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Abstract: Additive manufacturing, commonly called 3D printing, has been studied extensively
because it can be used to fabricate complex structures; however, polymer-based 3D printing has
limitations in terms of implementing certain functionalities, so it is limited in the production of
conceptual prototypes. As such, polymer-based composites and multi-material 3D printing are
being studied as alternatives. In this study, a DLP 3D printer capable of printing multiple composite
materials was fabricated using a movable separator and structures with various properties were
fabricated by selectively printing two composite materials. After the specimen was fabricated based
on the ASTM, the basic mechanical properties of the structure were compared through a 3-point
bending test and a ball rebound test. Through this, it was shown that structures with various
mechanical properties can be fabricated using the proposed movable-separator-based DLP process.
In addition, it was shown that this process can be used to fabricate anisotropic structures, whose
properties vary depending on the direction of the force applied to the structure. By fabricating
multi-joint grippers with varying levels of flexibility, it was shown that the proposed process can be
applied in the fabrication of soft robots as well.

Keywords: multi-composite materials; photo-polymerization; additive manufacturing; 3D printing;
photochromic; laminar composite

1. Introduction

The polymers used in 3D printers must have various material properties depending
on the printing method, meaning there can be differences in resolution and surface quality.
The various 3D printing methods using heat sources such as heat cartridges or lasers mainly
use thermoplastic polymers such as acrylonitrile butadiene styrene (ABS) [1–3], polylactic
acid (PLA) [1,2,4], polyamide (PA) [5], and polycarbonate (PC) [6]. The material extrusion
(ME) method, which is the most representative 3D printing process, has the advantages of
involving simple equipment, low price, and the ability to print various composite materials,
although it has the disadvantage of very low resolution and surface quality. The powder
bed fusion (PBF) method, which uses a laser as a selective heat source, has excellent
printing quality, although it is difficult to achieve various properties due to material
limitations caused by processes characteristic of selective rapid heating. On the other hand,
thermosetting polymer materials such as epoxy resins are mainly used for printing methods
using ultraviolet (UV) light sources such as UV laser or digital light processing (DLP) [7–9].
Since UV energy is irradiated into the liquid resin to cause a solidification reaction, the
structural precision and bonding strength between layers are excellent, although there are
limitations in terms of material diversity and functionality. As such, 3D printing process
using UV energy is used in various fields, such as in the aerospace industry to create
complex and lightweight structures [10], in architecture to create structural models [11], in
art fields for artifact replication or education [12], and in medical fields for printing of tissues
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and organs [13], although there are many restrictions on its functional implementation,
meaning it is limited to the production of conceptual prototypes.

Polymer-based composites and multi-material printing are being studied as new
alternatives to impart various selective functionalities to 3D-printed structures [14–17]. In
particular, among the various 3D printing methods, research cases using the photo-catalytic
reaction method, which can lower equipment costs while maintaining high resolution and
good surface quality, have been published extensively [18,19]. Among the photo-catalytic
reaction methods, material jetting (MJ) is based on an inkjet structure, meaning it has
advantages in terms of the printing quality and material diversity through the use of
multiple nozzles [20]; however, in the MJ method, since the material is sprayed through
a fine nozzle and then cured by ultraviolet light as is, if a material is used with physical
properties that are difficult to control, the quality is greatly reduced [21]. In addition, if a
composite material containing powder is used, abrasion and clogging of the fine nozzle may
occur due to the powder; that is, since most of the composite materials used for 3D printing
contain various functional powder materials, the viscosity of the resin used increases and
aggregation occurs, which makes it difficult to use them in MJ 3D printing. For this reason,
recently the printing of functional composite materials using photo-polymerization (PP)
has been actively studied [22–25]. Among these studies, a method involving the curing of
resin using a DLP projector has been widely used due to the relatively low price and high
printing speed involved.

Figure 1 shows a schematic diagram of the photo-polymerization process based
using a DLP projector when photochromic pigments are used as the functional powder
materials. The UV-curable resin used in the photo-polymerization method is basically
composed of a monomer, an oligomer, a photo-polymerization initiator, an absorber, and
other components. When UV light is irradiated onto the resin, the initiator in the resin
absorbs the UV energy of a specific wavelength to generate radicals or cations in order to
induce polymerization, thereby forming a link between materials such as the monomers
and oligomers to make a polymer [26]. At this time, the photochromic powder mixed
with the composite material in this study exists in a physically dispersed state in the UV-
curable resin; therefore, as a chemical photo-polymerization reaction occurs due to the
ultraviolet light, a link is formed between the monomer and the oligomer and the powder
is physically trapped between the linked materials, thereby making causing composite
material solidification reaction. When one layer is solidified in this way, the shape of the
next layer is irradiated after the Z-axis stage movement and the three-dimensional solid
structure is completed via repeateded additive printing.
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Figure 1. Photo-polymerization of resin with functional powder added.

There are, however, limitations to this approach, in that it is difficult to print various
materials selectively, along with the sedimentation of functional powders that occurs
because printing is performed while the resin is immersed in a vat without a repetitive
material supply process. Nevertheless, since the photo-polymerization method has a
great advantage in terms of material diversity, various studies involving the printing of
multi-composite materials are continuously being attempted. Various other methods have



Appl. Sci. 2021, 11, 8545 3 of 18

been studied, including a printing method involving a rotating vat containing different
resins [27], a method involving pneumatically injection and replacement of the resin in the
vat [28], a method involving supply of resins using a syringe instead of a vat [29–31], and
a method involving the coating of resins on thin film [32]; however, these methods have
limitations in their application because the equipment involved may be excessively large
compared to the size of the printed product, the zero point of the Z-axis may be shifted due
to vat changes due to material switching, or powder sedimentation problems may occur.

As such, in this study, a new process and new equipment capable of printing multi-
composite materials are proposed, involving a movable separator being installed in the
resin vat. Since the proposed equipment does not require additional installation space, it
has excellent compatibility with existing equipment, and because it is based on a single
resin vat, there is no risk of shifting the origin of the Z-axis. Even when switching materials.
In addition, since it is possible to generate repetitive forced flow during the 3D printing
process, the problem of powder sedimentation can also be improved. Through this, the
selective additive printing of multi-composite materials can be performed to evaluate vari-
ous mechanical properties of the printed structure. In addition, by selective printing with
appropriately rigid or flexible materials, application cases such as anisotropic structures
and multi-joint grippers can be fabricated and the physical properties can be evaluated.

2. Experimental Details
2.1. Experimental Device

The equipment used in this experiment included a general 3D printer structure con-
sisting of a FHD (1920 × 1080) DLP projector (H1180HD, Vivitek, Taipei, Taiwan), a Z-axis
stage, a printing bed, and a controller, as shown in the conceptual diagram in Figure 2. In
addition, a movable separator was added to a single vat to enable selective printing of
two materials. As a light source, a xenon arc lamp was used, which was basically installed
in a DLP projector. In this case, since the wavelength range from ultraviolet to infrared
was emitted, a hot mirror (0◦ AOI, Edmund Optics, Barrington, NJ, USA) was used to
block wavelengths above 710 nm to minimize unnecessary heat generation, which is fatal
to the life of the DLP. The output power of the lamp was fixed at the level of 60% of the
maximum to increase the stability and lifespan during long-term use. At this time, the
output power measured with a light power meter (UIT-250, USHIO, Tokyo, Japan) from
the printing surface was 3.12 mW/cm2. The resin vat was made by attaching Teflon tape
with excellent release force to the bottom of an acrylic plate so that the cured resin was
separated well while having excellent ultraviolet light transmission during the process.
A movable separator, as shown in Figure 3, was installed so that the two materials could
be selectively switched. A vehicle wiper blade rubber was attached to the edge of the
separator to ensure that it had sufficient durability for repeated movement and could be
easily replaced at the same time. Precision-grade LM guides were installed on both sides
to allow the vat and separator to move horizontally while maintaining a constant distance.
Table 1 shows the specifications for the proposed 3D printer. The thickness of each layer
could be controlled from 25 to 100 µm, although it was set to 50 µm in consideration of the
printing time and precision.
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Table 1. Printing conditions for test specimen fabrication.

Variables Values

Build size 134.4 mm × 75.6 mm × 200 mm
X-Y pixel resolution 70 µm

Curing power 3.12 mw/cm2

Layer thickness 50 µm

2.2. Materials

Hard (STD-clear, TINT, Gunsan, Korea) and soft (Flexible resin, XYZprinting, New
Taipei, Taiwan) materials, which had significantly different mechanical properties after
photo-polymerization reactions, were used to investigate the changes in the physical prop-
erties of the printed structure through selectively switched printing of multiple materials.
In order to provide additional functionality, a photochromic catalyst that was able to vi-
sualize the differences without significantly changing the mechanical properties of two
materials among various powders was mixed. There are two types of photochromic cata-
lysts, dyes and pigments; most of the previous 3D printing studies have used dyes, which
are completely soluble in resin, meaning there are no dispersion problems and they are
easy to print; however, the dyes are mainly soluble in organic solvents, such as acetone and
ethanol, as well as specific polymers (PP, PE, ABS, acrylics, etc.), so there are restrictions
on the usable materials and they are very sensitive to the mixing ratio. In addition, they
are chemically unstable because they are altered by the hydroxyl group (OH), so there is a
limitation in using them conveniently as general-purpose materials. On the other hand, pig-
ments are chemically stable, meaning they do not dissolve or react in the resin and the color
develops by itself; however, when printing composite materials containing pigment-type
photochromic powder using a general 3D printer, the printing quality is greatly reduced
due to problems such as sedimentation or reduced dispersion. On the other hand, the
proposed movable separator in this study can produce a continuous forced flow of resin
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during the printing process, which can solve the above dispersion problems; therefore, a
pigment-type photochromic powder with little influence on the material properties and
excellent versatility was physically mixed with two types of commercial resins.

The pigment-type photochromic powder (C-Red and C-Yellow, Nano ENC, Ansung,
Korea) used in this experiment had an average size of about 1 to 5 µm and color expression
at 280 to 382 nm of UV wavelength; therefore, in normal times, it appeared as a single
material without distinguishing colors, although when irradiated with light of a specific
wavelength the color changed so that the mechanical properties could be seen. For this
purpose, as shown in Table 2, composite materials A and B were prepared by mixing 5 wt%
of two types of photochromic powder with two types of commercial resin. Both commercial
resins used in this experiment were clear-type resins, although the transparency of com-
posite materials A and B was decreased due to the influence of the mixed photochromic
pigment. As a result, the two composite materials showed a similar opaque ivory color
in an environment without UV, although there was a difference in contrast. In order to
determine the curing conditions for the two composite materials, as shown in Table 3,
the cured depth was measured while the light irradiation time was changed in units of
1 s. The curing characteristics of the original materials were different, and as the added
pigment was discolored by ultraviolet light during the printing process, it affected the
photo-polymerization reaction, and thus the curability was lower than that of the origi-
nal materials. In order to secure sufficient interlayer bonding strength and mechanical
properties, the curing times of materials A and B were set to 2 and 3 s, respectively.

Table 2. Weight ratio of the composite materials.

Material A Material B

STD Resin
(Hard Material)

C-Red
Pigment

Flexible Resin
(Soft Material)

C-Yellow
Pigment

Weight ratio (%) 95 5 95 5

Table 3. Cured depth according to UV exposure time.

UV Exposure Time(s)

1 2 3 4 5 6 7

Material A (µm) 60 190 230 320 360 390 420
Material B (µm) - - 111 192 271 361 436

2.3. Test Methods
2.3.1. Three-Point Bending Test

In order to measure the flexural stress using the 3-point bending test, which is widely
used to measure the mechanical properties of a plate, a thin rectangular bar-shaped spec-
imen of 76.8 mm × 12.7 mm × 2.7 mm based on the American Society for Testing and
Materials (ASTM) D790 was designed, as shown in Figures 4 and S1 [33]. A micro material
tester (E3000LT, Instron, Norwood, MA, USA) with a maximum static load of 2100 N and an
accuracy of 0.15 N was used to measure the flexural stress. A bar specimen manufactured
according to a standard test method was placed on two circular supports and a load was
applied to the middle part between the supports with a round loading nose. The diameter
of the support and the loading nose was 5.0 ± 0.1 mm. Since the support spacing should
be set between 15 and 17 times the thickness of the specimen, the depths of the beam (d)
and support span (L) were set to 2.7 mm and 45 mm, respectively. Since a polymer based
material was used, it could withstand a relatively large bending deformation; therefore,
after setting the rate of straining of the outer fiber (Z) to 0.1 mm/mm/min, the rate of
crosshead motion (R) was set as 12.5 mm/min based on Equation (1). According to ASTM,
the test was carried out until the strain reached 5%, and in order to secure reliable results, all
specimens were fabricated and tested 5 times each. The flexural stress (σf) was calculated
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using Equation (2) based on the obtained load value (P). At this time, the width of the beam
(b) was 12.7 mm.

R = ZL2/6d (1)

σf = 3PL/2bd2 (2)
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In order to test the degree of resilience of the printed specimen, a ball rebound
test was performed based on ASTM D3574 [34]. The dimensions of the specimen were
43 mm × 40 mm × 13.5 mm based on the ASTM D3574-Test H standard, while the internal
structure was designed as a complex honeycomb structure, as shown in Figures 5 and S2,
in order to maximize the differences between materials and the advantages of 3D printing.
The honeycomb was designed as a regular hexagonal grid structure with a side length of
2.5 mm and a shell thickness of 0.5 mm; however, when the surface of the specimen was
also fabricated as a honeycomb structure, the contact surface was not uniform when the
steel ball was dropped, so the bounce direction or the degree of shock absorption varied
depending on the location. As such, in order to increase the reliability of the test, the surface
was designed in the shape of a flat plate with a thickness of 0.5 mm. A steel ball tester
suitable for ASTM D3574-Test H standard was also made. A steel ball with a diameter of
16.03 ± 0.2 mm was attached to an electromagnet to allow it to fall freely from a height of
500 mm. To measure the height of the bouncing steel ball, an acrylic tube with an inner
diameter of 40 ± 4 mm was installed and a ruler with 1 mm units was attached. In order
to eliminate the effect of the bottom surface, the specimen was fixed on the surface plate
and then the steel ball tester was installed in accordance with the height of the specimen
top surface. At this time, the steel ball tester was fixed to the wall so that the weight of
the steel ball tester was not transferred to the specimen. To measure the rebound height, a
camera capable of high-speed shooting (iPhone 7, Apple, Cupertino, CA, USA) was fixed
to a tripod, and the maximum height of the steel ball was measured by recording at 720 p
(HD) and 240 fps. In order to ensure the reliability, the test was performed 3 times. Based
on the measured maximum rebound height, the rebound height ratio was calculated using
Equation (3).
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2.3.3. Anisotropic Structure Test

The laminar composite structure, involving continuously switched printing of two
materials with a thin layer thickness, showed a new mechanical property rather than
showing the properties of individual materials; however, since the printing of two materials
in the macro area similarly to a half-and-half structure showed the mechanical properties
of each material individually, the measured values of the impact or bending test were
different depending on the test direction. Using these results, the anisotropic structure was
used to change the resilience property according to the impact direction of the steel ball
by switching the printing material inside the structure for each section. The specimen for
the test was designed as a 37.25 mm × 37.25 mm × 37.25 mm cube with the same size as
shown in Figures 6 and S3 in order to satisfy the ASTM D3574 TEST H standard and to
avoid structural differences depending on the impact direction of the steel ball. As in the
previous test, the surface of the cube directly contacting the steel ball was designed as a flat
plate shape to reduce test errors. In order to eliminate structural differences depending on
the impact direction, a regular octagonal structure with a side length of 1.843 mm and a
shell thickness of 0.55 mm was continuously arranged inside the specimen.
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2.3.4. Soft Grippers Test

The use of 3D printing is common in the fabrication of pneumatic grippers for soft
robots because it is easy to print complex structures [35–37]; however, in previous studies,
it was not possible to change the various behaviors of the grippers because the printing
was based on a single material. Using the composite material printing process proposed
in this study, it is possible to provide different selective properties for each position of
the gripper, allowing for more diverse types of pneumatic gripper behavior; therefore, as
shown in Figures 7 and S4, after designing the pneumatic gripper, the behavioral changes
according to the pneumatic pressure were examined while changing the material for each
printing position.
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3. Results and Discussion
3.1. Laminar Composite Structure

The laminar composite structure is similar to the concept of pattern recognition [38],
which approaches the human perception ability as a pixel-based computer. When three
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colors of light are irradiated into a local area, it appears as one color due to averaging of
the color ratios. In a similar way, two or more materials with different properties can be
used to create a new composite material with altered properties [39,40]; therefore, in this
paper, as shown in Figure 8, a plate-reinforced composite structure was produced through
selectively switched printing of two different materials. In this process, if two materials
with different mechanical properties are continuously switched with a thin printing layer
thickness, structures with new properties can be manufactured from a macroscopic point
of view.
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A movable separator was used to selectively print two types of materials on a desired
layer. As shown in Figure 9, material switching was achieved through the following
process. When the printing bed was raised after the curing of one layer was completed,
the movable separator pushed the existing material A out of the printing area and filled
the vat with material B. Next, the printing bed descended again to cure the next layer with
the switched material. At this time, since the bonding force between different materials
is lower than that of the same material, immediately after changing the material, 2 s of
additionally curing took place, which was longer than the basic irradiation time of the
changed material [31]. The printed structure was post-processed in a UV curing machine
for 1 h to secure stable properties and then used for the experiment.
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3.2. Three-Point Bending Test
3.2.1. Fabricated Specimens

As shown in Figure 10, a total of 5 types of specimens were prepared according to
the material and printing method. Since the manufacturer did not provide the mechanical
properties of the base resins of materials A and B, test specimens for a single material
were also prepared. In addition, since materials could also be changed through compli-
cated processes with the existing equipment, half-and-half structures were fabricated by
changing the material only once, as shown in Figure 10c,d. In general, when conducting a
bending test, compressive force is generated on the upper surface under load and tensile
force is generated on the opposite surface. Accordingly, since the flexural stress behavior
varies depending on the upper and lower positions of materials A and B, two types of
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specimens were prepared in the order of material A–B and B–A, respectively. Finally, the
laminar composite structure described in Section 3.1 was fabricated while continuously
changing the material for each layer. As can be seen in Figure 10, the printed specimen
was observed to have almost the same color in an indoor space without ultraviolet rays,
although there was little difference in contrast; however, it was confirmed that different
colors were shown due to the influence of the photochromic pigment present inside the
material when irradiated with ultraviolet light. When material A with red pigment and
material B with yellow pigment were printed with only a single composite material, this
was observed according to the color of the pigment mixed in each material. For the half-
and-half structures printed with different materials at half of the total thickness, the color
of the material located on the top was observed. For the laminar composite structure in
which the material was changed for every printed layer, a mixed color of red and yellow
was observed. Through this, it was confirmed that the structures printed with a composite
material mixed with photochromic pigments were able to show the differences between
materials through ultraviolet irradiation.
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3.2.2. Test Results

As a result of the 3-point bending test, the flexural strain and stress were obtained as
shown in Figure 11. Based on ASTM, the test was carried out up to the point of flexural
strain of 5%, with no fracture occurring in any of the specimens. The test was repeated
5 times for each specimen and the flexural stress at 5% flexural strain is shown in Figure 12
as the average and standard deviation. For materials A and B, which were printed with
only a single composite material, the difference in mechanical properties of the base resin
was very large, so the differences were about 20 times greater with flexural stress levels
of 4.746 MPa and 0.228 MPa, respectively. For the half-and-half structure, in which the
material was changed only once and printed with different materials for half of the total
thickness, the value was slightly lower than the median value of the flexural stress of
materials A and B. In addition, the flexural stress levels differed by about 25% depending
on the printing order and bending direction of materials A and B. As mentioned above,
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this was because the type of force received by each material varied depending on the
printing order and bending direction of the materials. Accordingly, when hard material A
received tensile force it showed about 25% higher flexural stress than when soft material B
received tensile force. On the other hand, for the laminar composite structure in which the
material was changed for each printed layer, a force of 2.326 MPa, which was similar to the
median value for materials A and B, was shown regardless of the printing order or bending
direction of the materials. In other words, the half-and-half structure and the laminar
composite structure contained the same ratio of materials A and B, although their bending
properties were different. Unlike the half-and-half structure, which was a simple bond
of two plates with different properties, the laminar composite structure showed mixed
properties from a macroscopic point of view due to the plate-reinforced effect caused by
continuously changing the printed material for each layer over a microscopic area.
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3.3. Ball Rebound Test
3.3.1. Fabricated Specimens

As shown in Figure 13, five types of specimens were fabricated in similar types to
the 3-point bending test specimens. The test specimens were two types of specimens
printed with materials A or B, two types of half-and-half structures with different surface
properties in contact with the steel ball with different printing orders, and one type of
laminar composite structure. Similar to the previous test, each printed specimen showed
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similar colors in an indoor space without UV light, although when exposed to UV light,
different colors were shown for each material by the mixed photochromic pigment.
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3.3.2. Test Results

The ball rebound test was repeated 3 times for each specimen type, with the average
and standard deviation of the test results shown in Figure 14. For materials A and B,
which were printed with only a single composite material, the rebound height ratios were
36.59% and 4.05%, respectively, which showed an approximate 9-fold difference due to the
differences in the mechanical properties of the base resin. In particular, in this test, even
for the half-and-half structure, the properties of the surface in contact with the steel ball
changed significantly depending on the printing order, resulting in a difference of more
than 3 times at the rebound height ratio. Although the material ratio and structure were
the same, it could be seen that the case where the steel ball contacted hard material A had
significantly higher resilience than the case where the steel ball contacted soft material B.
Through this, it was found that the half-and-half structure behaved as if two plates with
different properties were simply joined together, as in the previous 3-point bending test.
On the other hand, the laminar composite structure showed similar properties to a new
material through the plate-reinforced composite effect, as evidenced by having the same
rebound height ratio regardless of the direction of the steel ball impact.
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3.4. Anisotropic Structures
3.4.1. Fabricated Specimens

As shown in Figure 15, two types of test specimens containing either material A or
B and one specimen designed to have anisotropic properties by applying a half-and-half
structure were fabricated. Anisotropic structures were classified to measure resilience
properties into anisotropic-1 and anisotropic-2 according to the impact direction of the
steel ball, which rotated 90 degrees; that is, out of the eight sides of the regular octagon,
which was the shape of the internal structure, only two sides perpendicular to the curing
surface were printed with soft material B, while the other sides were printed with hard
material A. The printed specimens were classified as anisotropic-1 when the ball impact test
was performed at the perpendicular direction to the curing surface. When the ball impact
direction was parallel to the curing plane by rotating the printed specimen by 90 degrees,
this was referred to as anisotropic-2.

3.4.2. Test Results

A ball rebound test was performed to evaluate the fabricated anisotropic structure. To
ensure the reliability of the test, the average and standard deviation are shown in Figure 16,
which were obtained after repeating the same test 3 times for each specimen type. For
materials A and B, which were printed with only a single composite material, the rebound
height ratios were 15.07% and 2.99%, respectively. For the anisotropic-1 specimen, only
the two longitudinal axes parallel to the direction of impact of the steel ball consisted
of material B and the rest consisted of material A, resulting in a rebound height ratio of
6.93%. On the other hand, for the anisotropic-2 specimen, which was subjected to the
ball rebound test by rotating the same specimen by 90 degrees with respect to the printed
plane, a rebound height ratio of 10.73% was shown. This was because among the regular
octagonal sides, when the side parallel to the impact direction of the steel ball consisted of
relatively soft material B, impact absorption was better than in other cases; therefore, it was
possible to fabricate an anisotropic structure with a resilience difference of 155% depending
on the impact direction during printing while selectively switching the material.



Appl. Sci. 2021, 11, 8545 13 of 18
Appl. Sci. 2021, 11, x FOR PEER REVIEW 14 of 19 
 

Structure Type Design Ball Impact Direction 

(a) Material A 

 
 

(b) Material B 

 
 

(c) Anisotropic-1 

 
 

(d) Anisotropic-2 

 
 

Figure 15. Specimens with different anisotropic structures. 

  

Figure 15. Specimens with different anisotropic structures.



Appl. Sci. 2021, 11, 8545 14 of 18Appl. Sci. 2021, 11, x FOR PEER REVIEW 15 of 19 
 

 
Figure 16. Average rebound height ratios of the anisotropic structures. 

3.5. Soft Grippers 
3.5.1. Fabricated Specimens 

As shown in Figure 17, the test specimens were one type of gripper printed only with 
soft material B, one type of half-and-half structure gripper for selective deformation, and 
one type of laminar composite structure gripper designed for enhancing rigidity. Each of 
the printed grippers exhibited similar colors in an indoor space without UV light, 
although different colors were produced according to the mixed photochromic pigments 
when exposed to UV light. 

Structure Type Design Pneumatic Soft Grippers under UV Light 

(a) Material B 
 

 

(b) Half-and-half 
(Selectively flexible)  

 

(c) Laminar 
composite  

 

Figure 17. Soft gripper specimens involved in the pneumatic test. 

3.5.2. Test Results 
In order to examine the deformation behavior according to the pneumatic pressure 

of the fabricated gripper, a 3 mm pneumatic fitting was inserted and then connected to an 
air compressor. The input pneumatic pressure was changed to 75, 100, and 150 kPa using 

Figure 16. Average rebound height ratios of the anisotropic structures.

3.5. Soft Grippers
3.5.1. Fabricated Specimens

As shown in Figure 17, the test specimens were one type of gripper printed only with
soft material B, one type of half-and-half structure gripper for selective deformation, and
one type of laminar composite structure gripper designed for enhancing rigidity. Each of
the printed grippers exhibited similar colors in an indoor space without UV light, although
different colors were produced according to the mixed photochromic pigments when
exposed to UV light.
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3.5.2. Test Results

In order to examine the deformation behavior according to the pneumatic pressure of
the fabricated gripper, a 3 mm pneumatic fitting was inserted and then connected to an
air compressor. The input pneumatic pressure was changed to 75, 100, and 150 kPa using
a regulator. At this time, a test was performed on a 5 mm grid scale plate to measure the
radius of curvature of the deformed gripper. As shown in Figure 18, when the specimen
was printed with only soft material B, the properties of the gripper were uniform over the
entire area so it was deformed evenly. Additionally, as the pneumatic pressure increased,
the amount of deformation increased and the radius of the curvature decreased. On the
other hand, when the gripper was printed in a half-and-half structure, the mechanical
properties of the gripper were different depending on the region. The hard part printed
with material A showed little deformation and only the soft part printed with material B
was deformed. At this time, the radius of the curvature according to the pneumatic pressure
of the region containing material B where the deformation occurred was measured as being
a similar value to the case where only a single material was printed in the previous test.
As such, the gripper with the half-and-half structure maintained the properties of each
material, enabling selective stiffness variation.
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Regarding the gripper printed with materials A and B as a laminar composite structure,
the properties were uniform throughout the entire region, similarly to a new mixed material,
due to the plate-reinforced effect. As such, it was deformed evenly, as in the case of printing
with a single material; however, since hard material A occupied 50% of the printed layer,
the mechanical strength was greatly increased and the measured radius of the curvature
was relatively large compared to the other specimens. In addition, the gripper was broken
at a pressure of 150 kPa due to a decrease in flexibility.

4. Conclusions

In this study, a movable separator was proposed to facilitate separation between
materials and dispersion of powder in order to print multi-composite materials using UV-
DLP-based photo-polymerization 3D printing. The proposed system has a simpler structure
and smaller size compared to the previous systems used for printing multi-materials,
making it easy to install on existing equipment. In addition, the production speed and
printing precision are also improved. In other words, if the proposed method is used, it is
possible to change materials quickly without alignment errors, so it is possible to implement
various types of printing based on multi-composite materials; therefore, two types of
composite materials were prepared by mixing a photochromic powder with two resins
with different mechanical properties, which were classified into a single material structure,
a half-and-half structure, and a laminar composite structure according to the printed form.
As a result of the bending test and rebound test on the fabricated specimen, when two
materials with different mechanical properties were printed with a laminar composite
structure, the mechanical properties showed intermediate values between the two materials.
In other words, when two materials with different mechanical properties were continuously
cross-printed in the micro region with a thin layer thickness, the structure resembled a
plate-reinforced composite structure, making it possible to fabricate structures with new
properties from a macroscopic point of view. On the other hand, in the half-and-half
structure, since the material was changed in the macro area, the mechanical properties of
each material were maintained; therefore, the mechanical properties were different for each
printing area. Using these properties, it was possible to fabricate anisotropic structures
and soft grippers capable of selective deformation. In addition, since composite materials
mixed with photochromic powder responding to UV light were used, the mechanical
strengths of the structures could be visually confirmed. Through this, it was possible to
fabricate 3D structures with various strengths and functionalities through selective printing
of multi-composite materials based on the proposed movable separator. This method
of multi-composite material 3D printing can be combined with the design for additive
manufacturing (DFAM) approach to further maximize functionality and versatility.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/app11188545/s1, Figure S1: STL image for the 3-point bending test, Figure S2: STL image for
the ball rebound test, Figure S3: STL image of the anisotropic structures, Figure S4: STL image of the
soft gripper.
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