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Design and Analysis of a 3D Frictional Mechanical
Metamaterial for Efficient Energy Dissipation

Eunhyeuk Jeong, Emilio Calius, and Maziar Ramezani*

This study introduces a novel frictional mechanical metamaterial composed of
a central hexagon or re-entrant honeycomb frame, a lower section with four
tapered columns, and an upper portion with a blade shape. When subjected
to an external uniaxial force, the 3D structure of the metamaterial utilizes
sliding interactions to dissipate frictional energy. The mechanical properties of
the proposed metamaterial, such as load-displacement relationships,
hysteresis area, and peak force, can be fine-tuned by adjusting geometric
parameters and constituent materials. Extensive analysis is conducted
through experimental compression tests, finite element (FE) simulations, and
theoretical modeling. Comparative assessments of the metamaterial’s energy
dissipation performance demonstrated a good agreement between
experimental and simulation results, with minor variations observed for
deeper compression cycles. The proposed metamaterial offers the potential
for superior elastic energy absorption and dissipation, making it a promising
solution for applications requiring repeated energy dissipation or damping
under cyclical loads while maintaining a lightweight profile.

1. Introduction

Various geometric designs can produce different levels of en-
ergy dissipation and absorption to mitigate external shocks
and protect the core components of machines, buildings, and
even human beings. Energy dissipation structures, including
dampers,['*l and anti-seismic buildings,[**] are essential, partic-
ularly in regions located on tectonic plate boundaries. In indus-
tries like aerospace and automotive, the need for effective braking
systems and energy dissipation is paramount to ensure the safety
of passengers and crucial components during impact events.[®8]
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Structures designed for efficient energy
absorption and dissipation play a vi-
tal role in protecting lives and valu-
able assets from unforeseen impacts.

To enhance the performance of energy
dissipation and absorption, researchers
have consistently explored unique ge-
ometric structures, drawing inspiration
from both human intuition and na-
ture’s intricate designs, such as the beetle
forewing,®! woodpecker’s beak,!!! and
the mesocarp layer of a pomelo fruit.'!]
The pursuit of novel geometry has led
to increased structural complexity, mak-
ing the manufacture of prototype speci-
mens challenging. However, since Chuck
Hull’s invention of the 3D printer in
1983,[12] continuous advancements have
made it possible to create objects with
complex shapes that were once consid-
ered unattainable.

Metamaterials,  characterized by
unique properties not found in natural
monolithic materials,"3! have opened up new avenues in vari-
ous fields, including negative Poisson’s ratio,!**!3! cloaking,!161]
and high energy absorption.!'] In 1968 Veselago was the first to
analyze the interesting theoretical effects that would arise when
an electromagnetic wave propagated through a material with
both negative permeability and positive permittivity.l?! John B.
Pendry looked for workable ways to develop left-handed materi-
als (LHM), also known as negative-index materials, in 1999 that
deviated from the conventional right-hand rule. In order to depict
the flow of wave propagation energy, LHM creates a relationship
between the wave propagation vector and the Poynting vector.?!]
Their groundbreaking work laid the foundation for manipulat-
ing electromagnetic waves in unprecedented ways, leading to ap-
plications ranging from cloaking devices to super lenses. Sim-
ilarly, Leonhardt’s contributions, proposing optical transforma-
tion techniques to manipulate wave propagation using metama-
terials, opened new avenues for controlling light at the nanoscale,
inspiring a wave of research into metamaterial-based devices
with extraordinary capabilities.[?”] Over the past two decades, en-
gineers have created various metamaterials with applications in
acoustics, thermodynamics, electromagnetics, and mechanics,
leading to innovations like invisibility cloaks and superior energy
absorbers.

Multiple methods for absorbing and dissipating mechanical
energy through metamaterials have been explored. Prototypes
in the form of lattice struts, for instance, achieve substantial
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energy absorption by deforming and breaking the internal lat-
tice structure upon external impact.[?*! Sandwich panels, with en-
hanced lattice structures in the center, aim to exploit the plastic
deformation of the lattice.?*] Origami or kirigami patterns ap-
plied to metamaterial geometry enable directional fracture, opti-
mizing energy absorption.[?! However, these methods often re-
sult in irreversible processes and cannot be reused after energy-
dissipating operations.

The need for reversibility, that is, reusability, together with
high energy absorption has led to several novel concepts be-
ing proposed over the last 5 years. One approach involves gran-
ular metamaterials with reversible hysteresis, combining rigid
cylinders with flexible, stretchable elements. This novel meta-
material maintains structural integrity through stretchable ele-
ments while dissipating frictional energy during cylinder sliding,
akin to bistable metamaterials.[?*] Another concept based on fric-
tional energy dissipation employs a honeycomb structure, where
each cell contains a frictional mechanism that consists of beams
whose tips slide along an inclined surface when the honeycomb
cell undergoes in-plane compression.[?’] This metamaterial gen-
erates a significant hysteresis area and the proposed 2D structure
can be expanded into 3D to further improve performance.

Multistable metamaterials that can switch between multiple
stable states due to their reversibility dissipate energy when
changing states and offer reusability within the range of elas-
tic deformation.!?®] One limitation is that they require additional
manual intervention to return to their original state. Yet another
concept that has been proposed is that of “intertwined struc-
tures”. This metamaterial consists of three key components: a
soft elastomer, a stiff frame, and steel rods, interacting to ab-
sorb energy as rods pass into elastomer holes when subjected
to external force.[?) More recently, energy-absorbing metamateri-
als with multilayered chiral topologies have been presented. The
energy dissipation occurring at the interface between adjacent
discs comprising the metamaterial enables the metamaterial to
self-repair, making it reusable.[*) In addition, it has been demon-
strated that mechanical metamaterials with negative Poisson’s ra-
tios, known as auxetics, provide benefits in impact protection/3!]
and improved fracture resistance.[3?) However, a metamaterial
combining the concept of friction with the re-entrant structure
topology, which is one of those that exhibit a negative Poisson’s
ratio, has not yet been investigated.

Here we present a new reusable 3D frictional metamaterial
unit cell in which multiple pillars slide along curved surfaces
when an external force compresses the unit cell, inducing fric-
tion and enhanced energy dissipation density. This proposed con-
cept is different from conventional shock absorbers, which fo-
cus on energy absorption at high strain rates. Both auxetic and
non-auxetic versions of this unit cell are formulated. A theoreti-
cal model and a FE analysis methodology are developed to ana-
lyze the unit cell’s load-displacement response and derive its en-
ergy dissipation. To demonstrate the supposed new design con-
cept of metamaterials, we validated the conventional hexagonal
single-unit cell geometry by comparing FE simulation with ex-
periments and then presented several simple arrangements of
this unit cell. The conventional and auxetic versions of the unit
cell are fabricated by a polymeric additive manufacturing process
and demonstrate experimentally that the predicted performance
can be achieved under various levels of compression. These de-
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signed structures are intended to work at small strain regime to
avoid plastic deformation. In addition, there is no consideration
of lubrication to maximize energy dissipation through friction.
Interestingly, it is found that the experimentally measured per-
formance is somewhat better than predicted and that the auxetic
unit cells dissipate only a little more energy. The FE simulation
methodology is then applied to assemblies with different num-
bers of unit cells, that is, finite metamaterials. This analysis indi-
cates that only a moderate number of such cells is needed to esti-
mate the performance of larger frictional metamaterial domains.

2. Experimental Section

2.1. Design of the Unit Cell

The proposed unit cell is composed of three distinct parts: a
hexagonal elastic frame, either classic honeycomb (Figure 1g—i)
or re-entrant (Figure 2a-c), the upper blade-like structure
(Figure 1d—f) and four tapered pillars or columns (Figure 1a—c) in
the lower one. This blade and column structure forms four pairs
of contact surfaces to generate friction with the frame sidewalls
acting akin to springs, storing energy through deformation upon
loading and releasing it during unloading. It is important to note
that this unit cell is intended to operate within the elastic range
to ensure reusability. The presented columns design was final-
ized after a significant design development and optimization pro-
cess. Various design concepts and improvements to their perfor-
mance were investigated to determine the shape of the proposed
columns. The blades and columns were designed to maximize
the contact surface area within a volume. The cross-sectional area
of the four columns progressively reduces from the base to the
top, with a cross-sectional shape that combines a quarter circle
and a quarter circular spandrel. The blade shape matches the sur-
face profile of the columns, and upon external loading comes into
contact and then slides along the column to convert mechanical
energy into heat. The detailed dimensions of each part of the unit
cell are listed in Table 1.

The unit cell was designed to be manufactured in three sep-
arate 3D printed parts and assembled to form a complete unit
cell, as discussed in the next section. This approach allowed the
gap between contact surfaces to be effectively set to practically
zero, thereby achieving energy dissipation as soon as an external
force is applied. This design also provides modularity, allowing
different part combinations to be mixed and matched together
and parts to be replaced when necessary.

2.2. Material and Fabrication

All unit cell parts were 3D printed by fused deposition modeling
(FDM) using a Caribou MK3S 320 with Filamentum CPE HG100
as the constituent material. CPE (Co-Polyester), also known as
Polyethylene Terephthalate, stands out as a robust and durable fil-
ament thatis characterized by robust interlayer adhesion. The 3D
printer’s nozzle temperature was set to 270 °C and the bed tem-
perature to 80 °C, in accordance with the filament supplier’s rec-
ommendations. The infill value was set to 50% to balance man-
ufacturing time, material usage, and mechanical strength of the
printed parts.
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Figure 1. Various views (a—c) of the four columns part, (d—f) of the four-blade part, and (g,h) of the conventional hexagonal frame, and (i) complete

unit cell appearance after assembling.

As shown in Figures 1g and 2a, the hexagonal frame has rect-
angular openings in its upper and lower base sides that are re-
quired for assembly. This necessitated the addition of support
during printing. Scarring from support removal was minimized
by selecting the support material style as “Snug”, which also
conserved filament. Given the nature of the FDM process, the
strength of the resulting structures will vary depending on the
direction of external loading relative to the orientation of the fila-
ments and layers from which the part is constructed. To enhance

the strength of the unit cell’s frame under vertical forces, this
part was manufactured such that the hexagonal shape was in the
printer bed plane and filament ran along the perimeter of the
hexagon.

Once all three parts had been 3D printed, the unit cells were
manually assembled by pushing the upper blade and lower
columns through the openings in the frame until they came into
contact, resulting in four of each of the test articles illustrated in
Figure 3.

R: 3

Figure 2.

Adv. Mater. Technol. 2025, 10, 2400614 2400614 (3 of 15)

] (9
15
S ) 20.00
25.00 o 8
i Q 7=3
O il
N
B T —
S
w

) Isometric view of the re-entrant hexagonal frame, (b) front view, and (c) top view.
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Table 1. The main dimensions of the hexagonal unit cell are illustrated in Figure 1.

Dimensions of the unit cell

b (mm) h (mm) 0, (deg) Iy (mm) I, (mm) R (mm) 0, (deg) | (mm) p (mm) ty (mm) t, (mm) m (mm) W (mm)

30 3 30 30 33.46 9

75.58 34 315 3 38 1 70

To characterize the as-printed compression properties of CPE
HG100, five cylindrical test specimens were printed in addition
to the unit cell test article parts. These cylindrical specimens
had a diameter that was equal to its height of 20 mm (Appendix
SA, Supporting Information). And to characterize its frictional
properties, two kinds of rectangular block specimens were also
printed.

2.3. Theoretical Model

For the model proposed in this study, the work done not only
by sliding friction of internal contact surfaces but also by the
elastic deformation of the contact surface support structure and
hexagonal frame should be taken into account for calculating to-
tal work when the proposed unit cell is compressed as shown in
Figure 5.2 That the total work is a sum follows from the addi-
tive property of the dot product in the expression defining work
in mechanical systems.3!

Wnovel = ./ Fedi= ./ (Fhoneycomb + Fbending + Fsliding) e ar

=/ ?hnneycnmb edi+ [ ?bending odi+ [ T:slidmg o d7 (1)

Therefore, a simpler representation of the total work of the pro-
posed frictional mechanical metamaterial is:

Wnovel = Whoneycomb + Wbending + Wsliding (2)

where Whuneycumh = / Fhoneycomb ° d?’ Wbending = / Fhending ° d?’ and
Wsliding = f Fsliding o dr

Based on the slow loading rate applied in our experiments
(3 mm min~), it is reasonable to assume that the friction is not

generating enough heat to create a significant temperature dif-
ference between the contact surfaces and the rest of the struc-
ture, and therefore the heat flow is small enough to be negligible.
Therefore, the total energy absorbed in the metamaterial unit cell
is the sum of the work done in all the elastic deformations and
frictional sliding. The following formulations of expressions for
each of these work terms in Equation (2) are based on simplify-
ing assumption that may not capture the full complexity of the
kinematics of the frame, blades, and columns, but they provide
a simple approach to estimating the total mechanical energy ab-
sorbed by the unit cell during the compression loading phase.

A honeycomb unit cell with a geometry similar to that of the
hexagonal frame in the proposed frictional metamaterial unit cell
had been studied by Gibson.** When the honeycomb cell defor-
mation under load is dominated by sidewall bending, the applied
displacement 6 can be calculated by Equation (3).

Fx L*xsin (6,) ;
B 12X EX Ihoneycomb ( )
where F is the applied external force on the unit cell, E is
the Young’s Modulus of the constituent material, 8, is the an-
gle between the unit cell’s sidewall and the longitudinal axis.
(Figure 1h) and Iy, is the moment of inertia of the frame
sidewall’s rectangular cross-section.

bxh?
Ihoneycomb = T (4)

Here, b is the extruded length of the unit cell and h is the wall
thickness of the unit cell. The side wall length L is defined as:

1= 5)

Figure 3. Unit cells are additively manufactured by FDM with (a) a conventional hexagonal frame and (b) a re-entrant frame.
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A,

Figure 4. Cross-section of each column is divided into two areas. A, is the quarter circle part and A, is the quarter circular spandrel part.

where I, and I, are the inner and outer side lengths respectively.
The applied force required to obtain a certain displacement can
then be calculated by substituting for I,.,com, 20d L and rear-
ranging Equation (3).

Exbxh®xs
== (©)

L3 x sin? (6,)

Then the work of a cell deformation can be calculated by mul-
tiplying the force by deflection as below:

Exbxh?xs®

5
Wihoneyeomy = J Fd ' = ————"— 7
honeyeomb =4 I3 xsin” (0,) x 2 “)

The four internal vertical columns can be split into two parts
— the same cross-section area part from the base to the around
intermediate section part and a not uniform cross-section area
part from the middle section to the top of the columns. The
part directly related to bending is the column part with a uni-
form cross-sectional area, so the deflection of each of the columns
on the base of the unit cell due to bending can be expressed as
Equation (8):*!

3

F bending x1
5hending = IXEXI l
co

umn

®)

where F,;;,, is the force applied at the free end of the column
and I is the length of the column.

The cross-sectional shape of each column for friction can be
divided into two parts, a quarter circle and a quarter circular span-
drel (Figure 4), each of which has a different equation to calcu-
late the moment of inertia. Therefore, the moment of each part
should be calculated separately, and the use parallel axis theorem
to calculate the whole moment of inertia.

The moment of inertia of each part concerning the X’ axis can
be denoted as:1*°!

I

columnX =

Y (I+A?) =1, +Ad, + L+ A, )

Adv. Mater. Technol. 2025, 10, 2400614 2400614 (5 of 15)

Same way, the moment of inertia of each part with respect to
the Y’ axis can be expressed as:

I

columnY

= Y (I+A®) =1, +Ad +1,+Ad, (10)

The columns are not directly constrained by explicit bound-
ary conditions but are instead influenced by the overall boundary
conditions of the hexagonal unit cell. This approach ensures that
the internal interactions and deformations of the columns reflect
the realistic loading conditions applied to the entire unit cell.

The maximum moment of inertia I, is selected to max-
imize the bending force (Fy,,4,,) and then Equation (8) can be
rearranged and when multiplied by the deflection gives the work
of the bending force as:

52 X3XEXI

bending column

2x 3

6
Wbending = { sznding dé' x 4 = x4 (11)

The multiplication by 4 at the back reflects the presence of 4
tapered columns inside the unit cell. The amount of work by slid-
ing, also known as frictional energy dissipation, can be calculated
by multiplying the normal force on the contact surface by the co-
efficient of friction (k) and the sliding distance (6 4;,):

W,

sliding =puX N X 55l (12)

iding

The normal force N on the contact surfaces and the sliding
distance can be expressed as:

F,_ .
N = bending ( 1 3)
cos (6,)
0
8y = — 14
sliding sin (02) ( )
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Table 2. Comparison of energy dissipation between theoretical model, FE simulations, and experiments.

Max effective strain Theoretical Theoretical FE simulation Experimental (Conventional) FE simulation Experimental (Re-entrant)
(mm/mm) (Sliding friction only) (Total work) (Conventional) (Re-entrant)

Min Max Min Max
0.0156 44.23 61.16 64.98 58.99 59.80 68.81 67.32 73.45
0.0312 176.93 244.64 276.86 288.23 319.98 293.03 319.30 354.37
0.0467 398.10 550.44 632.99 624.43 773.65 669.02 627.12 756.71

Bending displacement can be obtained from the applied dis-
placement 6 (Equation (3)):

6

an (6,) )

5bmding =

Substituting Equations (11,13-15) into Equation (12) the work
is arrived at through sliding:

UXIXEX T cpmn X%
X
BBxcos (0,) xsin (6,) xtan (6,)

Wsliding = (16)

The multiplication by 4 at the back reflects the presence of
4 pairs of contact surfaces from the four columns. The pro-
posed new unit cell consists of a hexagonal frame with four in-
ner columns for sliding friction and bending. Therefore, the total
work quantity would be denoted as:

Exbx W3 X 52 5§ending X 6x Ex Icolumn
"o T sin? (6,) x2 I3
UX3XEX I, X 6% X4

+13 X CO0S (02) X sin (92) X tan (92) (17)

Equation (17) includes all three factors — Wi ,uepcombs Whending
and Wy, — indicates the energy absorption of the unit cell. The
Whoneyeomp and Wy, g, are related to elastic energy storage, while
the Wy, referring to frictional sliding, which contributes di-
rectly to energy dissipation. The energy dissipation of the pro-
posed structure was calculated using only W, as well as the
overall energy absorption capacity by adding all three terms of
work presented in Equation (17). These theoretical results are
compared with the hysteresis loop areas obtained from the ex-
periments and FE models (Figure 10 and Table 2).

2.4. FE Simulations

FE simulations of the unit cell under compression were con-
ducted using ANSYS Workbench 2023 R2. It was assumed that
the unit cell was operating within the material’s elastic range and
that the material was linear elastic. The material properties used
in the simulations were derived from the compression tests with
cylindrical specimens and the coefficient of friction tests. Table
S1in the Appendix (Supporting Information) describes the mea-
sured CPE HG100 material properties that were used in the FE
analysis.

Quadratic element order is selected to correspond to com-
plex geometries and bending deformations. The solid part and

Adv. Mater. Technol. 2025, 10, 2400614 2400614 (6 of 15)

contact area of the model possess SOLID187 and CONTA174
elements, respectively. SOLID187 is defined by 10 nodes hav-
ing three degrees of freedom at each node. CONTA174 is se-
lected to describe contact and sliding between 3D target sur-
faces. As boundary conditions to perform the simulation, the bot-
tom surface of the unit cell had been applied to the fixed sup-
port and the top surface had been selected to apply displacement
condition.

When assembling the three parts that compose the unit cell,
the contacts between the hexagonal frame structure and the other
two parts were defined as bonded contacts. This choice reflects
the tight fit between the frame and these other two parts that
prevented them from separating or sliding against each other. In
contrast, the contact surface pairs between the upper part with
its blade structure and the bottom part with its four columns
were configured as frictional contact. Symmetric contact behav-
ior was specified since both sides were made of the same mate-
rial, curved shapes that both possess the same proportion of an-
gles, obviating the need to distinguish between contact and target
surfaces.

The mesh quality on these frictional contact surfaces plays a
crucial role in capturing accurate results related to energy dissipa-
tion. However, it is essential to strike a balance between accuracy
and computational efficiency, as finer meshes come at the cost
of increased memory usage and longer solve times. To find this
balance, a mesh convergence study was conducted by varying the
contact sizing resolution values within ANSYS Workbench (Ap-
pendix SB, Supporting Information).

Given the challenges in achieving a mesh convergence solu-
tion, the augmented Lagrange formulation was selected to ad-
dress contact formation. Additionally, large deformation and the
unsymmetric Newton—Raphson solver option were enabled to ac-
count for significant displacement and relatively high coefficients
of friction.

2.5. Compression Tests

Both the unit cell and material characterization specimens under-
went quasi-static compression testing in a Tinius Olsen H10K-
S universal testing machine (Serial No.0162) with a Hounsfield
10KN load cell (Serial No.703053). The tests were conducted un-
der displacement control at room temperature, without any heat-
ing or cooling, using a compression speed of 3 mm min~!. Each
unit cell test was repeated three or four times under three distinct
displacement conditions: 1, 2, and 3 mm. Figure 5a shows an
abstract depiction of applying compression to a unit cell model,
while Figure 5b captures the actual compression experimental
setup.
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 ——

Figure 5. (a) Schematic diagram for describing the compressive load applied to the unit cell and (b) image of the uniaxial compression test setup.

2.6. Coefficient of Friction Measurement

The Coefficient of Friction (COF) between the two 3D-printed
CPE HG100 surfaces was measured with a linear reciprocating
tribometer (DUCOM, model: TR-282) using a pin-on-plate set up
with a 6 mm diameter pin. The tests were conducted under 30
N applied load and 2 Hz sliding frequency for 30 min at room
temperature (22 °C) and under dry contact condition. Winducom
software was used for recording the frictional forces and the COF.
The test samples exhibited good wear resistance and a consis-
tently stable COF was obtained.

2.7. Scaling from Unit Cell to Metamaterial

The proposed hexagonal unit cell is intended to be used as a
building block from which to construct energy-dissipating meta-
materials. Therefore, several finite metamaterials were assem-
bled from the unit cells described in Section 2.1 to evaluate the
influence of the change in boundary conditions and the interac-
tions between unit cells. These metamaterials’ energy dissipation
performance was analyzed through FE simulations that made
use of the experimentally verified FE model of the unit cell. Be-
cause of the computational cost only a limited number of unit
cells were considered, and the investigation focused on the trend
in energy dissipation as the number of units increased. The load-
displacement cycles and energy dissipation of these metamateri-
als were compared to that of a single unit cell subjected to the
same compression cycle, with a peak effective strain of under
4.67%.

Metamaterials consisting of 8- and 13-unit cells were assem-
bled into structures with the same height, but different widths
as shown in Figure 6b,d. In order to achieve the same peak ef-
fective strain during the compression cycle, a total vertical com-
pression of 1.5 mm was applied because the maximum height of
the assembly is three times that of a single unit cell. To assess
the sensitivity of its performance to the height-to-width ratio, an
11-unit cell model with 4 rows was also modeled, as shown in
Figure 6c¢. A higher vertical compression of 2 mm was applied to
this taller structure to achieve the same effective strain. These
three assemblies represent steps in the transition from single
unit cell to metamaterial and provide insight into the relative in-
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fluence of scale effects on performance. These proposed assem-
bled geometries are just sample arrangements of multiple unit
cells to investigate and present the performance and behavior of
the proposed design, and the proof of concept that the proposed
frictional metamaterial offers effective energy dissipation. Due to
the computational resource constraints, the number of unit cells
composing the multi-unit cell structures was minimized in the
FE simulation.

In order to more efficiently study the performance of periodic
systems consisting of numerous unit cells a representative vol-
ume element (RVE) was defined as shown in Figure 7, to which
periodic boundary conditions (PBCs) were then applied. Unlike
the single-wall-thick hexagonal unit cell used in previous FEA
simulations, in this RVE the frame sides are twice as thick as the
thickness of a single unit cell hexagonal frame, except for the top
and bottom sides. A single hexagonal frame is assumed to be lo-
cated in the center of a structure made up of countless hexagons,
the applied displacement boundary conditions are changed such
that the top and bottom faces are subjected to half of the total
displacement, directed toward the center of the unit cell on each
side, for both RVE and unit cell. This allows horizontal motion to
occur as they are no longer fixed in the test machine. Appropri-
ate constraint equations set up to represent the PBCs are listed
in Table S4 in Appendix SD (Supporting Information).

3. Results

Figure 8a—c illustrates the deformed and undeformed forms of
the proposed unit cell. Figure 8a shows the situation immedi-
ately after the end of the unloading step of the unit cell, Figure 8b
depicts the deformed unit cell in the vertical direction (y-axis) im-
mediately after the end of the loading step, and Figure 8c displays
the deformed unit cell in the lateral direction (x-axis) immediately
after the end of the loading step. To explicitly represent the de-
forming shape, an x3.2 scale factor has been applied. It is notable
in Figure 8a that the displacements of the columns inside the unit
cell do not return to zero completely at the end of unloading. In
the case of Figure 8b, the displacement is expressed as a negative
value because the direction of the external force from the top of
the unit cell downward is opposite to the y-axis of the coordinate
system. For Figure 8c, the displacement values are represented
as positive for the left side and negative for the right side because
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Figure 6. (a) Schematic diagram illustrating the external compression applied on a single unit cell, and finite metamaterials with (b) eight unit cells, (c)
eleven unit cells and (d) thirteen unit cells. Note that in these simulations the wide loading plate parts at the top and bottom of the unit cell model was

not present.

the direction of lateral displacement of the left and right sides is
opposite to each other. Both Figure 8b,c show the deformation for
a displacement of 3 mm from the top of the unit cell to the bot-
tom (in the direction of the negative y-axis), which is somewhat
exaggerated due to the auto-scale factor of 2.

The frictional stress contour plot on the contact surfaces of the
geometry in the FE simulations is also generated as a typical ex-
ample to show a stress distribution. One of the contact surfaces
located on the four columns is point-symmetric through the cen-
ter point of the unit cell and therefore exhibits the same frictional
stress distribution for every column. The result indicates that sig-

nificant stress concentrations are present at the bottom edges of
these contact surfaces at the end of the loading step (Figure 9).
The graphs in Figure 10a—c depict the hysteresis loops ob-
tained from experiments with maximum vertical compression
displacements of 1, 2, and 3 mm, respectively, and the FE simula-
tions of these load cycles for the conventional hexagonal unit cell.
When the conventional hexagonal frame is replaced with a re-
entrant frame, the resulting experimental and simulated hystere-
sis loops under the same load cycles are plotted in Figure 10d—f.
These cycles are expressed in terms of effective stress and strain
in Figure 10 as the unit cell is intended to be the building block

80.00(mm)

Figure 7. a) RVE in a honeycomb structure with internal structures for sliding (Rectangular area in red). b) Front view of RVE. The internal structures in
the four corners of the red rectangle from the red rectangular have been removed, as sliding is not expected with only partial bodies.
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Figure 8. Displacement contour plots for the unit cell in three states: (a) total deformation at the end of the unloading step, (b) vertical deformation at
the end of the loading step, (c) horizontal deformation at the end of the loading step. These deformations have been scaled up to more clearly show
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the deformed shape. These profiles are extracted from the FE simulation for an applied compressive displacement of 3 mm (see curve labeled FEA 3 in

Figure 10c).
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Figure 9. Frictional stress distribution on the one of the four identical contact surfaces of the unit cell model at the end of the loading step for the same

compression condition as shown in Figure 8.

of an architected material. The effective stress and strain are con-
verted from the test and FE force and displacement results by
dividing the displacement by the height of the unit cell and the
load by the cross-sectional area of the unit cell, respectively. The
height of the assembled single unit cell is #64 mm, and the cross-
sectional area could be obtained by dividing the cell’s height from
the total volume of the unit cell.

The compression test results in Figure 10 exhibit an over-
all near-linear increase in load with deformation, punctuated by
fluctuations that can be attributed to the variability and small-
scale unevenness of the as-printed friction surfaces in the FDM-
fabricated unit cells. Upon initiation of the unloading step, the
force rapidly decreases to a relatively small value. However, as the
displacement continues to decrease, in several cases this force ex-
periences a slight rebound, remaining at a similar level until the
displacement reaches zero. In others, there is a pronounced in-
flexion in the curve, with this force gradually returning to zero.
The FE simulation with a COF value of 0.547, the same value as
the COF measured in the experiment, exhibits a qualitatively sim-
ilar pattern, with a rapid drop in vertical reaction as compression
is released, followed by a slight rebound and then stabilization.
No permanent deformation was observed during the compres-
sion tests, but sometimes the unit cell had to be manually reset
to its original position when the restoring force from the frame
became insufficient to overcome the effects of stiction between
the 3D printed contact surfaces near the end of the load cycle.

The energy dissipated during each compression cycle is ob-
tained by calculating the difference between the energy accu-
mulated by the structure during loading and that released dur-
ing the unloading part of the cycle, that is, the area enclosed by
the loading and unloading curves in Figure 10 and the force—
displacement graphs in Figure S3 (Appendix SC, Supporting In-
formation). The energy dissipation predicted by the theoretical
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model and the FE simulations is compared to the experimental
measurements in Figure 11, which includes error bars to illus-
trate the range of variation in the experimental results.

The actual values of the energy dissipation per compression
cycle for both conventional and re-entrant unit cells are summa-
rized in Table 2.

It is clear that the energy dissipation performance of the unit
cells with re-entrant frames (Figure 3b) was better on average
than that of those unit cells with conventional hexagonal frames
(Figure 3a). However, this difference in dissipation tended to de-
crease as the displacement and consequently the effective strain
increased. While for a 1 mm maximum compression the average
energy dissipation from three separate experiments measures
59.5 m] for the traditional hexagonal model and just over 71 m]
for the re-entrant structure, which represents an improvement
of 19%, when the maximum compression is increased to 2 mm,
the difference in favor of the re-entrant hexagon frame decreases
to #10%. And when the maximum compression reaches 3 mm,
the range of energy dissipation values obtained from the experi-
ments is similar for both, so it is not clear whether a difference
persists. The FE simulation results mirrored this difference be-
tween the unit cells with conventional and re-entrant hexagonal
frames, but it clearly persisted as the compression increased.

The equivalent (Von-Mises) stress distribution over the model
geometry in the FE simulations is also investigated, and in the
13-unit cell geometry case, the equivalent stress distribution of
the cells located at the edges of the middle layer was smaller than
the stress distribution of the cells located at the top or bottom
layer (Figure S5, Supporting Information). This is due to the fact
that this 13-unit cell geometry was assumed to be in the middle
of a structure consisting of a myriad of unit cells and set bound-
ary conditions so that the same displacement occurs on the outer
faces located at the same height.
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Figure 10. Effective stress-strain results from compression tests and FE simulations for (a) 1 mm displacement cycle (1.56% maximum strain), (b)
2 mm displacement cycle (3.1% maximum strain) and (c) 3 mm displacement cycle (4.67% maximum strain) applied to a unit cell with a conventional
hexagonal frame; and equivalent results for (d) 1 mm displacement cycle, (e) 2 mm displacement cycle and (f) 3 mm displacement cycle applied to a

unit cell with a re-entrant hexagonal frame.

The FE simulation results for a single unit cell and three finite
metamaterials constructed from different numbers of the same
unit cell are presented in Figure 12a. Note that when calculating
the effective strain for the multi-unit cell models the maximum
height of the structure (the height of the odd columns of multi-
unit cell models) is used instead of the average height to get a
consistent maximum effective strain value for each simulation.
It can be observed that the height of the cycles, that is, the re-
action force to a given compression, varies with the number of
unit cells and the height to width ratio of the assembled struc-
ture but its overall shape of the load remains relatively consistent
as evidenced by their total energy dissipation performance.

The resulting energy dissipation per unit volume during each
compression cycle is plotted in Figure 12b, which illustrates a
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clear trend from the single cell through the 8-unit system to the
11-unit and 13-unit cells models. The actual values computed
from the simulations are 1.8282 x 107*, 1.5258 x 107*, 1.4814
x 107* and 1.4837 x 10~* m] mm~3 respectively, representing a
20% decrease from the single unit cell when the number of unit
cells exceeded 10.

The results of the simulations of a metamaterial with many
unit cells, as represented by an RVE with PBC, are presented
in Figure 13, along with the corresponding results for a single
hexagonal unit cell without PBC, in order to study the influ-
ence of PBC. Figure 13a,b is contour plots that visually depict
the distribution of stress when compressed by 3 mm, consist-
ing of 1.5 mm in the negative y-axis direction on the top face
and 1.5 mm in the positive y-axis direction on the bottom face, in
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Figure 11. The energy dissipation per compression cycle was calculated from the theoretical model, the FE simulations, and the experimental data, with
error bars for the experiments; and the total energy absorbed during the loading phase of the cycle as calculated from the theoretical model.

both models. A scale factor of 3.6 is used to make the deformed
geometry more clearly visible. FE simulation results reveal that
the equivalent stress distributions of the two oblique sides of each
model under the same y-directional uniaxial displacement condi-
tions are significantly different. In the RVE cell the oblique sides
experience higher stress compared to the single hexagonal unit
cell without constraint equations, resulting in a difference in de-
formation with respect to the center hexagonal frame. The higher
stress cause in-plane bending at the lower part of the oblique
sides, and out-of-plane bending deformation at the upper part of
the oblique walls, as shown in Figure 13a. The hysteresis loops
of the RVE cell and the single hexagonal unit cell in the FE sim-
ulation are plotted in Figure 13c, where the paths of the force—
displacement curves are substantially divergent due to the vary-
ing degree of bending. The peak force value at the end of loading
step is about two times higher for the RVE cell than for the single
unit cell, and the energy dissipation is ~#40% higher.

4, Discussion

Aside from the well-known variability of 3D printed part shapes
and dimensions relative to computer-aided design model geom-
etry, the disparities between the results from compression exper-
iments and FE simulations can be attributed to two main factors.
The first is the reliance of FE simulations on idealizations, par-
ticularly around contact and friction at the interface between the
blades and the columns but also in connections. For example, the
connection between the hexagonal frame and the connecting up-
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per and lower parts were modeled as perfectly bonded. However,
the actual fabricated parts were assembled using interference fits,
which may not be as rigid.

The other and perhaps more important factor is that simulated
material properties do not perfectly match real-world behavior.
The unit cell FE simulations used the CPE HG100 compressive
modulus as measured by ‘American Society for Testing and Mate-
rials’ standard tests. However, because parts of the unit cell struc-
ture such as the frame are acting in bending and the measured
tensile modulus is significantly higher than the compressive one,
the real unit cells can be expected to be stiffer than in the simu-
lation.

For the unit cell with the conventional hexagonal frame,
Figure 10 shows good qualitative agreement between the shapes
of the experimental and computational compression cycles. The
experiments consistently produced a higher peak load during
loading and slightly higher load during the inflection of the un-
loading curve, which is consistent with the expectation of the ex-
perimental unit cell being stiffer due to the material being signif-
icantly stiffer in tension and bending than in compression. For
the re-entrant frame the differences are more marked, with exper-
imentally measured loads being noticeably higher than those pre-
dicted by the simulations, particularly for higher compressions.
This is because the re-entrant geometry induces higher bending
of the frame corners, increasing the influence of the difference
between the material’s tensile and compressive moduli. There is
also less rebounding during unloading which is interpreted as
the manufactured re-entrant frame storing greater elastic energy
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Figure 12. (a) Effective stress—effective strain curves from FE simulations
of the single unit cell under a 0.5 mm compression cycle, the 8-unit and
13- unit cell metamaterials under a 1.5 mm compression cycle, and the
11-unit cell metamaterial under a 2 mm compression cycle; and (b) the
energy dissipation per unit volume calculated from the FE simulations for
these compression cycles.

during loading than predicted and facilitating positive separation
of the contact surfaces due to the negative Poisson’s ratio effect
upon unloading.

The single unit cell FE simulation results below the inflection
point of the unloading step show a gradual decrease toward zero,
unlike the plateaus in the experimental data. In practical experi-
ments, it was observed that in most cases, the load reaches zero
before the end of the unloading step, after which it either in-
creases until the end of the unloading step or reaches a certain
level and stabilizes. This discrepancy between experiments and
simulations is hypothesized to stem from the fact that, unlike the
simulation model under ideal boundary conditions, in the physi-
cal model the contact surfaces, with their aforementioned small-
scale unevenness, are not positively separated during the unload-
ing process. The irregular contact surfaces lead to high stick-slip
during the loading process, preventing them from completely re-
turning to their original non-contacting state. During the loading
step of experiments, significant internal stresses are developed
within the contact interfaces due to frictional forces and deforma-
tion. The observed rebound in force after it reduces to zero in the
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unloading step is indicative of these residual internal stresses. As
the external load is removed, the internal stresses attempt to re-
store the structure to its original configuration. However, due to
the frictional locking and micro-scale interactions, the columns
do not fully return to a stress-free state. This leads to a bounce
back to positive force as the internal stresses are partially re-
leased. After the initial rebound, the force stabilizes to a constant
positive value during the remainder of the unloading step. This
constant force represents the equilibrium state where the resid-
ual internal stresses are balanced by the frictional forces at the
contact interfaces. The micro-scale roughness and asperities at
the contact surfaces prevent complete separation, resulting in a
persistent contact force even in the absence of an external load.
On the other hand, in the FE simulation, ideal boundary condi-
tions and smooth contact surface geometries are assumed, which
do not fully capture the complex microscale interactions and fric-
tional behavior observed in the physical model. Consequently, the
simulation shows a more idealized unloading response, where
the force decreases back to zero after the rebound, as the model
does not account for the residual internal stresses and persistent
frictional forces present in the actual experiment.

The energy dissipation calculated from the theoretical model,
from frictional sliding only, was found to be only about two-thirds
of the energy dissipation measured from the experimental and
simulation models across all displacements. However, adding all
three components of work (Equation 17) resulted in better align-
ment with the experiments. The discrepancy between the the-
oretical model and the other models is due to the oversimpli-
fication of the theoretical model, which results in the theoreti-
cal model’s estimate of the normal force on the contact surface
being significantly off, and also to the uneven nature of the ad-
ditively manufactured contact surface and the practical difficul-
ties in accurately capturing the resulting frictional forces across
the sliding surfaces. While the FE simulation predictions are
better, generally being in the neighborhood of the lower end of
the range of experimentally derived values and ~10% lower than
the experimental average for the 3 mm compression cycle. The
FE simulations also match the experimental observations in that
the energy dissipation calculated for the unit cell with re-entrant
frame is higher than for the conventional frame for all compres-
sion cycle depths. However, since the 55 x 10> mm? volume of
the re-entrant unit cell is #12.4% greater than that of the 49 x
10> mm? conventional unit cell, the actual energy dissipation per
unit volume of the conventional hexagonal unit cell is higher than
that of the re-entrant version. For the deepest compression cycle
this energy dissipation density reaches 0.0143 m] mm™ (aver-
age experimental) or 0.0129 m] mm~ (FE simulation) for the
conventional unit cell versus 0.0126 m] mm~ (average experi-
mental) or 0.0122 m] mm~ (FE simulation) for the re-entrant
version.

As more unit cells are added to the FE model, the peak com-
pressive force and effective stress tended to be larger, while the
values of energy dissipation per unit volume tended to be smaller.
For example, the 8- and 13-unit cell models had 14.9% and 34.5%
higher peak stress, respectively, compared to the single-unit cell
model. However, the energy dissipation per unit volume was
19.8% and 23.2% lower than that of single unit cell, respectively,
which is due to the nature of having a sliding friction surface in-
side the unit cell, where the honeycomb structures in each half of
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Figure 13. Comparison of the visualized deformation aspects and the numerical discrepancies in terms of equivalent stress and energy dissipation. a)
Equivalent stress distribution in the RVE geometry with PBCs applied and a displacement of 1.5 mm on the top and bottom faces, respectively, facing
each other toward the center which equal to the totally 3 mm displacement. b) Equivalent stress distribution in the single conventional hexagon unit
cell without PBCs and a displacement of 1.5 mm on the top and bottom faces, respectively, facing each other toward the center. c) Force—displacement
plots were obtained from FE simulation by using RVE model with PBCs and single conventional unit cell without PBCs.

the top and bottom of the even-numbered columns are inevitably
excluded from the sliding mechanism, with or without the geom-
etry inside the hexagonal structure. It is interesting to note that
while the energy dissipation per unit volume for the 11-unit cell
models is close to that of the 13-unit cell, the peak efficient stress
is #9% lower than even that of the 8-unit cell, suggesting that the
addition of more rows of unit cells toward the axis where an exter-
nal force is applied, can lead to results similar to the peak efficient
stress value of the single unit cell. The middle units of an even
row will exhibit a sliding mechanism indirectly in response to its
neighboring cells, unlike the odd rows where the displacement
condition is set directly at the top. As a result, it seems reasonable
that the energy dissipation per unit volume values for metamate-
rial models with a limited number of unit cells tend to decrease
as the number of even-numbered columns increases. However,
assuming a frictional metamaterial with an infinite number of
honeycomb structures, especially with many rows, it can be in-
ferred that the proportion of half-unit cells that are excluded from
the energy dissipation mechanism at both ends of the metamate-
rial will be infinitesimally small in the total metamaterial, and in
this case, the results will be almost identical to those of the single
cell model.

The higher stresses in the RVE cell with PBCs significantly af-
fects the path of the force—displacement curves. The change in
the peak force at the maximum displacement between the RVE
cell and single hexagonal unit cell is approximately double, an
increase which can be interpreted as a consequence of the addi-
tional stiffness induced by the PBC constraints in the RVE cell. In
terms of energy dissipation, the RVE cell achieves a higher quan-
tity of #40%, due to an increase in the frictional stress levels dur-
ing contact and sliding between the columns and blades. In other
words, this result reveals that the proposed frictional metamate-
rial will have significantly better energy dissipation performance
than a single unit cell and holds promise for applications requir-
ing repeatable energy dissipation under relatively slow to mod-
erate loading rates, that is, vibration damping and not impact or

shock.

Adv. Mater. Technol. 2025, 10, 2400614 2400614 (14 of 15)

In future work, energy dissipation improvements were ex-
plored by applying various patterns on the contact surfaces within
the current metamaterial concept. Additionally, considering the
diversity of 3D printing methods (e.g., FDM, Selective Laser Sin-
tering, Stereolithography), the investigation was focused on how
these methods affect energy dissipation. While this study utilized
FDM due to accessibility, a future research avenue involves com-
paring energy dissipation across various additive manufacturing
methods. In addition, the proposed theoretical model has diffi-
culties in accurately capturing the energy dissipation of these fric-
tional metamaterials, so future work will explore ways to improve
this model.

5. Conclusion

This paper proposes a mechanical metamaterial that dissipates
energy through friction while operating within the elastic regime,
which allows it to perform repeated energy dissipation cycles, un-
like many other mechanical metamaterials and architected ma-
terials that depend on plasticity and fracture. It also differs from
other metamaterials that use friction in the novel design of its
frictional mechanism. The proposed frictional metamaterial was
studied through experiments, theoretical analysis, and FE simu-
lations of its unit cell. Both conventional and re-entrant versions
of the hexagonal unit cell were considered. For the experiments,
multiple unit cells were manufactured by 3D printing with CPE
HG100, a stiff polymer. Once the computational simulation had
been validated through comparisons to the experimental data and
theoretical model, it was then extended to the simulation of finite
meta-material specimens consisting of less than and more than
ten-unit cells.

When the unit cells were subjected to low-speed compression
cycles there was a good match between the shapes of the exper-
imental and computational load-displacement curves. However,
the experimental curves exhibited higher force and stress for any
given displacement than those produced by the FE model, that is,
the curves were shifted up. This difference was relatively minor
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for the conventional hexagonal unit cells but more marked for
the re-entrant cells, and this greater stiffness of the physical unit
cells was attributed to the use of the compressive elastic moduli
in the simulations.

This similarity between the shapes of the load—displacement
curves expressed itself in good agreement between experiments
and simulations in the area between the loading and unload-
ing curves, and therefore the energy dissipated per cycle, par-
ticularly for the conventional hexagonal unit cell. When the FE
simulations were extended to finite metamaterials, it was found
that with the change in unit cell boundary conditions, there
was a drop-in energy dissipation per unit cell, but this reduc-
tion tapered off once there were more than ten-unit cells in the
metamaterial.

These results demonstrate the potential of this frictional meta-
material concept to provide superior elastic energy absorption
and dissipation performance. This makes it an interesting so-
lution for applications in which repeated energy dissipation or
damping under cyclical loads is required in combination with
light weight. Future unit simulations and experiments on unit
cells using different constituent materials and additive manufac-
turing methods will explore the potential of different combina-
tions, and the influence of varied loading rates.
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