motor,
allowing for precise control of rotation angle and speed to achieve accurate positioning and switching of
medication containers. The control code for the rotating dressing change mechanism is as follows:
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% Number of medication slots on the rotating platform
numSlots = 6;
% Initialize the current position of the rotating platform
currentPosition = 1;
% Dynamically ask the user for target slot input
targetSlot = input('Enter the target medication slot (1-6): );
% Check if the input is valid
while targetSlot < 1 || targetSlot > numSlots || targetSlot = currentPosition
if targetSlot = currentPosition
fprintf("The current position is already at slot %d. Please choose a different slot.\n',
currentPosition);
clse
fprintf('Invalid slot. Please enter a number between 1 and 6.\n");
end
targetSlot = input('Enter the target medication slot (1-6):');
end
% Function to rotate the platform to the target slot
function newPosition = rotatePlatform(currentPosition, targetSlot, numSlots)
% Calculate the shortest path to the target slot
clockwiseSteps = mod(targetSlot - currentPosition, numSlots);
counterClockwiseSteps = mod(currentPosition - targetSlot, numSlots);
if clockwiseSteps <= counterClockwiseSteps
direction = 'clockwise';
steps = clockwiseSteps;
else
direction = 'counter-clockwise';
steps = counterClockwiseSteps;
end
fprintf('Rotating %s by %d steps to reach slot %d.\n', direction, steps, targetSlot);
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newPosition = targetSlot;
end
% Function to simulate the conversion mechanism
function convertMedication(slot)
fprintf("Converting medication at slot %d to the delivery position.\n', slot);
% Simulate conversion delay
pause(1); % Adjust delay for conversion time
fprintf("Medication at slot %d 1s ready for delivery.\n', slot);
end
% Main operation
fprintf('Current position: Slot %d\n’, currentPosition);
currentPosition = rotatePlatform(currentPosition, targetSlot, numSlots);

convertMedication(currentPosition);

System status monitoring and feedback

The system status monitoring and feedback mechanism is a critical component in ensuring the reliable operation
of the rotating and converting medication mechanism. By utilizing various sensors, such as position, speed,
and temperature sensors, the system continuously gathers data on the equipment’s operational status and
performance. This data is not only used to assess the health of the equipment but also to identify potential fault
risks, thereby preventing issues before they occur.

The monitoring system feeds the collected data back to the control unit for real-time adjustments and
optimization of operations. Additionally, it provides feedback to operators, including current status, warning
messages, and operational suggestions, ensuring they are informed about the equipment’s condition and can
make timely decisions.

Fault detection and diagnosis are vital components of the monitoring and feedback mechanism, enabling
the automatic identification of faults or anomalies within the system and providing diagnostic information to
facilitate quick problem resolution. Through log recording and analysis, the system can identify potential issues
and optimization opportunities, thereby enhancing overall reliability and efficiency. This code will implement
sensor data acquisition, status monitoring, data feedback, and fault detection, as detailed below:
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% Simulated sensor data
positionSensorData = [1, 2, 3, 4, 5, 6]; % Example position data
speedSensorData = [10, 12, 11, 13, 10, 9]; % Example speed data
temperatureSensorData = [25, 26, 27, 28, 29, 30]; % Example temperature data
% Thresholds for fault detection
speedThreshold = 15;
temperature Threshold = 35;
% Function to monitor system status
function monitorSystem(positionData, speedData, temperatureData, speedThresh,
tempThresh)
for 1 = 1:length(positionData)
fprintf("Monitoring Slot %d\n', positionData(i));
% Check speed
if speedData(i) > speedThresh
fprintf("'Warning: Speed exceeds threshold at Slot %d. Speed: %d\n',
positionData(i), speedData(1));
clse
fprintf('Speed 1s normal at Slot %d. Speed: %d\n', positionData(i), speedData(i));
end
% Check temperature
if temperatureData(i) > tempThresh
fprintf('Warning: Temperature exceeds threshold at Slot %d. Temperature: %d\n’,
positionData(i), temperatureData(1));
clse
fprintf('Temperature 1s normal at Slot %d. Temperature: %d\n', positionData(i),
temperatureData(1));
end

% Simulate feedback to control unit
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end

end

feedbackToControlUnit(positionData(i), speedData(i), temperaturcData(i));

% Function to simulate feedback to control unit

function feedbackToControlUnit(position, speed, temperature)

fprintf('Feedback to Control Unit - Slot %d: Speed: %d, Temperature: %d\n', position,

speed, temperature);

% Here you can add logic to adjust system parameters based on feedback

end

% Main operation

monitorSystem(positionSensorData, speedSensorData, temperatureSensorData,

speedThreshold, temperature Threshold);

Discussion

Performance testing experiment

To effectively utilize this device in real infusion environments, it is necessary to verify the performance of
the smart infusion automatic medication replacement device under different loading conditions, particularly
focusing on its rotational speed and medication loading efficiency. This experiment aims to comprehensively
assess the performance and efficiency of the smart infusion automatic medication replacement device. The
experimental plan covers several key stages, including preparation, design, process, objectives, and data analysis.
During the preparation phase, researchers will gather the necessary experimental equipment, including the smart
infusion automatic medication replacement device and various types and capacities of infusion bottles. They will
also prepare timers and data recording sheets to ensure consistency in experimental conditions and reliability of
data. The experimental design is divided into two parts: equal-ratio groups and unequal-ratio groups of bottle
capacities, to thoroughly test the device’s adaptability.

The experimental process requires two people to collaborate: one to operate the device and the other to
handle timing and recording. They will continuously test the medication replacement time for 2, 3, and 4 bottles,
recording the total time and comparing single and overall replacement times, while also calculating averages and
errors. The main objectives of the experiment include comparing the consistency of different capacity bottles
during machine operation, evaluating the time saved for healthcare personnel by the device, eliminating the
influence of regular bottle input conditions, comparing the operational time differences of bottles with different
capacities, and testing the overall time differences of various combinations.

In the data analysis phase, each round’s single and overall replacement durations will be thoroughly analyzed,
comparing the replacement efficiency of different capacity combinations, and assessing the consistency and
stability of the device when handling bottles of varying capacities. Through this comprehensive experimental
plan, researchers will be able to systematically evaluate the performance of the smart infusion automatic
medication replacement device, including its efficiency, stability, and adaptability, providing crucial data
support and theoretical basis for further optimization and practical application of the device. The experiment
will analyze the impact of bottle capacity ratios on device performance through size effect analysis and discuss
the optimal combination strategy for loading medications to improve the efficiency and safety of the infusion
process, providing data support for clinical applications. The specific experimental plan is shown in Table 2.

As shown in Fig. 13, the setup and medical supplies prepared for the experiment demonstrate the preparatory
work undertaken. Table 3 details the specifications of the medication bottles used. Figure 13 illustrates the
critical equipment and tools necessary for the experiment. Centrally positioned is the smart infusion automatic
medication replacement device. A tablet computer was employed in the experiment for precise timing. In
the foreground of the Fig, multiple transparent plastic bottles of various sizes are displayed, each labeled to
represent different experimental groups or types of medication. On the right, a glass beaker contains a simulated
medication solution used for preparation during the experimental process. Table 3 lists in detail the parameters
of the four different models of medication bottles used in the experiment. These bottles have capacities ranging
from 50 ml to 200 ml, with corresponding brimful capacities from 68 ml to 260 ml. The bottle diameters increase
as capacity increases, ranging from 46 mm to 61 mm. This diverse selection of bottle specifications reflects the
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Table 2.

Experimental plan.

Fig. 13. Tools for experiment preparation.

1 50 68 46
2 100 128 49
3 150 212 55
4 200 260 61

Table 3. Product bottle models.

comprehensiveness of the experimental design, aiming to test the device’s adaptability and handling efficiency
across bottles of different sizes and capacities.

Figure 14 provides a detailed record of the specific operational details and key points in the experimental
procedure, showcasing seven critical operational steps of the smart infusion automatic medication replacement
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Fig. 14. Schematic diagram of the specific experimental procedure: (a) install the medicine bottle on the
device (b) rotate to the front of the liquid level monitor (c) insert the puncture device into the mouth of the
medicine bottle (d) the liquid level monitor checks the water level (e) the puncture device returns downward
(f) the servo motor drives the platform to rotate (g) the medicine bottle completes the rotation and (e) insert
the trocar into the new bottle opening.

device during the experiment. It explains the steps corresponding to the total timing. First, the medication
bottle is securely mounted on the device (a), ensuring stability throughout the process. Next, the device rotates
to precisely align the bottle with the liquid level monitor (b), preparing for subsequent level detection. Then, the
puncture device is accurately inserted into the bottle neck (c), executed by the plug-pull mechanism to ensure a
firm connection between the puncture device and the bottle neck. Subsequently, the liquid level monitor checks
the liquid level position (d). If the level is not detected, the puncture device automatically returns to its initial
position (e), preparing for the next bottle replacement. Following this, the servo motor drives the platform to
rotate (f), which is the core operation of the rotary medication replacement mechanism, achieving rapid bottle
replacement through precise control of the rotation angle. Once the bottle rotation replacement is completed
(g), the plug-pull mechanism once again inserts the puncture device into the new bottle neck (e). This operation
marks the end of a complete medication replacement cycle, with the new bottle in place, ready to start the next
infusion round. The time recorded in the experiment is calculated from the intermediate process between steps
(c) and (e).

During the implementation of the experiment, the performance of the smart infusion automatic medication
replacement device will be systematically tested under different combinations of medication bottles. The
necessary bottle combinations for the experiment are prepared, divided into equal-ratio groups and unequal-
ratio groups. The equal-ratio group will test scenarios with bottles of the same capacity, while the unequal-ratio
group will test combinations of bottles with different capacities. Load the corresponding bottles into the smart
device, ensuring the stability and correct connection of the bottles. After starting the device, use an accurate
timer to measure and record the time required for each medication replacement, ensuring data accuracy. To
ensure data reliability and reproducibility, each bottle combination will be tested at least three times. Between
each test, check the condition of the device and bottles to ensure no external factors affect the experimental
results.

It is important to note that the timer may be subject to human error, typically between 1 and 2 s. This error
mainly arises from human reaction time, operational proficiency, the precision of the timing equipment, and
environmental factors. To minimize the impact of this error on the experimental results of the device, the
accuracy of the data should be improved by measuring the replacement speed multiple times and taking the
average value.
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Single bottle processing time (s) Total
Total time for | Total time for | time for 4
Rated Capacity per Average Time per | 2 Bottles in 3 Bottles in Bottles in
Bottle Number | bottle (ml) First time | Second time | Third time | session proportion proportion proportion
1 50 6.57 6.95 6.93 6.82+1 13.641 20462 27.28%3
2 100 6.72 7.40 7.24 7.12%1 14241 21.36%2 28483
3 150 7.17 7.04 7.23 7.15%1 14301 21.45+2 28.60+3
4 200 7.61 6.67 7.23 7171 14341 21.51%2 28.68+3
Table 4. Equal-ratio group test data.
Time per medication replacement
Different capacity L) Average time Total medication
Group seq e bottle combinations First time | Second time | Third time | per instance (s) | replacement time (s)
100 ml+50 ml 7.30 / / 7.30 7.30+1
100 ml+150 ml 7.61 / / 7.61 7.61+1
Two-bottle group
50 ml+200 ml 7.33 / / 7.33 7.33%1
150 ml+200 ml 7.66 / / 7.66 7.66+1
100 ml+ 150 ml+200 ml 7.80 8.43 / 8.12 16.23+2
50 ml+100 ml+ 150 ml 6.97 7.32 / 7.15 14.29+2
Three-bottle group
50 ml+ 150 ml+200 ml 7.15 7.57 / 7.36 14.71+2
100 ml+100 ml+150 ml 7.43 7.82 / 7.63 15.25+2
50 ml+100 ml+150 ml+200 ml | 7.05 7.29 7.88 7.41 22.22+3
50 ml+ 150 ml+ 150 ml+200 ml | 7.23 8.07 7.89 7.73 23.19+3
Four-bottle group
100 ml+ 150 ml+200 ml+200 ml | 7.61 8.22 8.45 8.09 24.28+3
100 ml+ 100 ml+ 150 ml+200 ml | 7.52 7.93 8.11 7.85 23.56+3

Table 5. Non-equal-ratio group test data.

Test results

Equal proportion group test results

As shown in Table 4, according to the test data from the equal-ratio group, the smart infusion medication
replacement device demonstrated good stability and consistency when handling medication bottles of varying
capacities. From 50 ml to 200 ml bottles, the processing time for a single bottle increased slightly but remained
minimal, with an average processing time ranging from 6.82 s to 7.17 s. The error margin (+ 1 s) reflects potential
minor fluctuations during actual operations, including mechanical error, human factors, and environmental
influences. The total time for two equal-ratio bottles represents one complete operation cycle, i.e., finishing one
medication replacement process; the total time for three equal-ratio bottles represents two operation cycles, as
the third bottle needs to be replaced after the second bottle is finished; similarly, the total time for four equal-
ratio bottles represents three operation cycles. This design simulates the scenario of continuous infusion in
actual clinical practice, where each additional bottle requires an extra replacement operation cycle.

It should be noted that the total test time is based on continuous operation, completed in one go, and the
medication filling process was therefore omitted. Consequently, some discrepancies may exist in practical
applications. Nevertheless, the test results indicate that as the number of bottles increases, the total processing
time exhibits an approximately linear growth, rising from about 7 s for a single bottle to approximately 28 s for
four bottles. This linear growth trend demonstrates the device’s stable consistency and reliability during the
continuous handling of multiple bottles. Even when processing larger 200 ml bottles, the device’s performance
did not significantly decline, with the average processing time only about 0.35 s longer than that for 50 ml bottles.
This suggests that the smart infusion medication replacement device has good adaptability and can efficiently
handle bottles of different specifications, providing flexibility and efficiency for clinical applications.

Unequal proportion group test results

As shown in Table 5, the smart infusion medication replacement device exhibits excellent performance and
adaptability when handling medication bottles of varying capacity combinations. In the two-bottle group, the
average medication replacement time for the 100 ml+ 50 ml combination is 7.30 s, while it increases to 7.66 s
for the larger 150 ml+200 ml combination, an increment of only 0.36 s. This indicates that the device maintains
high efficiency even when dealing with larger capacity bottles. The 100 ml+ 150 ml combination time (7.61 s)
is slightly higher than the 50 ml+200 ml combination (7.33 s), suggesting that bottle capacity might have some
effect on medication replacement time. The data from the three-bottle group further highlights the device’s
adaptability. The average replacement time for the 50 ml+100 ml+ 150 ml combination is 7.15 s, whereas it
increases to 8.12 s for the larger 100 ml+ 150 ml+200 ml combination, an increment of 0.97 s. Although this
increment is slightly larger than the two-bottle group, it still demonstrates excellent performance, considering
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Time taken
Time-consuming project (s) Calculation basis Detailed description
Total movement time 36 25m-+1.4m/s Round trip travel time
Intravenous needle replacement | 3-5 Practical operational estimation | Disassembly and Reconnection
Total operation time 39-41 Mobile + Operation estimation | Excluding preparation Time

Table 6. Traditional medicine bottle replacement time.

Time
Performance metrics (s) Calculation basis
Single replacement time 7.5 Average value for four-bottle combinations
Time Ssaved per replacement 31.5-33.5 | Maximum and minimum savings
Total time saved for three replacements | 97.5 31.5%3
(Average value)
. . 97.5%30
Daily work time saved 2,925 (Patients)

Table 7. Smart device bottle replacement time savings.

the significant increase in total capacity. The 100 ml+ 100 ml+ 150 ml combination time (7.63 s) lies between
the other combinations, further confirming the device’s adaptability to different capacity combinations. The data
from the four-bottle group further confirms the device’s stability in complex situations. The average replacement
time for the 50 ml+100 ml+ 150 ml+200 ml combination is 7.41 s, whereas it increases to 8.09 s for the
100 ml+ 150 ml+200 ml+200 ml combination, an increment of 0.68 s. When handling four bottles of different
capacities, the device maintains relatively stable performance.

In combinations with the same number of bottles, those with larger total capacities generally require
longer processing times, but the increments are not significant. In the four-bottle group, the combinations
50 ml+ 150 ml+ 150 ml+200 ml and 100 ml+ 100 ml+ 150 ml+200 ml have the same total capacity (550 ml),
with average replacement times of 7.73 s and 7.85 s, respectively, a difference of only 0.12 s. This demonstrates the
device’s strong adaptability to different capacities, allowing it to perform efficiently across various combinations.

In the four-bottle group with the 100 ml+ 150 ml+ 200 ml+ 200 ml combination, the time for the first to third
operations is 7.61 s, 8.22 s, and 8.45 s, respectively, showing a slight upward trend. As the number of operations
increases, the time per replacement slightly rises. This might reflect cumulative effects during continuous
operations, but the increment remains within a controllable range, not significantly affecting overall efficiency.

When handling multiple capacity combinations ranging from two to four bottles, the device consistently
maintains an efficient and stable drug replacement time, averaging between 7.30 and 8.45 s. The increase in
total volume leads to a minimal growth in replacement time. The device demonstrates the ability to handle
various combinations of bottle numbers and volumes, maintaining nearly constant performance levels during
continuous operations.

Equipment comprehensive assessment
1. In terms of time efficiency.

Although traditional manual drug replacement methods are simple and direct, they have several efficiency
bottlenecks, particularly in terms of medical staff movement time. Based on clinical observations and practical
experience, we can analyze the traditional drug replacement process. Medical stations are typically located
near infusion patients, with a maximum distance of approximately 25 m, considering sound propagation and
emergency response time. The removal and replacement of intravenous needles are relatively quick, estimated
to take 3-5 s. However, medical staff movement time becomes the primary time-consuming factor.Assuming
medical staff walk at a speed of approximately 1.4 m per second, a round trip of 25 m would take about 36 s.
Considering movement and actual operation time, each drug replacement process might require 39-41 s,
excluding potential preparation time and patient interaction time, as specifically shown in Table 6.

In contrast, the smart infusion drug replacement device shows significant advantages. When handling
the most complex combination of four bottles, the device completes a single drug replacement in about 7.5 s.
This means that compared to traditional methods, the process of a single smart drug replacement can save
approximately 31.5 to 33.5 s, which is a remarkable improvement, especially in busy medical environments.

Using the smart infusion drug replacement device, approximately 97.5 s can be saved after completing three
replacements for each patient, marking a significant increase in time efficiency. If a doctor uses this device to
assist around 30 patients each day, about 2,925 s can be saved, which is equivalent to approximately 48.75 min,
thus reducing the repetitive workload of medical staff, as specifically shown in Table 7.

The formula for calculating the percentage increase in efficiency can be expressed as:

EIP = (1 _ L ) x 100% (8)
Ttr
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Statistical indicators Numerical value | Explanation

Mean absolute error 0.14S Device shows no systematic deviation
Maximum absolute error | £0.20 S Maximum single deviation

Error rate range -2.67% t02.67% | Device’s efficient operational stability
Standard deviation 0.14 Data distribution stability

Table 8. Statistical table of time errors in smart device bottle replacement.

Among them, T, represents the total time for traditional methods, T represents the total time for innovative
technology methods, and EIP stands for efficiency improvement percentage.

The conversion into efficiency improvement percentages reveals that the minimum efficiency improvement
is calculated as (1-7.5/39) x 100% = 80.8%, while the maximum efficiency improvement is (1 -7.5/41) x 100%
= 81.7%. The device achieves an efficiency improvement range of 80.8-81.7%, significantly reducing the drug
replacement time from 39 to 41 s to 7.5 s. This technological innovation has led to improvements in medical
operation models, assisting healthcare professionals in reducing repetitive labor time, allowing them to devote
more energy to complex clinical decisions and personalized patient care.

2. In terms of error rate.

Error rate control is a key indicator for measuring device precision and reliability. In this study, the following
calculation formula is used to quantitatively evaluate the error rate of drug replacement equipment.

Based on the average drug replacement time data from Table 5, basic error rate statistical data can be derived,
as shown in Table 8.

Through data analysis, the average absolute error of the smart medication replacement device is 0.14 s. In
different experimental groups, there is a minimal deviation between the actual operation time of the device and
the ideal time, with no evidence of systematic error. The maximum absolute error is only+0.20 s, indicating
consistency and stability in the device’s operations, with virtually no significant performance fluctuations. The
error rate ranges between —2.67% and 2.67%, demonstrating that the device can operate stably across various
combinations of medication bottles and adapt to different operational environments. The standard deviation
is 0.14, indicating that the distribution of the device’s operation time is relatively concentrated with minimal
fluctuation, which is an important reference standard for ensuring the efficiency and quality of the medication
replacement process.

The data from this experiment effectively validates the excellence of the smart medication replacement device
in terms of operational efficiency and error control, highlighting its potential value in clinical applications.
However, the current testing is still in the prototype phase, with a limited sample size, and is intended only for
feasibility analysis of the device. Therefore, these results only validate the technical feasibility of the device. In the
future, more user research and experiential testing are needed to further improve the device’s performance and
ensure its effectiveness and applicability in real medical environments.

Outlook

The smart infusion automatic medication replacement device introduces a novel infusion method in infusion
therapy. By utilizing a high-precision liquid level monitoring module, the device tracks the liquid level in real-
time, reducing the need for continuous monitoring by patients and medical staff. The automated medication
replacement function, through a rotary medication replacement mechanism and a plug-push system, allows for
quick and accurate bottle replacement, primarily reducing repetitive labor for medical staff and enabling them
to focus on other tasks.

The smart infusion automatic medication replacement device designed in this study also presents some
practical usage challenges. The integration of various high-precision and automated technologies increases the
complexity of the device, raising the usage threshold for some patients during infusion. Therefore, the widespread
adoption of such devices requires extensive time for user research and exploration of usage habits.

The high degree of automation may lead medical personnel to become more reliant on automated medication
replacement methods. Although no operational failures occurred during the experiment, potential malfunctions
could test the temporary operational skills of doctors, possibly affecting the continuity of the infusion process.
Therefore, medical staff need specialized training to operate the equipment proficiently, which may increase
training costs and time for hospitals.

The design process of the device initially focused primarily on structural design for functional realization,
ensuring that the components used met the necessary functional requirements and verifying the feasibility of
the device design. To enhance the overall usability and effectiveness of the device, future improvements for
the second-generation device will include several key aspects. First, the operation workflow will be simplified;
despite the complex technical integration, medical staff will still be able to quickly get started using the device.
The operation process will be streamlined through intuitive button controls, allowing medical personnel to
become familiar with the system in a short time. Second, smart prompts and fault diagnosis functions will be
introduced, which will timely alert medical personnel to any abnormalities in the device and provide simple
troubleshooting steps. This feature will help medical staff quickly respond to potential failures, thereby reducing
reliance on temporary operational skills. Finally, a user feedback mechanism will be implemented in the device
design, regularly collecting medical personnel’s usage experiences and suggestions. This user-driven approach
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will continuously optimize the device’s functions, thereby lowering the usage threshold and enhancing the
practical effectiveness of the device.

Through these improvements and optimizations, the next generation of smart infusion automatic medication
replacement devices will play a greater role in enhancing infusion therapy speed, simplifying both medical and
patient operations, and improving the patient treatment experience. Future research should continue to explore
the multifunctionality and smart management potential of these systems to further advance the medical industry.

Conclusion

The smart infusion automatic medication replacement device designed in this study integrates a variety of
innovative mechanisms to enhance the efficiency, precision, and safety of medication delivery. By incorporating
advanced liquid level monitoring, automated rotational replacement, and a precision plug-and-push system,
the device significantly reduces manual intervention and operational errors. Its modular enclosure design
and multi-point stabilization further ensure adaptability and reliability, making it suitable for diverse medical
environments. Specifically, the innovative features of this device include:

1. Advanced Liquid Level Monitoring: This device features a high-precision liquid level sensor for real-time
tracking, reducing infusion errors by ensuring accurate medication administration and enhancing patient
safety.

2. Automated Rotational Medication Replacement: Using a servo motor, the rotational mechanism enables rap-
id and precise vial changes, decreasing manual intervention, and improving delivery efficiency in high-de-
mand settings.

3. Precision Plug-and-Push Mechanism: The motor-driven plug-and-push system provides stable connections
for piercing medicine bottles, enhancing precision and consistency in medication delivery.

4. Modular Enclosure Design: Constructed with 3D printing technology, the modular enclosure allows quick
prototyping and customization, simplifying maintenance and upgrading while increasing device adaptabil-
ity.

5. Multi-Point Stabilization and Calibration: This innovation secures medicine bottles at multiple points, min-
imizing errors from vibrations and ensuring stable, reliable operation throughout the replacement process.

In conclusion, the smart infusion automatic medication replacement device enhances the automation of
medication delivery and replacement, significantly reducing the workload of healthcare providers and improving
the safety and consistency of patient treatment. These designs and optimizations provide a solid foundation for
advancing the automation of medical procedures, promising to increase the efficiency and reliability of healthcare
delivery systems. Future research should focus on further refining these technologies to meet the diverse needs
of modern medical environments and explore the potential of smart automated medication management in the
future of healthcare.
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