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Abstract: Wood is an organic renewable natural resource. Cellulose, hemicellulose and lignin in
wood are used in tissue engineering, biomedicine and other fields because of their good properties.
This paper reported that the possibility of wood fiber gel material molding and the preparing of gel
material were researched based on the wood fiber gel material as a 3D printing material. A five-degree
of freedom hybrid three nozzle 3D printer was designed. The structural analysis, static analysis,
modal analysis and transient dynamic analysis of 3D printers were researched, and the theoretical
basis of the 3D printer was confirmed as correct and structurally sound. The results showed that the
5-DOF hybrid 3-nozzle 3D printer achieved the 3D printing of wood fiber gel material and that the
printer is capable of multi-material printing and multi-degree-of-freedom printing.
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1. Introduction

3D printing is an additive manufacturing technology used in aerospace, biomedicine,
food, construction, industrial manufacturing, new materials and other fields [1]. As one
of the technologies of the third industrial revolution, it has started to enter the consumer
market after continuous development and research from the beginning of its development
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to the present day [2]. These 3D printers also have different structures and functions accord-
ing to different materials. Currently, there are three main types of 3D printing materials,
non-metallic materials, metallic materials and biomaterials. Among them, non-metallic

materials mainly include photosensitive resins, polylactic acid, plastics, ceramics and so on.
In pursuit of a green, low-carbon and sustainable development concept, researchers are
also looking for natural materials for 3D printing. Wood, as a natural renewable resource,
has attracted the attention of researchers. Through the rational use of tree resources, it
can solve the material problem and add a way of wood utilization, which has important
significance and good development prospects [3].

Wood is composed of primarily organic matter and a small amount of inorganic matter.
The former includes mainly cellulose, hemicellulose and lignin, which may amount to
over 90% of its biomass [4]. Cellulose, one of the main components of plants, is also
the most naturally abundant and sustainable polymeric raw material. Due to its various
excellent properties and wide range of sources, cellulose is already used in the commercial
production of products. In the field of 3D printing, cellulose is also present in solid printing
as a structural reinforcement [5], binder [6,7] and thickener [8].

Hemicellulose is a naturally occurring polysaccharide polymer, second only to cellu-
Attribution (CC BY) license (https://  108€, which is a branched amorphous heteropolysaccharide, consisting of five main types
creativecommons.org,/licenses/by/ of xylan, glucomannan, arabinoglycan, galactan and dextran [9]. Despite being one of the
40/). most abundant natural polymers, hemicellulose is underutilised. Although hemicellulose
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has great potential in the field of 3D printed condensation, there is currently very little
3D printing of hemicellulose. The main hemicellulose materials used for 3D printing are
in their derivative form with other polymers for 3D printing [10] and require extensive
chemical modification and various post-printing processes [11].

Like cellulose and hemicellulose, lignin is a natural polymer with reproducibility,
biodegradability and biocompatibility. Lignin, a major component of chemical pulp black
liquor, is the world’s second most abundant natural polymer and the only renewable raw
resource that contains considerable amounts of aromatic hydrocarbons [12]. The structural
properties of lignin facilitate the synthesis of useful chemicals, fuels and low mass molecules
and are also consistent with sustainable development and a reduced carbon footprint. It
is attracting increasing global attention and is showing great economic potential for a
variety of high-value bioproducts, including the 3D printing of biomaterials [13]. In terms
of current research on the use of lignin and its derivatives as biomass materials for 3D
printing, lignin can be physically or chemically blended with other components, such as
polylactic acid (PLA) [14], to take advantage of the strengths of each material component
after material compounding to achieve excellent 3D printing. Through chemical cross-
linking, physical cross-linking and interpenetrating polymer network methods, wood gel
materials are prepared for direct ink 3D printing and the complete printing of wood fiber
gel materials. This is a new means of utilizing wood resources, which not only extends
the range of 3D printing materials but also provides a new way to diversify the use of
wood [15].

Due to the different properties of wood fiber gel materials, the forming mechanism
of 3D printing and the structure and function of 3D printers are also different. In this
study, wood fiber extracted from a branch, waste wood and wood scraps of Cunninghamia
lanceolate. Using wood fiber gel material as the base material for 3D printing, the basic
characteristics of wood fiber gel material printing and forming are studied, and a 3D
printer corresponding to wood fiber gel material is designed according to the material
characteristics, providing a way to use the wood resources. The 3D printer also has the
ability to print three materials on the same platform with different printheads and is
complemented by five degrees of freedom of movement for print versatility. Finally, it
also provides equipment support for the subsequent wood fiber composite printing of
biomimetic wood.

2. Materials and Methods
2.1. Materials and Equipment

Cellulose, hemicellulose and lignin were extracted from cedar wood powder. Sodium
hydroxide (AR analytical purity-flakes, purity > 96.0%), Chengdu Jinshan Chemical
Reagent Co. Chitosan (AR analytical purity—off-white powder or flakes, purity > 96.0%),
Sinopharm Chemical Co. Acetic acid (AR analytical purity, purity > 99.5%), Shanghai
Aladdin Biochemical Technology Co. Urea (AR analytical purity—pellets, purity > 99.0%),
Sinopharm Chemical Co. Epichlorohydrin (AR Analytical purity, purity > 98.0%), Shanghai
Aladdin Biochemical Technology Co. Hydrochloric acid (AR analytical purity—liquid, pu-
rity > 36.0%~38.0%), Shan Dian Pharmaceutical Co. Colouring agent (green), Guangdong
Timothy Colour Food Colour Technology Co. Distilled water, homemade.

Collective thermostatic heating magnetic stirrer, Type DF-101S, Henan Province Yuhua
Instruments Co. Rheometer: MARS III type, Germany HAAKE company. Vacuum drying
oven: type DZF, Beijing Kewei Yongxing Instruments Co.

2.2. Cellulose Gel Material Preparation

An aqueous base system of sodium hydroxide, urea and distilled water (7:12:81
by mass) was used as the solvent, to which cellulose was added while stirring with an
electromagnetic centrifugal stirrer until all the cellulose powder was dispersed in the
solution and a milky-white solution without visible powder aggregates was formed. The
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prepared cellulose suspension was stored in a refrigerator at —10 °C for 4-6 h and removed
to obtain a clear cellulose gel [16,17] as shown in Figure 1a.

Figure 1. Wood fiber gel material. (a) Cellulose gel; (b) Hemicellulose gel; (c) Lignin gel.

2.3. Hemicellulose Gel Material Preparation

Mix hemicellulose and chitosan in a ratio of 6:4 in deionized water and add hydrochlo-
ric acid to adjust the pH value to 4. Heat the solution to 95 °C and keep it for 20 min to form
a suspension of hemicellulose powder dissolved without cellulose suspension, then put it
in the refrigerator at —12 °C for 4-6 h and take it out to prepare hemicellulose gel [18,19] as
shown in Figure 1b.

2.4. Lignin Gel Material Preparation

Chitosan solution was prepared by dissolving 2.5 g of chitosan in 100 mL of 2.5 v/v %
acetic acid, and lignin solution was prepared by dissolving 1 g of alkaline lignin in 10 mL
of water. The chitosan solution and lignin solution were then mixed and chilled in a
refrigerator at —10 °C for 5 h, and then removed and stored at 20 °C for half an hour to
form a lignin gel [20] as shown in Figure 1c.

2.5. Rheology Tests

Using a HAAKE MARS III rheometer at a constant shear rate, cellulose gels (using
a temperature ramp of 2 °C/min with a start temperature of 10 °C and measurements
stopped at 80 °C) and hemicellulose gels (using a temperature ramp of 5 °C/min with a start
temperature of 20 °C and measurements stopped at 140 °C), the pattern of viscosity change
and maximum gelling temperature were measured. The gelling point was determined
using Thermo Scientific HAAKE RheoWin software. (version 4.63.0004, Germany HAAKE
company).

3. Results and Discussion
3.1. Gelation Point Analysis

The structural design of 3D printers is closely related to the forming materials, and the
forming and curing mechanisms of different materials vary. For the analysis of wood gel
material properties, the rheological properties of the material were experimented with the
data obtained from the experiments and analyzed to obtain the characteristics of the wood
fiber gel material, as shown in Figure 2.

Both cellulose and hemicellulose gels show a reduction in viscosity at the beginning of
the test, which is a shear thinning characteristic and fits well with the printing characteristics
of direct ink technology. This is a shear thinning characteristic that is very much in line with
the printing characteristics of direct ink writing technology. It can also be seen that the wood
fiber gel material shows a tendency to increase in viscosity with higher temperatures, and
the graph shows that cellulose produced a mutation condition near 52 °C and hemicellulose
produced a mutation near 80 °C. The reason for the mutation is due to the curing and
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molding of the wood fiber gel material [21,22]. Therefore, in the process of designing 3D
printers of wood fiber gel materials, the molding process needs to be designed around the
material properties.
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Figure 2. Properties of wood fiber gel material. (a) Cellulose gel; (b) Hemicellulose gel.

3.2. Printer Type Selection

Currently, the main technologies applicable to the additive manufacturing of wood
materials are FDM technology, which is used for hot-melt cold-set wood-plastic compos-
ites [22], and DIW technology, which is used for direct forming or externally formed flowing
materials [23]. As the wood component prepared the printing material like a gel while
combining different printing consumables, the researchers explored the use of external
effects to assist the 3D printing process, such as light [23], rotation [24]. In addition, it can
enable the 3D printing of materials, such as cyclopentadiene titanium [23] and short carbon
fiber epoxy composites [24]. Those can further increase the additive technology applica-
bility [25]. In Figure 3, 3D printer-assisted devices are shown. Based on the experimental
data in Figure 2, it is also known that the prepared wood fiber gel materials have shear
thinning properties. It is suitable for the DIW mode of printing. At the same time, based on
the advantages of the DIW type of printing technology, assisted by the external action and
the characteristics of the printing materials that we have studied, this type of wood fiber
gel material can be extruded using an external laser to accelerate the curing of the wood
fiber gel material. In addition, according to the study, the design of 3D printers should
be biased towards the DIW type. For the design of 3D printers, multiple printheads are
required to meet the design goals for cellulose gel materials, hemicellulose gel materials
and lignin gel materials printed on the same model and on the same platform. The more
common five-degree-of-freedom configuration was chosen to meet the development needs
of 3D printers with multiple degrees of freedom.

(b)

Figure 3. 3D printer auxiliary equipment. (a) Rotating auxiliary devices [24]; (b) Laser auxiliary
devices [23].
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4. Structural Design and Description
4.1. Overall Structure

A 5-Degree of Freedom (DOF) hybrid three-nozzle 3D printer was designed based on
the performance feature of wood fiber gel material. Its structure mainly includes a printing
nozzle mechanism, a nozzle moving mechanism, a z-axis moving mechanism, a printing
platform and a support frame. Wood fiber gel material was printed with three nozzles. The
3D printers that have multiple degrees of freedom and multiple nozzles have attracted
increasing attention to meet the printing needs of a variety of materials [26,27]. Multi-nozzle
3D printers should be designed in such a way to ensure a smooth nozzle switch, smooth
and accurate plane movement, accurate positioning of the nozzle, accurate platform control,
etc. The structure of the 5-DOF hybrid three-nozzle 3D printer is illustrated in Figure 4.
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Figure 4. The 5-DOF hybrid three-nozzle 3D printer.

The movement of 3D printer nozzles mainly relies on the cross axis to realize the x and
y axis movement in the plane, and the rotation of the screw rod is controlled by the stepper
motor to drive the z-axis movement. Three nozzles are designed in the nozzle mechanism,
which squeezes cellulose gel, Hemicellulose gel and lignin gel accurately, according to the
computer structure diagram of the molding structure to a certain range; it can be a reduced
material forming support structure by controlling the printer platform to move between
+45° and —45°. The outer frame is the base that supports all mechanisms.

4.2. Design of Nozzle Mechanism

The nozzle mechanism is a core mechanism for the 3D printing of wood fiber gel
material. Nozzle head mechanism includes nozzle head bracket, printer nozzle head,
nozzle head switching motor and nozzle head switching gear group (Figure 5).

In the mechanism, the screw is driven by the motor and gear to move the three printer
nozzles independently to make the print. The gear group of nozzle head switching is
installed on the gearbox. The gear and shaft in the nozzle head switching gear group
are made of non-magnetic materials. The output shaft of the nozzle switching motor is
connected with the driving gear shaft through the telescopic shaft and matched with the
spline. The electromagnet device comprises an electromagnet arranged on a driving gear
and a magnet arranged in a gearbox. When the driving gear rotates, it drives the first gear to
rotate and the second gear to rotate reversely, simultaneously, and then the screw connected
to the two printer nozzles will rotate at the same time, but in the opposite direction. In
addition, the two printer nozzles can move up and down in opposite directions. When
the third print nozzle is needed, the first gear will rotate and the second switchgear will
control the printer nozzle position to adjust to the central position. The electromagnet
switch gear locates its axial position to make sure that the driving gear and the third
switchgear will mesh, and starting the nozzle switch motor will engage the third printer
head. By controlling the switch motor and electromagnetic mechanism of the nozzle, the
three printer heads can be switched freely and can improve the printing efficiency and
avoid the interference between the nozzles and the fixing frame while allowing the rapid
switching of the three nozzles.



Coatings 2022, 12, 1061

6 of 12

- -

—— gear mechanism

Nozzle mechanism
support -

Nozzle 2 ———_ 1

_—Nozzle 1

(@) ()

Figure 5. Printer nozzle mechanism. (a) Nozzle body; (b) Nozzle structure gear layout; (c) Printer
platform mechanism.

4.3. Design of Printer Platform Mechanism

The printer platform mechanism makes the printing plate flip and tilt through a three-
branch parallel mechanism and has two degrees of freedom of rotation in the x and y axis.
It uses three stepping motors to drive the matching bevel gears, and then the bevel gear
controls the platform screw to move, push and pull, and to drive the printer platform,
so that the printing plate will complete the flip tilt. The parallel mechanism has three
branches that are evenly distributed at 120° angle. Each branch of the parallel mechanism
is driven by an independent motor that drives the screw to the required deflection of the
printed platform. The printer platform mechanism can reduce the center of gravity of the
3D printer and can minimize the impact of vibration on the printing accuracy during motor
operation, reduce the lateral force of the screw nut mechanism and effectively avoid screw
deformation due to long-term stress, so that the printing accuracy is not affected (Figure 6).

The 3D printer is capable of increasing printing efficiency, reducing structural support
and making prints of various types of materials.

Al

M}

El X

Figure 6. Schematic diagram of the simplified structure.



Coatings 2022, 12, 1061

7 of 12

5. Structural and Mechanical Analysis
5.1. Degree of Freedom Analysis

The 3D printer is composed of the printing nozzle of a series of mechanisms and the
printing platform of a parallel structure to form a 5-DoF motion. There are virtual constraints
and local DoFs in its structure, and the modified CGK general DoF formula is used.

8§
F=dn—-g—-1)+) fi+n—¢ 1)
i=1

where F is the degree of freedom of the mechanism; d is the order of mechanism (space
mechanism d = 6); # is the number of components including the frame (the base included);
g is the number of motion pairs; f; is the degree of freedom of the i-th motion pair; y is the
virtual constraint number of mechanism; { is the local degree of freedom.

The parameters of the 3D printer were put into the Formula (1), and the freedom degree
of the motion mechanism of the 5-DOF hybrid three-nozzle 3D printer was calculated to be
five. The five DoFs are the xy plane DoF of the nozzle part and the cross axis structure, the
vertical DoF of z-axis direction (3T), and the x and y axis rotation movement DoF of the
derivative structure of Delta parallel structure of the printer platform part (2R), respectively.
The 5-DoF hybrid three-nozzle 3D printer has 5 DoFs (3T-2R).

5.2. Statics Analysis

The equation of the deflection curve [28] is obtained based on the structural form of
simply supported beams, and the maximum deflection is determined. The structure is
simplified as a mass—spring system, and the cross-arm slides are simplified as a uniform
cross beam (Figure 6).

The differential equation of the flexural function equation is established according to
the structural reaction force (Formulas (2)—(4)). The quadratic integration is carried out,
and the value of the constant term is obtained according to the boundary conditions, and
the maximum deflection is finally obtained, as follows.

Elw] (x) = —F(LL*l)
" F(L—l) (2)
Elw, (x) = ——7—x+ F(x = )x
Elw}(x) = — (L l)x +C 3
Elw)(x) = —EE0 22 L 1P (x —1)2 + G
Elwy (x) = — 22033 4 Cix+ Dy w
Elwy(x) = —EE 33 4 1F(x —1)° + Cox + D,

where E is the elastic coefficient of the material, I is the moment of inertia of the section, L
is the length of the transverse guide rod, ! is the position of the nozzle at the guide rod, F
is the force the rod received, w;' and w; are the second and first-order derivatives of the
deflection, respectively.

The further calculation is made according to boundary conditions and continuous con-
ditions. Because both ends of the guide rod are supported, the boundary conditions mainly
consider both ends of the guide rod and its central position. Under continuous conditions,
the left and right ends of the second and first order deflection differential equations are equal,
respectively, in the central position, and the value of the constant is obtained.

Boundary condition,

l:0;w:0;l:%L;wlzwz;l:L;wzo;



Coatings 2022, 12, 1061

8of 12

Condition of continuity,

Elw| (1) = EIw)(1); C = C; = EL (211 — 12);
Elwi (1) = Elwy(l); Dy = Dy =0

Elwy(x) = —F(égl)x3 + P(égl) (2L1 — 1%)x )

Elwy(x) = —F(égl)x3 +1F(x— 1)’ + F(égl) (2L1 — I?)x
Given the proportional relationship between [ and L, the maximum deflection can be

i 2 F(L—I 2
obtained. When ! = 1L, Wiax = £k, When ! > 1L, Wiay = 9(EIL) AL

5.3. Modal Analysis

ANSYS software modal analysis function is used to analyze the dynamic characteristics of
the 3D printer system. The structure dynamic characteristics of the 3D printer were analyzed
and evaluated to ensure printing accuracy. The use of different materials for different parts
of the structure will further affect the rationality of the 3D printer. The 3D printer’s support
and printing platform uses a 6063 aluminum alloy, while 45 steel is used for the guide, slider
and screw. The 3D model of the 3D printer was constructed in Solid Works, and the structural
model was imported into ANSYS analysis software to divide the mesh and optimize the mesh
quality. The average quality index of grid elements is greater than 0.80, and the average aspect
ratio is 1.93, which meets the requirements of structural field analysis (Figure 7).

000 15000 30000 (mem)

7500 22500

000 100.00 200.00 (mm)

50.00 150.00

Figure 7. Meshing of kinematic mechanism of the ANSYS model.
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The modal analysis of 3D printers is relatively fixed. The order of modal analysis
is determined according to the modal calculation quality of each DoF and needs to be
optimized and adjusted multiple times. The first eight order modal frequencies and the
deformations of the 3D printer’s motion mechanism are shown in Table 1.

Table 1. Modal frequency and deformation of the moving mechanism.

Freque- Deformation Behavior Freque- Printer Platform
Order ne (}Hz of XYZ Kinematic Order ne ‘}Hz Mechanism Model
Y Mechanism Model ¥y Deformation
Pillar bent and Parallel branches move
1 56.891 deformed 1 74119 longitudinally
2 58205 Pillar bent and 5 74317 Parallel b.rant?hes move
deformed longitudinally
3 71.416 Guide rod deformed 3 743p7 ~ Parallelbranches move
longitudinally
4 71437  The guide rod deformed 4 74602 ~ Parallel branches move
laterally
Overall torsion
5 79.567 deformation occurred in 5 74.982 Parallel branches move
laterally
the structure
6 90.275 Guide rod deformed 6 75162  rarallel branches move
laterally
7 90.328 Guide rod deformed 7 10357  Printer platform rotates
along the z-axis
8 105.42 Guide rod deformed 8 13376  Lrinter platform swings

longitudinally

The results show that the deformation and natural frequency of models with differ-
ent orders are different, which provides theoretical data support for subsequent design
and manufacturing.

6. Transient Dynamics Analysis

3D printing is to drive each part to move by the motor, so as to drive the nozzle to
move. In combination with the nozzle material extrusion and laser curing, the model
printing molding is completed. In planning the printing paths and model slice processing,
the reciprocating motion of the nozzle is inevitable, and the vibration generated therefrom
will affect the printing accuracy. ANSYS Workbench software was used for the transient
dynamics analysis of 3D printers, and structural deficiencies were improved to ensure
structural stability and printing accuracy.

For nozzle movement, the influences of the x-axis and y-axis alone and the linkage of
the two axes on the structure were analyzed. For z-axis, only the influence of its independent
motion on the structure was analyzed. According to the motion characteristics, the total
load step number was set to three in the software. The end times of the 1st, 2nd and
3rd load steps were 0.25 s, 0.75 s, and 1 s, respectively. The load was applied to the z-axis
and analyzed in linkage with the x and y axis with added load. Since the motion of the x, y
and z axes and the printing platform were independent, the single chain and multi-chain
motion of the printer platform were simulated and the results analyzed.

(1) When z-axis moved, other motion axes were static or do not interfere with z-axis
motion, and transient motion simulation was carried out when the z-axis moved indepen-
dently. The results showed that the maximum displacement in the z-axis direction was
close to the average displacement, and the motion accuracy in the z-axis direction was
sufficient (Figure 8a). The movement displacement in the x and y axis directions was far
less than the nozzle diameter, which secured accurate movement (Figure 8b,c). The motion
displacement curve of the z-axis mechanism is shown in Figure 8.
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Figure 8. Motion displacement curve of z-axis mechanism; (a) the z-axis displacement; (b) the x-axis
displacement; (c) the y-axis displacement.

(2) The nozzle head was linked with the x-axis and y-axis to analyze its motion
precision and its influence on the z-axis when moving in the x and y directions. The nozzle
moved along the x and y axes simultaneously. By moving 8 mm in the positive direction
of the x-axis first, then moving 3 mm in the opposite direction and 10 mm in the positive
direction of the y-axis, the final linkage effect was evaluated. The displacement curves
of the x-axis and y-axis are shown in Figure 9a. The results show that the first two axes
moved at the same time in 0.75 s and were relatively stable. At 0.75 s~1 s, there was an
instantaneous reverse movement of x-axis, which had a certain influence on the interaction
between the two axes. When the x and y axis was linked, the moving displacement of the
nozzle in the z-axis direction is shown in Figure 9b. At the maximum displacement, it was
still not sufficient to pose significant impact on the overall printing.
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Figure 9. x-axis and y-axis linkage displacement curves. (a) the moving displacement of the x and

y axis linked with the nozzle head; (b) the displacement of the z-axis.
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(3) The printing platform drives the reversal of the platform through a parallel struc-
ture. Below the printer platform were three branches of the power sources distributed at
120°. Due to the limitation of freedom, it only rotated along the x or y axes. In transient
analysis, the independent branch drive and multi-branch simultaneous drive were ana-
lyzed (Figure 10). The rotation and movement of the platform were transformed into the
displacement represented at the x, y and z directions. The results showed that the printer
platform ran smoothly without interference, and the moving displacement was consistent
with the theoretical value.

e

Displacement (mm)
Displacement (mm)

T T T
0.0 0.2 0.4 0.6 0.8 1.0
Time (s)

(a) (b)

Figure 10. Print platform transient analysis curve. (a) The moving displacement of the platform
driven by a single branch; (b) The moving displacement of the platform driven by a multiple branches.

7. Conclusions

Based on the 3D printing of the wood fiber gel material, cellulose, hemicellulose
and lignin gel materials from a branch, waste wood and wood scraps of Cunninghamia
lanceolata that can be used for 3D printing were analyzed and prepared. The results showed
that cellulose produced a mutation condition near 52 °C and hemicellulose produced
a mutation near 80 °C. The structure of a 5-DoF hybrid three-nozzle 3D printer was
designed based on the material temperature of mutation condition, and a 3D solid model
was established to analyze the structural properties, mechanical properties and motion
mechanics. The results showed that the 5-DoF hybrid three-nozzle 3D printing mechanism
can realize the 3D printing of wood fiber gel materials. Through the analysis of the structure
performance and kinematics, the correctness of the theoretical basis was verified. At the
same time, the motion simulation of the structure was realized in the transient motion
analysis, which confirmed the rationality of the structure.

This study is a 3D printer design and analysis for wood gel material. The wood
fibers mainly contain cellulose, hemicellulose and lignin, which correspond to the three
printheads of the printer, and through subsequent studies aim to achieve the solid printing
of bionic wood through this type of printer. Meanwhile, the design and implementation of
purely multi-jet and multi-degree-of-freedom printers can provide a reference or a direction
and idea for the 3D printing industry.
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