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Abstract
Three-dimensional (3D) printing allows for the creation of complex, layered structures with
precise micro and macro architectures that are not achievable through traditional methods. By
designing 3D structures with geometric precision, it is possible to achieve selective regulation of
mechanical properties, enabling efficient dissipation of mechanical energy. In this study, a series
of modular samples inspired by the Bouligand structure were designed and produced using a
direct ink writing system, along with a classical printable polydimethylsiloxane ink. By altering
the angles of filaments in adjacent layers (from 30◦ to 90◦) and the filament spacing during
printing (from 0.8 mm to 2.4 mm), the mechanical properties of these modular samples can be
adjusted. Compression mechanical testing revealed that the 3D printed modular Bouligand
structures exhibit stress-strain responses that enable multiple adjustments of the elastic modulus
from 0.06 MPa to over 0.8 MPa. The mechanical properties were adjusted more than 10 times
in printed samples prepared using uniform materials. The gradient control mechanism of
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mechanical properties during this process was analyzed using finite element analysis. Finally,
3D printed customized modular Bouligand structures can be assembled to create an array with
Bouligand structures displaying various orientations and interlayer details tailored to specific
requirements. By decomposing the original Bouligand structure and then assembling the
modular samples into a specialized array, this research aims to provide parameters for achieving
gradient energy absorption structures through modular 3D printing.

Supplementary material for this article is available online

Keywords: 3D printing, additive manufacturing, Bouligand structure,
energy absorbing structures

1. Introduction

Silicone rubber (Polydimethylsiloxane, PDMS) is a type
of polyorganosiloxane with a highly cross-linked network
structure [1–3]. Due to the interaction of silicon-oxygen
bonds (–Si–O–Si–), silicone rubber exhibits a series of excel-
lent properties, such as biocompatibility, optical transpar-
ency, relative chemical inertness, electrical insulation, non-
flammability, non-absorption of ultraviolet rays, low surface
tension, hydrophobicity, and high oxygen permeability [4].
Therefore, silicone rubber, with a comprehensive range of
properties, has broad application value in fields such as bio-
medical products, functional coatings, electronic and optical
devices, aerospace, and shock absorption and buffering [5–
8]. However, the processing technology of silicone rubber
products still relies mainly on traditional casting methods,
which have drawbacks such as complex molding processes,
lengthy production times, and uncontrollable mechanical
properties. These limitations seriously hinder the development
of silicone rubber-based materials for manufacturing com-
plex, multi-scale, ordered porous structures, and other high-
precision components [9].

In order to meet the requirements for precise printing of
complex structures, additive manufacturing (AM) technology
has been utilized in the processing of silicone rubber materials
[10]. Rapid prototyping, the formation of large structures,
reduction of printing defects, and improvement of mechan-
ical properties are key factors that promote the development
of AM technology [11–13]. Based on the data from digital
three-dimensional (3D) models, 3D printed objects are cre-
ated layer by layer using a computer-controlled translation
stage [14]. Unlike traditional methods that require molds or
lithography masks, 3D printing can rapidly convert computer-
aided designs into intricate 3D prototypes without wasting
excess materials [15]. The combination of silicone rubber and
3D printing offers a promising manufacturing technology that
can achieve rapid processing, thereby saving time and cost
[16–18]. Currently, 3D printing of silicone rubber is extens-
ively utilized in the medical field. High-precision 3D print-
ing and the excellent chemical stability of silicone rubber
are used to prepare microfluidic devices, implants, blood ves-
sels, and other biological devices [19, 20]. Furthermore, 3D
printing technology plays a crucial role in fabricating soft
active materials, addressing the challenges associated with

molding silicone rubber. These materials are used in actu-
ators, soft robots, wearable electronic devices, and sensing
devices. Compared to traditional manufacturing techniques,
the increased design flexibility enables the 3D printing of
mechanical metamaterials, such as honeycomb structures,
structures with negative Poisson’s ratio, Bouligand struc-
tures, etc. This has great potential in shock absorption and
cushioning applications [21, 22].

Due to the challenges in molding technology, such as
poor rheology behavior, low photo-curing rate, and dif-
ferences in the molding mechanism of printing technolo-
gies, recent years have seen a focus on direct ink writ-
ing (DIW) printing and light-curing printing for 3D print-
ing molding technology of PDMS. This focus has resul-
ted in a series of advancements [23–26]. However, there are
still some issues to address. For UV-curing printing, cur-
rent research primarily focuses on synthesizing monomers
and preparing photosensitive silicone rubber ink [27–30].
Furthermore, special UV-curing printers must be installed to
print high-viscosity silicone rubber, which limits their ver-
satility. In most DIW technologies, the ink materials gener-
ally meet the printing requirements by incorporating fillers.
However, this approach is influenced by complex factors and
does not facilitate the regulation of mechanical properties
through structures [31–34].

In this study, we utilized the commercial monomer SE1700
and a polymerization inhibitor to prepare the printing ink for
the realization of fine PDMS structures. The DIW 3D printing
technology was employed to print PDMS. The printing pro-
cess was optimized by adjusting extrusion parameters to pro-
duce printed samples with consistent morphologies, and then
creating various intricate and high-resolution energy dissip-
ation devices. Based on this, the printed samples were fur-
ther designed to investigate the relationship between sample
structure and mechanical properties. The Bouligand struc-
ture was decomposed to obtain modular layered structures.
The designed modular models were then accurately conver-
ted into printed samples using optimized printing parameters.
The stress-strain responses of the printed modular Bouligand
structures were explored through compression mechanics test-
ing. The gradient control mechanism of their mechanical prop-
erties was analyzed using finite element analysis (FEA), ulti-
mately achieving flexible assembly of gradient combination
energy-absorbing structure arrays.
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2. Materials and methods

2.1. Materials

PDMS adhesive (SE 1700) with a curing agent was
purchased from Dow Corning, USA. Diallyl maleate
(DAM) was purchased from Shanghai Aladdin Biochemical
Technology Co., Ltd

2.2. Preparation of printing ink

First, the two components of SE1700 and the curing agent
were thoroughly mixed. Then, 10 g of the mixture was
weighed, and 0.1 g of DAM was added as an inhibitor. The
ink was further mixed evenly using ball milling. Move the ink
to a 10 cc printing syringe and centrifuge it at 7000 rpm for
10 min to remove bubbles from the ink.

2.3. 3D printing of PDMS structures

The printing model is created using CAD, and the STL format
of the model is imported into the printer’s software to adjust
the printing parameters and generate the printing path. By
adjusting the printing parameters, such as the inner diameter
of the printing micro nozzle, the diameter of the extruded fila-
ment, and the printing speed. The ink is extruded in a filiform
manner onto the silane-treated glass sheet through the nozzle
under a specific pressure. After the printing is completed,
the printed sample is placed in a high-temperature oven and
cured at 150 ◦C for 2 h to form a silicone rubber sample with
an adjustable structure.

3. Characterization

The ink’s rheological properties were measured using a rota-
tional rheometer. The ink’s viscoelasticity and thixotropy were
measured using a cone-plate sensor system. Viscoelastic tests,
such as shear thinning and shear modulus, were conducted
using rotation mode and oscillation mode. The test temperat-
ure for shear thinning was 25 ◦C, and the shear rate range was
0.1–100 s−1. The apparent viscosity was measured as a func-
tion of shear rate. The temperature for the oscillation shear test
was 25 ◦C, with a shear frequency of 1.0 Hz, and a shear stress
scanning range of 0.1–1000 Pa. The thixotropy recovery test
for ink also involves viscosity and modulus tests. When meas-
uring viscosity, the shear rate alternates periodically between
high shear rate (1000 s−1) and low shear rate (0.1 s−1).

The morphology of the printed sample was observed using
an optical microscope (BX51, Olympus) with a 4X eyepiece
magnification. Differential scanning calorimetry (DSC200F3,
NETZSCH) and simultaneous thermal analysis (STA449F3,
NETZSCH) were employed to investigate the impact of
inhibitors on the thermal stability of inks. The DSC test
involved observing the change in glass transition temper-
ature (Tg) from −140 ◦C to 40 ◦C at a heating rate of
10 ◦C min−1 in a nitrogen atmosphere. The thermal cur-
ing behavior of the ink at high temperatures was invest-
igated by scanning up to 200 ◦C at a heating rate of

10 ◦C min−1 from room temperature. The ink composition
and thermal stability were analyzed using thermal gravity ana-
lysis (TGA). The TGA testing process was conducted at a
consistent rate in a nitrogen atmosphere, at a temperature
range of 25 ◦C–800 ◦C.

Compression performance tests include compressive
stress-strain tests, cyclic compression tests, and stress relax-
ation tests. The tests were conducted using a universal test-
ing machine (DY-35, Adamel Lhomargy). The compression
stress-strain test rate was set to 10 mm min−1, while the
stress relaxation test rate was 1.0 mm min−1. To mitigate
the impact of stress relaxation on the stress-strain curve, the
sample was pre-compressed three times before testing, and
the fourth stress-strain curve was used to analyze the uniaxial
compression performance. The stress relaxation test points
were chosen based on the stress-strain curve, and the sample
was compressed to the selected strain point at a compression
rate of 1.0 mm min−1 and held for 3.0 h. The stress relaxation
rate of the printed silicone rubber sample was calculated using
the following formula:

δ =
(τ0 − τ1)

τ0

where δ is the stress relaxation rate (%), τ 0 is the maximum
stress (MPa), τ 1 is the stress after 3 h, the unit is MPa.

The FEA was used to study the simulation and load dis-
tribution of the compression process of the PDMS modular
Bouligand dissipative structures.

4. Results and discussion

4.1. 3D printing of PDMS fine structures

To achieve high-precision 3D printing of PDMSmaterials and
structures, we have developed an ink formula, as depicted
in figure 1(a), primarily utilizing the commercial monomer
resin SE1700 and its initiator. We also incorporate the DAM
inhibitor to prevent premature solidification during the print-
ing process, thereby facilitating the printing process. In this
ink system, the DAM inhibitor primarily functions by form-
ing a relatively stable complex with the platinum catalyst to
slow down or inhibit the hydrosilylation addition reaction. The
different components of the ink system are thoroughly mixed
using a ball mill, and the bubbles produced during ball milling
are eliminated through centrifugation to obtain a consistent
printing ink for use. In this study, DIW printing was accom-
plished by extruding the printing ink mentioned above under
air pressure to produce uniform printing filaments and regu-
lar printing structures. Printed samples were later heat-cured
and shaped, as shown in figure 1(b). The primary factor influ-
encing the extrusion effect in DIW printing is the viscoelasti-
city of the ink. The viscoelasticity of the ink needs to be reg-
ulated due to its solid elasticity and fluid viscosity character-
istics. Among these properties, shear thinning behavior and
shear modulus are the most crucial rheological properties for
designing DIW 3D printing precursor inks. Additionally, these
two properties are commonly utilized to characterize the vis-
coelasticity of inks. Shear thinning refers to the phenomenon
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Figure 1. (a) Schematic illustration of the preparation process of DIW 3D printing ink. (b) Schematic diagram of DIW 3D printing process.
(c) Shear thinning curve of the printing ink. (d) The shear modulus curve of the printing ink. (e) The viscosity thixotropic recovery
performance of ink at low shear rate (0.1 s−1) and high shear rate (1000 s−1). (f) The modulus thixotropic recovery performance of ink
under low shear stress (50 Pa) and high shear stress (2000 Pa). (g) DSC curve (heating process) of printing ink. (h) DSC curve (cooling
process) of printing ink. (i) Thermogravimetric curve of printing ink.

where the viscosity of ink decreases as the shear rate increases,
facilitating the extrusion of ink during the printing process.
As shown in figure 1(c), it is evident that the viscosity of the
ink decreases with the increase in shear rate, indicating that
the prepared ink demonstrates significant shear thinning beha-
vior, further confirming its printability. The ink itself has a
specific yield stress, and when the shear stress exceeds this
yield stress, it will exhibit characteristics similar to those of
liquids. These yield stress fluids can be effectively described
using the Herschel–Bulkley model [35]:

τ = τy+Kγn

In the equation, τ represents the shear stress, τ y stands for
the yield stress, K denotes the consistency, γ represents the
shear rate, and n represents the flow index (for shear thinning
fluids, n< 1). To ensure that the printable ink can pass through
the micro nozzle smoothly, the stress applied inside the micro
nozzle must exceed the yield stress of the ink (τ y). When the
ink flows out of the micro nozzle, τ y and shear modulus, also
known as the energy storage modulus (G′), quickly recover
to their original values. Adequate yield stress is essential for

restoring the solid state of ink after deposition, which is bene-
ficial for supporting the upper and lower layers. Therefore, G′

must be sufficiently high (greater than 103 Pa) to ensure the
final printed rigid structure. To meet printing requirements,
the G′ of the ink should not be too high, as it can lead to ink
blockage in the micro nozzle during the squeezing process.
Therefore, it is common to use the energy storage modulus
(G′) and loss modulus (G′′) to jointly characterize the shear
modulus characteristics of ink, which represent material elasti-
city and viscosity indicators. The behavior indicates the ability
to maintain its extruded shape. In figure 1(d), the oscillating
stress scanning test of the ink at room temperature shows that
the material exhibits solid-like behavior at lower oscillating
stresses (G′ >G′′), while the oscillating stress above the yield
stress exhibits fluid-like behavior (G′ < G′′).

The precursor ink for DIW 3D printing must have
self-supporting properties to ensure a fine molding effect.
Thixotropy is generally used to characterize this property.
Thixotropy refers to the process in which the ink changes
from a viscous state to a more fluid state under shear stress,
and when the shear stress is removed, the ink automatic-
ally returns to its original state, a phenomenon known as
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thixotropic recovery. Figures 1(e) and (f) depict the viscos-
ity thixotropy recovery performance and modulus recovery
performance of the ink, respectively. As the ink continu-
ously alternates between high and low shear rates, its viscos-
ity also undergoes periodic changes. At low shear rates, the
ink exhibits relatively high viscosity. When the shear rate is
increased, the viscosity of the ink decreases, demonstrating
the shear thinning phenomenon of printing ink at high shear
rates. Additionally, there is no significant delay in the viscos-
ity thixotropic recovery. In addition, similar to the thixotropic
recovery performance of viscosity, the ink’s modulus recov-
ery also shows periodic changes with the increase or decrease
of shear stress. The storage modulus is higher than the loss
modulus at low shear stress. When subjected to high shear
stress, the storage modulus rapidly decreases in comparison
to the loss modulus, without significant hysteresis. These res-
ults all indicate that the ink exhibits favorable self-supporting
performance and will not collapse or deform when extruded
onto the platform.

After completing the extrusion and molding process,
thermal curing post-treatment is necessary to further solidify
the structure of the printed sample. To determine the thermal
curing conditions, the DSC curve of the printed sample is ana-
lyzed. As shown in figure 1(g), it can be observed that without
the inhibitor, the curing heat release of the ink started at 80 ◦C
and reached its maximum reaction rate around 124 ◦C. After
the addition of the DAM inhibitor, the exothermic peak of the
ink shifts to the right and reaches the maximum reaction rate
at around 139 ◦C. This indicates that DAM can inhibit the
thermal curing reaction of silicone rubber. Figure 1(h) shows
that the glass transition temperature (Tg) of the ink (−123 ◦C)
remains relatively unchanged after the addition of inhibitors.
This suggests that the inhibitors have minimal impact on the
ink’s physical properties and are unlikely to diminish the print-
ing quality. From the thermogravimetric curve in figure 1(i), it
can be observed that the mass loss of the ink does not change
significantly after adding the inhibitor and heating it to 200 ◦C.
However, the mass loss of the ink with the inhibitor is higher
when the temperature is further increased. This further indic-
ates that DAM can inhibit the thermal curing rate of the ink.
Thus, the thermal curing conditions can be determined, and a
temperature of 150 ◦C is selected as the initial thermal curing
temperature for the printed samples to ensure rapid curing.

There are numerous factors that influence the printing qual-
ity of DIW printing, such as extrusion pressure, printing speed,
nozzle inner diameter, filament spacing, and layer thickness.
The spacing of filaments and layer thickness can be controlled
by printing software. However, the inner diameter of the print-
ing nozzle must be determined taking into account various
other parameters, such as the rheological properties of the
printing ink, extrusion pressure, and printing speed. The extru-
sion pressure and printing speed are mutually constrained, the
extrusion amount increases with higher extrusion pressure. At
this time, if the printing speed is slow, the extruded filaments
will accumulate and overlap. On the other hand, if the printing
speed is too fast, the extruded filaments may not be deposited

on the substrate, thereby affecting the molding effect of the
printed structure. In order to facilitate the comparison of print-
ing effects, the extrusion pressure of the ink is kept constant
(unless otherwise specified, the extrusion pressure in the fol-
lowing experiment is fixed at 0.15 MPa), and the impact of the
inner diameter of the printing nozzle and printing speed on the
forming effect of DIW 3D printing is studied.

Firstly, the study examined the influence of the inner dia-
meter of the printing nozzles on the forming effect. The print-
ing nozzles with inner diameters of 210 µm, 410 µm, and
610 µm were chosen for printing and comparing the form-
ing effects. Figure 2(a) displays the optical microscopy (OM)
images of the individual filaments printed using micro nozzles
with varying inner diameters. The diameter of the printed fila-
ment is similar to the inner diameter of the printing nozzle.
And there is no significant shrinkage of the single filament
after the thermal curing process (see figure S1), indicating that
the thermal curing post-treatment has no significant effect on
the molding outcome. From the OM images of the grid struc-
tures printed by different printing nozzles at the same filament
spacing, it can be seen that the printing nozzle with an inner
diameter of 210 µmproduces distinct patterns. Significant col-
lapse and deformation are observed between the filaments.
This is because the spacing between the filaments is too large,
and the diameter of the filaments is too thin. This is not enough
to provide adequate support under its own gravity to stabilize
the printing shape. Therefore, the thin nozzle is more suitable
for printing models with smaller filament spacing, as shown in
figure S2(a). By comparison, the printing nozzle with an inner
diameter of 410 µm forms a regular mesh structure during
printing, and the nodes are neatly connected without deforma-
tion. The printing nozzle with an inner diameter of 610 µm
produces thicker filaments, resulting in dense spacing. This
is not conducive to the precise design of patterned structures
and is more suitable for printing models with larger filament
spacing, as shown in figure S2(b). Based on the model size
and filament spacing in this study, a printing nozzle with an
inner diameter of 410 µmwas chosen for structural design and
mechanical performance regulation.

The diameters of individual filaments obtained at various
printing speeds are depicted in figure 2(b). When the extrusion
pressure is set at 0.15 MPa and the inner diameter of the print-
ing nozzle is fixed at 410 µm, the diameter of the extruded
filament gradually decreases as the printing speed increases,
from 550 µm at 3.0 mm s−1 to approximately 300 µm at
7.0 mm s−1. This is mainly because when the printing speed is
slow, there is more ink accumulation in a local position, while
when the printing speed is fast, the ink is excessively stretched,
resulting in a thinner filament. Figure 2(c) displays the OM
images of the printed samples. It is evident that the diameter
of a single filament decreases as the printing speed increases.
The diameter of a single filament obtained at a printing speed
of 5.0 mm s−1 is closer to the inner diameter of the printing
nozzle. When the printing speed is less than 5.0 mm s−1, there
will be overlap between adjacent layers of filaments, resulting
in a flattened and elliptical diameter of a single filament. When
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Figure 2. (a) Optical microscopic images of printed samples using printing nozzles with inner diameters of 210 µm, 410 µm, and 610 µm.
(b) Diameters of printed samples obtained using 410 µm nozzle at different printing speeds. (c) Optical microscopic images of printed
PDMS samples obtained using 410 µm nozzle at different printing speeds. (d) Printed samples with complex structures. Scale bar 200 µm.

the printing speed exceeds 5.0 mm s−1, the interlayer bond-
ing between filaments undergoes severe deformation, and the
diameter of a single filament differs greatly from the inner dia-
meter of the printing nozzle, ultimately leading to distortion of
the printed PDMS samples. In summary, the optimal printing
speed in this study is 5.0 mm s−1.

Based on the above research, the selected printing para-
meters for PDMS samples are as follows: the extrusion pres-
sure is 0.15 MPa, the inner diameter of the printing nozzle
is 410 µm, the printing speed is 5.0 mm s−1, and the prin-
ted layer thickness is 0.35 mm. The dimensions of the printed
modular structure are 15 mm × 15 mm × 15 mm. To further
validate the printing effect of these printing parameters, sev-
eral more complex structures are printed using the same print-
ing ink. Figure 2(d) displays the physical images of the com-
plex PDMS structures printed using DIW. It is evident that by
using these parameters, we can create grid structures, honey-
comb structures, and more complex designs, including artifi-
cial ears (see figure S3), octopus, pyramid, and butterfly mod-
els. All of these printed samples exhibit consistent high resol-
ution and strong precision structure, with no apparent deform-
ation or collapse. This confirms the feasibility and stability
of the PDMS ink system and printing parameters, which are
prerequisites for subsequent printing of modular samples and
ensure the integrity of the printed modular sample structure.

4.2. Modular Bouligand dissipative structures

A buffering energy-absorbing structure is a type of construc-
tion designed to absorb energy during collisions or impacts. It
is typically made up of multi-layer materials, some of which
are able to deform or rupture, absorbing energy and protect-
ing other parts from damage. The design of energy-absorbing
buffering structures requires consideration of various factors,
including materials, shape, thickness, and methods of con-
nection between layers. In general, each layer of a buffering
energy-absorbing structure should possess varying deforma-
tion capacity and rupture strength. This allows for the absorp-
tion of energy layer by layer during collisions or impacts. In
addition, the energy-absorbing structure must also consider
factors such as weight and cost to ensure its practical feas-
ibility and cost-effectiveness in real-world applications. The
Bouligand structure is a typical spiral-layered fiber-reinforced
structure that exists in many biological structures and exhib-
its excellent mechanical properties. Here, a series of modular
energy absorption structures are designed based on the charac-
teristics of the Bouligand structure to achieve a gradient com-
pression energy absorption effect. The modular design of the
printed samples can reduce printing complexity while allow-
ing for flexible assembly based on specific needs. As shown
in figure 3(a), with a rotation unit of 15◦, the rotation angle
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Figure 3. Modular Bouligand dissipative structures with different filament rotation angles. (a) Schematic illurstration of modular samples
with different filament rotation angles: 30◦, 45◦, 60◦, 75◦, 90◦. (b) Optical microscope images of printed PDMS modular samples with
different filament rotation angles after thermal curing (scale bar 200 µm). (c) Top view and (d) side view of the printed samples
(15 mm × 15 mm × 15 mm) with different filament rotation angles.

of the second layer relative to the first layer is adjusted. Five
relative angles of 0–30◦, 0–45◦, 0–60◦, 0–75◦, and 0–90◦ are
chosen to produce printed samples with various filling struc-
tures. It should be noted that the structural sample with a 0–
15◦ angle was not selected for compression testing due to
its poor molding effect (see figure S4). The spacing between
printed filaments and the printing angle can be directly adjus-
ted using the slicing software. The compression test samples
are 15 mm × 15 mm × 15 mm cubes. The optical micro-
scope images in figure 3(b) demonstrate that the printed mod-
ular samples exhibit high fidelity. The photos of the printed
samples are shown in figures 3(c) and (d). It is evident that the
structural pores of the printed samples are relatively uniform,
providing good support without any noticeable defects or col-
lapses. This further demonstrates the stability and feasibility
of DIW 3D printed PDMS.

4.3. Compression test of modular Bouligand dissipative
structures

The differences in elastic modulus and stress relaxation
of PDMS modular Bouligand structures were characterized
through compression tests to verify the gradient energy-
absorbing performance of these modular samples. The elastic

modulus refers to a material’s capacity to withstand elastic
deformation under load, as determined by the initial slope
of the stress-strain curve. Stress relaxation refers to the phe-
nomenon of applying a constant compressive stress to a mater-
ial at a certain strain under specific environmental conditions,
and observing that the stress gradually decreases with time.
The concept of stress relaxation involves the structure under-
going plastic deformation when subjected to force, leading to a
reduction in internal stress. The primary reason for stress atten-
uation is the gradual consumption of the material’s stress by
the viscous internal resistance that must be overcomewhen the
molecular chainmoves. The characteristic of this phenomenon
is that it begins rapidly and then decelerates. It is more bene-
ficial to promote the practical application of a material with a
lower stress relaxation rate. Figure 4 displays the compression
test results of modular silicone rubber energy-absorbing struc-
ture samples at 0%, 20%, 40%, and 60% strain, respectively. It
is evident that the compression processes of the modular series
samples vary, and the morphologies of the samples under the
same strain are noticeably different.

FEA was used to investigate the impact of topology on the
stress relaxation behavior of these 3D printed modular struc-
tures under compression. The FEA results were obtained by
fitting the mechanical data of the modular structures with the
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Figure 4. Compression test of PDMS modular Bouligand dissipative structures printed at different rotation angles under strain (ε) of 0%,
20%, 40%, and 60%.

Mooney–Rivlin constitutive equation, using a triangular mesh
and a solid mechanics solver. By combining the experimental
observations (figure 4) with the FEA results (figure 5), we can
analyze the compression deformation mechanism of the mod-
ular structures. Models of the modular samples were construc-
ted using eight layers of filaments with a diameter of 0.41 mm,
a spacing of 1.2 mm, and a layer height of 0.35 mm. Free
boundary conditions were imposed on the simulated PDMS
modular structures. Two thin and rigid plates were attached to
the upper and lower sides of the foam, and both plates were
secured in place. The material parameters were determined
by fitting the mechanical data of the PDMS modular struc-
tures with the Mooney–Rivlin constitutive equation. It can be
observed that the theoretical simulation results are largely con-
sistent with the experimental findings. The transfer of load
with the deviation direction of the line demonstrates the effect-
iveness of the structural design. The deviation between the
experimental and simulation results of the 0–75◦ sample is
attributed to the formation defects in specific parts of the prin-
ted sample. The symmetrical structure of the 0–90◦ sample
makes it unpredictable whether the modular sample will tilt
to either side during the compression process. This outcome
is influenced more by factors such as molding defects during

the experiment. In general, when the modular sample is com-
pressed, the load is transmitted along the printed filaments in
the sample, resulting in an angled adjacent layer line that tends
to be parallel, forming a stress layer. The simulation results
indicate that in this process, the inclined line will shift the load
to the inclined side and achieve a gradient buffering effect.

4.4. Regulation of mechanical properties

As mentioned previously, the regulation of mechanical prop-
erties through gradient can be achieved by designing the struc-
ture of modular PDMS samples based on the Bouligand struc-
ture, as illustrated in figure 6(a). These modular samples with
a fine filament spacing of 1.2 mmwere printed at 15◦ intervals.
The samples include 0–15◦ and 0–165◦, 0–30◦ and 0–150◦, 0–
45◦ and 0–135◦, 0–60◦ and 0–120◦, and 0–75◦ and 0–105◦,
all of which have the same structure, but the print direction
is opposite. The analysis of their stress situation during the
compression test is shown in figure 6. The compressive stress-
strain curve of materials is typically divided into three stages,
as shown in figure 6(b): the first stage is the linear elastic stage,
during which the stress exhibits a linear change; the second
stage is characterized by collapse due to the elastic buckling
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Figure 5. The simulation diagram of the compression test of silicone rubber modular structures printed at different rotation angles under
strain (ε) of 20%, 40%, and 60%.

of the hole wall, leading to a plateau stage where the stress
remains almost constant; the third stage is the densification
stage, resulting from the rapid change in modulus caused by
the compression and densification of filaments. The platform
stage absorbs energy without deformation, so it is preferable
for the modular sample to have a longer and higher platform
stage in order to reduce stress fluctuations. Stress variations
are minimized because of the printing structure’s consistent
and well-organizedmorphology. As a result, all of the modular
samples’ stress-strain curves in figure 6(b) have a large plateau
region (more than 15%), demonstrating the high mechanical
buffering capacity of these samples. Figure 6(c) makes it evid-
ent that the elastic modulus exhibits a normal distribution pat-
tern as the printing angle increases gradient-wise and achieves
its greatest value at 0–90◦. This is due to the sample structure’s
90◦ symmetry and the strongest filament-to-filament bonding,
which produces a more uniform distribution of stress. As was
previously indicated, other samples with the same structure
but the opposite filament direction have similar mechanical
properties. The error bars in the first two graphs show the
range of errors from several experiments, primarily originating
from two factors: 1. Because it is impossible to guarantee
that every sample is precisely the same during the printing

process, there may be variations in modulus. 2. Incorrect read-
ings in experiments on compression. These PDMS modu-
lar samples are examples of macroporous materials, which
typically have moderate mechanical strength but good stress
relaxation. Since PDMS products are frequently utilized in
platform stages, we decided to conduct stress relaxation exper-
iments at a strain of 35%. Figure 6(d) displays the stress
relaxation curves for these modular samples. It is evident that
as time goes on, the stress progressively drops and eventu-
ally settles to a fairly steady amount. Both the diffusion and
escape of gas in the pores as well as the relaxing of the
PDMS matrix material occur during the compression pro-
cess. As seen in figure 6(e), the modular samples’ stress
relaxation rates vary, but none of them go above 30%. The
aforementioned findings demonstrate that modular Bouligand
decomposition structures with gradient changes in mechan-
ical properties may be effectively produced by 3D print-
ing. These printed modular structures can be freely integ-
rated to create specially designed Bouligand structures that are
tailored locally (figure S5).

In addition to controlling filament angles during printing,
the mechanical properties of these modular samples can also
be regulated by adjusting other printing parameters. Taking
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Figure 6. Compressive mechanical properties of printed modular samples with different filament angles. (a) Schematic illurstration of the
compression process of the Bouligand structure and its decomposition structures. (b) Compressive stress-strain curves of printed modular
samples. (c) Elastic modulus of printed modular samples. (d) Stress relaxation curves of printed modular samples. (e) Corresponding stress
relaxation rate.

a 0–90◦ sample as an example, the compression properties
of the printed modular samples with varying filament spa-
cing (ranging from 0.8 mm to 2.4 mm, with 0.4 mm inter-
vals) are analyzed. As depicted in figures 7(a) and (b), the
porosity of the modular sample gradually increases and the
elasticmodulus gradually decreases as the spacing between fil-
aments increases. The elastic modulus of the printed modular
sample decreases as the spacing between filaments increases.
When the spacing between filaments is 2.4 mm, the modulus
of the modular sample is less than 0.2 MPa. When the spa-
cing between filaments is 0.8 mm, the modulus of the modular
sample exceeds 0.8MPa. The compressive stress-strain curves
of the printed samples in figure 7(a) reveal that the mechanical

strength of the printed modular sample is at its peak when the
spacing between filaments is 0.8 mm. However, there is a lack
of distinct platform areas, indicating poor mechanical buffer-
ing performance of the printed sample at this spacing. For the
printed sample with a filament spacing of 2.0 mm, although
there is a wider plateau area in the compressive stress-strain
curve, the yield stress of this sample is only 0.05 MPa, which
is also not conducive to practical applications. For the prin-
ted sample with a filament spacing of 1.2 mm, the compress-
ive stress-strain curve exhibits a broad plateau region and a
yield stress of 0.15 MPa. The phenomenon described above
occurs because the lateral constraint force between adjacent
filaments increases as the distance between them decreases.
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Figure 7. Effect of filament spacing on the mechanical properties of printed modular samples. (a) Stress-strain curves of 0–90◦ samples
with different filament spacing. (b) Elastic modulus and maximum stress of 0–90◦ samples with different filament spacing. (c) Stress
relaxation curves of 0–90◦ samples with different filament spacing under the strain of 35%. (d) Corresponding stress relaxation rate. (e) 100
times cyclic compression curve of 0–90◦ printed modular sample. (f) The cyclic compression curve of the 0–90◦ printed sample under
different compression speeds. (g) Dissipated energy and recovery ratio of 0–90◦ printed modular sample. (h) Cyclic compression curves of
0–90◦ printed structures under different strains. (i) Corresponding dissipated energy.

This makes it less likely for the sample to yield, resulting in
a less pronounced buckling effect. When the filament spacing
is approximately 1.2 mm, the printed modular sample gener-
ally exhibits a broader plateau area in the compressive stress-
strain curve and higher yield strength. This makes it more suit-
able for the production of cushioning and damping materials.
The spacing between printed filaments significantly affects the
mechanical properties of the printed sample. This parameter
can be adjusted within a certain range to meet various practical
application needs.

Similarly, a stress relaxation experiment was conducted on
the printed samples using a 35% strain. The stress relaxation
curves of the printed sampleswith varying filament spacing are
depicted in figure 7(c). It can be observed that as time passes,
the stress of the printed samples gradually decreases and then
stabilizes at a relatively constant value. The stress value gradu-
ally decreases as the filament spacing increases, which is
attributed to the reduction in the number of filaments and
nodes. The stress relaxation rates of the printed samples are
depicted in figure 7(d). The 0–90◦ structure sample exhibits
a minimum stress relaxation rate of approximately 13% with

varying filament spacing, while the maximum rate does not
exceed 25%. The compression cycle test results are shown in
figure 7(e). Taking the 0–90◦ printing structure as an example,
the compression frequency is 100 cycles. As PDMS is a vis-
coelastic material, a significant hysteresis loop is observed in
the cyclic stress-strain curve. This is because the deformation
movement must overcome significant resistance, and external
forces are transformed into heat energy, leading to energy
dissipation. The speed of compression does not significantly
impact the compression process, as shown in figure 7(f). This
is because when the loading rate is low and uniformly dis-
tributed, the compression behavior of the printed sample is
stable, and the change in strain rate may have aminimal impact
on the compression behavior. As shown in figure 7(g), after
100 compression cycles, the dissipation energy and recovery
rate remain relatively stable. Except for the noticeable stress
relaxation phenomenon in the printed sample after the first
10 cycles of compression, the difference in subsequent com-
pression processes is less than 3%. Figures 7(h) and (i) dis-
play the cyclic compression curves of the 0–90◦ printed mod-
ular sample under different strains. Although the dissipated
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energy steadily increases with increasing strain, the highest
values do not exceed 0.4 MPa. From this, a series of modu-
lar printed samples with varying mechanical properties were
obtained by adjusting the interlayer filament routing angle and
filament spacing. The range of gradient mechanical perform-
ance changes can meet the application requirements for buf-
fering and energy-absorbing structures. It can be assembled
into arrays with different mechanical performance gradients
according to specific requirements (see figure S6).

5. Conclusions

This work used DIW printing technology to develop and cre-
ate a number of modular Bouligand decomposition structures.
To achieve modular samples with consistent morphology, a
traditional PDMS ink system appropriate for DIW printing
method was utilized. Excellent shear thinning behavior of
the ink system was shown by rheological performance tests.
Furthermore, the ink satisfies the DIW 3D printing require-
ments effectively since its storage modulus under mild shear
stress is greater than its loss modulus. After much considera-
tion, the following were found to be the ideal printing settings
for this ink system: a 410 µm inner diameter printing nozzle,
350 µm layer thickness, 1.2 mm filament spacing, extrusion
pressure of 0.15 MPa, and printing speed of 5.0 mm s−1.
An effective way to control the mechanical properties of a
sequence of modular Bouligand structures is to vary the angle
at which the filaments of consecutive layers lie. The results of
the compression tests show that the printed modular construc-
tions have a greater elastic modulus when the filament angle
is near to 0–90◦. The sample’s mechanical characteristics can
be preserved under cyclic compression. The elastic modulus
of printed PDMS samples drops with increasing filament sep-
aration, and the stress at the same strain likewise decreases.
The 3D-printed PDMS modular Bouligand structures can be
assembled into gradient-buffered energy-absorbing structures
similar to the Bouligand structure. This allows for the regula-
tion of local mechanical properties to meet complex energy-
absorbing needs. Although we have completed the neces-
sary experimental design and performance verification using
PDMS, the core innovative ideas of this work can also be
applied to other AM materials and technologies, including
laser AM, metal materials, and ceramic materials.

6. Future perspectives

3D printing is a rapid prototyping technique that uses 3D
drawing software to create and print 3D structures layer by
layer. Compared to traditional manufacturing methods, 3D
printing offers advantages such as diversity, high accuracy,
reduced time consumption, and conservation of raw mater-
ials. The advancement of 3D printing has made it possible
to create complex structural materials and metamaterials.
This has had a positive impact on research fields such as
electromagnetism, structural engineering, biology, acoustics,
and thermodynamics. In addition to mechanical properties,
structural materials often have other physical and chemical

performance requirements for various application environ-
ments and processing conditions. With the continuous devel-
opment of aerospace, transportation, energy, and power fields,
traditional structural materials are constantly evolving to meet
the demands of new advancements. High-performance struc-
tural materials are an essential foundation for the application
of industrial manufacturing. By integrating the most recent
3D metamaterial microarchitecture design concepts and lever-
aging advanced 3D printing technology, it is feasible to tailor
the mechanical properties of materials. These new concept
materials will exhibit unique characteristics, such as being
ultra-light, ultra-stiff, having a negative Poisson’s ratio, a neg-
ative compressibility, and stimulus responsiveness.
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