
Design of the P-surfaced shellular, an ultra-low density material with
micro-architecture

Ban Dang Nguyen a, Seung Chul Han b, Yoon Chang Jung b, Kiju Kang b,⇑
a Electro-Optical Systems Institute, Viettel R&D Institute, Hanoi, Viet Nam
b School of Mechanical Engineering, Chonnam National University, Gwangju 61186, Republic of Korea

a r t i c l e i n f o

Article history:
Received 21 March 2017
Received in revised form 20 July 2017
Accepted 20 July 2017

Keywords:
P-surface
Micro-architectured material
Periodic cellular material
Elastic buckling

a b s t r a c t

The P-surface is an intersection-free smooth surface that has constant mean curvature everywhere on the
surface, and periodicity in three directions in 3D space. A cellular material composed of thin shells in this
configuration, named Shellular, reveals stretching-dominated deformation under external loading. The
thin continuous shell of a Shellular could play the role of a transfer interface between the two sub-
volumes, as well as a mechanical load support. This paper presents a preliminary study to design an opti-
mal shape of the P-surfaced Shellular. Analysis of the geometry and finite element analyses are performed
to investigate the effects of the geometric parameters and boundary conditions on their mechanical prop-
erties. It is shown that the geometry and mechanical properties of a P-surfaced Shellular can be expressed
in empirical equations with only two independent dimensionless parameters, i.e., the volume fraction
and the ratio of the wall thickness to cell size; and that the effect of the volume fraction is substantial.
A low volume fraction is very beneficial to achieve high strength, and suppresses elastic buckling to delay
the transition of the failure mode from plastic yielding to elastic buckling as the wall thickness is
decreased.

� 2017 Published by Elsevier B.V.

1. Introduction

The triply periodic minimal surface (TPMS), which was first
described by the German mathematician, H. A. Schwarz in the
19th Century, is an intersection-free smooth surface that has zero
(or in the wider sense, a constant) mean curvature at every point
on the surface, and periodicity in three directions in space [1].
The surface with zero mean curvature provides a minimal surface
area for a given boundary, as observed in soap film formed within a
rigid frame. A TPMS partitions space into two disjoint but inter-
winding sub-volumes that are simultaneously continuous. Fig. 1
shows typical examples of the TPMSs, i.e., the P, G, D, I-WP, and
F-RD surfaces. Among the TPMSs, the P-surface has important fea-
tures over the others, which would be useful for applications as
ultralight structural materials and tissue engineering scaffolds.
Namely, P-surface has the least surface area and the highest fluid
permeability through the sub-volumes for a given overall volume
[2–4].

A thin shell is defined as a curved surface structure that sup-
ports external loads mainly through coplanar stresses [5]. If a thin
shell structure has a TPMS configuration, stress concentration due

to geometrical irregularity does not occur, and the structure effec-
tively resists against external load only through coplanar stresses,
because a TPMS has constant curvature over the surface. Therefore,
the thin shell structure in the TPMS configuration is another case
that reveals stretching-dominated deformation [6], in addition to
the material with periodic micro-architecture of trusses. In fact,
Rajagopalan and Robb [7] showed the uniform distribution of the
stresses in a TPMS shell subjected to compressive external load,
and they expected high strength of tissue engineering scaffold with
the TPMS shell. (Of course, at a critical state initiating plastic yield-
ing or elastic buckling after the deformation substantially pro-
gresses with load increase, the stresses become concentrated to
some areas. These states will be elaborated in Section 4.3.)

Through literature survey, we note that densities of most natu-
ral and engineering materials are limited down to 10�2 g/cc,
(which will be elaborated in Section 4.4). To obtain the lower den-
sity with a sufficient strength, a special geometry as well as high
mechanical properties of the constituent material is needed. There-
fore, we defined the ultralow density materials (ULDM) as the
materials that belong to the category. The typical examples are
Microlattice [8], Nanolattice [9,10], and Mechanical metamaterial
[11]. All of them were composed of periodic micro-architectures
of hollow trusses.
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Han et al. [12] first introduced another concept of ULDM with a
periodic micro-architecture composed of smooth-curved thin
shells in a TPMS configuration, named Shellular. The first in
Fig. 2(a) shows the specimen. Han et al. [12] fabricated Shellular
based on a 3D photo-lithographical technique (self-propagating
polymer wave guide; SPPW) [13]. Namely, they used SPPW to form
a polymer template, then coated a Ni-P layer on the surface using
electroless plating, and finally etched out the template to obtain a
hollow structure of Shellular. Also, they demonstrated that the
Shellular specimens with a micro-architecture similar to
P-surface, mentioned above, had strength and Young’s modulus
comparable to the previous ultralow density materials, such as
Microlattice [9], Nanolattice [9,10], and Mechanical metamaterial

[11], shown in the rest three of Fig. 2(a). All of the previous ultra-
low density materials were fabricated according to the same
principle as that of the Shellular, based on templates formed by
3D photo-lithographical techniques; however, they had totally dif-
ferent micro-architectures from Shellular, i.e., hollow trusses ver-
sus smooth shells. Because of the intrinsic nature of SPPW, the
Shellular specimens fabricated by Han et al. [12] did not have a
configuration that exactly agreed with a mathematical P-surface;
the configurations were substantially elongated in the vertical
direction, and were rather seen to be composed of octahedral cells
with smoothened ridges. Fig. 2(b) shows the 3D tomography mea-
sured by a micro-CT on the real Shellular specimen, revealing peri-
odic unit cells [14]. Ban et al. sought an optimal design for the unit

Fig. 1. Typical examples of the triply periodic minimal surfaces (TPMSs), i.e., P, G, D, I-WP, and F-RD surfaces.
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