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ARTICLE INFO ABSTRACT

The infusion pump is an intravenous injection machine for administering
high-alert drugs. Failure to administer this type of drug can result in patient
Received : 02/02/2025 death. One cause of failure is interference with the flow rate of infusion
Revised :14/02/2025 fluid, which is influenced by the performance of the stepper motor. This
Accepted : 02/04/2025 study proposes a Pl control design for controlling the stability of the flow
rate in an infusion pump machine. The tuning method used is the Ziegler
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simulation results show that P1 control can reach the set point and remain
stable with a rise time of 19.49 seconds and a settling time of 32.39 seconds.
In actual testing of the infusion pump machine with PI control, the average
flow rate accuracy level reached 98%, and its stability reached below 0.3
ml/hour. This proves that the infusion pump that was successfully created
can be used to administer high-alert drugs appropriately according to the
dose and can be used for a long time with constant delivery quality.
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1. INTRODUCTION

Hospital service quality assurance standards are implemented through inpatient safety regulations.
This includes fully procuring medical equipment to support more optimal patient treatment. The act of
administering medication, especially high-alert medication, must be considered an aspect of patient
safety [1]. Nurses still make errors when handling patients, especially when administering drug
injections. The number of cases of errors in administering drug doses is relatively high, which results in
patient death. In the United States, these cases reach as many as 48,000-100,000 per year. Meanwhile,
in Indonesia, the percentage of cases reached 24.8 percent of reported cases [2]. Therefore, when
administering medication, you must follow the ten principles of correct medication administration [3].
The ten principles are drug, dose, patient, route, time, information, expiration, assessment, evaluation
and documentation.

One technique for administering high-alert-type drugs is through an intravenous infusion device.
The action of administering high-alert drugs must be done carefully and precisely. On the other hand,
until now, manual/conventional infusion models are still found and used in hospitals. This conventional
infusion method has many disadvantages. These disadvantages include still using gravity, an arterial
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drop rate of > 20%, and a flow rate that is difficult to regulate accurately [4]. Based on this study, the
manual infusion model is not appropriate when used for high-alert drug injection.

Bright infusion is an infusion model that works automatically. This method uses an infusion pump.
The tool works on the principle of a peristaltic pump to distribute infusion fluids [5]. The infusion pump
must be WHO standard with a flow rate accuracy of at least 5% [6]. Using non-standard infusion
pumps results in system failure and the pump working uncontrollably [7]. The following are several
failures in the infusion pump working system that were found. Using an infusion pump that is too long
can cause heat and slow the rotation speed. Likewise, the condition of the infusion pump is old, which
impacts inaccurate dosing. Apart from that, tools that do not comply with the specified test specifications
are often found to have non-linearities. Based on the description of the failure of the infusion pump
model. several researchers have innovated automatic infusion machines to improve the quality of
administering high-alert drugs so that the dosage is correct. [8]. Previous research has been done on the
innovation of automatic infusion machines to improve the quality of high-alert drug delivery so that the
dose is correct. The working system uses a cuff pressure control system. The cuff is used to press the
infusion bottle. The cuff pressure is adjusted based on the drip rate as a control reference. The control
used is fuzzy logic control. The results are pretty good, with a precision of 96.75%. However, this design
does not comply with the design required by WHO because this design has the potential to cause bubbles
in the infusion line so that air enters the intravenous, which can cause death; this incident is called
embolism [9]. The application of fuzzy logic for stepper motor speed control shows good results, but it
was used for high speeds above 300rpm in this study [10]. The PI control method was chosen because,
in several studies, motor controllers showed that Pl control was better than PID controllers for control
stepper motor [11]. Apart from that, this type of control is also easy to implement and develop for low-
speed control of stepper motors because it has been proven to eliminate resonance at low speeds and
reduce vibrations at high speeds [12].

Referring to the problems and literature review, this research designs a Pl control system for
controlling low-speed stepper motors in the range of 0 - 100 RMP to determine the flow rate in infusion
machines. This research implements a simulated and actual Pl control system on hardware and is
verified with a medical-grade standard calibration tool. This research aims to improve the stability and
accuracy of the infusion fluid flow rate by looking at the performance results of the PI control system
design applied to the infusion pump machine.

2. RESEARCH METHOD

This research aims to create an infusion pump machine based on Arduino nano control in a close
loop using PI Control. The tuning method used is the Ziegler Nicholes type 1 method and the Cian Cone
method to produce the system transfer function. The results of the Pl constant tuning are applied to the
Arduino microcontroller so that the microcontroller can work to control the infusion pump machine
hardware. System testing takes data in real-time using the IDA analyzer measuring instrument and
system simulation using Simulink Matlab. The speed control application on a stepper motor is done by
adjusting the frequency of the square wave signal that enters the stepper motor driver; the higher the
frequency, the faster the rotation speed will be [13]. In addition, motor speed control is also applied to
molding; the control used is PID control. PID control works by regulating the PWM signal input that
enters the motor driver to achieve a constant stepper motor speed during the printing process [14].

2.1. Block Diagram and Wiring Diagram of infusion pump

The overall design of the system block diagram is shown in Figure 1. The infusion pump consists
of several parts: a keypad to enter the desired set point value, an AS5600 speed sensor, a microcontroller,
a TMC2088 motor driver, a Nema 17 stepper motor, and an LCD. The AS5600 sensor is used because
it works based on changes in angle, making it possible to read small changes in the stepper motor's
rotation. The advantage of this sensor is that it is suitable for important parts in low-speed control of a
stepper motor.
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Figure 1. Infusion pump block diagram

A 12V-3A DC power supply provides power to the infusion pump machine. The control center uses
an Arduino nano-type microcontroller. Command instructions to determine the desired flow rate and
volume of infusion fluid are used using a keypad. Meanwhile, to regulate the flow rate of infusion fluid
using a Nema 17 stepper motor and TMC2088 as a motor driver. This infusion pump machine is built
in a closed loop system with an AS5600 speed sensor as feedback. The display for monitoring the results
of the process uses an LCD screen in digital form. Figure 2 shows a schematic form of an electronic
circuit. To read low speeds below 50 rpm, a data smoothing method or average calculation is needed.
The data for stable reading requires 200 samplings, and the average data sampling delay is 10ms.
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Figure 2. Infusion pump schematic circuit

2.2. Infusion Pump System Mechanical Diagram

The linear peristaltic pump mechanism is used in the proposed design. The main driver is a Nema
17 bipolar stepper motor with a gear ratio of 16:40. The mechanical diagram and physical form of the
Pump motor are shown in Figure 3 and Figure 4.

Figure 3. Linear peristaltic pump
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Figure 4. Linear peristaltic pump mechanics

2.3. Convert RPM to ml/h

The method for changing the RPM value to ml/h is done by conducting a trial set point RPM at
several points, looking at the flow rate value read on the IDA, and then recording it. The following is a
graph of the flow rate against RPM, shown in the Figure 5.
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Figure 5. RPM to ml/h conversion graph

2.4. Transfer Function Design

The transfer function of the infusion pump is obtained through experiment. The plant is given an
input signal in the form of a step unit in an open loop position, and then the output signal is recorded.
The transfer function is obtained using the the Cian cone method [15], using the first-orderthe approach.
Transfer function equation (1) is obtained from the result of response graph identification in Figure 6.
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Figure 6. Open loop system response graph

From the image above, it can be seen that the smoothing effect of data causes changes in flow
velocity to experience a delay. L is the time delay when the flow velocity value begins to increase. T is
the time delay from the first change in the flow velocity value until the flow velocity begins to experience
a stable point. The red line is an aid line to draw the S graph. The green line is the maximum flow rate
point that can be achieved.
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The open loop response graph is also used to find the constant values of Kp and Ki using the
Ziegler Nichols type 1 method. The following is a calculation to find Kp and Ki:

T . L . Kp
Kp=0.9— Ti =— Ki=—
L 0.3 Ti
Z0nx Lz _e3
T T 0.3 " 6.66
=6.3 = 6.66 =0.945 2
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3. RESULTS AND DISCUSSION

3.1. PI Control Simulation Result
The system transfer function obtained using the Ciancone method is applied to PI control which is

simulated in Simulink, the following is the Simulink block diagram shown in Figure 7 and the response
graph is shown in Figure 8.
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Figure 8. System response graph

A response graph is obtained in the simulation, as shown in Figure 13. The response graph shows that the PI
control system with Ziegler Nicholes type 1 tuning constants, namely with Kp = 6.3 and Ki = 0.945, can reach the
stability point but still experiences a very high overshot. This is not allowed in the infusion pump working system
because overshot occurs, resulting in an excess dose of medication entering the patient. Therefore, adjusting the
Pl constant with initial adjustments to Kp and Ki from the Ziegler Nicholes tuning results is necessary.
Adjustments are made by trial and error, referring to the rules of the PID control system. The following trial error

results are shown by the response graph in Figure 9.
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Figure 9. Response graph from adjusting the PI constant

In the trial-error process, a simulation is carried out by increasing and decreasing the Kp and Ki
values. So, we get several response graphs. The first experiment was carried out by reducing the Kp
value; the resulting impact was that the system experienced an overshoot and did not reach stability. The
second experiment reduced the Ki value; the resulting impact was that the overshot decreased but did
not wholly eliminate the overshot, and the system achieved stability. The third experiment reduced both
values to Kp = 0.8 and Ki = 0.1. It produces pretty good results; for example, the response graph does
not experience overshot and can achieve stability. This system cannot be maximized to the fastest rise
time speed except with control modification. Because this system delays sensor reading when focusing
on the rise time speed, the simulation and accurate measurement using IDA will not be synchronized. It
would be better if the display and real-time IDA measurements were always synchronized with each
change. The Kp = 0.8 and Ki = 0.1 is the fastest rise time point and is synchronous between the control

system and accurate monitoring of IDA measurements. The following is a detailed response time shown
in Table 1.

Table 1. Response time

Kp Ki Rise Time (s) Settling Time (s) Overshot Error Steady State (%)
6.3 0.945 1.25 11.50 56.53 0
4 0.945 1.86 12.86 32.50 0
6.3 0.1 1.32 - - Not Achieved
0.8 0.1 19.49 32.39 0 0

3.2. Machine Design Results

The following is a manifestation of the results of the tool that was successfully built. The tool is a prototype

that has been neatly packaged and quickly set up by the nurse. The overall shape of the tool is shown in Figure 10.
Moreover, the electronic part is also shown in Figure 11.
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Figure 11. Electronics Board

3.3. Performance Testing

Furthermore, the results of implementing the fuzzy-PI control design on the infusion pump machine
were standardized measurements using the Infusion Device Analyzer (IDA) calibration measuring tool.
Measurements were performed 5 times with a 10-minute break between each data collection. Figure 18
shows the measurement technique; the results are recorded in Tables 2 and 3.

Figure 12. Documentation of Flow rate data collection process using IDA
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Table 2. Flow rate measurement results

Set | Flow rate Flow rate terukur (ml/h)

point | Tertampil

mih) | (mirm) 1 2 3 4 5
25 25 25,40 25,46 25,47 25,42 25,43
50 50 50,44 50,48 50,31 50,25 50,31
75 75 75,11 75,07 75,23 75,10 75,23
100 100 100,11 | 100,01 | 100,05 | 100,04 | 100,04
125 125 125,40 | 125,37 | 125,34 | 125,34 | 125,33
150 150 150,98 | 151,09 | 151,21 | 151,24 | 151,27

In Table 6a, the data is obtained by recording the flow rate on the infusion pump display and
compared with the actual flow rate measurement using the IDA analyzer in real-time. Actual flow rate
data was taken 5 times with a data collection range of 10 minutes. If we observe the tool's performance
at each set point, the infusion pump can reach the set point and maintain the flow rate at the set point.
This indicates that the PI control system on the infusion pump is working correctly.

Table 3. Results calculation

wean | e | comeenon | Max | Min | Accurcy | g
(ml/h) (%)
25,44 0,44 1,73 25,47 25,40 98,27 0,07
50,36 0,36 0,72 50,48 50,25 99,28 0,23
75,15 0,15 0,20 75,23 75,07 99,80 0,16
100,05 0,05 0,05 100,1 100 99,95 0,1
125,36 0,36 0,28 125,4 125,3 99,72 0,07
151,16 1,16 0,77 151,3 151 99,23 0,29

In table 3, data table 2 is processed to produce numbers used to analyze the system's success,
namely accuracy, relative correction, and stability from 5 tests at the target value to be achieved. Relative
correction is the correction value to the average value multiplied by 100%. The accuracy of the
presentation calculation is obtained from 100 minus the relative correction value. Meanwhile, the
stability value is the difference between the maximum data and the minimum data.

From the data obtained, such as accuracy, relative correction, and stability, the Correlative
correction obtained with the highest correction percentage permitted by ECRI is 10%. From the data
above, the relative correction of measurements at each set of points is only 2%, far below the maximum
limit. Accuracy is the ability of a tool to reach a target. If it is closer to the target, it is more accurate.
The data above shows that the minimum accuracy is 98.26%, and the maximum accuracy is 99.95%.
WHO recommends a maximum specification of 5% of the set point. Compared with WHO provisions,
the tool results show good accuracy—the more excellent the accuracy, the better the tool's performance.
In terms of stability level, with a stability value of 0.29 at set point 150 and 0.07 at set point 25, the
maximum flow stability allowed is 2 ml/h. This shows good stability.
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4. CONCLUSION

From the results obtained, it can be concluded that the Pl control system applied to the infusion
pump can work well, as proven by simulation results and direct application, and the machine can reach
and maintain the flow rate at the set point. It has been proven that the relative correction value obtained
is still far from the limit allowed by ECRI, namely 10%. In terms of accuracy, the infusion pump that
can be made can reach an accuracy of above 98%, meaning that the greater the accuracy, the infusion
pump can enter the drug dose accurately according to the patient's needs and, of course, avoid over-dose
and under-dose. In terms of stability, it also shows good results, namely less than 0.3 ml/h, which means
it is safe if used for a long time. Modifying the control or combining control methods allows for the
optimization of rise time while still paying attention to overshot and real-time flow rate synchronization.
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