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� A novel crumpling approach was
developed that allows for the
fabrication of 3D metallic
nanopatterned scaffolds.

� The fabricated metallic scaffolds have
the desired geometrical and tuneable
mechanical properties.

� Since the crumpling process starts
from a flat state, it is possible to
incorporate cell-instructive
nanopatterns with arbitrarily
complex shapes onto the specimens.

� The response of the MC3T3-E1
preosteoblast cells to the
nanopatterned scaffolds was an
indicative of the cytocompatibility
and potentially an osteogenic
behavior.
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We designed and fabricated a simple setup for the controlled crumpling of nanopatterned, surface-
porous flat metallic sheets for the fabrication of volume-porous biomaterials and showed that crumpling
can be considered as an efficient alternative to origami-inspired folding. Before crumpling, laser cutting
was used to introduce pores to the sheets. We then fabricated titanium (Ti) nanopatterns through reac-
tive ion etching on the polished Ti sheets. Thereafter, nanopatterned porous Ti sheets were crumpled at
two deformation velocities (i.e., 2 and 100 mm/min). The compression tests of the scaffolds indicated that
the elastic modulus of the specimens vary in the range of 11.8–13.9 MPa. Micro-computed tomography
scans and computational simulations of crumpled scaffolds were performed to study the morphological
properties of the resulting meta-biomaterials. The porosity and pore size of the scaffolds remained within
the range of those reported for trabecular bone. Finally, the in vitro cell preosteoblasts culture demon-
strated the cytocompatibility of the nanopatterned scaffolds. Moreover, the aspect ratio of the cells resid-
ing on the nanopatterned surfaces was found to be significantly higher than those cultured on the control
scaffolds, indicating that the nanopatterned surface may have a higher potential for inducing the osteo-
genic differentiation of the preosteoblasts.
� 2022 The Authors. Published by Elsevier Ltd. This is anopenaccess article under the CCBY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1 Introduction

One of the major challenges in orthopedic surgery is the treat-
ment of segmental bone defects, as the current clinical solutions
are associated with major limitations [1]. Therefore, the quest for
ideal bone substitutes that mimic the various properties of the
bone is ongoing. Affording synthetic bone substitutes with func-
tionalities that allow them to regulate cell behavior (e.g., cell adhe-
sion, proliferation, and osteogenic differentiation) could greatly
increase their chance of successful osseointegration. For instance,
it is well known that the behavior of cells is affected by the phys-
ical [2–4], mechanical [5–9], and geometrical [10] properties of
their environment. For instance, cell proliferation, migration, and
differentiation can be affected by the physical cues in the environ-
ment, including stiffness [11,12], viscoelasticity [13], and submi-
cron/nano topographies [2,3] of the substrate they reside on.
Moreover, it is now understood that the three-dimensional (3D)
shape of the environment at a larger scale can also regulate stem
cell behavior [10].

The introduction of nanotopographies to the surface of bone
substitutes is particularly appealing, because well-designed sur-
face ornaments may be able to (simultaneously) kill bacteria
[3,14–19] and induce osteogenesis [2,16,20]. In this regard, intro-
ducing holes to the flat sheet not only regulates the mechanical
properties of such 3D structures but could also address the
morphology-based aspects that are required for bone tissue regen-
eration, such as suitable mass transport properties for the trans-
portation of oxygen, nutrients, and metabolites [21] and cell
settlement. Moreover, as the mechanical properties of metallic
implants are generally higher than those of the native bone, intro-
ducing pores into scaffolds is beneficial for adjusting the mechan-
ical properties of the implants such that they fall within the range
of the mechanical properties reported for the human bone [22–24].
Nowadays, most 3D lattice structures are manufactured using
additive manufacturing (AM, = 3D printed) techniques. Given the
fact that most of the micro/nano-patterning techniques work only
on flat surfaces, they cannot be easily applied to porous meta-
biomaterials whose surface areas are primarily internal and non-
planar (i.e., 3D) [3]. Several techniques have been, therefore, pro-
posed to start from an initially flat sheet, decorate the surface with
nanopatterns, and transform the flat construct to a 3D object
through crumpling [25], origami [26,27], or kirigami [28,29]. As
opposed to origami and kirigami that tend to create regular and
precise geometries, crumpling introduces random geometric con-
figurations and creases, leading to 3D structures that are less sen-
sitive to geometric and topological imperfections [25].

The morphologies of mammalian brain cortex [30,31], DNA
packaging in viral capsids [32], flower or plant leaves in buds
[33], the wing folding of insects in cocoons [34], and the confine-
ment of chromatin in the nucleus of a cell [35,36] are all examples
of naturally occurring crumpled objects. In addition to replicating
such structures, crumpling provides an opportunity to create unu-
sual combinations of material properties that are rarely found in
nature [25,37].

Well-designed flat thin sheets crumpled under controlled con-
ditions may be used to create crumpling-based metamaterials
[37]. To date, many different techniques have been employed to
crumple thin sheets, including hand crumpling [25], distributing
a net of wires around loosely crumpled thin sheet [37], leaving
the loosely crumpled specimen at ambient pressure [38], and using
a cylindrical die [33–42]. While hand crumpling is considered the
easiest and the most commonly used method, it suffers from irre-
producibility and uncontrollability. Moreover, measuring the
applied force is not feasible in this method [25]. Crumpling using
a die is a controlled technique that enables the measurement of
the applied force and the level of compaction [25]. It is, therefore,
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a promising candidate for the fabrication of meta-biomaterials.
Nevertheless, no such applications of controlled crumpling for
the fabrication of meta-biomaterials have been previously
demonstrated.

Here, we present a novel class of meta-biomaterials that com-
bine controlled crumpling with surface nanopatterns and laser-
cut surface porosities. We used a cylindrical die to crumple laser-
cut porous Ti sheets that were first nanopatterned with inductively
coupled plasma reactive ion etching (ICP RIE) to create black tita-
nium (bTi) [14] (Fig. 1a). To protect the nanopatterns during the
crumpling process, the sheets were coated with a thin layer of
polyvinyl alcohol (PVA). The mechanical properties of the crum-
pled structures were measured using mechanical testing, while
their morphological properties were determined using micro-
computed tomography (lCT). Moreover, the finite element method
(FEM) was used to simulate the crumpling process. Furthermore,
we investigated the cytocompatibility of the nanopatterned speci-
mens using in vitro cell culture assays (i.e., live/dead, metabolic
activity) and scanning electron microscopy (SEM), respectively.
2. Results

2.1. Laser cutting

The STL files describing the geometry of the flat specimens were
imported into the laser machine and were used to cut through the
4-inch titanium foil (Fig. 1c). The damage inflicted to the sheet by
the cutting process was limited to a radius of �120 lm away from
the laser beam (Fig. 1d).

2.2. Fabrication and characterization of the bTi nanopatterns

The desired nanopatterns that are characteristic of bTi were
formed on the surface of the Ti sheets (Fig. 1e). After crumpling
and the removal of the PVA layer, the bTi nanopatterns were ana-
lyzed using SEM (Fig. 1f–h). The nanopatterns (Fig. 1g) and the
micro-features formed on the surface during the laser cutting pro-
cess (Fig. 1h) were fully preserved and remained intact during the
crumpling process.

While the water contact angle of the flat Ti surface was approx-
imately 75� (Fig. 1b), the black Ti surfaces were super hydrophilic
with a water contact angle < 6.0� (Fig. 1b).

Furthermore, the atomic force microscopy (AFM) measure-
ments of the black Ti surfaces revealed an average surface rough-
ness of Ra = 157 ± 6 nm.

2.3. Compression tests

The force–deflection curves were typical for porous biomateri-
als [43] including such characteristic features as an initially linear
increase in deflection with force, a relatively long plateau region
with fluctuations, followed by a compaction region where stress
rapidly increased (Fig. 2a). The peaks and valleys in the force–de-
flection curves (Fig. 2a) were caused by the formation of shear lines
(Fig. 2c and d) and the build-up of the stress after the load was
transferred to neighboring layers.

Regardless of the deformation velocity, the specimens with the
lowest surface porosity (i.e., 48.0%) required relatively higher com-
pression forces to reach the same deformation than the specimens
with the surface porosities of 52.5% and 57.2% (Fig. 2a). Even
though a higher rate of deformation (i.e., 100 mm/min) did not
increase the force needed to reach the same level of compaction,
it decreased the standard deviation of the applied force (Fig. 2a).

In the case of a lower deformation velocity and for the speci-
mens with a surface porosity of 57.2%, two layers of Ti sheets



Fig. 1. (a) A schematic illustration of the steps involved in the crumpling of nanopatterned porous Ti sheets. (b) A Water droplet residing on the control and black Ti surface
after 5 s. (c) A low-magnification SEM image of a laser-cut pore on the surface of a Ti sheet. (d) A low-magnification SEM image of the nanopatterned Ti sheet shows that the
laser beam affects the nanopatterns within a 60–120 lm radius. (e) A high-magnification SEM image of the bTi nanopatterns far away from the laser beam. Nanopatterns with
a distance that was >120 lm had a normal morphology and remained intact. (f) A low-magnification SEM image of the crumpled scaffold. A high-magnification SEM image of
(g) the bTi nanopatterns on the Ti sheet after crumpling process and (h) the undesired artifacts created during the laser cutting process after crumpling.
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enhanced the mechanical properties of the crumpled structure and
up to 112% higher forces were required to compress them as com-
pared to the single-layer specimens (Fig. 2b).

The force–displacement curves corresponding to all the crum-
pled specimens suggest that the strengths of the crumpled struc-
tures remain almost constant as the level of compaction
increases. At the same time, their strength is determined according
to the geometrical design of the flat material (Fig. 2a and b).

2.4. FEA and lCT

The top and side views of the 3D scanned and simulated sam-
ples confirmed that changing the deformation velocity from
2 mm/min to 100 mm/min did not alter the general morphology
of the final scaffolds (Fig. 2c and d). Given the fact that the speci-
mens were rolled around a cylindrical bar and were confined in a
die (Fig. 1a), the final morphology of the lCT-imaged specimens
was more cylindrical.

Crumpling the Ti sheets with the surface porosities of 48.0%,
52.5%, and 57.2% with a deformation velocity of 2 mm/min
resulted in the volume porosities of 87.6 ± 2.8%, 89.1 ± 1.6%, and
89.7 ± 3.5% for the crumpled scaffolds, respectively (Table 1). By
3

increasing the deformation velocity to 100 mm/min, the volume
porosities changed to 87.6 ± 2.8%, 88.7 ± 3.8%, and 90.4 ± 2.9%,
respectively (Table 1). The results of the FEA simulations were in
line with those of the experiments (Table 1), indicating that while
increasing the surface porosity of the sheets slightly increased the
volume porosity of the crumpled scaffolds, the changes in the
volume-porosity were relatively small.

The porosity, trabecular thickness, and pore size values were
uniformly distributed throughout the scaffolds (Fig. 3a–c) except
for the specimens with surface porosities of 48.0% and 52.5% and
crumpled with a deformation velocity of 2 mm/min for which
there was a significant difference between the porosity values of
two different segments along the length of the scaffolds (Fig. 3a).

Although the trabecular thickness values were uniformly dis-
tributed along the length of the scaffold and there was no signifi-
cant difference between the different segments, the values
resulting from the FEA simulations were relatively higher than
those obtained experimentally (Fig. 3b).

In the FEA simulations, there was a significant difference
between the pore size values calculated for two different segments
of the specimens with a surface porosity of 48.0% that were crum-
pled at 2 mm/min. For the other specimens, there was no signifi-



Fig. 2. (a) The force–deflection curves recorded during the crumpling process for the Ti sheets (n = 3) with three levels of surface porosity and crumpled using different
deformation velocities of 2 mm/min and 100 mm/min. The straight lines represent the results of the experiments and while the hatched area represents the standard
deviation for three different specimens. The dashed lines represent the mean strength of the crumpled scaffolds as a function of the pore size. (b) The force–deflection curves
of the single- and double-layer porous Ti sheets, crumpled using a deformation velocity of 2 mm/min. The top and side views of the crumpled specimens resulting from the
FEA simulations and lCT imaging for the deformation velocities of (c) 2 mm/min and (d) 100 mm/min.

Table 1
Morphological characteristic of the different types of porous scaffolds.

Flat specimen 3D scaffold

Deformation velocity (mm/min) Surface porosity (%) Volume Porosity u (%) Sheet thickness (Tb.Th) (lm) Pore size (Tb.Sp) (lm)

lCT SD FEA model SD lCT SD FEA model SD lCT SD FEA model SD

2 48.0 87.6 2.8 88.6 0.7 144.8 4.4 211.7 3.1 581.3 34.6 520.4 3.1
52.5 89.1 1.6 89.7 0.5 146.3 5.7 214.5 2.8 594.1 26.7 525.0 2.8
57.2 89.7 3.5 90.7 0.3 147.9 5.8 214.4 1.5 603.5 38.8 534.0 1.2

100 48.0 87.6 2.8 88.1 1.6 142.8 2.5 211.5 3.0 578.6 38.4 517.9 2.4
52.5 88.7 3.8 89.7 1.5 147.1 5.7 207.6 2.7 590.7 53.4 537.3 2.5
57.2 90.4 2.9 90.0 1.0 145.6 4.5 218.6 3.7 606.1 39.9 521.4 3.7

Tb.Th. trabecular thickness, Tb. Sp., trabecular spacing (i.e., pore size).
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cant difference between the pore size values corresponding to the
different segments along the length of the crumpled specimens
(Fig. 3c).
2.5. Mechanical properties of the scaffolds

There was no significant difference between the elastic modu-
lus of the scaffolds fabricated using three different values of sur-
face porosities crumpled at two different deformation rates
(Fig. 3d). For all experimental groups, the E modulus remained in
the range of 11.8 MPa (for a surface porosity of 57.2% crumpled
at 100 mm/min) to 13.9 MPa (for a surface porosity of 52.5% crum-
pled at 2 mm/min) (Table 2). However, there was a lower degree of
4

variation in the elastic moduli of the specimens crumpled at a
higher deformation velocity (i.e., 100 mm/min) (Fig. 3d and
Table 2).

The percentage of the elastic recovery remained in the range of
3.62% to 4.60% for all of the crumpled specimens, with no signifi-
cant variation between the different groups (Table 2).
2.6. Cytocompatibility of un-crumpled scaffolds

At day 7, the vast majority of the cells were found to be viable
on both polished and nanopatterned un-crumpled specimens
(Fig. 4a). Moreover, the cells were uniformly distributed on both
types of the specimens (Fig. 4a and b) and had a normal morphol-



Fig. 3. The distribution of the (a) porosity, (b) trabecular thickness, and (c) pore size for the specimens with different surface porosities that were crumpled using different
deformation velocities (n = 3). The greater oval diameter indicates the standard deviation of the corresponding values (*p < 0.05 and ** p < 0.01). (d) The elastic modulus of the
scaffolds with different porosities crumpled using different deformation velocities (n = 3).

Table 2
The elastic modulus (E) and elastic recovery of the scaffolds.

Deformation velocity (mm/min) Surface porosity (%) E (MPa) Elastic recovery (%)

Avg SD Avg SD

2 48.0 12.9 4.5 3.92 0.33
52.5 13.9 5.7 3.92 1.11
57.2 12.6 7.3 3.62 1.11

100 48.0 13.4 1.7 4.31 1.95
52.5 12.8 3.8 4.41 1.24
57.2 11.8 0.9 4.60 2.53
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Fig. 4. (a) Live/dead staining and (b) SEM imaging of the MC3T3-E1 cells after 7 days of culture on the control and nanopatterned un-crumpled specimens. High magnification
SEM images (day 7) of the MC3T3-E1 cells residing on (c) the control and nanopatterned un-crumpled specimens and (d) on the laser cutting artifacts. (e) The metabolic
activity (day 7) of the preosteoblast cells cultured on the control and nanopatterned un-crumpled specimens measured through the PrestoBlue assay. (f) Shape index
and (g) aspect ratio of the of MC3T3-E1 preosteoblast cells on the surface of the control and nanopatterned un-crumpled specimens after 3 and 7 days of culture (*p < 0.05 and
** p < 0.01, *** p < 0.001, **** p < 0.001).
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ogy (Fig. 4c). Furthermore, there was no indication that the arti-
facts created during the cutting procedure had affected cell viabil-
ity (Fig. 4a, d).
2.7. Metabolic activity and morphological characteristics of cells

The metabolic activity of the cells seeded on the polished scaf-
folds was significantly higher than those cultured on the nanopat-
terned surfaces on both days 3 and 7. For each experimental group
analyzed separately, the metabolic activity of the cells significantly
increased with time (Fig. 4e). The cells residing on the nanopat-
terned scaffolds were more rounded as compared to the cells cul-
tured on the polished scaffolds after 3 days of culture (Fig. 4f). After
7 days, however, the cell shape index on the nanopatterned scaf-
folds significantly decreased (Fig. 4f). Similarly, while the cell
aspect ratio was not significantly different between the surfaces
after 3 days, the cells were more elongated after 7 days on the
nanopatterned scaffolds. In addition, a significant change in the cell
6

aspect ratio between 3 and 7 days was only observed on the
nanopatterned scaffolds (Fig. 4g).
3. Discussion

In this study, for the first time, an efficient crumpling technique
was proposed to fabricate porous 3D metallic scaffolds from ini-
tially flat nanopatterned sheets. Crumpling is an interesting alter-
native to origami and kirigami approaches as it greatly simplifies
the process of going from a flat construct to a 3D porous structure.
Given the stochastic nature of the crease patterns and folding
sequences, the resulting structure is highly resistant to minor
imperfections, while highly regular origami/kirigami lattices are
very sensitive to the slightest deviations from the perfect geome-
try. Moreover, controlled crumpling offers a high degree of tunabil-
ity in terms of mechanical properties and morphological features.
For example, the porosity and pore size of the final 3D scaffold
can be tuned by adjusting the geometrical features of surface por-
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ous sheet and the level of compaction during the crumpling
process.

Within the context of meta-biomaterials, nano/micro-patterned
3D structures that guide stem cells along the desired pathway of
differentiation are essential [44,45]. The 3D geometry of the bio-
materials used in bone tissue engineering, including their porosity
and pore size, are crucial factors determining the biological
response of these materials elicit upon implantation [46]. A proper
choice of the porosity, pore size, pore shape, and pore distribution
facilitates cell oxygenation, migration, spreading, settlement, and
feeding (i.e., transportation of metabolites and nutrients) [1,46–
48]. The same morphological parameters also affect the mechani-
cal properties of the scaffolds [1]. Even though highly porous scaf-
folds increase the potential for bone ingrowth, they generally offer
limited mechanical performance [46]. The porosity of bone tissue
engineering scaffolds should, therefore, be chosen such that the
conflicting biological and mechanical requirements are simultane-
ously satisfied. The native bony tissue has different porosity values
depending on its type (i.e., cortical or trabecular). For instance, cor-
tical bone (compact bone) has a relatively dense structure
(porosity = 5–25%) with longitudinally cylindrical elements, while
trabecular (spongy) bone has a highly porous structure (porosity =
40–95%) with a network of trabeculae [46,49]. However, native
bone is highly vascularized, meaning that higher porosities are
likely to be needed at the beginning of the tissue regeneration pro-
cess where mass transport should occur through diffusion. Porosi-
ties > 60% are suggested to be suitable for bone scaffolds [49]. All
the experimental groups in this study had volume porosities that
were within this suggested range.

As for the pore size, the suggested range is 300–900 lm [49].
Similar to the porosity, all the six experimental groups considered
here satisfied this requirement as well (Table 1). According to the
results of lCT imaging and FEA simulations, increasing the defor-
mation velocity did not influence the morphology, volume poros-
ity, trabecular thickness, and pore size of the final scaffold, which
means that a higher deformation velocity (i.e., 100 mm/min) can
be applied to speed up the process and enhance the throughput.
In the simulations, the surface-porous sheets were rolled with
the same diameter as that of the bar. However, they were not con-
fined in a cylindrical die. This can explain the differences observed
between the final morphology of the scaffolds resulted from the
simulations and experiments (Fig. 2c and d). Moreover, at the
higher deformation velocity, less deviations from the average val-
ues of the morphological properties were observed (Fig. 3a–c), sug-
gesting that a higher rate of deformation leads to a more uniform
crumpled structure.

The differences between the trabecular thickness of the lCT
scanned samples and those obtained computationally (Fig. 3b)
can be explained by the process used for converting the simulation
results from a geometry based on shell elements to a geometry
based on solid elements. Although a uniform thickness of
125 lm was assigned to the shell-based structure, the thickness
slightly (i.e., by approximately + 14 lm) increased after applying
the wrapping operation that was used to protect thin walls from
collapsing.

While the mechanical properties of the specimens are lower
than the human bone (Table 2), it is important to realize that the
mechanical properties of such scaffolds can be tuned by changing
the porosity, pore size, thickness of the initial flat sheet, or by using
multi-layers of Ti sheets instead of a single layer. Using multiple
stacked sheets for crumpling results in a higher degree of struc-
tural integrity and higher values of the scaffold stiffness. Moreover,
the forces required for reaching the same level of crumpling
increase when multiple stacked sheets are used (Fig. 2b). Further-
more, the desired mechanical properties of the bone scaffolds
depend on the implantation site and whether or not it is load-
7

bearing. For instance, higher mechanical properties are required
for the treatment of load-bearing bones of the lower extremity,
as the implant needs to be able to endure the weight of the body
for 12–24 weeks (bone healing process). In other cases, such as cra-
nial defects and some of the upper limb implants (e.g., fingers), the
loads tend to be much smaller and the total timespan may be
shorter (e.g., 3–12 weeks [50]). In principle, there are implant types
in which the implant is surrounded by a bony environment that
protects its integrity. An example of such implants is the implants
used for the treatment of acetabular defects where the surrounding
bony tissue stabilizes the crumpled scaffold and protects them
against uncrumpling. Moreover, bone substitutes are often loaded
under compression in which case the risk of uncrumpling is rela-
tively small. Finally, bony ingrowth into crumpled implants may
interlock the crumpled structure, thereby improving their stability.
A different choice of material and a thicker layer of the Ti sheets
could also increase the mechanical properties of the scaffold. How-
ever, thicker metal sheets are less bendable [51].

It has been demonstrated that nanotopographical features on
the surface of biomaterials can significantly influence the cell
behavior [2]. One of the major challenges associated with con-
trolled crumpling is to protect the nanopatterns from being dam-
aged during the crumpling process. The PVA layer coated on the
surface of nanopatterned scaffolds was successful in fully protect-
ing the applied nanopatterns. The live/dead, cell metabolic activity
assays, and SEM imaging showed that the preosteoblasts can sur-
vive and proliferate after adhesion to the uncrumpled scaffolds.
Similar bTi nanopatterns formed on the surface of a flat Ti sheet
have been previously shown to support cell adhesion and prolifer-
ation [3]. However, the cells were metabolically less active on bTi
surfaces as compared to flat Ti. Similar observations have been
made in previous studies [3] and suggest that the effects of the dif-
ferent adaptation of cells to bTi nanopatterns go beyond morpho-
logical changes and involve cell metabolism. It has been shown
that surface nanotopography affects the molecular diffusion
through the cell plasma membrane [52] and furthermore, cell
mechanics and metabolism are mutually related [53]. Therefore,
further dedicated metabolic studies are required to understand
why cells may show lower levels of metabolic activity when cul-
tured on nanopatterned structures. The laser-cutting artifacts and
the ridges created during the crumpling process did not adversely
affect the cell response. Previous studies have been shown that bTi
nanopatterns applied to flat Ti sheet are capable of killing bacteria
via mechanical interactions [3,14] and of increasing matrix miner-
alization [3] by preosteoblasts. Furthermore, elongated cell mor-
phology is considered beneficial for osteogenic commitment
[3,54–57]. After 7 days, we observed a significant increase in the
elongation of the cells residing on the nanopatterned scaffolds
(Fig. 4g). The measured values of the cell shape index and aspect
ratio indicate that the cells attached to the nanopatterned scaffolds
have a greater tendency to transform from an initial rounded shape
to an elongated and polarized morphology as compared to the cells
attached to the polished specimens (Fig. 4f and g). The exact mech-
anisms through which the cells undergo morphological changes
upon interactions with surface nanopatterns have not been fully
understood yet. Several studies have further investigated such
effects and have attributed them to changes in the size and distri-
bution of focal adhesions [3,54]. As the formation of focal adhe-
sions is largely a force-dependent process, traction force
microscopy and the measurement of the adhesion force between
the cells and nanopatterned substrate are necessary to answer this
question. It can be speculated that forces generated by cells
attached to the nanopatterns might affect the cytoskeletal organi-
zation and eventually, cell shape. The transduction of forces to the
cell nucleus might also affect the transcriptional factors, such as
YAP, that is shown to regulate the cell shape [58]. It is also note-
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worthy that the semi-crumpled structures and the fact that only
one side of the initial 2D sheet is nanopatterned make it extremely
challenging to perform certain in vitro assays such as immunocyto-
chemical staining, assessment of mineralization, and qPCR. There-
fore, to reveal the ultimate potential of these structures for
regenerating bone, we would recommend in vivo studies as the
best approach for future research.

Due to the lack of any systematic studies, it is difficult to draw a
conclusion on how surface roughness modulates cell behavior [59].
Cai et al., assessed the effects of surface roughness of Ti films on
osteoblast proliferation. They showed that increasing the surface
roughness from 1.94 nm ± 0.24 nm to 10.27 ± 0.45 nm and 20.73
± 2.68 nm had only minor effect on the proliferation of osteoblasts
[60]. Khang et al., cultured mesenchymal stem cells (MSCs) on
three different Ti surfaces with 0.645, 3.85, and 13.37 nm as the
roughness values. They reported that cell adhesion and fibronectin
adsorption increased with the surface roughness [61]. In another
study, Hou et al., systematically tuned the average roughness (Ra)
of Ti surface from nano- to micro-scales (53.86 to 1050.31 nm)
[59]. They observed that the densest and longest filopodia were
formed on the surface with an intermediate roughness value (i.e.,
Ra = 278.64 nm). Interestingly, this roughness value was the one
that highly enhanced the formation of FAs as well as the osteogenic
differentiation of cells. The mean values of the surface roughness
measured in our study are relatively close to the optimum values
reported in their study. Nevertheless, since a similar average sur-
face roughness may be generated by different surface morpholo-
gies, both should be considered for understanding and comparing
cell responses.

It is worth mentioning that we only functionalized one side of
the scaffolds. The nanopatterning process may deliver more impact
when the surface functionalization is applied to both sides of the
sheet. Based on the results reported here, controlled crumpling is
a promising approach for the fabrication of 3D porous bone scaf-
folds decorated with surface nanopatterns. Further research is,
therefore, required to more thoroughly elucidate the potential of
these porous meta-biomaterials.
4. Conclusions

To address the limitations of the existing techniques for the
production of nanopatterned meta-biomaterials, a novel crumpling
approach was developed that allows for the fabrication of 3D
metallic scaffolds with the desired size, volume porosity, and
mechanical properties from nanopatterned surface-porous sheets.
Since the crumpling process starts from a flat state, it is possible
to incorporate nanopatterns with arbitrarily complex shapes onto
the specimens. The nanopatterns were protected and remained
intact during the crumpling process. Three different surface porosi-
ties of 48.0%, 52.5%, and 57.2% led to three different volume porosi-
ties of 87.6%, 89.1%, and 89.7% after crumpling with a rate of 2 mm/
min, and 87.6%, 88.7%, and 90.4% after crumpling with a rate of
100 mm/min, meaning that the final porosity can be controlled
through the rational design of the flat construct. The porosity, pore
size, and trabecular thickness of the final scaffolds fabricated in
this study were in the appropriate range for bone scaffolds. Accord-
ing to the lCT and FEA results, the deformation velocity did not
significantly affect the morphological and mechanical properties
of the final scaffolds. We also designed a double-layer structure
to improve the mechanical properties of the crumpled scaffold.
Finally, the response of the MC3T3-E1 preosteoblast cells to the
nanopatterned scaffolds was generally indicative of high degrees
of cytocompatibility and potentially also an osteogenic behavior.
The presented controlled crumpling approach, therefore, consti-
tutes a promising route for the realization of nanopatterned
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meta-biomaterials with tunable dimensions, porosities, and
mechanical properties. Future studies should further evaluate the
in vitro and in vivo performance of these biomaterials, paving the
way for their ultimate clinical adoption.
5. Materials and methods

5.1. Sample preparation

Annealed Ti sheets with a thickness of 125 lm were used for
this study (99.96% purity, Goodfellow, Huntingdon, UK). The sheets
were cut to the size of a 4-inch (diameter = 10.16 cm) silicon wafer
and were polished by chemical mechanical polishing (CMP Meca-
pol E460, Saint-Martin-le-Vinoux, France). Following this step,
the 4-inch titanium sheets were cut into 22.5 � 22.5 mm2 pieces
using a laser micromachine (Optec Laser Systems, Belgium).
5.2. Fabrication and characterization of bTi samples

The black Ti nanopatterns were fabricated on the polished Ti
specimens using an ICP RIE machine (PlasmaLab System 100,
Oxford Instruments, UK). The Ti specimens were glued with a ther-
mal joint compound (type 120, Wakefield Engineering, USA) to a 4-
inch fused silica carrier wafer. Cl2 and Ar were the etching gasses.
The etching process was performed under the following condition:
ICP power = 600 W, RF power = 100 W, Cl2 flow rate = 30 sccm, Ar
flow rate = 2.5 sccm, chamber pressure = 0.02 mbar, temperature =
40 �C, and etching time = 10 min. Following the etching process,
the specimens were cleaned in acetone, ethanol, and isopropyl
alcohol (IPA) (consecutive steps of 30 min each), and were then
spin-dried. High-resolution scanning electron microscopy (SEM)
images were taken with a Helios (FEI Helios G4 CX dual-beam
workstation, Hillsborough, OR, USA) microscope at 10 kV and 43
pA.

The wettability of the bTi and control surfaces was evaluated by
measuring the static water contact angle in duplicate using a drop
shape analyzer (DSA 100, Kruss, Germany). A volume of 1.5 ll
deionized water with a falling rate of 60 ll/min was rested on
the surface using a syringe. The images were recorded after 5 s.

The mean roughness (Ra) of the black Ti surfaces was also esti-
mated as the mean ± SD of the values measured for three images of
100 lm2 each by AFM (JPK Nanowizard 4, Bruker, Germany) in the
tapping mode, using a high aspect ratio probe (TESPA-HAR, Bruker,
Germany) [3].
5.3. Design and manufacturing of the surface-porous flat sheets

The size of the 2D flat sheet (22.5 � 22.5 mm2), the number of
the pores per specimen (12 � 12), and the center-to-center inter-
spacing (1.875 mm) of the pores were kept constant while the
diameter of the pores was varied (1.46 mm, 1.53 mm, and
1.59 mm) using CAD software (Solidworks 2019, Dassault
Systèmes). The designs of the flat specimens with three different
surface porosities (i.e., 48.0 %, 52.5 %, and 57.2 %) were exported
to the laser micromachining in the STL format. In total, 18 speci-
mens were laser cut from non-polished Ti sheets (for mechanical
testing) while three specimens were laser cut from the polished
Ti sheets (for nanopatterning and cell culture). The laser parame-
ters were as follow: frequency = 50 kHz, diode current = 4 A, laser
firing rate = 30 kHz, and the number of repetitions = 40. Conse-
quently, the samples were cleaned in acetone, ethanol, and IPA
(consecutive steps of 30 min each), and were spin-dried.
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5.4. Mechanical experiments

5.4.1. Design of the crumpling setup
To crumple the surface-porous Ti sheets, a cylindrical die was

fabricated with a fused deposition modeling (FDM) 3D printer
(Ultimaker 2+, Ultimaker, The Netherlands), polylactic acid (PLA)
filaments, and a 0.25 mm nozzle. Prior to crumpling, the Ti sheets
were pre-rolled into a cylindrical shape around a stainless-steel bar
(d = 7.2 mm) (Fig. 1a).

5.4.2. Compression tests
The crumpling process (Fig. 1a) was carried out using a univer-

sal mechanical testing bench (Plus/Lloyd Instruments Ltd, England)
equipped with a 5 kN load cell. Before compressing the pre-rolled
sheets, the specimens were coated two times with PVA (Resin
Technology, France), each step followed by thermal treatment at
50 �C for one hour. The specimens were then placed inside the
die and were compressed using the same stainless-steel bar, which
was attached to the universal test bench. Two different compres-
sion velocities of 2 mm/min and 100 mm/min were applied to
study the effects of deformation velocity.

5.4.2.1. Single-layer specimens. The single-layer specimens were
compressed with a compression velocity of 2 mm/min (three
unpolished specimens for each group of surface porosity) and at
a compression velocity of 100 mm/min (three unpolished speci-
mens for each group of surface porosity). The tests were continued
until a cross-head displacement of 17 mm was reached (initial
length = 22.5 mm). In the case of the cell culture specimens, three
polished specimens and three nanopatterned specimens, with a
surface porosity of 57.2% were crumpled at a velocity of 2 mm/min.

5.4.2.2. Double-layer specimens. The double-layer scaffolds were
also created by placing two specimens with the same porosity
(i.e., 57.2%) on top of each other, rolling them, and placing them
into the PLA die. The two-layer specimens were then compressed
with a velocity of 2 mm/min. To prevent the scaffolds from being
damaged, the test was continued until a cross-head displacement
of 15 mm was reached.

5.4.3. Mechanical properties of the scaffolds
The same universal mechanical testing bench equipped with a

100 N load cell was used to evaluate the elastic modulus (E) of
the scaffolds using uniaxial compression tests. The tests were per-
formed at a crosshead speed of 0.2 mm/min and were aborted
when a max extension of 0.3 mm was reached. The stresses and
strains were, respectively, calculated based on the ratio of the
applied force to the cross-section area and the ratio of the exten-
sion to the initial length of the scaffolds in the longitudinal direc-
tion. The slope of the first linear region in the stress–strain graph
(between 1% and 2% strain) was defined as the E modulus. The
average values with standard deviations are reported (n = 3 for
each individual group).

Moreover, we have measured the percentage of the elastic
recovery of the crumpled scaffolds after removal of the compres-
sive load under the mentioned conditions (n = 3 in each experi-
mental group). The elastic recovery was calculated by dividing
the difference between the length of the crumpled structure before
and after removal of the compressive load, by the initial amount of
deformation (17 mm).

5.5. FEM model

Finite element (FE) simulations were performed using Abaqus
(Abaqus 2017, Simulia, US). A dynamic explicit nonlinear solver
was used to simulate the crumpling of the cylindrical specimens.
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Before setting the simulation parameters, we studied the effect of
these parameters on the results of the dynamic explicit simulations
(Table S1.). The total mass of the model was artificially increased to
reduce the computational time. Based on these initial simulations a
mass scaling factor of 106 and an element size of 0.2 mm were
selected, which limits the kinetic energy to < 1% of the internal
energy while reducing the computational time by three orders of
magnitude. Both the punch and the die were modeled as rigid sur-
faces and the specimens were discretized using 8042 shell ele-
ments (4-node fully integrated).

An elastoplastic material model (von Mises yield function, tab-
ular input of strain hardening data) was used to model the
mechanical behavior of Ti. The material model was fitted to the
experimental data obtained from the literature [28]. A surface-to-
surface contact definition was implemented using a penalty con-
tact enforcement algorithm to capture the contact behavior
between the die and specimen as well as the self-contact of the
specimen. A friction coefficient of 0.3 was used. The samples were
compressed up to 17 mm by adding a displacement boundary con-
dition to the punch.

5.6. Morphological characterization

The single-layer crumpled specimens were imaged using a lCT
scanner (Phoenix Nanotom, GE Sensing Inspection Technologies
GmbH, Germany). The acquisition parameters were: tube cur-
rent = 230 lA, tube voltage = 100 kV, and resolution = 4.5 lm � 4.
5 lm � 4.5 lm. The acquired data were then reconstructed and
saved as DICOM images. The reconstructed data were down-
sampled by using a custom-made script in MATLAB (Matlab
R2019a). The voxel sizes of the down-sampled scans were:
9 lm � 9 lm � 9 lm. Each down-sampled scan was divided into
eight regions of interest (ROIs) through the length of the scanned
scaffold and was imported into the Dragonfly software (Object
Research Systems, Canada). For each ROI, the compressed sheet
was segmented using a thresholding technique, and an additional
segmentation mask was created based on the smallest cylinder
that could cover the entire compressed sheet. The segmented sheet
and the cylindrical mask were used in the Bone Analysis plugin of
Dragonfly to determine the porosity (%), trabecular thickness (Tb.
Th, lm), and pore size (Tb.Sp, lm) of the compressed specimens.

The morphological parameters determined based on the lCT
scans were compared to those obtained using FE analyses. Prior
to comparison, the deformed specimens were exported from Aba-
qus to 3-Matic (3-Matic 15.0; Materialise, Leuven, Belgium) in the
STL format and were converted into volumes after assigning the
compressed specimens a uniform thickness of 125 lm and wrap-
ping them (smallest detail: 0.02, protect thin walls and preserve
surface structure options are on). The volumes were then divided
into 8 ROIs and were post-processed using Dragonfly as described
above.

5.7. Sample preparation for cell culture

To prepare the 3D nanopatterned Ti samples for cell culture and
to access the inner layer (covered with nanopatterns), we un-
crumpled the specimens by hand. To remove the PVA coating,
the specimens were placed in acetone and water (40 �C) (each
for two hours). The specimens were then sterilized in an autoclave
at 121 �C for 20 min.

5.8. Cell response to the surface

5.8.1. Cell seeding and culture
MC3T3-E1 preosteoblast cells (Sigma-Aldrich, Germany) were

seeded on the control (polished Ti, n = 5) and nanopatterned un-
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crumpled specimens (n = 5) in a 24 well-plate with a density of
125,000 cells/well. The specimens were incubated in the alpha
minimal essential medium (a-MEM) supplemented with 10% (v/
v) fetal bovine serum (FBS) and 1% (v/v) penicillin–streptomycin
(all from Thermo Fisher Scientific, US) for 3 or 7 days (37 �C, 5%
CO2). The culture medium was refreshed every 2–3 days, starting
from day 2 of the experiment.
5.8.2. Metabolic activity
The metabolic activity of the MC3T3-E1 cells was determined

using the PrestoBlue assay (Thermo Fisher Scientific, US) on days
3 and 7. The specimens were transferred into a new 24 well-
plate and were incubated in 450 ll of fresh culture medium with
50 ll of PrestoBlue cell viability reagent for one hour at 37 �C. After
incubation, 100 ll of the supernatant from each well was trans-
ferred to a 96 well plate in duplicate and the fluorescence was
measured at an excitation wavelength of 530 nm and an emission
wavelength of 595 nm with a Victor X3 microplate reader (Perki-
nElmer, The Netherlands).
5.8.3. Cell viability and SEM imaging
A live/dead cell staining assay (Thermo Fisher Scientific, US)

was performed to investigate the viability of the cultured cells after
7 days. The samples were washed 3 times with 10X PBS and were
incubated in PBS containing 2 lM Calcein AM and 3 lM Ethidium
homodimer-1 for 30 min at room temperature. After staining, the
cells were washed with PBS and were imaged with a fluorescent
microscope (ZOE cell imager, Bio-Rad, The Netherlands). Conse-
quently, the stained specimens were fixed with 4% paraformalde-
hyde (Sigma Aldrich, Germany) for 15 min and were rinsed 2
times with distilled water for 5 min. The samples were then dehy-
drated in a series of graded ethanol/water solutions (Sigma-
Aldrich, Germany) as follows: 15 min in 50%, 20 min in 70%, and
20 min in 96%. The specimens were dried overnight and were
gold-sputtered prior to SEM imaging.
5.8.4. Image analysis
ImageJ 1.53c (NIH, US) was used to quantify the data from the

SEM images. Thereafter, the Analyze Particles command was used
to measure the cell aspect ratio by fitting ellipses to the cell body
area. Furthermore, the values of the cell area and perimeter were
used to calculate the cell shape index as described elsewhere [62].
5.9. Statistical analysis

For all of the above-mentioned experiments, the raw data was
first tested for normal distribution using the D’Agostino-Pearson
omnibus normality test in Prism version 9.1.2 (GraphPad, US).
The two-way ANOVA test was performed followed by the Sidak’s
multiple comparisons test to determine statistical significance of
the differences between the means of different groups. A p-value
below 0.05 was considered to indicate statistical significance.
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