
1077-2626 (c) 2018 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TVCG.2019.2914044, IEEE
Transactions on Visualization and Computer Graphics

IEEE TRANSACTIONS ON VISUALIZATION AND COMPUTER GRAPHICS, VOL. XX, NO. XX, XXX 20XX 1

Strong 3D Printing by TPMS Injection
Xin Yan, Cong Rao, Lin Lu, Andrei Sharf, Haisen Zhao, and Baoquan Chen

Abstract�3D printed objects are rapidly becoming prevalent in science, technology and daily life. An important question is how to
obtain strong and durable 3D models using standard printing techniques. This question is often translated to computing smartly
designed interior structures that provide strong support and yield resistant 3D models. In this paper we suggest a combination between
3D printing and material injection to achieve strong 3D printed objects. We utilize triply periodic minimal surfaces (TPMS) to de�ne
novel interior support structures. TPMS are closed form and can be computed in a simple and straightforward manner. Since TPMS
are smooth and connected, we utilize them to de�ne channels that adequately distribute injected materials in the shape interior. To
account for weak regions, TPMS channels are locally optimized according to the shape stress �eld. After the object is printed, we
simply inject the TPMS channels with materials that solidify and yield a strong inner structure that supports the shape. Our method
allows injecting a wide range of materials in an object interior in a fast and easy manner. Results demonstrate the ef�ciency of strong
printing by combining 3D printing and injection together.

Index Terms�3D printing, minimal surfaces, inner structures, injection
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1 INTRODUCTION

Recent years have seen a growing interest in 3D printing
technologies, capable of generating tangible solid objects
from their digital representation. Common to the process
of 3D printing, in addition to the external surface of the
object that is printed, its inside is also �lled by some material
following the pattern of certain inner structures. Choices for
the pattern of the in�ll are made based on the properties
to be achieved such as durability and strength [1], material
economy [2], [3], or 3D printing performance [4].

Interior scaffolding is the process of replacing the solid
interior by skeletal elements and truss scaffoldings that
support the exterior boundary [5], [6]. To realize strong
and lightweight 3D manufacturing, various in�ll structures
and scaffoldings have been proposed. Techniques, ranging
from straightforward local hollowing [7] to special property
structures such as honeycombs [1] shown to be effective
in achieving lightweight yet strong interior support. Works
in this �eld focus on interior optimization which is a chal-
lenging task involving careful design of the interior support
especially in presence of complex geometry and topology.
E.g., thin double-walls, high curvature and high genus.

Different from these techniques, we avoid the complexity
of computing and positioning intricate support structures
in the shape interior. Instead, we take a somewhat different
approach which assumes a closely hollow 3D object that
is injected with strong materials. Thus, object strength and
durability is achieved simply by choosing the appropriate
injection material. As a result, strong 3D printing reduces
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to the task of computing injection channels that properly
distribute the injected material in the object interior.

For this purpose, we explore triply periodic minimal
surfaces (TPMS) to de�ne injection channels as globally
controllable structures. TPMS are smooth, connected and
self-supported parametric surfaces that allow good control
and thus have been considered as scaffolding structures
in various domains [8], [9], [10], [11]. Drawing inspiration
from these works, we utilize TPMS to de�ne smooth hollow
channels in the object interior that are 3D printed together
with the object. After the object and inner structures are
3D printed, we inject the channels with external materials
of any desired property and strength that turn into solid
through a simple solidi�cation process (see Fig. 1).

Our 3D printing and injection bene�ts from TPMS struc-
tural properties of smoothness, connectivity and quasi self-
supporting. W.r.t. 3D printing this means that the internal
TPMS channels are self-supporting, requiring no extra sup-
port in the printing process while their connectivity and
smoothness allow to easily inject and �ll the TPMS channels
with different materials.

To summarize, our work makes the following novel
contributions:

� A novel 3D manufacturing approach which achieves
model strength through injection of strong materials
into internal channels.

� Utilization of TPMS to allow easy generation of inner
channels. TPMS are closed form and therefore easily
computed, requiring merely to manipulate an im-
plicit function. TPMS distribution inside the object is
controlled by adjusting their frequencies, generating
an adaptive structure.

� Ef�cient and simple 3D printing of strong objects.
TPMS yield self supported inner channels that can
be printed in a straightforward manner. In post-
processing they are injected with strong materials.
TPMS smoothness and connectivity guarantees their
full injection.
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Fig. 1. The interior TPMS channel of a 3D kitten is injected with strong blue resin. The translucent rendered 3D kitten with optimized interior TPMS
channel (leftmost), the 3D printed kitten sliced for visualization purposes of the TPMS channel structure (mid) and in�ll distribution (rightmost).

2 RELATED WORK

The computation and optimization of interior structures
such as scaffolding and porous has been widely investigated
in the context of CAD, solid modeling, material design
and tissue engineering. A survey [12] studies state-of-the-
art methods for fabrication aware design. Readers are also
referred to the recent book [13] for further information.
In the following, we discuss related methods focusing on
lightweight structural optimization, minimal surfaces and
multiple material fabrication and injection.

Interior structure optimization. Structure synthesis and
scaffolding have been extensively explored in tissue en-
gineering and computer-aided design [14], [15]. Engineers
have developed lightweight structural cores (i.e., honey-
comb, balsa and foam) to reduce weight and enforce
strength [16]. For example, honeycomb cores have shown
material-ef�ciency thanks to their hexagonal cell con�gura-
tion [17].

Structural optimization of object interiors has been used
to improve strength and reduce printing costs [7]. In
their work, authors de�ne an iterative optimization process
where supporting struts, thickening and hollowing are ap-
plied to sustain stress and grip forces.

Reducing the object’s interior material is an important
property for reducing 3D printing costs and durance. Never-
theless, it should be tightly coupled with strength character-
istics of the object to guarantee the physical object durability.
In their work, Zhou et al. [18] identify structural problems
in objects by building a weakness map to measure the shape
response to worst-case external pressure.

Similarly, in [5], the solid interior of an object is com-
pletely replaced by an optimized truss scaffolding. To over-
come lack of stability, Pr ·evost et al. [19] carve the interior
volume to improve its equilibrium. They de�ne the shape’s
interior modi�cation as an energy minimization problem
to optimize balance. Lu et al. [1] introduce a hollowing
optimization algorithm based on the concept of honeycomb-
cells structure. They compute irregular honeycomb-like vol-
ume tessellations which de�ne the inner structure by op-
timizing the strength and weight of the object. Zhang et
al. [20] use a data-driven method to compute a non-

uniformly hollowed shape to realize the desired bending
behaviors.

Topology optimization is also a widely used approach,
which iteratively removes and redistributes material from
a part while obtaining minimum compliance and keeping it
lightweight [21], [22], [23], [24], [25], [26]. Wu et al. [27] adapt
the topology optimization by restricting the computational
domain to a hierarchical grid of rhombuses, such that the
result in�ll structures are self-supporting. However, the
essential problem hindering topology optimization method
from our �uid injecting idea is that, there is no theoretical
guarantee that the interior structures are smooth and free
of local maxima along the injecting direction, which would
cause the injection easily jammed.

In this context our work also analyzes stress and strength
factors for the purpose of interior optimization and strong
objects generation. Nevertheless, our method takes a step
further by enhancing object interiors with injected natural or
synthetical materials. This de�nes a novel interaction with
multiple materials that is guided by the 3D printed frame
and leverages 3D manufacturing.

Minimal surfaces and scaffold engineering.Minimal surfaces
have been studied extensively in the context of materi-
als science and mechanical engineering [28]. In computer
graphics, minimal surfaces have been introduced as novel
modeling tools for animating dynamic liquid foams (e.g.,
coffee foam) [29] and double bubbles [30]. P·erez et al. [31]
explored the Kirchhoff-Plateau Surfaces in the context of
fabrication, designed planar rod networks embedded in pre-
stretched fabric that deploy into complex, three-dimensional
shapes.

Triply periodic minimal surface (TPMS) is a subset of
minimal surfaces that extend periodically and inde�nitely in
space [32], [33]. The TPMS structures and related geometries
widely exist in natural systems, and have attracted great
interest in materials science due to the optimized physical
properties [34]. Compared to other porous structures, TPMS
structures have the main advantages of easy controllability,
high-smoothness and full-continuity.

Signi�cant progress has been made to investigate the
mechanical properties and energy absorption abilities of
the TPMS structures after fabrication [35], [36], [37]. Ra-
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Fig. 2. Given a 3D shape and its external forces, we compute its stress �eld (a) and generate an adaptive TPMS in its interior (b). We compute a
TPMS channel by offsetting the TPMS yielding a dual sheet like structure (c). We recompute the stress �eld considering the interior structure (d)
and optimize TPMS frequency and channel width such that the resulting channel sustains the given forces when injected (e).

jagopalan and Robb [8] utilize TPMS to construct 3D scaf-
foldings, exploring mechanical properties of their porous
structure. Melchels et al. [9] investigate TPMS-based scaf-
folds by utilizing different materials and pore architectures
in the 3D printing process. Their results in the context of
tissue engineering scaffolds show a large freedom of design,
and properties ranging from rigid and strong to highly
�exible and elastic structures. To control the internal TPMS
porosity and structure, Yoo et al. [10] propose a modeling
algorithm that uses a distance �eld and boolean operations.
Thus, pore size, porosity, and structure type can be locally
controlled while preserving connectivity across the entire
scaffold. A recent work [38] takes gyroid as the basic cell and
applies topology optimization strategy to �nd the optimum
density distribution of the cellular structures.

In this work we control the TPMS distribution and thick-
ness in the object interior according to stress features. Fur-
thermore, smoothness and connectivity features of TPMS
are exploited as the injected material expands and smoothly
�lls the interior.

Our work is also related to the design and synthesis
of microstructures. Standard periodic microstructures [39],
[40] are tiled in the object’s interior, to produce a partic-
ular homogenized elastic behavior. Procedural, aperiodic
microstructures like Voronoi foams [41], [42], [43] are also
investigated to achieve prescribed isotropic, or orthotropic
elasticity. Panetta et al. [44] propose a parametric mi-
crostructure model, such that the stress concentrations in
microstructures can be minimized, via evolving the shapes
in both thickness or topologies.

Multiple material fabrication and injection.While the ma-
jority of 3D printers use only a single material at a time, we
observe a substantial progress in the class of multi-material
3D printers (e.g., Connex Objet, Stratasys PolyJetTM ) which
are currently capable of generating composite materials
with complex structures.

Vidimce et al. [45], [46] propose a shader-like language
for multi-material content creation. The pipeline supports
procedural evaluation of geometric detail and material com-
position, allowing models to be speci�ed ef�ciently. Sk-
ouras et al. [47] target for designing actuated characters with

desired deformation behavior, and combine silicone injec-
tion molding with 3D printing together during the fabrica-
tion. Air injection was considered recently in the context of
design and fabrication of soft pneumatic objects [48]. Given
a 3D object with its rest and deformed target shapes, the
object volume is optimally modelled with a set of chambers
that are controlled with air injection by a pneumatic system.

Recently, a method for designing and fabricating metasil-
icones was introduced [49]. In order to control silicone
strength and stiffness properties, the authors inject spherical
inclusions of a liquid material into the silicone. By varying
the number, size, and locations of these inclusions as well as
their material, different properties of silicone objects can be
achieved.

Similar to us, hot melt adhesive (HMA) materials were
injected into 3D printed materials and their strength was
tested [50]. Nevertheless, in their work, authors do not
attempt to control interior material distribution which is a
key feature in our work using TPMS channels.

Although the spectrum of materials that can be 3D-
printed is steadily increasing, there are still many limi-
tations, especially when it comes to advanced materials.
Whether �lament-, resin-, or powder-based-3D-printed ma-
terials are still far away from the level of quality offered
by natural or synthetic polymers. This also explains the
increasing attention on techniques for silicone molding [51],
[52], [53], which help relax restrictions on the shape that
can be fabricated by traditional molding. However, it cannot
replace additive manufacturing.

3 OVERVIEW

Given a 3D shape and its external forces, we compute an
optimized TPMS channel in the shape interior such that
the injected �uid smoothly propagates and �lls it. As the
material solidi�es, the 3D printed object is generated as a
combination of two solid materials. Our method optimizes
the TPMS channel structure to guide the interior material
distribution and sustain strength requirements and resist
prede�ned stress factors (see Fig. 2).

Initially, we perform structural analysis on the shape
volume using the �nite element method (FEM) and compute
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a stress �eld. We use the stress �eld to guide our TPMS-
channel optimization. I.e., we compute a non-uniform TPMS
periodic function in the shape interior which de�nes the
channel structure, controls material distribution and conse-
quently governs object strength.

TPMS-channel optimization is controlled by two pa-
rameters: periodicity P governing channel oscillations and
width W governing local material capacity. The rationale
here is that channel oscillations (i.e. frequencies) control
channel density in the interior. High frequencies yield a
dense distribution of TPMS channels in the interior allowing
to protrude narrow regions. Nevertheless, high frequency
channels are limited in their width due to self-intersections
while low frequencies allow wider channels which in turn
distribute more �lling material into weak regions (see the
kitten’s neck in Fig. 2(e)).

Once the initial TPMS structure is computed the stress
�eld needs to be updated as the shape mass distribution
changes possibly yielding a different stress map. This may
require an iterative re�ning process of the TPMS frequencies
according to new stress �elds. To solve it, we cast the
problem into a non-linear optimization.

Starting from the initial TPMS channel with a uniform
width, we optimize the structure iteratively. In each itera-
tion, we optimize channel widths and TPMS frequencies in
an interleaving manner. The stress �eld is updated in each
iteration based on the FEM of the two materials. Iterations
stop when the model can sustain the required stress factors
with optimized volume or get fully injected with the �uid.

In the �nal step, we create an entry point on the surface
for injecting the �lling material inside the channel (and
corresponding exit point for air escaping). Using a visibility
map, we search for the least visible region of the object for
creating the entry point in order to least interfere with shape
visual appearance, (Algorithm 1).

Algorithm 1 TPMS Channel Optimization
Input: A 3D shape S, external forces F .
Output: Fabricatable TPMS channelsTC in S.

1: Compute the stress �eld SF(S; F ) via FEM;
2: Compute the periodicity P(x) from SF(S; F );
3: Channel width W  W0, generate TC(P (x); W ) in S;

(Sec.4.1.1)
4: Optimize the connectivity and self-supportness of TC;

(Sec.4.1.3 & 4.1.4)
5: while SF(S; TC; F ) > � && V(TC(P (x); W )) < V(S)

do
6: Optimize TC to be self-supporting;
7: Optimize TC on W ; (Sec.4.2.1)
8: Optimize TC on P(x); (Sec.4.2.2)
9: end while

10: Generate entry and exit points; (Sec.4.3)
11: return TC.

4 TECHNICAL DETAILS

Our method consists of computing channels in the shape
interior to correctly guide the propagation of injected ma-
terial and create the desired support structure. Channels
are de�ned by solving a closed form implicit surface in the
shape interior w.r.t. a constrained minimization.

(a) (b)

Fig. 3. A kitten model with uniform periodicity TPMS (a) vs. adaptive
periodicity TPMS (b). The two models are of the same volume.

4.1 Adaptive TPMS-Channels
A triply periodic minimal surface (TPMS) is a periodic
implicit surface de�ned independently in three orthogonal
directions. It de�nes a large family of surfaces which all
have a closed form implicit representation that results from
convolving sin and cos terms along x, y, and z axes. We
choose to use here the Schwarz P-Surface due to its simplic-
ity and having a minimal genus among all triply periodic
minimal surfaces.

P-Surfaces have been a common choice for prototyping
tissue scaffolds due to their large �uid permeability [54],
[55] and high surface-to-volume ratio and strength [11]. The
general form of P-surface is de�ned by the zero-value level-
set of the function:

F (x) = cos(
2�

P(x)
� x) + cos(

2�
P(x)

� y) + cos(
2�

P(x)
� z) = 0 ;

(1)
where x 2 S is the position with coordinates (x; y; z ), and
P(x) controls the periodicity of the TPMS. We denote P(x)
as the periodicity function (i.e. 1/frequency) of the TPMS.

4.1.1 TPMS-channel control parameters
The rationale behind our channel control is that injected
material should be distributed in weak regions more than
in strong regions. Note that since the TPMS structure is
locally uniform, its support is omni-directional. Thus, given
a 3D shape S � R3, its interior TPMS channel is denoted
as TC(P (x); W ), where P(x) and W are parameters gov-
erning TPMS periodicity and channel width (i.e. diameter)
respectively. Both parameters control the injected material
distribution, P(x) controlling the overall channel density
and W �ne tuning the channel capacity in a rather local
scale. We also denote the TPMS patch with no thickness
by TP for exposition, i.e., the structure of TC(P (x); W ) is
governed by TP(P (x)).

To generate the initial TPMS-channel distribution, we
map P(x) to a continuous function derived from the shape
stress �eld. Intuitively, P(x) has negative correlation with
the stress value, i.e., TPMS-channel distribution is dense in
weak regions with high stress values.

Stress �eld is initially computed on the fully solid object
based on FEM. It is de�ned by the von-Mises stress values,






















