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 Dip-coating is essential for coating materials evenly, as imperfections 
like macropores can impact material properties. This project presents 
a digitally controlled dip-coating tool that manages withdrawal speed, 
immersion time, and speed via a microcontroller with an automatic 
calibration system. Employing a stepper motor and mathematical 
formula approach, the tool achieves high precision by automatically 
adjusting dipping parameters, with key metrics including resolution-
dependent Vl, calibration speed Vpc and calibration targets tpc, and Sc. 

The system reaches stable calibration at Vms = Vpc. ensuring rapid, 
accurate calibration and minimizing errors to 0-2% across 20 to 650 
steps. Additionally, the tool’s energy-efficient design consumes less 
power than other dip-coating systems, providing both durability and 
accuracy. 
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Introduction 

Technology is a primary driver of research advancements [1]. The latest innovations play a 
crucial role in ensuring research outputs aligned with theoretical expectations and initial 
analyses. Technological progress has rapidly evolved from conventional to automated systems 
[2], especially in microstructure applications, such as thin films. These thin layers, made from 
materials like organic, inorganic, metallic, or non-metallic compounds, exhibit properties 
ranging from conductors and semiconductors to superconductors and insulators [3]. In 
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materials engineering, especially for thin films, commonly used materials include In₂O₃, SnO₂, 
TiO₂, ZnO, and ITO. Significant research has been conducted on various thin film fabrication 
processes, highlighting their importance in this field. 

Several methods are used to manufacture thin films, including sol-gel dip coating [4], spray 

pyrolysis [5], RF magnetron sputtering [6], and sol-gel spin coating [7]. Among these, sol-gel 

dip coating is particularly popular due to its ease of use and ability to produce high-quality, 

uniform layers. This method allows for precise layer-by-layer application, facilitating 

sequential coating or further characterization processes [8]. Dip-coating is a coating method 

that involves immersing the material in a solution for a specific time and then removing the 

material from the dipping place. Dip-coating is a coating method that effectively adds strength 

to each coated material and is accurate [9][10]Dip-coating is an effective method to reduce the 

impact of macropores by creating layers that are sufficiently solid to support subsequent 

coatings. This technique produces a sequence of layers that seamlessly blend over controlled 

distances [11]. Several parameters are essential for controlling the quality of layers in dip-

coating.  These parameters include immersion speed, soaking time, and material withdrawal 

speed from the coating material. A single parameter error can greatly impact the quality of the 

coated layer. For example, the drawing speed is critical in dip-coating, as it directly influences 

layer thickness. Variations in speed yield different thicknesses, while factors such as material 

viscosity and solid content also affect the coating’s uniformity [11][12]. Therefore, achieving 

precise alignment between input and processed values is essential for consistent results. 

Previous research [13] developed a dip-coating system for thin-layer formation; however, its 

transmission relied on a three-gear mechanism for vertical movement, which suffered from 

efficiency losses due to friction, sliding effects, and the inherent inefficiencies of each gear type. 

Previous research [14] developed a dip-coating system using a servo motor, but without a 
calibration equation or control system, resulting in high linear speed errors. Similarly, other 
studies [15][16] created low-cost dip coaters with manual speed control, lacking digital 
precision. To address these limitations, this research aims to develop a microcontroller-based 
dip coater that digitally controls dipping speed, soak time, and withdrawal speed through an 
automatic calibration system using a mathematical approach. Microcontroller-based systems 
offer key advantages, including low cost, easy maintenance, digital recording, and 
customizable programming for user-defined settings [12][17][18]. The innovation in this study 
lies in combining a mathematical calibration approach with a microcontroller system, 
providing precise step accuracy. Additionally, the tool’s automatic calibration system employs 
a point-capture method, enabling real-time measurement data storage and self-calibration in 
response to detected errors. 

Theory and Calculation 

Dip Coater 

A dip coater is a tool used to make a thin layer by dipping the media into the coating material. 
In general, this tool should have immersion, soaking, drawing, and evaporation features. 
Dyeing is the first process in the dip coater tool feature. At a constant speed, the medium is 
dipped into the coating solution. Based on the type of substrate, a pre-treatment process will 
usually be carried out before this step. The second feature is immersion. That is, the media 
remains in the solution for a specified time, after which a withdrawal process is carried out. 
In this case, the media is pulled out of the solution. As the media is pulled out, a thin film 



   P-ISSN: 2615-1278, E-ISSN: 2614-7904 

50 
 

layer begins to deposit. The thickness of the layer directly depends on the speed of the 
substrate withdrawal. The slower the pull, the thinner the coating layer produced. Then the 
last feature is evaporation. Namely, the media will be dried in air at room temperature. The 
quality of the coating produced in this way, however, is inconsistent, and therefore, this 
approach is not appropriate for industrial processes [19][20]. Dip coating has been widely 
used for research purposes due to its straightforward approach. 

Dip-Coating Method 

The dip coating method is also known as a method of making a thin layer by dipping the 
media and coating material. Similar to screen printing, this method uses coating materials 
that contain insoluble liquids and solids in the fabrication process. The coating material is a 
combination of ceramic powder, solvent, binder and dispersing agent. The process of making 
a thin layer using the dip coating method is that first, the media will drop into the coating 
material solution at a certain speed. After that, the media is left in the coating material solution 
for a specific time, and the next stage is that the media will be pulled at a certain speed, and 
the coating material will stick to it. The media will then be dried in air at room temperature 
[21]. The smoothness and thickness of the coating can be controlled by changing the content 
of solids in the coating material and the speed of pulling the material from the coating 
material solution. Layers with a thickness of several microns to hundreds of microns can be 
produced using this method [22]. The usual duration for immersing the media in the coating 
agent solution is about 30 seconds [23]. Figure 1 below illustrates the dip coating method. 

 

Figure 1. Material coating using dip coating method [24]. 

Point Capture Calibration 

The calibration method for this tool is to use a point capture calibration system, which 
captures calibration data based on several speed points to increase the accuracy and precision 
of the tool and minimize errors to be more accurate. Several calibrated speed points will be 
looked for that are close to the speed that will be run and then compared with the speed that 
will be run. After that, the speed to be run will be adjusted to the speed error point during 
calibration. 

𝑉𝑚𝑠 =  
𝑉𝑙× 𝑉𝑝𝑐 ×𝑡𝑝𝑐

𝑠𝑐
        (1) 

Equation (1)[25] above will be used as the stepper motor speed equation according to the 
calibration data on the dip coater tool that will be made. In accordance with the equation 
above, to get the stepper motor speed 𝑉𝑚𝑠  (step/s), four variables are needed, namely, 𝑉𝑙 , 
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which is the linear speed to be set (mm/s), 𝑉𝑝𝑐, which is the calibration speed at the speed 

point (step/s), 𝑡𝑝𝑐  which is the calibration time at point speed (s), and 𝑠𝑐  which is the 

calibration distance (mm). 

To find out the maximum linear speed of the tool, we can change equation (1) to the equation 
(2) [25] below. 

𝑉𝑙 =  
𝑉𝑚𝑠 × 𝑠𝑐

𝑉𝑝𝑐 ×𝑡𝑝𝑐
       (2) 

Since at maximum speed 𝑉𝑚𝑠 = 𝑉𝑝𝑐, then 

𝑀𝑎𝑥 𝑉𝑙 =
𝑠𝑐

𝑡𝑝𝑐
       (3) 

Experimental Method 

This research uses the Research and Development method [26][27]. The research flow 
diagram is made according to the steps in the types of research and development. The 
research flow diagram can be shown in Figure 2. 

 

Figure 2. Research method 

The first stage of research and development involves identifying the issues associated with 
the research object, in this case, the dip coater tool. Problem identification is accomplished 
through a comprehensive study of existing products, enabling the researcher to understand 
the challenges and design a solution accordingly. The subsequent phase consists of a 
literature and field study to gather the necessary data for product development. This data 
collection is conducted through a literature review, involving books, journals, and other 
resources on the research topic, as well as field studies through direct observation and 
analysis of tool components. Once the relevant data is acquired, the tool's design is developed 
using appropriate software, such as 3D design applications, PCB Wizard, and Arduino IDE 
(with an Arduino Nano selected for its compact size and functionality). The design is then 
tested internally using software simulations and individual part evaluations. If issues are 
identified during testing, the design is revised accordingly. After internal testing and 
revisions, the final step involves product manufacturing, followed by data testing, focusing 
on electrical performance and tool calibration data as specified by the research objectives.. 
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The microcontroller-based dip coater system comprises key components, including an LCD, 
control buttons, a stepper motor, an Arduino microcontroller, a rotary screw, and a power 
supply. In this setup, the stepper motor drives the rotary screw, enabling precise upward and 
downward movement of the coating arm. The microcontroller modulates the stepper motor’s 
rotation speed, thus controlling the dipping arm’s rate during immersion and withdrawal 
from the coating liquid. This configuration allows for precise manipulation of coating 
parameters, which is essential for achieving consistent layer quality in thin film applications. 

Results and Discussion 
3D Design and Real Tool 

The results of the 3D design of the tool are shown in the Figure 3 below. 

  

(a) (b) 

Figure 3. 3D Design of The Tool (a) Right Side of View (b) Left Side of View 

Meanwhile, Figure 4 shows the results of making the tool. The design dimensions of the tool 

are 140 mm long, 261 mm wide, and 288 mm high, with the main working space being 70 mm 

long, 90 mm wide and 150 mm high. The design of this tool has three parts. The first part is 

the electrical part, which contains the LCD electrical components, encoder, reset button, and 

electrical components inside the tool. The second part is the main workspace, which is in the 

middle of the other parts. The main workspace contains a Nema 23 stepper motor with a 

resolution of 200 steps/r (motor) and 25 steps/mm (linear movement), a lead screw that has a 

pitch of 2 mm, and other moving components. The third part is the power supply section, 

which contains the power supply for the tool's component resources. From equation 1, we 

must choose value of Vl for system. Vl is linear velocity. So, it must convert to step. The 

resolution from stepper is 25 steps/mm. So, for the first step as 20 step/mm. We use 

determination between resolution and Vpc to get Vl for system. More large data on Table 1. 

After getting Vl because these parameters can be changed, we can use equation 1 to get Vms 

with different Vl in from different parameters resulting in Vpc, tpc in the same one value Sc. 
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(a) (b) 

Figure 4. Result of The Tool (a) Right Side of View (b) Left Side of View 

Electrical Component 

The electrical circuit of the dip coater tool that is made can be seen in the picture below. 

 

Figure 5. Electrical Schematic 

 

Flowchart Diagram of Tool Program 

The tool program process flow diagram shows how the program process runs on the tool. 

There are three main programs in this tool, namely the calibration section, the variable setting 

section, and the program section that runs the tool drive. The image below is a flow diagram 

of the tool program process. 
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Figure 6. Flowchart Diagram of Tool Program 

This study adopts a research and development methodology to design and test the dip coating 

instrument. The research flow is depicted in Figure 6, illustrating the stages of the instrument's 

development. The initial stage involves calibration of the dip coating prototype, which, before 

calibration, requires adjustments to several critical parameters, including Vpc, tpc, and Sc. 

Once the prototype is calibrated, an automated calibration method is applied. This method 

involves capturing calibration points at each stage, allowing for the determination of errors 

associated with the parameters. After the automatic calibration process is executed, the final 

parameter values are established based on the tool's operation, particularly those affecting 

immersion depth, immersion duration, and immersion speed. 
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Calibration Data 

Calibration data testing uses a calibration distance (𝑠𝑐) of 20 mm, 40 mm, 60 mm, and 80 mm. 

The following variable data will be used according to the formulated equation. 

Manipulated variables : 𝑉𝑙 (mm/s), 𝑠𝑐 (mm) 
Control variables : 𝑉𝑝𝑐 (step/s), 𝑉𝑝𝑐  𝑙𝑖𝑛𝑒𝑎𝑟 (mm/s), 𝑡𝑝𝑐(ms), 𝑅𝑠 (step/mm) 

Response variable : 𝑉𝑚𝑠 (step/s) 
The following is a table of tool calibration results at calibration distances of 20 mm, 40 mm, 60 

mm and 80 mm. 

Table 1. Tool calibration data at calibration distances of 20 mm, 40 mm, 60 mm and 80 

mm. 

𝑠𝑐  = 20 mm 𝑠𝑐  = 40 mm 

𝑽𝒎𝒔 

(step/s) 

𝑉𝑙 

(mm/s) 

𝑉𝑝𝑐 

(step/s) 
𝑡𝑝𝑐 (ms) 

𝑽𝒎𝒔 

(step/s) 

𝑉𝑙 

(mm/s) 

𝑉𝑝𝑐 

(step/s) 
𝑡𝑝𝑐 (ms) 

20 0.80 20 25007 20 0.80 20 50013 

50 2.00 50 10008 50 2.00 50 20016 

100 4.00 100 5015 100 4.00 100 10032 

151 6.00 150 3348 151 6.00 150 6694 

201 8.00 200 2516 201 8.00 200 5030 

252 10.00 250 2015 252 10.00 250 4032 

302 12.00 300 1678 302 12.00 300 3354 

353 14.00 350 1442 353 14.00 350 2883 

405 16.00 400 1266 405 16.00 400 2531 

456 18.00 450 1126 456 18.00 450 2252 

507 20.00 500 1014 507 20.00 500 2028 

558 22.00 550 923 559 22.00 550 1847 

609 24.00 600 846 609 24.00 600 1691 

659 26.00 650 780 660 26.00 650 1562 

  

𝑠𝑐  = 60 mm 𝑠𝑐  = 80 mm 

𝑽𝒎𝒔 

(step/s) 

𝑉𝑙 

(mm/s) 

𝑉𝑝𝑐 

(step/s) 
𝑡𝑝𝑐 (ms) 

𝑽𝒎𝒔 

(step/s) 

𝑉𝑙 

(mm/s) 

𝑉𝑝𝑐 

(step/s) 
𝑡𝑝𝑐 (ms) 

20 0.80 20 75021 20 0.80 20 100027 

50 2.00 50 30025 50 2.00 50 40034 

100 4.00 100 15045 100 4.00 100 20061 

151 6.00 150 10041 151 6.00 150 13389 

201 8.00 200 7546 201 8.00 200 10060 

252 10.00 250 6048 252 10.00 250 8064 

302 12.00 300 5032 302 12.00 300 6710 

353 14.00 350 4326 353 14.00 350 5768 

405 16.00 400 3796 405 16.00 400 5063 

456 18.00 450 3379 456 18.00 450 4504 

507 20.00 500 3041 507 20.00 500 4056 

559 22.00 550 2771 559 22.00 550 3693 

609 24.00 600 2538 609 24.00 600 3382 

660 26.00 650 2342 660 26.00 650 3123 
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The calibration results presented in Table 1 demonstrate that the use of Vl from resolution 

impacts the outcome of the Vms in the system. In an ideal system, the values of Vpc and Vms 

should be identical at every target within the same distance. The next step involves calculating 

the error of the automated calibration system in the dip coating tool using the root mean square 

error (RMSE). The real value obtained from Vpc is compared to the speed value of Vms derived 

from the system, with one observation taken for each data collection. The error value is 

computed using the Root Mean Square Error (RMSE) formula [28], as shown in Equation 4. 

𝑅𝑀𝑆𝐸 =  √∑
(𝑦�̂�−𝑦𝑖)2

𝑛
𝑛
𝑖=1          (4) 

Table 2. Error Percentage 𝑉𝑚𝑠 for 𝑉𝑝𝑐 with Root Mean Square Error 

𝑉𝑝𝑐 (step/s) 
Percentage of error 𝑉𝑚𝑠 against 𝑉𝑝𝑐 

𝑠𝑐  = 20 mm 𝑠𝑐  = 40 mm 𝑠𝑐  = 60 mm 𝑠𝑐  = 80 mm 

20 0% 0% 0% 0% 
50 0% 0% 0% 0% 

100 0% 0% 0% 0% 
150 0% 0% 0% 0% 
200 1% 1% 1% 1% 
250 1% 1% 1% 1% 
300 1% 1% 1% 1% 
350 1% 1% 1% 1% 
400 1% 1% 1% 1% 
450 1% 1% 1% 1% 
500 1% 1% 1% 1% 
550 2% 2% 2% 2% 
600 1% 1% 1% 1% 
650 1% 2% 1% 1% 

 

Based on the results presented in Table 2, the calibration distance does not significantly affect 

the percentage of error produced. The error percentage, as described in the table, represents 

the deviation of the actual speed from the calibration reference speed. The error percentage 

falls within the range of 0% to 2%, indicating that the stepper motor speed is inherently stable 

and accurate. The primary factor influencing the calibration time is the response time of the 

microcontroller and other electrical components in the network. This error can be minimized 

to nearly 0% using the point capture calibration equation. Once the tool is used, the linear 

speed data is stored in the tool's database, allowing the system to automatically calibrate the 

tool to match or closely approximate the previously recorded speed. If the speed database does 

not exist, the tool can still function based on the available data. In comparison to previous 

research [13][15], the use of a stepper motor for controlling the arm movement in this dip 

coater enhances the accuracy of the arm’s motion compared to a servo motor. The stepper 

motor operates based on voltage pulses, with each movement precisely calculated in degrees. 

Additionally, the calibration equation further refines the movement speed, minimizing errors. 

The dip coater's settings can be controlled directly via the encoder and LCD on the tool, 

allowing for easy adjustment without the need for a computer connection. 
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Electrical Data 

In this electrical data section, the electrical power requirements are described when the tool is 

in standby mode, the tool is working at minimum speed, and the tool is working at maximum 

speed. This is important because power requirements can also affect several other tools in the 

laboratory. 

The following is an electrical table for the dip coater tool that has been made. 

Table 3. Dip Coater Electrical Data 

Velocity 
(mm/s) 

Voltage 
(Volt) 

Current 
(Ampere) 

Power 
(Watt) 

Information 

0.00 220 0.121 26.62 Idle/Standby 

0.04 220 0.126 27.72 Running 

0.80 220 0.129 28.38 Running 

2.00 220 0.131 28.82 Running 

4.00 220 0.134 29.48 Running 

6.00 220 0.136 29.92 Running 

8.00 220 0.142 31.24 Running 

10.00 220 0.153 33.66 Running 

12.00 220 0.158 34.76 Running 

14.00 220 0.167 36.74 Running 

16.00 220 0.173 38.06 Running 

18.00 220 0.182 40.04 Running 

20.00 220 0.190 41.80 Running 

22.00 220 0.201 44.22 Running 

24.00 220 0.216 47.52 Running 

26.00 220 0.221 48.62 Running 

 

The graph below shows the relationship between speed and the electrical power needed by 

the tool to work. 
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Figure 7. Graph of The Relationship Between Velocity and Power 

Based on table 3, the electrical specifications of the tool when the tool is not running is 26.62 

Watts. Meanwhile, when running, the tool requires a minimum of 27.72 Watts of power and a 

maximum of 48.62 Watts. Based on the graph that has been presented, the relationship 

between tool speed and the energy used is directly proportional to the linearity level of 97.58%. 

Compared with previous research [14], the power used is relatively low because this tool uses 

a stepper motor without any additional gears, which makes the motor movement more 

efficient. 

Conclusion 
The constructed tool has dimensions of 140 mm in length, 261 mm in width, and 288 mm in 

height, with the main working area measuring 70 mm in length, 90 mm in width, and a 

maximum height of 150 mm. It consists of three main components: the electrical system, the 

main work area, and the power supply. The tool operates with three primary programs: the 

calibration section, the variable setting section, and the program that controls the tool's drive. 

According to the calibration data presented, the calibration distance does not significantly 

affect the error percentage produced. The error percentage calculated using the Root Mean 

Square Error (RMSE), ranges from 0% (for calibration distances of 20, 50, 100, and 150) to 1% 

(for distances of 200, 250, 300, 350, 400, 450, 500, 600, and 650), and reaches 2% at 550. The 

average error is 0.78571%, which can be minimized to nearly 0% by utilizing the point capture 

calibration equation. 

Regarding the electrical specifications, the tool consumes 26.62 Watts when idle. During 

operation, the tool requires a minimum of 27.72 Watts and a maximum of 48.62 Watts. Based 

on the presented graph, there is a direct proportionality between the tool's speed and the 

energy consumption. 
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