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Abstract: A novel forming method of enhanced adhesion-efficient demolding integration is proposed
to solve the problems of weak adhesion between the initial forming layer and the printing platform
as well as the excessive stripping force at the bottom of the liquid tank when the printing platform
rises. Therefore, a digital light processing (DLP) 3D printing forming device equipped with a porous
replaceable printing platform and a swing mechanism for the liquid tank is manufactured and verified
by experiments. The experimental results show that the porous printing platform can enhance the
adhesion between the initial forming layer and the printing platform and improve the demolding
efficiency of the forming device. In addition, the pull-out design of the printing platform plate reduces
the maintenance cost of the forming device. Therefore, the device has a good application prospect.
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Three-dimensional printing, also known as additive manufacturing (AM), is a process-
ing method for creating three-dimensional objects by printing powder layer by layer [1].
Compared with the subtractive manufacturing methods, additive manufacturing technol-
Academic Editor: Radu Godina ogy is a “bottom-up” material accumulation method [2]; its unique processing method has
prominent advantages in mass customization and being lightweight. Combined with the
data and Internet integration of industry 4.0, it will have higher efficiency, more utility and
more eco-friendly production potential [3]. Its principle is the process of slicing the 3D
model to obtain the 3D coordinates of the model contour by software and then stacking the
Publisher’s Note: MDPI stays neutral  slicing layer by layer into the real object [4]. Its molding process can be divided into: Stereo
with regard to jurisdictional claims in T jthography Apparatus (SLA) [5], Selective Laser Sintering (SLS) [6], Laminated Object
published maps and institutional affil- - Manufacturing (LOM) [7], Fused Deposition Modeling (FDM) [8] and other technologies.
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fations. Digital light processing (DLP) 3D printing technology belongs to the subdivision of SLA
technology [9]. Because DLP 3D printing technology uses a surface light source, compared
with other 3D printing technologies, DLP 3D printing technology has the advantages of

high efficiency [10], high precision and individualization. Therefore, it is widely used in
dentistry [11], jewelry [12] and other precision fields.

DLP 3D printing technology first obtains two-dimensional slice images from a three-
dimensional model, and then the projection system is controlled to realize the projection
conditions of the Creative Commons _Of the images, the mechanical structure is driven to complete printing layer by layer and
Attribution (CC BY) license (https://  the model is finally manufactured [13]. Although DLP photocuring formed equipment
creativecommons.org,/licenses/by/ has been well applied, there are still problems such as weak adhesion of the forming layer
40/). and excessive separation force when the printing platform rises [14]. This separation force
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mainly comes from the adhesion of the cured resin and the vacuum suction caused by
the topical negative pressure when the resin is not filled in time as the printing platform
rises [15]. In order to reduce the separation force, Huang et al. [16] proposed enhancing
the adhesion by means of over-curing, but this would reduce the accuracy and printing
speed of the model. The dual-channel method proposed by Pan et al. [17] can also reduce
the separation force through the lateral movement of the liquid tank, but it will greatly
increase the printing time. A new technology, continuous liquid interface production, was
proposed by researchers at the University of North Carolina in 2015 [18]. The technique
utilized oxygen polymerization to create a tiny “dead zone” between the solidified layer
and the bottom of the tank, significantly reducing the separation force. However, the Teflon
film is expensive, limiting the development of the technology. The above methods solved
the problems by reducing the separation force; this paper aims to improve the adhesion
between the model and the printing platform by changing the mechanical structure and
improving the demolding efficiency and success rate of the printing model by combining
the structure with the demolding device.

In this work, through the design of the key components of the mechanical movement
system, hardware and control system, a DLP 3D printing forming device equipped with
a porous printing platform that is easy to be replaced and a swing mechanism for the
liquid tank is manufactured. The equipment uses Z-axis slide rail and limit switch as a
mechanical motion system, Raspberry PI as the control core, an LED UV light machine as
the light source and the expansion board for driving the movement of the stepping motor
to achieve the movement and control of DLP 3D printing equipment. The design of the
porous printing platform and the swing mechanism can not only enhance the adhesion
between the initial forming layer and the printing platform and make forming layer easier
to separate from the liquid resin but also can improve the demolding efficiency of the
forming device, and reduce the cost of equipment consumption. The stability and printing
effect of the device were verified by experiments with tooth models.

2. DLP 3D Printing Forming Principle

The core component of the DLP 3D printing forming device is the DLP projection
system, which can be divided into the upper exposure 3D printing forming device and
the lower exposure 3D printing forming device [19] according to the relative position of
the projection equipment and the liquid tank. The DLP 3D printing molding device we
designed in this work adopts the form of the lower exposure device. Compared with the
upper exposure 3D printing forming device, its advantages are that the demand for the
photosensitive resin is smaller, the liquid level does not need to maintain a calm level,
the scraping mechanism is not required to assist, and the printing rate is faster [20]. The
forming principle of DLP 3D printing with a lower exposure type is shown in Figure 1. The
liquid photosensitive resin is poured inside the tank, the initial position of the printing
platform is only one forming layer away from the bottom of the tank, and the cross-sectional
bitmap of the 3D model of the layer is projected onto the transparent window at the bottom
of the liquid tank so that the irradiated part of the photosensitive resin is polymerized to
form a solid thin layer of the cross-sectional bitmap of the corresponding layer. Then the
printing platform moves upward, and the distance between the solid layer and the bottom
of the tank is a forming layer that is prepared for the solidification of the next layer. In order
to reduce the adhesion between the solidified layer and the bottom of the liquid tank, a
release liner is attached to the bottom of the liquid tank. As the next layer starts to print, the
3D model will finally be printed at the bottom of the printing platform layer by layer [21].
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Figure 1. Lower exposure DLP 3D printing forming schematic diagram.

3. Overall Scheme Design

The structure of the DLP 3D printing forming device is shown in Figure 2, which is
mainly composed of the DLP projection system, mechanical motion system, hardware and
control system, liquid tank and device frame structure. The DLP projection system, as
the core component of the 3D printing forming device, is responsible for the projection of
the device, which determines the forming precision and speed of the 3D printing forming
device. The mechanical motion system is responsible for the movement of the printing
platform and resin tank swing, which ensure the success of the curing and bonding of
each solidified layer. The core component of the hardware structure and control system
is Raspberry PI, which is used to transmit users’ command and image information. The
resin tank is used to place photosensitive resin materials; the device frame is to ensure the
stability of the overall mechanical structure of the equipment. The DLP projection system,
mechanical motion system, hardware structure and control system are the most important
parts of the DLP 3D printing forming device. Therefore, this work focuses on the above
three systems.

Mechanical motion
system

liquid tank

(4

device frame structure

DLP projection

system

Figure 2. Structure of the DLP 3D printing molding device.

3.1. DLP Projection System

The working principle of the DLP optical projection device and UV optical machine is
shown in Figure 3. It uses the light emitted by the light source to be adjusted by the optical
lens and optical intensity sensing equipment, and then a clear light source area is projected
through the reflection of the Digital Micromirror Device (DMD) and is amplified by the
lens. The DMD is arrayed with millions of independently rotating micro-mirrors, each of
which can be deflected +12° in both positive and negative directions. It is used to control
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the projection angle of light, determine whether the light can reach the projection surface,
and complete the optical projection, as shown in Figure 3a. Nowadays, the high-pressure
mercury light source has been replaced by an LED light source because of its disadvantages,
such as high-energy consumption, serious heating and short life. Based on the advantages
of low-energy, small volume, and excellent performance of LED light source [22], the DLP
3D printing forming device adopts an LED UV optical machine as the projection device.

Pixel image DLP control
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eeeode system
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Figure 3. DMD projection schematic diagram and machine. (a) DMD projection schematic diagram;
(b) UV light machine.

The selection of a UV optical machine should not only consider whether the light
source meets the sensitive band of the resin polymerization reaction but also consider the
power of the light source [23]. At present, there are three light emitting wavelengths from
LED light sources, including 365, 395 and 405 nm; ultraviolet light at 365 and 395 nm can
be absorbed by photosensitive resin. However, considering its power is not enough, the
light source with a wavelength of 405 nm is selected. In order to meet the requirements
of printing accuracy, the UV optical machine (type pro 4500, Beijing Wintech Technology
Co., Ltd., Beijing, China) with a resolution of 1080 x 800 is selected. The object’s pictures of
the UV optical machine are shown in Figure 3b. The optical machine projection contains
1080 pixels horizontally and 800 pixels vertically. The smaller the projected images are, the
higher the resolution of the projected images are, and the better the precision and surface
quality of the models are.

3.1.1. Printing Platform

In order to improve the stripping efficiency of the printing model and increase the
adhesion between the model and the printing platform, a porous printing platform with
easy demolding is designed and manufactured, as shown in Figure 4a. The printing
platform is composed of an upper cover, a removable porous printing platform and a
demolding device.

As shown in Figure 4b, the demolding device consists of a manual bolt, a disk, cylin-
ders and a spring mechanism. Whether the first layer of the model can be cured and bonded
on the printing platform is the key to the success of the whole model printing. Before
printing, the cylinders of the demolding device are pushed into the removable porous
printing platform, and there is a small distance between the bottom of the cylinder and the
surface of the porous printing platform. The purpose of this is to increase the curing area of
the first layer of the model and the printing bottom surface after the printing task is started.
Thus, the adhesion of the first layer of the model on the printing bottom surface is increased,
and it prevents the first layer of the model from falling from the printing platform; this
improves the success rate of printing. The removable porous printing platform is positioned
by cylinders extending into the small hole to prevent the bottom plate from shaking during
the printing process and affecting the printing accuracy. When the printing is completed,
the disk with the cylinder can move downward through the rotation of the manual bolt,



Appl. Sci. 2022,12,7373

5o0f 14

and the cylinders push on the bottom of the model. Therefore, the model can be easily
removed. The demolding device is restored to its original state by the spring elasticity. At
the same time, the removable porous printing platform can be pulled out easily from the
bottom slot for cleaning and replacement.

Demoulding
device

Upper cover
.Y 1
\\\ P

’ Removable porous

)
7 A \\
; -.‘\"\\
‘\x‘t*\\?/

AYY

printing plate
Telescopic
cylinder

Spring mechanism

Telescopic cylinder
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Figure 4. Structure diagram of the porous printing platform for easy demolding. (a) The overall
structure diagram of the printing platform; (b) Structure diagram of the demolding device.

3.1.2. Z-Axis Motion Mechanism

First, the screw is selected. The calculation method of the helical pitch P}, is shown in
Equation (1):

P, = @ 1)

Nmax
where Vp,yx is the maximum moving speed of the screw pair (mm/min), and npayx is the
maximum speed of the motor (r/min).
The calculation method of the Dynamic Load Rating is shown in Equation (2):

Fnf
100f,

where np, is the equivalent speed (r/min), Ly, stands for the expected working time (h), Fi
is the equivalent load (N), f, is the load coefficient and f; is the precision class.

Screw installation is fixed at both ends, so the calculation method of the bottom
diameter of thread d; is shown in Equation (3):

FoL

> 0.
da > 0.039 10006,

®)

where Fj is the static friction force of the guide rail (N), L is the maximum distance between
the two fixed supports (mm) and o, is the maximum allowable axial deformation (mm).

According to Equations (1)—(3), it can be calculated that the helical pitch P}, is 0.48 mm,
the dynamic load rating Cam is 31.241 N and the bottom diameter of thread d; is equal to
or greater than 1.112 mm. Therefore, the specification code 0802-3 for the type of screw is
selected. Its helical pitch Py, is 2 mm, dynamic load rating Cam is 1438 N, bottom diameter of
thread d, is 7.1 mm, nominal diameter d; is 8 mm and all selections meet the transmission
requirements. According to the printing size requirements, the stroke of the ball screw is
200 mm, and the stroke of the limit switch is 95 mm.

In order to ensure the accuracy requirements of the experimental printing model, the
pre-selected motor model is the 42CM06 stepping motor (Dongguan Stepping motor Co.,
Ltd., Dongguan, China) its stepping angle is 1.8° and its rated torque is 0.6 N-m. The
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calculation methods of maximum acceleration torque at no load Teq; and the maximum
working load torque Teqp of the stepping motor are shown in Equations (4) and (5):

27 eqnim
T, =<4 ™ 4
eql 60t,m ( )
FP
Te2 = 2o )

where Jq denotes the total moment of inertia of the stepping motor (kg-m?), Np, is rotational
speed (r/min), T, is acceleration time of stepping motor (s), F is the maximum working
load on the workbench (N), Py, is the stroke of the screw (m), 1 is transmission efficiency
and i is total transmission ratio.

According to the above calculations, the maximum load torque Teq on the loading
stepping motor shaft should be:

Teq = Teql + Tqu (6)

According to the mechanical structure, the total moment of inertia of loading on
the stepping motor shaft is 1.54 x 10~° kg.m?. When the stepping motor speed reaches
120 r/min, its acceleration time is 0.2 s, transmission efficiency is 0.85 and helical pitch is
2 mm. The maximum working load of the stepping motor is 4.06 N. According to Equations
(4) and (5), Teq1 is 0.0010 N-m, and Teqp is 0.0015 N-m, and according to Equation (6), Teq
is 0.0025 N-m. It can be known that the maximum load torque on the shaft of the loading
stepping motor is within the torque range of the 422CMO06 stepping motor. Figure 5 shows
the selected ball screw slide module.

Ball screw
Stepping motor mechanism

' ' o

[

Shaft coupling Limi it
imit switch

Figure 5. Z-axis screw slide module.

3.1.3. Swing Mechanism

The DLP 3D printing forming device adopts the direct tearing method in the process
of separating the molding layer from the bottom of the liquid tank. Although the release
liner is used, the forming layer still falls from the platform sometimes, thus increasing the
replacement frequency of the release liner and the maintenance cost. In order to further
improve the separation efficiency between the model forming layer and the bottom of
the liquid tank in the printing process, reduce the replacement frequency of the release
liner and the maintenance cost, a swing mechanism was designed. The swing mechanism
consists of the stepping motor, limit switch, spring mechanism, motor mounting frame and
liquid tank mounting plate. After each layer of the model is printed, the swing mechanism
drives the liquid tank downward for a small angle and makes the forming layer easier to
peel away from the bottom of the tank. Next, the stepping motor drives the liquid tank up
to the horizontal position to prepare for the printing of the next layer of the model. The
swing mechanism is shown in Figure 6.
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Figure 6. Swing mechanism.

3.2. Hardware and Control System

The DLP 3D printing forming device mainly consists of a hardware system and control
system. The hardware system mainly includes Raspberry PI, expansion board, motor
driver and IPS touch screen, among which Raspberry PI is the control core. The Raspberry
PI connects to the expansion board via its GPIO pin for command transmission. Users
input 3D printing parameter commands through the IPS touch screen, and the command
information is transmitted to the expansion board, which controls the movement of the
stepping motor module to complete the 3D printing. The control system (Ningbo Runyes
Medical Instrument Co., Ltd., Ningbo, China) is mainly composed of an image output
module, stepping motor module, user control module and power module, and its structural
control principle is shown in Figure 7.

External
. Touch
input
. screen
equipment
Image Users
L input parameter
Orlrllte;iet setting
.. . Steppin
projection Raspberry expansion mIc))for &
module PI board
module
Device power Pulse
supply drive
Power
supply
module

Figure 7. Hardware control structure diagram.

Raspberry PI was officially launched by Eben Upton of the University of Cambridge
in March 2013. It is a card computer with an open embedded system based on Linux.
It can realize powerful functions and has the advantages of low-power consumption,
small size and low price by installing the corresponding Linux system and corresponding
applications. In particular, Raspberry PI has WIFI, Bluetooth and other functions, which
facilitates the realization of the wireless online printing function of the printer and facilitates
the detection and evaluation of product quality problems in the printing process [24]. The
quality problems caused by the shedding of the model layer are expected to be solved by
adding a buffer layer [25].

The HDMI interface of Raspberry PI is used to control the output of images. First,
users insert the YXP image set file, which contains the completed slices, into the port of
the device. The Raspberry PI image parsing and display program reads the PNG image
in the file and transmits the image information to the projection system to control the
projection system and complete the projection work. Users determine the printing process
of the projection system by inputting the exposure time and other parameters. The printing
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device will feed back the current printing progress to the user’s control interface. When
the projection system receives pause or stop command information from users, the image
parsing projection program immediately executes the current command and enters the
empty loop. The program flow is shown in Figure 8.

Images file path

e

Format correct?

Read images

Analyze images

v

Specify image
position

v

Project images |
Feedback current and time delay [
layer number
display to users 4—*
control module End the layer
projection

Figure 8. Flow chart of projection program for image analysis.

The stepping motor control module is the core of the control system, which directly
determines the accuracy of the 3D printing model. The Z-axis motion control and posi-
tion limit of the 3D printing device are realized by using a digital actuator and a U-slot
photoelectric limit switch. The expansion board realizes the driving function of the motor,
photoelectric limit switch, touch screen driver and other components. Its interface is simple,
and data transmission is convenient. The DM422C stepping motor driver (Shenzhen Leysai
Intelligent Control Co., Ltd., Shenzhen, China), with the function of over-voltage and short
circuit protection, adopts the connection method of a common anode. The PUL interface
transmits the pulse signal, and the stepping motor rotates at an angle into a pulse signal.
The DIR interface transmits the direction signal, and it is used to control the motor steering.
The OPTO interface is connected to a 5 V power supply, and the ENA interface transmits
the enable control signal. The DM422C and 42 stepping motor wiring diagram is shown in
Figure 9a. The number and frequency of pulses transmitted by the stepping motor to the
driver through the expansion board can accurately control the speed and position of Z-axis
movement. The specific control process is shown in Figure 9b. The LRS-150-12 switching
power supply is adopted for the device, which can convert the alternating current of the
home into 5 and 12 V of direct current to supply power to each module of the device and
ensure the normal operation of the DLP 3D printing forming device and completion of the
printing work.
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Figure 9. Schematic diagram and glow diagram of the stepping motor. (a) Schematic diagram of the
connection of the 42-stepping motor; (b) Flow diagram of the stepping motor control module.

4. Experimental Verification

According to the DLP projection system, a mechanical motion system, hardware
and control system, liquid tank and device frame structure were selected in this work,
and a DLP 3D printing forming device was built, which met the basic requirements of the
experiment. The cost is about 25,000 CNY, which is lower than that of the same performance
device in the market, so it has a certain cost advantage. The device is suitable for most
photosensitive resins with 405 nm absorption in the market, such as common rigid resins,
flexible resins, dental biocompatibility resins and other molding materials. The device



Appl. Sci. 2022,12,7373

10 of 14

is shown in Figure 10, and the device parameters are shown in Table 1. Figure 11 is the
adhesion test figure of the DLP 3D printing platform. Blocks with length, width and
height of 40 x 40 x 10 mm are printed by this device. The CMT5105 universal testing
machine is used to carry out a tensile test at a speed of 1 mm/min. The maximum force of
separation from the traditional printing platform is 195.2 N. However, the maximum force
of separation from the porous printing platform is 220.7 N, which verifies that the device
has enhanced adhesion.

Mechanical motion
system
Liquid tank

Device framework

DLP projection
system

Figure 10. DLP 3D printing forming device.

Table 1. Parameters of DLP 3D printing device.

Device Parameters Value
Printer size 320 x 300 x 585 mm
Input parameters AC 220V /50 HZ
Printing accuracy +0.05 mm
Recommended printing thickness 0.1 mm
Printing speed 40 mm/h
Maximum printing size 89.6 x 56 x 95 mm
Power 65 W
Net weight 20Kg

Traditional
printing
platform

Porous
printing
platform

Tensile testing machine

Figure 11. Adhesion test figure of printing platform.
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The DLP 3D printing technology is a suitable 3D printing technology for dental
applications because the dental models printed by the DLP 3D printing technology have
high accuracy, surface hardness and bending strength [26]. Many dental applications can
be effectively printed using DLP 3D printing technology, including dental models, dental
crowns, custom trays, etc. [27]. In this experiment, the adult tooth model was selected for
the comparative printing experiment, and the same adult tooth model was printed and
compared by the traditional printing device and the printing device that was designed
in this paper. First, a 3D model of an adult tooth was established and sliced, and the
slicing file was imported into the device port. Then, the printing platform was leveled,
and liquid resin was poured into the liquid tank before printing. After the printing work
was completed, the tooth model was removed and cured secondly. The specific process is
shown in Figure 12.

h» -y

Tooth model Model slicing Manual leveling Pour into resin

I b |

Secondary curing Model effect Printing result Printing process

Figure 12. Operation flow diagram of DLP 3D printing forming device.

Figure 13 is the printing result of the adult tooth model, in which Figure 13a,c,e are
the printing results from traditional equipment, and Figure 13b,d,f are the printing results
from the equipment studied in this paper. It can be seen that the 3D printed tooth model
studied in this paper maintains good surface quality and printing accuracy. As shown
in Figure 13f, small protrusions with uniform distribution are distributed at the bottom
of the tooth model, indicating that the curing area at the bottom of the printing platform
and the bottom of the model has increased. As shown in Figure 13g,h, due to the longer
exposure time of the bottom layer, the resin solidifies in the groove of the printing platform
and forms a riveted structure. The adhesion area between the bottom resin layer and the
printing platform increases. According to the adhesion mechanical connection theory, the
adhesion between the resin coating and the printing platform increases to a certain extent.
The traditional printing platform needs to scrape the tooth model with a scraper. The
printing platform designed by this device only needs to push out the model with a manual
bolt, which has high stripping efficiency. At the same time, the design of a detachable
printing platform is convenient for cleaning and replacement and reduces the maintenance
cost of the traditional printing platform in the later period.
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Figure 13. (a—f) Contrast diagram of printing model; (g,h) Adhesion mechanism diagram of resin.

5. Conclusions

(1) A DLP 3D printing forming device with enhanced adhesion and efficient demolding
was designed and manufactured. The device solved the problems of model shedding and
difficult model stripping in the printing process, and it has a good application prospect and
provided an experimental basis for subsequent theoretical research.

(2) By designing the structure of the removable porous printing platform, the efficiency
of the 3D printing model was improved, and the damage to the printing platform caused
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by the traditional demolding method was reduced. In the process of printing the model,
the porous structure was used to increase the curing area between the first layer of the
model and the printing platform so that the model was easier to adhere to the printing
platform and improve the success rate of printing.

(8) Through the design of the swing mechanism, after the printing of each model layer,
the stepping motor and limit switch device was used to make the bottom side of the liquid
tank tilt down at a small angle, reducing the lifting force of the printing platform, and
making the model more easily attached to the bottom of the printing platform.

(4) The designed printing device with Raspberry PI as the control core had the ad-
vantages of simple structure, convenient operation, stable operation of each module of the
control system, high precision and high speed.
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