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Abstract

BACKGROUND: Three-dimensional (3D) printing using hydrogel has made great strides when it comes to mimicking 3D

artificial tissue in the medical field. However, most structures do not mimic the dynamic movement of the tissues. Without

imitating dynamic movements, there are limitations on the extent to which the proper implementation of the tissue’s own

functions can be achieved.

METHOD: In this study, we intend to present an approach to solving this problem using hydroxybutyl methacrylated

chitosan (HBC-MA), a photo-crosslinkable/temperature reversible chitosan polymer. In addition, stereolithography-3D

(SLA-3D) printing technology was used, which is more likely to mimic the complex microstructure. As a control, a 3D

structure made with pristine poly(ethylene glycol) dimethacrylate (PEG-DMA) was created, and a 4D structure was

prepared by adding HBC-MA to poly(ethylene glycol) dimethacrylate (PEG-DMAP) resin.

RESULTS: HBC-MA caused the expansion of water into the polymer matrix at low temperature, and the 4D structure

resulted in expansion of the polymer volume, generating dynamic movement due to the expansion of water. Conversely, as

the temperature rose, deswelling occurred, followed by a decrease in the volume, showing a shape memory property of

returning to the existing structure. Morphological, swelling, and mechanical analysis further confirmed the principle of

dynamic movement. In addition, parameters were provided through calculation of the bending ratio angle (h).
CONCLUSION: Through this, it is suggested that HBC-MA can be applied as a core polymer for SLA-4D printing, and

has high potential for realizing the dynamic movement of tissue.

Keywords Hydroxybutyl chitosan � SLA-3D printing � 4D printing � Shape memory property (SMP)

1 Introduction

Over the last decade, three-dimensional (3D) printing has

shown great potential for the development of 3D artificial

tissue mimics using nano/micro hydrogel structures. Most

of these studies have focused on the application of 3D

printed structures in the medical field; for example, plastic

surgery applications through morphological imitation of

organs made of soft tissues such as ears [1, 2] or nose

[3, 4]. However, such structures do not mimic the dynamic

movements of the organ. Fabricated organs that are built

without imitating dynamic responses are limited in terms of

their own function implementation. For instance, the

response of the hypothalamus to a rise in body temperature
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is controlled by the expansion of blood vessels, resulting in

increased sweat secretion through the glands of skin tissue

[5, 6]. Peristaltic movement of the digestive system con-

trolled by nerve relaxation and contraction of muscles are

also representative examples [7, 8]. In addition, morpho-

logical changes in tissue structure have a profound effect

on natural tissue regeneration and repair [9]. Thus, con-

ventional 3D structures with static properties are limited in

their use. To this end, a concept of time is added to a

conventional 3D structure, and a stimulus-responsive bio-

compatible material that can incorporate a shape conver-

sion function to implement four-dimensional (4D) printing

capable of dynamic structural change and response to the

environment is required.

4D printing is defined as a 3D printed structure capable

of showing recognizable morphological deformation over

time. Morphological deformation is caused by changes in

the physical properties (e.g. swelling) or mechanical

strength of the active components of the structure, such as

swelling ratio, expansion, and contraction, etc. [10]. The

shape memory property (SMP), which reverts to the orig-

inal structure after transformation, also enables reversible

shape transformation.

Lithography-based printing technologies, such as stere-

olithography (SLA) or digital light processing (DLP), have

shown great potential to further mimic the complex struc-

ture and microenvironment of biological tissues by utiliz-

ing photocrosslinkable resins [11, 12]. It is a platform

technology that can achieve the goal of tissue engineering,

such as the production of artificial organs and artificial

meat. However, compared to other 3D printing methods,

there are fewer cases of hydrogel printing through the

stereolithography-3D (SLA-3D) printer, and cases of

implementing 4D printing are also very rare. Therefore,

this study will introduce 4D printing through an SLA 3D-

printing method (Fig. 1A). In SLA-printing, a polymer-

based resin satisfying several conditions is required to

successfully accomplish 4D printing. Since lamination is

based on photopolymerization by a laser, SLA-printing

requires a polymer that can be photo-crosslinked. In the

case of 4D printing, changes in the shape, properties, and

functions of the printed structure should be induced

according to the stimulus [13–15]. Finally, the organ’s

movement should have SMP, because it is a transformation

that reverts to its original form by reversible change. Once

these three requirements are realized, 4D properties can be

assigned to existing 3D structures.

In this study, we hypothesized that hydroxybutyl

methacrylated chitosan (HBC-MA), a dual-crosslinkable

biomaterial, meets the above criteria. HBC-MA is a novel

material developed in our previous study, a photo-

crosslinkable temperature-reversible chitosan polymer,

which reacts sensitively to temperature changes

(Unpublished data). At low temperatures (T\ 20 �C),
swelling of the water within the polymer matrix takes

place. On the other hand, when the temperature rises

(T[ 30 �C), a temperature-tunable pore is formed,

resulting in deswelling. Taking advantage of these tem-

perature-responsive features, swelling was generated in the

3D structure at low temperature, resulting in the shape

change through expansion of the volume. At high tem-

peratures, additional micropores were generated within the

polymer matrix, followed by water release. Through this

study, 4D structures with HBC-MA could be realized

through SMP such that the volume of the polymer that is

expanded by swelling of water contracts again and returns

to the original shape. Through this, we suggest that HBC-

MA can be applied as a core polymer for SLA-4D printing.

2 Materials and methods

2.1 Materials

Chitosan (low molecular weight), methacrylic anhydride

(MA, 94.0%), 1,2-epoxybutane, eosin Y (dye content

* 99%), triethanolamine (TEA, C 99.0%), 1-vinyl-2-

pyrrolidinone (NVP, contains sodium hydroxide as an

inhibitor, C 99.0%), and phenylbis (2,4,6-trimethylben-

zoyl) phosphine oxide (BAPOs) were purchased from

Sigma-Aldrich (St. Louis, MO, USA). Poly(ethylene gly-

col) dimethacrylate (PEG-DMA, MW 1,000) was pur-

chased from Polysciences (Warrington, PA, USA).

Cellulose nanofibrils (CNF, 3 wt %) were provided by

Celluloselab (Fredericton, New Brunswick, Canada).

Phosphate-buffered saline (pH 7.4, PBS) was purchased

from WelGene (Daegu, Gyeongbuk, Korea). All other

chemical agents used in this paper were analytical grade.

2.2 Preparation of hydroxybutyl methacrylated

chitosan (HBC-MA)

Two substituents should be substituted for pure chitosan to

produce HBC-MA for SLA-4D printing. Based on previous

experiments, 10 g of chitosan was completely dissolved in

600 ml of 0.1 M Acetic acid, after which pH was adjusted

to 6 using 5 M NaOH, followed by the addition of 200 ml

of 1,2-epoxybutane (99%). The mixture was then reacted at

60 �C for 24 h. After the reaction was complete, washing

was performed using a centrifuge to remove any remaining

1,2-epoxybutane. Finally, hydroxybutyl chitosan (HBC)

solution was lyophilized for 4 days [16]. To make HBC-

MA, 10 g of the recovered HBC was dissolved in 600 ml

of distilled water overnight followed by the addition of

15% (v/v) methacrylic anhydride (94%) and left for 4 h

(pH 7). The mixture was dialyzed against distilled water
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for 1 week using dialysis tubing (12–14 kDa cut-off) to

remove residual methacrylic anhydride, and finally the

purified HBC-MA polymer was lyophilized [17].

2.3 Preparation of 4D resin formulation

We prepared 4D resins for SLA printing by compounding

the HBC-MA with a PEG-DMA, CNF, and photoinitiator.

For 4D printing characteristics, the resins were prepared by

combining 2% (w/v) HBC-MA, 15% (w/v) PEG-DMA,

0.5% (w/v) CNF, and the photoinitiatior. CNF is physically

confined in the photocrosslinked hydrogel to assist in the

directionality of volume expansion and swelling rate [18].

Photoinitiator was prepared using 0.1 mM Eosin Y, 0.75%

(v/v) TEA, 1% (v/v) NVP, and 0.03% (w/v) BAPOs. Eosin

Y, TEA, and NVP were prepared according to the previ-

ously reported composition with minimal cytotoxicity [19].

The BAPOs was also added to increase the responsiveness

to UV-wavelength lasers (Fig. 1B). The control resin for-

mulation (Table 1), which is the same as the 4D resin

formulation but excludes HBC-MA, was also prepared as a

control.

2.4 SLA-3D printing setting

Prior to printing, air bubbles generated within the resin

solution during the mixing process were removed, and

150–200 ml of resin was poured into the resin tank. Then,

Form2 (Formlabs, Somerville, MA, USA), a commercial

SLA-3D printer, was used for all printing processes, which

were performed at room temperature with a layer thickness

of 100 lm. The fabricated control and 4D structures were

carefully removed from the build plate once the printing

was complete.

2.5 Preparation of 3D models

For the preparation of 3D models, a measurement model

and a 4D printing model were designed separately. The

measurement model was designed in a form that allows

accurate analysis to measure mechanical properties and

mass swelling ratios. The measurement model was

designed as a flat cylindrical model with a diameter of

20 mm and a height of 4 mm (no image). The 4D printing

model was made of a combination of fixed and bending

parts (Fig. 1C). The fixed part is a cylindrical model with a

diameter of 20 mm and a height of 3 mm. The bending part

Fig. 1 A Schematic describing the SLA-3D printing process for

structure fabrication using resin precursors. The SLA-laser, which is

beamed under the resin tank, causes the resin to build up under the

build plate during photo-crosslinking. B Spectrum of light absorbance

for 4D resin solution. The purple region is the expected laser output

wavelength region of Form 2. C 3D model designed for 4D hydrogel

construct. The 4D printing model consists of a fixed part and a

bending part. All units are in mm
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is an elongated model with a width of 31.341 mm, a length

of 10 mm, and a height of 1.5 mm. All models were

designed using Fusion 360 software (Autodesk, Mill Val-

ley, CA, USA). Prior to printing, preforming software

(Formlabs) support settings were configured. Supporting

setting parameters for all resins were: Density of 1.00;

Touch size of 2.20 mm; Slope spacing of 1.00; Z-com-

pression connection of 0.75 mm; Early layer merge of

0.45 mm.

2.6 Changes in properties of printed structures

with temperature

2.6.1 Morphological studies

Scanning electron microscopy (SEM) was performed on

control and 4D hydrogel samples to obtain information on

the pore structure of hydrogels. Two types of structures

(control and 4D structures) were prepared with three tem-

perature groups (10, RT, and 37 �C) to confirm the dif-

ference in pore structure. All samples were stored in PBS at

each temperature immediately after printing, and were

lyophilized to maintain the pore structure and ensure no

collapse. After lyophilization, samples were cross-sec-

tioned at the bending position and then secured on a stub

via carbon tapes coated with platinum. Cross-sectional

morphologies were imaged with an SU-8010 scanning

electron microscope (Hitachi, Tokyo, Japan).

2.6.2 Swelling properties

To measure the difference in water content over tempera-

ture, a model design for measurement model (described in

2.5) was printed with two types of resins (control and 4D

resin precursors). Two types of structures (control and 4D

structures) were produced to confirm the difference in

moisture content. All samples were stored in PBS at three

different temperatures (10, RT, and 37 �C) immediately

after printing and measurements were taken after 24 h.

After the measurement of the swollen weight (Sw), samples

were immediately frozen in liquid nitrogen to minimize the

effect of temperature changes. After lyophilization, the dry

weight (Dw) was measured. Finally, swelling ratio (%) was

calculated as follows:

Swelling ratio ¼ Sw

Dw

;

2.7 Mechanical properties

To test the mechanical properties, control and 4D resin

precursors were printed in a measurement model (de-

scribed in 2.5). A CT3 Texture analyzer (Brookfield;

Toronto, ON, Canada) with a 4,500 g load cell in com-

pression mode was used to measure the compressive

strength of printed structures. A probe 12.7 mm in diam-

eter was used to compress with a trigger load of 0.05 N at a

test speed of 0.05 mm/s. The compressive modulus was

determined as the slope of the linear region corresponding

to 5–15% strain [20]. Four-dimensional (4D) structures

were prepared in three temperature groups (10, RT, and

37 �C) to confirm the difference in strength. All samples

were stored in PBS at their own temperature immediately

after printing and measured after 24 h.

2.8 Calculation of bending ratio of 4D structures

The bending ratio was calculated to determine the dynamic

characteristics of the 4D structure with the change of

ambient temperature. First, a 4D printing model (described

in 2.5) was printed with 4D resin precursor. The bending

part of the printed 4D structure was bent while swelling at

10 �C. Then, it was deswelled under heating (37 �C) and
unbent again. The bending part was assumed to be bent

upwards with volume expansion based on the swelling of

the water. Therefore, we approached the method of cal-

culating the bending ratio angle (h) by measuring the

Table 1 Control and 4D resin

formulation used for 4D SLA-

printing

Type HBC-MAa

(%, w/v)

PEG-DMAb

(%, w/v)

CNFc

(%, w/v)

Photoinitiator

Eosin Y

(mM)

TEAd

(%, v/v)

NVPe

(%, v/v)

BAPOsf

(%, w/v)

Control resin – 15 0.5 0.1 0.75 0.4 0.03

4D resin 2 15 0.5 0.1 0.75 0.4 0.03

aHydroxybutyl methacrylated chitosan
bPoly(ethylene glycol) dimethacrylate
cCellulose nanofibrils
dTriethanolamine
e1-Vinyl-2-pyrrolidinone
fPhenylbis (2, 4, 6-trimethylbenzoyl) phosphine oxide
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expanding base side (a) and the height (b) (Fig. 4A). The

images were taken at 10 s intervals. Bending ratio angle (h)
was calculated as follows:

bending ratio angle hð Þ ¼ tan�1 b

a

� �

3 Results and discussion

3.1 SLA-3D printing process and resin component

The purpose of this study is to produce 4D scaffolds with

dynamic characteristics by adding HBC-MA to the existing

3D resins with static characteristics. The SLA-laser

(405 nm) emitted from the bottom of the machine reaches

the resin precursor in the resin tank through the reflector.

The methacrylate portion of PEG-DMA and HBC-MA in

the resin precursor crosslinks via photo-initiators. Resin

precursor was photopolymerized on the build plate, and

hydrogel was formed. Then, when the build plate rises

upward, the hydrogel was formed layer by layer and finally

the 3D printed structure was fabricated (Fig. 1A). The

main photoreaction wavelength range of the photoinitiator

of the resin precursor produced in this study was confirmed

through a UV–vis spectrometer (Fig. 1B). The laser

wavelength ranges of Form2 are displayed in purple.

Various sources such as laser wavelength, laser exposure

time, and laser intensity output in the flexible V2 mode of

the commercial Form2 machine have not been published.

However, in the flexible V2 mode of Form2, the control

and 4D resins produced in this study were capable of

printing 3D constructs successfully. Development and

characterization of dual-crosslinkable HBC-MA have been

described in our previous work (Unpublished data). Photo-

crosslinked HBC-MA hydrogels undergo additional ther-

mal-crosslinking due to hydrophobic interaction when the

ambient temperature rises. The thermal-crosslinking pro-

cess not only forms additional pores within the hydrogel

but also involves deswelling of the water [21, 22]. On the

other hand, when the ambient temperature drops, the

hydrophobic interactions are released, increasing the rate of

water expansion as the hydrophilic chains are revealed

[22, 23]. Based on this characteristic of HBC-MA, it was

hypothesized that a 4D printing structure with reversible

temperature sensitivity could be produced. The composi-

tion of the 4D resin produced was optimized to achieve this

purpose. Of the many polymers capable of forming a 3D

scaffold, PEG-DMA was selected as a representative

polymer [24, 25]. In conclusion, the 4D resin precursor was

prepared by adding only HBC-MA to the composition of

the control resin precursor composed of PEG-DMA

(Table 1).

3.2 3D modeling for 4D structure

To observe and analyze the dynamic motion of 4D printing

underwater, a standard 4D printing model was required.

The designed 3D model was divided into a fixed part and a

bending part. The fixed part was made in the shape of a

circle so as not to have any movement upon expansion. The

fixed part, which has no directional guidance in the only

direction, did not express dramatic dynamic movement.

This prevented unexpected movements such as flipping or

floating. The bending part is designed to have an elongated

shape in order to facilitate bending upon expansion in a

certain direction. The proposed design enabled facile visual

observation of the dynamic movements and the analysis

(Fig. 1C).

3.3 Property change with temperature of printed

structure

3.3.1 Morphological analysis

To demonstrate the use of HBC-MA as a potential material

for introducing 4D systems into existing 3D structures, we

examined the change in pore characteristics with change in

temperature. Unlike the control structure, the 4D structure

mixed with HBC-MA realized dynamic bending and

unbending with temperature (Fig. 2A). In the control

structure without HBC-MA, formation of pores or cracks

with temperature change was not observed (Supplementary

Fig. 1). However, in the 4D structure mixed with HBC-

MA, micrometer-sized pores were observed immediately

after printing (Fig. 2B). After the temperature was lowered

(10 �C), elongated cracks were observed in the SEM

images (Fig. 2C). According to the pore formation char-

acteristics of HBC-MA, it was confirmed that many cracks

occurred due to bending and swelling. After increasing the

temperature (37 �C), it was confirmed that a number of

pores were additionally generated by thermal-crosslinking

of HBC-MA (Fig. 2D). From the image, it was confirmed

that unlike the control structure, the 4D printing structure

has a characteristic of reversible pore structure formation

depending on the temperature.

3.3.2 Swelling analysis

A mass swelling test was conducted to understand the

principle of shape deformation of a 4D structure. The 4D

structure loaded with HBC-MA showed dynamic swelling

characteristics with temperature. For the group stored at

37 �C for 24 h after printing with the 4D resin precursor, a
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swelling ratio of 5.97 ± 0.24 was measured. In compar-

ison, the group stored at RT measured 6.67 ± 0.04

(*p\ 0.05) and the group stored at 10 �C after printing

was 7.16 ± 0.07 (**p\ 0.01), respectively. As expected,

the cooling (10 �C) group, where 4D printing bending

occurred, was found to have the highest swelling ratio. On

the other hand, the heating (37 �C) group exhibited an

unbending phenomena, and it was confirmed by analysis

that water was discharged due to deswelling at the lowest

swelling ratio. Within the control structure group, there

was no statistically significant difference in the swelling

ratio according to change in temperature. However, all the

groups in the control structure samples showed statistically

significant differences from the cooling (10 �C) group of

the 4D structure (###p\ 0.001). These results confirm that

the volume difference due to swelling and deswelling

according to the change in temperature resulted in shape

deformation, enabling a 4D characteristic.

3.3.3 Mechanical analysis

The mechanical performance of printed structures was

characterized to evaluate their potential for use in appli-

cations. The compressive modulus was measured to be

Fig. 2 A Schematic describing the entire process of reversible

dynamic movement of 4D printing. The 4D structure produced by the

4D printing modeling design showed bending movements upon

cooling and unbending movements upon heating. B Pore structure of

the printed 4D structure. Small pores formed by HBC-MA are

observed between the pore-free walls made of photopolymerized

PEG-MA. C Pore structure after bending. Cracks from bending

during swelling were observed. D Pore structure after unbending. At

37 �C, thermal-crosslinked pores with deswelling were observed. E
Equilibrium swelling characteristics of control vs 4D printing

structure. The 4D structure showed different swelling ratios with

temperature. There was no statistically significant difference with

temperature in the control group. *p\ 0.05, **p\ 0.01 between the

indicated group; ###p\ 0.001 versus 10 �C group of 4D structure.

Data are shown in mean ± SD, n = 3
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219.57 ± 128.93 kPa in the cooling (10 �C) group in the

4D structure type. The RT and heating (37 �C) groups were
measured at 369.31 ± 120.75 kPa and

543.91 ± 69.38 kPa, respectively (Fig. 3A). As shown in

the representative stress–strain curves of a 4D structure

containing HBC-MA, the stiffness increased at all strain

levels with respect to temperature rise under all conditions

(Fig. 3B). It has been reported that the expansion ratio of

volume and mechanical properties were inversely propor-

tional [26]. The results of this study also confirmed that the

results of mechanical analysis and the results of swelling

ratio are inversely proportional to each other. The differ-

ence in mechanical properties with temperature is deter-

mined by HBC-MA. Thermal-crosslinking of HBC-MA

due to the rise in temperature would not only form addi-

tional pores, but also would reduce the moisture content,

resulting in a denser network. On the other hand, the

decrease in temperature caused swelling in the HBC-MA

polymers and lowered the mechanical strength due to the

loose network configuration and decreased density caused

by the expanded volume as a result of the increased water

content. The data showed that the temperature sensitivity

imparted by HBC-MA closely influenced the mechanical

strength of the 4D structure.

3.4 Bending ratio of 4D structure evaluation

Dynamic movement according to the temperature change

of a 4D resin structure containing HBC-MA is expressed

by bending and unbending. Therefore, the 4D printing

capability of the HBC-MA can be confirmed and parame-

ters can be organized by calculating the ratio angle (h) of
bending and unbending. The bending ratio calculation

method used in this study expresses the bending curvature

of 4D printing as a relative ratio. The 4D structure with

HBC-MA was able to provide parameters by calculating

the bending ratio angle through optically measuring

bending with temperature at intervals of 10 s. Under

cooling conditions (10 �C), the 4D structure was expressed

by a bending shape deformation through swelling of water.

The bending ratio angle (h) gradually increased while the

length of the base side (a) decreased and the length of the

height (b) increased. The bending ratio angles at the lowest

point (1), midpoint (2), and the highest point (3) were

2.35 ± 1.91, 13.55 ± 1.58, and 25.82 ± 1.03�, respec-

tively (Fig. 4B and Supplementary movie 1). When the

bent 4D structure was heated (37 �C), HBC-MA caused a

volume shrinkage through deswelling as a stimulus–re-

sponse to temperature. Volumetric contractions are

expressed as unbending back to its original form. As the

length of the base side (a) increased and the height (b) de-

creased, the bending ratio angle (h) decreased rapidly. The

shape deformation rate is faster during heating than during

cooling. Under heating conditions, the bending ratio angles

at the highest point (4), middle point (5), and the lowest

point (6) were 23.51 ± 3.71, 5.96 ± 3.57, and

2.31 ± 2.03�, respectively (Fig. 4C and Supplementary

movie 2).

In this study, we demonstrated the use of HBC-MA for

4D SLA-printing applications, highlighting the unique

characteristics that make HBC-MA a potential material for

creating dynamic response. The HBC-MA was mixed with

a general 3D resin precursor and showed good printability

by an SLA-3D printer. It has been also confirmed that

printing could be performed with PEG-DMA, a represen-

tative SLA-3D printer material. The 4D structure with

HBC-MA showed tunable physicochemical properties

(e.g., morphology, swelling, and mechanics) according to

temperature, and was capable of dynamic movement

through volume expansion and contraction. The HBC-MA

gave the 4D structure an SMP that reverts to shape

deformation through reversible temperature-crosslinking

Fig. 3 A Compressive modulus of 4D structure at 10, RT, and 37 �C. *p\ 0.05, **p\ 0.01, and ***p\ 0.001 between the indicated group.

Data are shown in mean ± SD, n = 10. B A representative stress–strain curve of 4D structure at 10, RT, and 37 �C
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properties. In conclusion, HBC-MA can be regarded as a

potential material for tissue engineering and medical

applications with 4D printing properties.
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