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Total hip replacements (THR) are among the most common orthopedic procedures carried out to date. Al-
though initially intended to treat the elderly, their increasing utilization among the younger population chang-
es its requirements. These individuals do not only have special needs, they will most certainly outlive their 
implants too. Where today’s implants last for more than 20 years, the implants of tomorrow should ideally 
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~ The road may have been rough, but the results made it all worthwhile ~
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A B S T R A C T

With the aging population growing, the increasing prevalence of osteoarthritis (OA) seems inevitable. As a 
result, the number of joint replacements is expected to grow substantially within the next decade. Today’s 
hip replacements have the potential to function for more than 20 years, but due to risk factors such as asep-
tic loosening, the younger patients will most certainly outlive their prostheses. Aseptic loosening refers to 
the mechanical failure of the implant-bone interface, which may arise as the end result of stress shielding or 
improper design. In places where the bone is understressed for prolonged periods of time, bone resorption 
will set in, which can eventually lead to implant failure. Optimization of this bone-implant interface is there-
fore of utter importance to increase the implant’s longevity. Recent advances in additive manufacturing (AM) 
have enabled the fabrication of highly-complex micro-architectures, which can be designed to exhibit novel 
mechanical properties at the macroscale. The development of these mechanical metamaterials has paved 
the way for personalized, life-lasting implants. This explorative study aimed to investigate the mechanical 
properties of 3D AM (hybrid) mechanical metamaterials and their potential to improve the mechanical fixa-
tion of off-axially loaded AM meta-implants, using the mechanical responsiveness of bone. The mechanical 
properties of six different 3D AM mechanical metamaterials were assessed during axial compression, with 
the help of Digital Image Correlation (DIC). Combinations of mechanical metamaterials were made to ob-
tain novel 3D hybrid mechanical metamaterials, for which the expansions and initiated strain distributions 
were determined using DIC, upon off-axial compression. Finally, five different meta-implants (femoral stems) 
were designed. A compression was applied at the femoral head to examine the strain distributions in the 
surrounding, bone-mimicking foam blocks. Hybrid meta-implant Type 2 showed the most continuous com-
pressive strain distribution, with a considerably different lateral strain profile compared to the current gen-
eration of femoral stems. These studies therefore demonstrate the potential of applying hybrid mechanical 
metamaterials in off-axially loaded meta-implants, such as the femoral stem, to initiate bilateral strains and 
potentially stimulate osseointegration at the bone-implant interface. 
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1 .  I N T R O D U C T I O N

Total hip replacements (THR) are among the most common orthopedic procedures carried out to date, in 
2011 alone, more than 1.5 million people received a THR in OECD countries.1 Their incidence is expected to 
double within the next decade2, as a direct consequence of the growing aging population and the increas-
ing utilization among younger patients.3 Today’s implants have the potential to function for more than 20 
years4,5, but their success rate goes down with time. Statistics show that 10 years after surgery 5-20% of the 
patients will be in need of a revision6,7, and this number is projected to grow substantially2. Improvements in 
implant design and surgical techniques have reduced the incidence of deep sepsis, dislocation and fracture, 
but aseptic loosening still accounts for more than half of the revisions carried out to date.8-10 

The term aseptic loosening refers to the mechanical failure of the implant-bone interface, which primarily 
arises as the end result of inflammatory bone loss.8 Subsequently, it may be the result of micro motion, 
stress shielding or improper design, which eventually leads to inadequate mechanical fixation.11,12 Stress 
shielding has since been extensively studied13-15, and designs have been proposed to limit this phenome-
non16,17. Most studies have been focusing on the stiffness mismatch between implant and bone, whereas 
research on the implant’s Poisson’s effect18 is ignored. In fact, the lateral side of a femoral stem will tend to 
move away from the bone-implant interface upon loading at the femoral head. This can be explained by the 
tensile forces imposed by the applied bending moment. Just like stress shielding, this will reduce the bone 
load. As a result, the bone will adapt to a lack of external loading, and bone wastage will set in once the 
bone is understressed for prolonged periods of time19,20. This may lead to serious complications, including 
implant failure. Subsequently, bone atrophy will create an unfavorable basis for a revision surgery, for which 
sufficient bone stock is needed.16,21 

The emerging concept of mechanical metamaterials offers a great route of attaining materials with unusual 
mechanical properties and advanced functionalities.22,23 The term “metamaterials’ was initially used within 
the field of electromagnetism and optics24-26, but today refers to all materials engineered to exhibit novel 
properties. Their extraordinary mechanical properties include negative elasticity, negative compressibility 
and negative Poisson’s ratio (NPR). The latter are better known as auxetic mechanical materials, and are 
perhaps the most widely studied.23 Stretching a piece of auxetic material will result in a lateral expansion 
instead of contraction. The macro-scale properties of metamaterials originate from their micro-architecture, 
which can be rationally designed to exhibit specific mechanical properties.23 Metamaterials are therefore 
also known as “designer materials”, which due to recent advances in additive manufacturing (AM) can be 
fabricated fairly easily. Mechanical metamaterials are increasingly utilized in the field of soft-robotics, acous-
tics and biomedicine.27,28 By adding an extra “nano” dimension to the arbitrarily complex three-dimension-
al (3D) microstructures, meta-biomaterials are created. Extraordinary combinations of mechanical, mass 
transport and biological properties originate from their 3D microstructure29,30, whereas the nano-topology 
can be used to communicate with cells and enhance tissue regeneration.31 

The development of these mechanical metamaterials has paved the way for personalized, life-lasting im-
plants. Together with bone tissue regeneration, osseointegration is among the most important goals in the 
design of orthopedic implants.32 Implants are considered osseointegrated when there is a tight connection 
between the implant surface and the surrounding bone, as a result of direct bone apposition within the 
defined healing period.33 Fibrous encapsulation should therefore be prevented, which may be the direct 
result of a bio-incompatible material, and prevents the bone cells from adhering to the implant’s surface.33 
Therefore, to enhance osseointegration in femoral stems, the implant should be in continuous contact with 
the bone To reverse the laterally observed shrinkage in the femoral stem as a result of the Poisson’s effect, a 
combination of auxetic and conventional (positive Poisson’s ratio) mechanical metamaterials should be uti-
lized. Despite their long-term solo existence18,34, experimental research on hybrid combinations of negative 
and positive Poisson’s ratio materials is rare.35,36 This explorative study therefore aimed to investigate the 
mechanical properties of rationally designed 3D AM (hybrid-) mechanical metamaterials and their potential 
to improve the mechanical fixation of off-axially loaded orthopedic meta-implants, using the mechanical 
responsiveness of bone. Optimization of the meta-implant for optimal bone regeneration falls beyond the 
scope of this project.
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2 .  M AT E R I A L S  A N D  M E T H O D S
2 . 1  R AT I O N A L  D E S I G N  O F  3 D  L AT T I C E  S T R U C T U R E S

The first part of this research involves the design of mechanical metamaterials: re-entrant hexagonal hon-
eycomb structures and conventional hexagonal honeycomb structures. Subsequently, re-entrant hexagonal 
honeycombs and conventional hexagonal honeycombs were combined to form so-called “hybrid” mechan-
ical metamaterials. These hybrid mechanical metamaterials were later implemented in a femoral stem, later 
referred to as a “meta-implant”. The designs were created in Solidworks 2016 3D CAD software (Dassault 
Systemes, Waltham, USA) and the meta-implants were subsequently edited in the 3D modelling software 
Materialise 3-Matic (Materialise, Leuven, Belgium).

2 . 1 . 1  M E C H A N I C A L  M E TA M AT E R I A L S
A recent publication on the topology-property relationship in auxetic mechanical metamaterials revealed 
that the re-entrant angle (θ, Figure 1) strongly influences the mechanical properties of re-entrant hexagonal 
structures.23,37 Subsequently, cell rib length ratios (a/b, Figure 1) were also found to influence the Poisson’s 
ratio. The cell rib lengths were chosen out of convenience, and with ratios ranging between 1.0 and 1.5, a 
maximum NPR should be reached with a re-entrant angle of about 30 degrees.37 

A re-entrant angle of 15 degrees was chosen as the initial value and two designs were systematically added, 
(+/-) 10 degrees from this starting point. The 3D re-entrant hexagonal structures were formed by arraying the 
2D re-entrant cells ad depicted in Figure 1a. This resulted in a variety of structures with different mechanical 
properties. To minimize production variability, the size of the structures was adjusted to fit four samples on 
one build plate. With a cell width of 5 mm the base was formed by a 5 x 5 cell array (Figure 1a). The height 
of the unit cell was designed at 2.5 mm for design 1 and 2, but was altered to 3.5 mm to accommodate the 
re-entrant angle in design 3. The number of cell layers was adjusted to approach a total height of 25 mm, 
which made the samples approach a cube of 25 x 25 x 25 mm. Ribs were added on both sides of the struc-
ture, to efficiently transfer the forces to those vertices floating above/underneath the horizontal plane. The 
final designs were exported as .STL files with a coarse resolution and a binary output. 

The same rational approach was used to design the 3D conventional hexagonal honeycombs (Figure 1b). 
Starting +15 degrees from a 90-degree angle, a deviation of (+/-) 10 degrees was used to create the second 
and third design. For a proper comparison to be made, the conventional structures were made to approach 
the same cube of 25 x 25 x 25 mm. The final designs were exported as .STL files with a coarse resolution 
and a binary output.

θ
15

25

5

φ

105

95

115

φ

Figure 1: Design of mechanical metamaterials with re-entrant angle θ, internal angle φ and rib length ratio a/b. 
(A) Re-entrant unit cell with its repetitive array in 3D (B) Conventional unit cell with its repetitive array in 3D.  

A B

a
b

a

b



M A S T E R  T H E S I S  E L I N E  K O L K E N 8

Design Type

Auxetic Type 1
Auxetic Type 2
Auxetic Type 3

Conventional Type 1
Conventional Type 2
Conventional Type 3

Strutt thickness

Internal angle φ (°)

75
85
65

105
115
95

350 μm

a (mm)  
 
2.5   
2.5   
3.5  
 
2.5
2.5
3.5   
   
  

b (mm)

2.59
2.51
2.76

2.59
2.76
2.51

H x W x D (mm)

24.82 x 25.7 x 25.7
25.65 x 25.7 x 25.7
27.21 x 25.7 x 25.7

23.21 x 25.7 x 15.7
27.20 x 25.7 x 15.7
15.03 x 25.7 x 25.7

Table 1: Solidworks dimensions of auxetic and conventional mechanical metamaterials.

 
The above-mentioned rational design process resulted in a total of six different mechanical metamaterials, 
three re-entrant types (A1, A2 and A3) and three conventional Types (C1, C2 and C3), of which the exact 
Solidworks dimensions can be found in Table 1. The terms auxetic and re-entrant have been used inter-
changeably to refer to NPR materials.

2 . 1 . 2  H Y B R I D  M E C H A N I C A L  M E TA M AT E R I A L S
According to the laws of modern mechanics, a hybrid combination of re-entrant and conventional unit 
cells should create beneficial effects in bending situations where expansion on both sides of the structure 
is desired. The novelty of this structure lies in the application of re-entrant unit cells on the lateral side of a 
medially loaded structure. The dimensions of the aforementioned auxetic mechanical metamaterials were 
therefore used as a starting point in the rational design process of these hybrid mechanical metamaterials. 
The connection between the two types of mechanical metamaterials can either be done through a so-called 
“transitional region” or through a direct connection established by the addition of continuous vertical ribs 
(Figure 2, Type 4, 5 and 6). 

The presence of a transitional region was used to determine the composition of the hybrid structure. The 
conventional cells were given the same vertical rib length (a), total cell width and total cell depth as their aux-
etic counterpart on the other side of the construct. Two “fish-like” transitional cells were created, connecting 
three re-entrant cells to one conventional cell (Figure 2). These choices narrowed down the design space 
of the conventional cells, and to acquire the stereotypical honeycomb pattern, the internal angle could only 
take on one value (Table 2). Just like the mechanical metamaterials, the hybrids were obtained by arraying 
the corresponding 2D unit cells. Transitional cells were manually connected to the next one in line (Figure 
2). A 5 x 10 cell array was used as a base for both sides of the structure, connected by a 1 x 10 transitional 
array this resulted in a total base of 11 x 10 unit cells. 

The above-mentioned design choices resulted in six designs (Figure 2). Design Types 4, 5 and 6 have the 
same geometrical dimensions as design Types 1, 2 and 3, respectively, but lack the transitional region. 
Instead, both types of mechanical metamaterials were connected through continuous vertical ribs. This 
change led to a decrease in total sample width by 1.25 mm, which corresponds to half a unit cell. A summary 
of the dimensions has been presented in Table 2. 

A

75
85
65

75
85
65

C

114.90
129.52
115.05

114.90
129.52
115.05

A

1.25  
1.25  
1.75

1.25
1.25
1.75

C

1.25
1.25
1.75

1.25
1.25
1.75

A

1.30
1.26
1.38

1.30
1.26
1.38

C

1.38
1.62
1.38

1.38
1.62
1.38

Design Type

Hybrid Type 1 (4)
Hybrid Type 2 (5)
Hybrid Type 3 (6)

Hybrid Type 4
Hybrid Type 5
Hybrid Type 6

Strutt thickness

Internal angle φ (°)

350 μm

a (mm)  
 

   
   
  

b (mm) H x W x D (mm)

25.7 x 26.43 x 25.7
25.7 x 26.43 x 25.7
25.7 x 26.43 x 25.7

25.7 x 25.18 x 25.7
25.7 x 25.18 x 25.7
25.7 x 25.18 x 25.7

Table 2: Solidworks dimensions of hybrid mechanical metamaterials with A = auxetic and C = conventional geometry.
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1 2 3

4 5 6

φ

a
b

Figure 2: Design of hybrid mechanical metamaterials with internal angle φ and rib length ratio a/b. (1) Type 1 (75-degree 
auxetic side with a transitional region). (2) Type 2 (85-degree auxetic side with a transitional region). (3) Type 3 (65-degree 
auxetic side with a transitional region). (4) Type 4 (Type 1 without a transitional region). (5) Type 5 (Type 2 without a transi-
tional region). (6) Type 6 (Type 3 without a transitional region). The 3D repetitive array of Hybrid Type 1 is shown on the right. 

To ease the printing process, the samples were scaled to 50% to approach the 25 x 25 x 25 mm cube. Con-
sequently, the total cell size decreased by 50% and therefore more closely resembled the final application 
as a bone-substituting material. Additionally, a 5-mm thick flange was added to the top and bottom, to en-
able off-axial loading on the conventional side of the structure. A ridge was added to accommodate a steel 
cylinder, which will enable the load to be uniformly distributed along the depth of the structure (Figure 6b).

2 . 1 . 3  M E TA - I M P L A N T S
One of the applications that would theoretically benefit from the bilateral expansion described in section 
2.1.2, is the femoral stem. Today’s implants have the potential to function for more than 20 years4,5, but 
aseptic loosening is one of the reasons this does not happen in 5-20% of the patients.6,7 Aseptic loosening 
may be the result of micro motion, stress shielding or improper design, which eventually leads to inadequate 
mechanical fixation.11,12 Bilateral expansion would stress the surrounding bone and therefore mitigate stress 
shielding.19,38 

To prove this concept, at least three designs were needed. Two control meta-implants were designed, which 
are either fully filled with a conventional mechanical metamaterial (Figure 3a) or an auxetic mechanical meta-
material (Figure 3c). The former represents the current generation of femoral stems with a positive Poisson’s 
ratio. The hybrid meta-implant contains two porous subvolumes (Figure 3b), a medial and a lateral compart-
ment. The medial sub volume is filled with a conventional mechanical metamaterial, whereas the lateral sub 
volume is filled with an auxetic mechanical metamaterial.

Based on the results of the previously described auxetic -, conventional - and hybrid mechanical metamate-
rials, the decision was made to proceed with Hybrid Type 6. The control meta-implants were therefore given 
the corresponding geometrical dimensions of the unit cells involved (Table 2). Two designs were added to 
explore the effects of a solid core (Figure 3d) and a 70/30 ratio of re-entrant vs. conventional unit cells (Figure 
3f) on the bilateral expansion. 

The rational design of the meta-implants was inspired by the Zimmer Fitmore system.39 This system consists 
of cementless, bone-preserving implants of which the proximal surface is treated with a Ti-plasma coating to 
enhance bone ingrowth. The overall shape of the implant was designed in SolidWorks, and in contrast to the 
trapezoidal cross-section of the Fitmore stem, the design was given a square cross-section to ease clamping 
in the experimental set-up. The volume enclosed by the Ti-plasma coating was separated to be filled with 
a hybrid mechanical metamaterial using Materialise 3-Matic (Materialise, Leuven, Belgium). The re-entrant 
hexagonal unit cell and the conventional hexagonal unit cell were designed and added to the program’s unit 
cell library. The lightweight module of the program was used to fill the proximal volume with the given unit 
cells, creating a unit graph, which could then be exported to .STL given the desired thickness of the struts.  



M A S T E R  T H E S I S  E L I N E  K O L K E N 10

Figure 3: Meta-implant designs. (A) Control Type 1 with conventional hexagonal honeycomb cells. (B) Hybrid Type 1 with a 
50/50 division. (C) Control Type 2 with re-entrant hexagonal honeycomb cells, showing the different .STL parts: (1) Top, (2) 
Porous region, (3) Bottom. (D) Hybrid Type 2 with a 50/50 division and a solid core. (E) Hybrid Type 1 showing the different 
.STL parts: (1) Top-middle-Bottom, (2) Porous region. (F) Hybrid Type 3 with a 70/30 division, following the implant’s cen-
terline.  

A B C D E F

1

2

3

1

2

A hole was made at the bottom of the stem to mimic the distal fixation of a cementless femoral stem. 

Due to the complexity of the design, the meta-implants had to be divided into several .STL files in order for 
them to be downloaded into the building preparation software RDesigner (Realizer GmbH, Borchen, Ger-
many). The controls were separated into three different .STL files; the top, the porous region and the bottom 
(Figure 3C). The hybrid meta-implants could be separated into two .STL files (Figure 3E), since the bottom 
and top are connected through a continuous vertical wall marking the border between the two mechanical 
metamaterials.  All of the parts were manually cleared from any mesh defects using the Remeshing functions 
of Materialise 3-Matic.

2 . 2  A D D I T I V E  A N D  S U B T R A C T I V E  M A N U FA C T U R I N G 

For the actual realization of the designs, additive and subtractive manufacturing techniques have been used. 
The following paragraphs thoroughly describe these production processes. 

2 . 2 . 1  S E L E C T I V E  L A S E R  M E LT I N G
The powder bed fusion process of selective laser melting was used to manufacture the 3D lattice structures 
(Figure 4). As its name suggests, a high-power laser beam selectively melts metal particles by scanning 
cross-sections on the surface of a powder bed.40 Having fulfilled one full cross-section, the powder bed is 
lowered by one layer thickness, after which a new spread of metal powder is added.40 This process will be 
repeated until a fully dense, three-dimensional metallic part is created. Since its commercial introduction in 
the late 1990s, the process has been widely applied in various high-value added industries, including med-
icine.41  

A

Figure 4: Process of Selective Laser Melting. (A) A fresh layer of Ti-6Al-4V powder is laid down by the wiper. (B) Powder 
particles are selectively melted by a high-power laser. (C) After printing, the excess powder is removed using a vacuum 
cleaner. (D) Build plate with parts and support structures. (E) The supports are carefully cut loose. (F) Build plate with parts 
and without the support structures.

B C D E F
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2 . 2 . 1 . 1  M E C H A N I C A L  M E TA M AT E R I A L S

Before the actual synthesis of the mechanical metamaterials, the .STL files were imported into RDesigner 
software (Realizer GmbH, Borchen, Germany) for building preparation. Four specimens of each design 
were built using a commercially available SLM125 Selective Laser Melting (SLM) machine (Realizer GmbH, 
Borchen, Germany). The SLM machine was equipped with a YLM-400-AC Ytterbium fiber laser (IPG Pho-
tonics Corporation, Oxford, USA) with the ability to emit 400 W of radiation in the wavelength range of 1070 
± 10 nm. As a feedstock, plasma-atomized, spherical Ti-6Al-4V ELI (Extra Low Interstitials) grade 23 powder 
(ASTM B348), with a particle size range of 10 to 45 µm, was acquired from AP&C (AP&C Advanced Powders 
and Coatings Inc., Boisbriand, Canada). This grade is the high purity variant of Ti-6Al-4V and is particularly 
useful in the medical industry for its high strength, light weight, good corrosion resistance and outstanding 
damage tolerance.42 During fabrication, the building chamber was kept under argon atmosphere ([O2] = 0.1-
0.2%) and the mild steel building substrate was kept constant at 100 °C.

The specimens were built with a slice distance of 50 µm in a position where its basal plate was tilted 45° on 
the x-axis and 35° on the y-axis, relative to the slice plane (Figure 5). In this manner, any critical overhanging 
in the structure was avoided. The outer structure was manufactured with a laser current of 1100 mA, while 
exposure time and point distance were kept at 20 µs and 10 µm, respectively. The hatching of the internal 
structure was fabricated with a hatch distance of 0.15 mm and its hatch direction rotated 90° every subse-
quent slice. The laser current was set at 1100 mA while exposure time and point distance were kept at 5 µs 
and 10 µm, respectively.

The standard RDesigner point generator was used to create the support structures. The laser current was 
set at 1000 mA and exposure time was kept at 200 µs to create a structure strong enough to maintain the 
integrity of the specimen during building, but weak enough to be easily removed afterwards. The point gen-
erator selects all surfaces up till a certain angle threshold to be supported, which means surfaces within 
the core of the lattice structure are not excluded. This makes support removal impossible, which is why 
additional phantom designs were prepared in Solidworks. All struts were cut from the original structure, ex-
cept the ones located on the three outer planes facing the build plate. The designs were exported as .STL 
files and imported into RDesigner where they were positioned and rotated to exactly overlap their parent 
structure. The scan definitions of the outer and the internal structures were deleted, after which the support 
structure could be generated. This way the support structure will support the three planes of the phantom 
facing the build plate, carrying the specimen that can now be manufactured without internal supports. The 
phantom structure itself was not build as the scan definitions were deleted.

Figure 5: 3D-printing lay-outs with supports structures. (A) Tilted printing configuration of mechanical metamaterials. 
(B) Top view of 3D-systems’ printing configuration of hybrid mechanical metamaterials. (C) Printing configuration of 
meta-implants. 

A

B

C
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Just like the mechanical metamaterials, the hybrid mechanical metamaterials were first prepared in a data 
preparation and .STL editor software, this time in Magics (Materialise, Leuven, Belgium) and DMP Control  
software (3D Systems, Leuven, Belgium). The job lay-out has been presented in Figure 5b, which shows the 
top view of the build plate. Eight specimens were built per hybrid design, using a Prox DMP 320 machine 
(3D systems), which complies with ASTM F3001 standards. Amongst other things, this standard lists the 
chemical composition of the Ti-6Al-4V ELI powder that is used and the mechanical property requirements 
of the printed components. The parts were printed with a slice distance of 60 µm and during printing the 
building chamber was kept under argon atmosphere ([O2] < 0.5%).

2 . 2 . 1 . 3  M E TA - I M P L A N T S

Due to the meta-implant’s complexity, data preparation and trials were essential. The .STL files were com-
bined in RDesigner, after they had been transformed to the right printing configuration in Materialise 3-Mat-
ic (Figure 5c). After three trials, a successful print was obtained with the SLM125 SLM machine (Realizer 
GmbH, Borchen, Germany), using the aforementioned plasma-atomized, spherical Ti-6Al-4V ELI grade 23 
powder (ASTM B348). 

During fabrication, the building chamber was kept under argon atmosphere ([O2] = 0.1-0.2%) and the mild 
steel building substrate was kept constant at 100 °C. The inner and outer structure were printed with a laser 
current of 1100 mA while exposure time and point distance were kept at 20 µs and 10 µm, respectively. The 
inner hatching was fabricated with a hatch distance of 0.15 mm and an xy-pattern. The laser current was set 
at 1100 mA, while exposure time and point distance were kept at 5 µs and 10 µm, respectively.

The RDesigner point generator was used to create the support structures, and just like the mechanical 
metamaterials, phantom designs were created to maintain the integrity of the specimens. The inner struts 
were removed from the porous region in Figure 3c-2, resulting in phantoms containing just the strut ends 
along the curved faces of the implants. The procedure in section 2.2.1.1 was repeated, which resulted in the 
support structure of Figure 5c. Given that earlier prints had failed due to an unstable base, the settings for 
the supports underneath the femoral head were adjusted. A current of 1200 mA was send to the laser, while 
exposure time and point distance were kept at 200 µs and 120 µm, respectively. The supports underneath 
the porous region and solid stem needed less strength and were therefore printed with a current of 1000 mA, 
an exposure time of 200 µs and a point distance of 120 µm. 

2 . 2 . 2  P O S T- P R I N T I N G  T R E AT M E N T
The excess powder was removed from the printed parts (Figure 4c), after which manual cutting procedures 
were used to remove the mechanical metamaterials and meta-implants from the build plate (Figure 4e). 
Electrical Discharge Machining (EDM) was used to remove the hybrid mechanical metamaterials from their 
build plate. 

2 . 2 . 1 . 2  H Y B R I D  M E C H A N I C A L  M E TA M AT E R I A L S
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The high degree of porosity in the mechanical metamaterials made subsequent cleaning unnecessary. How-
ever, the 50% reduction in cell size made it more difficult to remove all loose metal particles from the hybrid 
mechanical metamaterials and meta-implants. Those specimens were therefore submerged in 96% ethanol 
and ultrasonically cleaned for 10 minutes, using a Branson 5510 ultrasonic cleaning bath (Branson, Danbury, 
USA). 

2 . 3  M E C H A N I C A L  T E S T I N G

Once the specimens were acquired, several test set-ups were created to assess their mechanical properties.
The procedure that was followed to fulfil the experiments, has been described below.

2 . 3 . 1  A X I A L  A N D  O F F - A X I A L  C O M P R E S S I O N
The mechanical metamaterials were compressed in between two tool steel platens, with a constant defor-
mation rate of 1 mm/min using a Zwick/Roell (Zwick GmbH & Co. KG, Ulm, Germany) static test machine 
(BZ1-MM14550.ZW02 with a 20 kN load cell) (Figure 6a). The specimens were loaded up till 10 mm defor-
mation (±40% strain). 

The hybrid mechanical metamaterials were off-axially compressed with a constant deformation rate of 1 
mm/min using the same Zwick/Roell static test machine (Figure 6b). A maximum deformation of 2 mm was 
directed at the steel cylinder, using a tool steel rod, to create a bending moment around the structure. Ini-
tially, the bottom flange was added to prevent the side opposite to the deformation, from moving upwards. 
Unfortunately, the structure did come up during trials. 3M double-sided tape did not do the trick, but instead 
a clamp was used to apply a consistent load of 140 N. 

One of the hybrid mechanical metamaterials was processed into a series of meta-implants. In order to proof 
the concept, the implanted configuration of the meta-implant had to be imitated. In real life, the uncemented 
meta-implant would be hammered into the medullary cavity of the femur, creating a tight fit between the 
implant’s surface and the surrounding bone. Rigid foam blocks (model #: 1522-03, 20 PCF, Ecompressive = 210 
MPa and Etensile = 284 MPa43) were therefore acquired from Sawbones (Sawbones Europe AB, Malmö, Swe-
den) to simulate the surrounding healthy bone. They were manually cut and filed to size, aligning with the 
medial and lateral sides of the meta-implant. An aluminum bottom plate was milled to accommodate the tip 
of the meta-implant, as well as two 6 mm acrylic plates. The acrylic plates closed off the “medullary cavity”, 
while maintaining the implant’s visibility during testing. Two stainless steel plates were laser cut and subse-
quently bended to form the side panels. In order to keep the acrylic plates in place, two shallow slits were 
milled. Holes were drilled to accommodate the necessary screws for optimal clamping of the meta-implant 
and the surrounding “bone”. The hole at the bottom of the meta-implant was threaded, to enable its con-
nection to the aluminum plate. Two threaded rods were used to tie the top of the side panels to one another 
with the help of a moment wrench (1 Nm) to ensure test repeatability. A belt sander was used to make the 
meta-implants fit in between the two acrylic plates. The complete set-up has been presented in Figure 6c 
and 7. A Zwick/Roell static test machine (BZ2-MM14450.ZW14 with a 10 kN load cell) was used to apply a 
maximum deformation of 1.5 mm. The same tool steel rod was used to locally apply this deformation to the 
femoral head (Figure 6c). This deformation is relatively small, but since each stem was tested twice, plastic 
deformations had to be prevented. For the same reason, the rate of deformation was reduced to 0.5 mm/
min. The foam blocks were refreshed every single test. 

A B C

Figure 6: Compression testing. (A) Axial compression of mechanical metamaterials, (B) Off-axial compression of and hybrid 
mechanical metamaterials, (C) Off-axial compression of meta-implants. 
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Figure 7: (left) Fully prepared meta-implant, (right) Experimental set-up including bottom plate, side panels, plexiglass 
plates, speckled foam blocks (section 2.3.2), thread rods and meta-implant.

2 . 3 . 2  D I G I TA L  I M A G E  C O R R E L AT I O N 
Digital Image Correlation (DIC) is used to measure strain and displacement by comparing photographs of 
the specimen at different stages of deformation.44 The technique has been proven effective in a number of 
fields, including aerospace, civil engineering and material science. In this project, it has been used to mea-
sure displacements within the specimens, as well as surface strains in the surrounding material. 

For digital image correlation to work efficiently, the surface of the studied specimens should have sufficient 
image texture with a random and unique pixel pattern. Although a solid titanium specimen may have had 
this naturally, the highly porous specimens in this study needed some preparation. 

In order to calibrate the DIC cameras, the front surface should stand out from the inner structure. For this 
to happen, the mechanical metamaterials were first colored with black spray paint. Subsequently, the front 
surface was stamped in white, after which an airbrush was used to add a black, random and unique speckle 
pattern (Figure 8). The Vic-3D 7 software (Correlated Solutions Inc., Irmo, USA) was used to verify the ran-
domness of the speckle pattern, after which all specimens received the same treatment. 

Four specimens of each hybrid mechanical metamaterial were prepared for an “open” examination of their 
deformation. Unfortunately, the aforementioned procedure appeared to be a bit more difficult to execute. 
Due to the smaller cell sizes the paint easily accumulated within the cells, closing off the pores. To prevent 
this from happening, an air compressor was used to blow out the excessive paint. Unfortunately, the com-
pressor could not be used for the white paint, since the structures were too dense to be blown out from the 
back and blowing them from the front would result in the inner struts being colored. The front surface was 
therefore carefully painted using Tipp-Ex, and subsequently treated with the airbrush. The remaining hybrid 
specimens were prepared for a “closed” examination of the deformation (Figure 6b). A self-vulcanizing, 
highly stretchable tape was stretched around the structure to form a tight and continuous outer layer. This 
layer was later treated with the airbrush to add a white speckle pattern. 

Unlike the previous tests, the meta-implants themselves were not prepared for DIC examination. Instead, 
the strain distributions in the surrounding “bone”, as a consequence of the meta-implant’s deformation, 
were of interest. The foam blocks were therefore sprayed in black and subsequently treated with an airbrush 
to add a white speckle pattern. 

A B C D

Figure 8: Mechanical metamaterials in each stage of the DIC preparation. (A) As manufactured, (B) Spray painted in black, 
(C) Front surface stamped in white, (D) Air-brushed with black.



M A S T E R  T H E S I S  E L I N E  K O L K E N15

Figure 9: DIC set-up for compression testing of mechanical metamaterials and hybrid mechanical metamaterials. 
(A) Zwick/Roell static test machine, (B) 20 kN load cell, (C) Limess 4 Megapixel camera, (D) Lamp.  
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B

C
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D
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During mechanical testing, two 4 Megapixel digital cameras (Limess, Krefeld, Germany) were used to cap-
ture the sample surface with a frequency of 1 Hz (Figure 9c). Lights were used to enhance the contrast 
and clarify the images. Once the cameras were directed (about 30 degrees apart) to capture a sharp and 
complete surface, the DIC system was calibrated using the VicSnap software (Correlated Solutions Inc., 
Irmo, USA). Due to a difference in field of view, several calibration boards were used throughout the exper-
iments. A 12 x 9-dots board, with a separation distance of 2 mm, was used to calibrate the system for the 
mechanical metamaterials. A 10 x 14-dots board (separation of 3 mm) was used for the hybrid mechanical 
metamaterials and a 10 x 14-dots board (separation of 5 mm) for the meta-implants. 

An overview of the set-up has been presented in Figure 9. For the meta-implant experiments a different lamp 
was used, to prevent the plexiglass from reflecting the light. Pictures were taken using VicSnap, after which 
they were uploaded to the full-field, image analysis software Vic-3D 7 (Correlated Solutions Inc., Irmo, USA). 
Once the area of interest (Aoi) was defined, the software could calculate the displacements and strain fields. 

2 . 3 . 3  I M A G E  P R O C E S S I N G
To calculate the Poisson’s ratio of the mechanical metamaterials, the DIC images needed to be processed. 
The vertices of eight centrally located unit cells were therefore marked with a red pixel using Adobe Photo-
shop CC (Figure 10a). The mechanical properties of each specimen were compared to the design group’s 
mean, and the closest match was chosen as a representative. A selection of pictures was taken from those 
recorded during the elastic deformation. Subsequently, about 20 images (one image every five seconds) 
were marked with red pixels for each representative specimen.

The images of the hybrid mechanical metamaterials were processed in Vic-3D. The post-processing module 
included the possibility of assigning data points and retrieving one’s deformation. Thirty points were manual-
ly plotted along the right and left borders of the specimens, as well as along the middle (Figure 10b). Points 
in the same column were plotted at approximately the same x-coordinate. The corresponding information 
could then be exported to an Excel file. 

The images gathered during the “closed” examination of the hybrid mechanical metamaterials were only 
processed visually. The minimum and maximum horizontal strain (εxx) values were found for each specimen, 
after which each of them was plotted along the same limits. The same procedure was repeated for the im-
ages of the meta-implants. Additionally, the latter were plotted in two colors (Vic-3D’s Tropical sea filter) to 
emphasize the difference between positive and negative strain values. 
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Figure 10: Image processing methods. (A) Selection of eight centrally located unit cells with red markers in an auxetic 
mechanical metamaterial. (B) Position of the plotted points on an image of a hybrid mechanical metamaterial, a magnified 
view and the order in which the data points have been allocated. 

2 . 3 . 4  D ATA  A N A LY S E S
The mechanical metamaterials were axially compressed and with the load-displacement curves from the 
compression machine’s testXpert II software (Zwick GmbH & Co. KG, Ulm, Germany) the stress-strain 
curves could be easily determined. Based on these curves and the corresponding data points, the Young’s 
modulus, ultimate compressive strength and yield strain could be derived. 

The stress could be obtained by dividing the applied load by the lattice structure’s original area. The corre-
sponding strain was calculated by dividing the displacement by the original height of the lattice structure. 
Matching pairs of stress and strain were plotted in Excel to obtain the stress-strain curve. 

The Young’s modulus for compression could be obtained using the slope of the stress- strain curve in the 
first linear elastic region. Data points 200 and 1100 were found to enclose a representative portion of the 
elastic region, and were therefore used to calculate the differences in stress and strain. Subsequently, the 
tangent was obtained by dividing the difference in stress by the difference in strain. 

The first peak in the stress-strain graph was regarded as the ultimate compressive strength (UCS). Following 
the continuous increase of stress values, the first continuous drop would mark the value corresponding to 
the ultimate compressive strength. The corresponding strain value was regarded as the Yield strain. 

A Matlab code was written to track the red dots plotted in the DIC images (Figure 10a). The coordinates of 
these dots were determined at different stages of deformation, after which εxx, εyy and the Poisson’s ratio 
ν = - εxx / εyy could be calculated.  

With the specimen volume, weight and density (0.00443 g/mm3) of Ti-6Al-4V known, the relative density 
could be calculated by dividing the density of the specimen by the density of a solid titanium block with the 
same volume. The density of the specimen was calculated by dividing the weight by the volume. 

The Excel file, exported from Vic-3D, included the initial coordinates of the hybrid mechanical metamaterial’s 
data points as well as their deformation. The maximum expansion in the x-direction (negative for the auxetic 
side and positive for the conventional side) was plotted for each data point using Excel. The sum of the 
deformations (ux and uy) and the initial coordinates (x, y) resulted in the new positions of the data points in 
time. All data points within the same column were plotted in Matlab to form borderlines. 

The strain distributions found on the “closed” hybrid specimens, as well as on the “bone” surrounding the 
meta-implants, were visually compared to one another. 
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2 . 4  F I N I T E  E L E M E N T  M O D E L L I N G  ( F E M )

The computational power needed to run a three-dimensional (3D) simulation of the hybrid mechanical meta-
materials appeared to be too extensive for the resources at hand. Instead, a two-dimensional (2D) model 
was created to quickly assess the differences between a hybrid mechanical metamaterial and the corre-
sponding auxetic and conventional mechanical metamaterials in a bending situation. 

A front slice was cut from the 3D designs in Solidworks, which were then saved as .DXF files.  These sketch-
es were imported into Abaqus/CAE (Dassault Systemes, Vélizy-Villacoublay, France) to form new 2D planar, 
deformable parts. These parts were meshed using a 0.25 seed (to make sure at least two elements are cre-
ated across one strut) and CPE6H elements. 

M AT E R I A L 

Since the material properties of 3D-printed Ti-6Al-4V are different from solid casted Ti-6Al-4V, six 3D-printed 
titanium cylinders were compressed to obtain their compressive Young’s moduli. These titanium cylinders 
measured 20 mm in length and were given a diameter of 10 mm (ratio of 2:1). The slope in the elastic region 
of their stress-strain curve was calculated, which resulted in an average Young’s modulus of 11.49 GPa. 

The Poisson’s ratio of 0.33 was found in literature45, and together with the Modulus they were filed as the 
elastic, isotropic properties of the material. The plastic properties were not provided, since these deforma-
tions should be prevented. 

S E C T I O N  P R O P E R T I E S

For each model a homogeneous solid section was created, linked to the above-mentioned material prop-
erties. A plane strain thickness of 25 mm was assigned, matching the depth of the real specimens. Once 
the section properties were appointed to the complete geometry, the model could be assembled and an 
analysis step could be created. 

L O A D S  A N D  B O U N D A RY  C O N D I T I O N S

To imitate the real-time off-axial compression tests, the specimens had to be clamped at the bottom (Figure 
11c, which was tied to reference point 2), loaded at the upper left corner (Figure 11b, as a consequence 
of the clamp) and compressed in reference point 1. The total deformation of 2.5 mm matches the 2-mm 
compression in the real test, assuming the flange does not bend and the load is applied 10 mm from this 
reference point (Figure 11d). 

A second situation was introduced without the load at c being present. This would more closely resemble 
the situation in which the hybrid mechanical metamaterial will be allowed to deform once it is implemented 
in the meta-implant.

rp2

b

a

5

rp15    a (mm)  b (N)  c (mm)

 
Situation 1

Situation 2  

x 0  0  0
y           -2.5             -140  0
z 0  0  0

x 0  0  0
y           -2.5  0  0
z 0  0  0

c
Figure 11: Finite element model with boundary conditions and loads. Table shows the values applied in situation 1 and 2.

5
d



M A S T E R  T H E S I S  E L I N E  K O L K E N 18

2 . 5  S TAT I S T I C A L  A N A LY S E S
The data has been statistically analyzed using the commercially available SPSS Statistics software (IBM, Ar-
monk, USA). The normality of the data was assessed using the normality plots and the numerical measures 
Skewness and Kurtosis. 

In case the data was normally distributed, one-way independent ANOVA tests were performed to see wheth-
er there are significant differences between the design types. Once the assumption of homogeneity of vari-
ance was met (Levene’s test), a Tukey post-hoc test was performed to show which specific groups differed. 
A Games-Howell post-hoc test was done in case the assumption was not met. 

In case the data was non-normally distributed, the rank-based nonparametric Kruskal-Wallis test was per-
formed. In this case, the homogeneity of variances’ test was performed on the absolute difference between 
the individual ranks and the mean ranks of their group. If this assumption is not met, the Kruskal-Wallis test 
can only be used to compare mean ranks.46,47

The data has been presented as the mean and has been reported as recommended in Discovering Statistics 
using SPSS by Andy Field46, considering a significant difference when p<0.05. Plots were made in Excel and 
were subsequently edited in Adobe Indesign CC. 
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3 .  R E S U LT S

3 . 1   M E C H A N I C A L  M E TA M AT E R I A L S

The stress-strain curves of the compressive tests for the different mechanical metamaterials have been 
presented in Figure 12. All curves exhibit a periodic pattern, consistent with the failure of entire layers within 
the structure. The auxetic mechanical metamaterials show relatively small stress drops compared to those 
found for the conventional mechanical metamaterials. The latter dropping to near zero values, after which 
they increase to form a new peak. The highest pre-fracture peaks were found for the auxetic mechanical 
metamaterials.

Stress-strain curves for each individual specimen can be found in Appendix 8.1, together with the mechan-
ical properties. The following mechanical properties have been visually presented in Figure 13. 

Data on the compressive Young’s moduli of the mechanical metamaterials were normally distributed with a 
Skewness of 0.73 (SE = 0.47) and Kurtosis of 0.28 (SE = 0.92). The assumption of homogeneity of variances 
was violated, F(5,18) = 3.83, p<0.05, which is why a One-way ANOVA was executed using a Games Howell 
post hoc test. The Type of design was found to significantly affect the Modulus of the structure, F(5,18) = 
53.57, p < 0.05, ω = 0.96. ω is a measure of effect size and in this case shows that the observed effect is 
large.

With a mean Modulus of 52.19 MPa, C2 was found to significantly differ from all other design types (p < 
0.05). In contrast, A2 and C3 were found insignificantly different from all other design types (p > 0.05), except 
from C2. A1 was found to have the lowest Modulus, being significantly different from A3, C1 and C2. For 
the auxetic mechanical metamaterials the Modulus increased with re-entrant angle, whereas the Modulus of 
conventional mechanical metamaterials increased with internal angle. 

The data on the ultimate compressive strength was normally distributed with a Skewness of 0.05 (SE = 
0.47) and a Kurtosis of -0.93 (SE = 0.92). The variances were equal, F(5,18) = 1.11, p > 0.05, which is why a 
One-way ANOVA was executed using a Tukey post hoc test. The type of design was found to significantly 
affect the ultimate compressive strength, F(5,18) = 35.34, p < 0.05, ω = 0.93. This shows that the variance 
in ultimate compressive strength is again largely accounted for by the design type. 

The highest UCSs were found for the auxetic mechanical metamaterials, with A1 (M = 2.36) and A3 (M = 
2.44) being significantly different from the other designs (p < 0.05). Again, the strength increased with re-en-
trant angle for the auxetic mechanical metamaterials. Among the conventional mechanical metamaterials 
C1 (M = 1.97) and C2 (M = 2.16) were found significantly different. 
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Figure 12: Mean stress-strain curves of (A) auxetic and (B) conventional mechanical metamaterials under compression.
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The corresponding yield strain data was normally distributed with a Skewness of 0.76 (SE = 0.47) and a 
Kurtosis of 1.13 (SE = 0.92). The variances were equal, F(5,18) = 1.97, p > 0.05, which is why a One-way 
ANOVA was executed using a Tukey post hoc test. The type of design was found to significantly affect the 
yield strain value of the structure, F(5,18) = 15.12, p < 0.05, ω = 0.86. There is again a large effect, which 
shows that the yield strain is also strongly affected by the design type.

With a yield strain of 8.29%, A1 was found to be significantly different from all other design types (p < 0.05). 
In contrast to the previous properties, not relation could be observed between the auxetic mechanical meta-
materials. The yield strain of the conventional mechanical metamaterials does decrease with internal angle.  

During compression, the auxetic mechanical metamaterials showed a lateral shrinkage (Figure 8a), thanks 
to their negative Poisson’s ratio. The conventional designs, on the other hand, showed a lateral expansion. 

The image processing appeared to be very time-consuming, which is why only the data of one representa-
tive specimen was used to obtain the Poisson’s ratio of the design type. Since this led to a dataset with zero 
variance, SPSS was not able to correctly compare the means. Excel was therefore used to create random 
numbers for each design, with a normal distribution, a standard deviation of 0.05 and a group mean corre-
sponding to the value found for the representative design, as presented in Figure 13 (ν). 

Figure 13: Mean compressive Young’s modulus, yield strain, ultimate compressive strength, relative density and Poisson’s 
ratio of (FLTR) Auxetic Type 1 (A1), ‘‘ Type 2 (A2), ‘‘ Type 3 (A3), Conventional Type 1 (C1), ‘‘ Type 2 (C2),  ‘‘ Type 3 (C3). Data is 
expressed as mean and error bars indicate 95% confidence bounds. Significant differences are indicated by *p < 0.05 com-
pared with A1, **p < 0.05 compared with A2, ***p < 0.05 compared with A3, *p < 0.05 compared with C1, **p < 0.05 compared 
with C2, ***p < 0.05 compared with C3 by One-way ANOVA. 
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The randomized dataset was indeed normally distributed with a Skewness of 0.365 (SE = 0.472) and a Kur-
tosis of -1.049 (SE = 0.918). The variances were equal, F(5,18) = 0.556, p > 0.05, which was expected with 
a constant standard deviation. The one-way ANOVA showed that the type of design significantly affects the 
Poisson’s ratio, F(5,18) = 339.12, p < 0.05, ω = 0.99. The observed effect is large, but this might be biased 
by the simulated nature of the data. 

The NPR of the auxetic mechanical metamaterials increased with re-entrant angle, whereas the positive 
Poisson’s ratio of conventional mechanical metamaterials increased with internal angle. All designs were 
found to be significantly different form one another (p < 0.05). The highest absolute Poisson’s ratio (0.67) 
was found for the conventional mechanical metamaterial Type 2. The deformation of each representative 
sample has been processed into a short movie, which can be found in the .PDF version of Appendix 8.1

The mean relative density has been plotted in Figure 13. 

3 . 2   H Y B R I D  M E C H A N I C A L  M E TA M AT E R I A L S

The behavior of the hybrid mechanical metamaterials, subjected to off-axial compression was evaluated. 
The expansion was quantified using an “open” specimen, whereas the resulting strains in a surrounding ma-
terial were evaluated using a “closed” specimen. A 2D finite element model was made of the hybrid showing 
the most effective expansion, to be compared with the corresponding mechanical metamaterials. 

3 . 2 . 1  E X PA N S I O N
The coordinates and deformations of thirty data points were exported from Vic-3D and manually processed 
in Excel. The mean maximum expansion was calculated for each hybrid, and plotted in the bar graph of 
Figure 14. The maximum expansion on the auxetic side was located at the bottom of the specimens, where-
as the biggest expansion of the conventional side was found at the top. The expansion for each individual 
specimen has been plotted in Appendix 8.2. The auxetic side will now be referred to as the lateral side, while 
the conventional side will be referred to as the medial side of the specimens. 

For hybrid Types 1, 2, 4 and 5 the maximum expansion on the medial side was more than five time as large 
as the maximum expansion on the lateral side. For hybrid Type 3 this was only four times, whereas the max-
imum expansion on the medial side of hybrid Type 6 was only 1.5 times bigger than the one observed on 
the lateral side. The expansion on the lateral side happened along the complete height of the specimens, 
whereas the bottom of the medial side did not expand at all. 
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Figure 14: Mean maximum expansion of hybrid mechanical metamaterials during off-axial compression. 
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The expansion on the lateral side increased with design type, except for data points 24 and 27, and the 
absence of a transitional region seems to enhance this effect. In contrast, the expansion on the medial side 
decreased with design type for the top three data points. Thereafter, hybrids Type 2 and 4 (85-degree re-en-
trant cells) showed a bigger expansion than their 75-degree counterparts, Types 1 and 3 respectively. Here, 
the presence of a transitional region enhanced the expansion. 

Most of the data was non-normally distributed and violated the assumption of homogeneous variances. 
Their mean ranks were therefore analyzed using the nonparametric Kruskal-Wallis test. A One-way ANOVA 
and an appropriate post-hoc test were carried out for the normally distributed data. The type of design was 
shown to significantly (p < 0.05) affect the expansion in data points P2 (H(5) = 17.09), P5 (H(5) = 15.53), P6 
(H(5) = 11.81), P8 (H(5) = 18.22), P11 (F(5,18) = 5.55), P14 (F(5,18) = 6.70), P17 (F(5,18) = 5.07), P20 (F(5,18) 
= 3.35), P23 (H(5) = 13.68) and P26 (H(5) = 14.36). The differences primarily lie between hybrid Type 6 and 
the other design types, which can also be observed in Figure 14. 

The initial coordinates and deformations were used to obtain the coordinates of the data points in time. 
Those located in the same column were plotted in Matlab to form borderlines (Figure 15). The expansion 
along the lateral side was found to travel from top to bottom with increasing compression, but once it had 
reached its maximum value, it started to retract (move into the positive x-direction). The expansions along 
the medial side were found to increase with the degree of compression, except for P29 (and P26 in some 
cases). The latter were shown to retract (move in negative x-direction) from t = 0 onwards. 

The mean coordinates were plotted for each design type, every 15 seconds from t = 15 till t = 120 s. The 
resulting sequence of images was made into a short movie, which can be found in the .PDF version of Ap-
pendix 8.2.

3 . 2 . 2  F U L L - F I E L D  S T R A I N  D I S T R I B U T I O N
Just like the “open” hybrid mechanical metamaterials, the “closed” specimens were subjected to off-axial 
compression. For each design, the most representative results have been plotted in Figure 16. The results 
of each individual specimen can be found in Appendix 8.3.

Each hybrid design type showed an obvious compression on the medial side of the structure, especially 
hybrid Types 2 and 5. The lateral sides of hybrid Types 1, 2, 4, and 5 were almost entirely covered in negative 
strains. In contrast, the negative strains found in Hybrid Types 3 and 6 were almost completely limited to 
the central area. The biggest lateral regions with positive strain were found in hybrid Types 3 and 6, with an 
almost continuous profile along the border of hybrid Type 6.

t = 15 t = 60 t = 120

Figure 15: Mean deformation of hybrid mechanical metamaterial Type 6 at t = 15 s, t = 60 s and t = 120 s. The dark line 
resembles the initial position of the borderlines, whereas the current position has been depicted in light blue/green. 
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1 2 3

4 5 6

Figure 16: Horizontal strains in the self vulcanizing tape surrounding (1) Hybrid Type 1, (2) Hybrid Type 2, (3) Hybrid Type 3, 
(4) Hyrid Type 4, (5) Hybrid Type 5 and (6) Hybrid Type 6.
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3 . 2 . 3  F I N I T E  E L E M E N T  M O D E L L I N G
The results of the finite element modelling have been presented in Figure 17, for loading situation 1 and 2. All 
structures showed a medial expansion in both situations, but to a different extent. The absence of the load in 
situation 2 enhanced the effects seen in B1 and C1. However, the medial shrinkage observed at the bottom 
of the auxetic mechanical metamaterial in A1, was less apparent in A2. The auxetic effect on the lateral side, 
however, was more apparent in A2 compared to A1. Here, the bottom showed a small expansion, and the 
retraction progresses more gradually towards the top.

c

-0.098 1.186UX (mm)

A1 B1 C1

A2 B2 C2

Figure 17: Simulated horizontal displacements of an (A) Auxetic mechanical metamaterial, (B) Hybrid mechanical metama-
terial Type 6 and a (C) Conventional mechanical metamaterial in (top) situation 1 and (bottom) situation 2.  Visualized with 
a deformation scale factor of 2.
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The conventional mechanical metamaterial showed a medial expansion in both situations. The lateral side 
primarily retracted. The hybrid mechanical metamaterial Type 6 showed a bilateral expansion in both situa-
tions. Removal of the load decreased medial expansion, whereas the lateral expansion increased.

3 . 3   M E TA - I M P L A N T S
Clamped in between two bone-like foam blocks, a load was applied at the femoral head of the meta-im-
plants. For each design one representative specimen was chosen to visualize the effects. The resulting 
horizontal strains have been presented in Figure 18. The results of each individual design can be found in 
Appendix 8.4.

3 . 3 . 1  S T R A I N  D I S T R I B U T I O N
The horizontal strains, or compression as a result of the implant’s deformation, were visualized using Vic-
3D’s Tropical sea filter. A two-color scheme was chosen to show a clear contrast between positive and 
negative strain values. The individual specimen’s limits were determined and the overall average was finally 
implemented in the plots of Figure 18. Although the zero-strain value is not marked by the border between 
the two colors, this division did show the most distinct effects. It now represents a horizontal strain value of 
0.00125, which means all areas depicted in light blue experience an unmistakable compressive strain. 

All meta-implants initiated compressive strains on the medial side, but the biggest differences were found 
on the lateral side of the meta-implants. Compared to the controls, the hybrid meta-implants initiated more 
compression on the lateral side. Hybrid meta-implant Type 2 even shows a continuous compression along 
the lateral border, while the other hybrid designs showed a more dispersed compression profile. 

For each representative specimen, a short movie has been made, showing the changes in strain distribution 
over time. They can be found in the .PDF version of Appendix 8.4.

A B

C D E

Figure 18: Horizontal strains in the “bone” surrounding the meta-implants at t = 0 s in the upper left corner and at t = 180 s 
for (A) Control Type 1, (B) Control Type 2, (C) Hybrid Type 1, (D) Hybrid Type 2 and (E) Hybrid Type 3. 
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4 .  D I S C U S S I O N 

The aim of this study was to design and assess the mechanical properties of auxetic and conventional 
mechanical metamaterials, analyze the behavior of hybrid mechanical metamaterials in bending situations 
and examine their effectiveness in an orthopedic meta-implant. Designs were made for each of these sub-
projects, and subsequently produced using SLM. All of the specimens were manually cleaned and prepared 
for DIC examination. While the mechanical metamaterials were axially compressed, the hybrid mechanical 
metamaterials were off-axially loaded to mimic their potential application in femoral stems. Finally, they were 
implemented in the design of an orthopedic meta-implant. An experimental set-up was designed to simulate 
the implanted configuration of the meta-implants, in which the structure is automatically loaded off-axially 
as a result of the contact between the femoral head and the acetabular cup. The following paragraphs will 
thoroughly discuss the results of the subprojects, the challenges and limitations that had to be overcome, 
the potential applications of the studied metamaterials and the future work needed to verify the presented 
concepts.  

4 . 1   M E C H A N I C A L  M E TA M AT E R I A L S

The stress-strain curves of the mechanical metamaterials show a periodic pattern, and this can be explained 
by the collapse of entire layers within the structure. The stereotypic regimes observed in the stress-strain 
curve of regular cellular solids contain an elastic stage, followed by a plateau stage and a final densification 
stage.48 The stress-strain curves of these materials are therefore not typical, but Yang et al. (2012) explain 
that 3D periodic structures like these initially deform elastically, but start to fail when the yield strength of the 
critical strut is reached. Once this happens, the stress will be redistributed among the remaining struts in the 
same layer. This will result in the failure of the next critical struts, followed by the collapse of the entire layer.49

The structure most resistant to compression appeared to be C2, with a significantly higher Modulus than all 
other design types. Followed by A3, C1, C3 and A2 respectively, which are all insignificantly different from 
one another. A1 was found to be the least stiff, but not significantly weaker than A2 and C3. At first glance, 
one may argue that the overall differences in stiffness between the auxetic and conventional mechanical 
metamaterials are insignificant. However, the conventional mechanical metamaterials have a higher stiff-
ness to weight ratio. This explains the use of honeycomb structures in applications requiring high stiffness 
at minimal weight. Furthermore, the stiffness of the conventional mechanical metamaterials was shown to 
increase with internal angle, which is probably a direct consequence of the orientation of the struts relative 
to the direction of the load. Since conventional honeycombs initially deform through bending48, an increase 
in internal angle will reduce the moment arm and thus the bending moment around the diagonal struts. A 
particular deformation will therefore require a bigger load, directly increasing the slope of the stress-strain 
curve. According to literature, the stiffness of 3D re-entrant structures increases once the re-entrant angle 
increases.23,37,49 This statement applies to A3, but the results found for A2 and A1, although not significantly 
different, do not seem to agree. The high variability among the specimens of A1 may be the reason of this 
discrepancy, affecting the reliability of the mean. Further research should confirm whether this variability has 
been caused by confounding variables, such as the production process.   

The UCSs were obtained from the stress-strain curves, matching the stress value at which the first layer 
within the structures failed. This time, the UCSs of the auxetic mechanical metamaterials showed signifi-
cantly higher values compared to the conventional mechanical metamaterials, with the exception of A2 
compared to C2. Furthermore, the positive relation between the strength and the re-entrant angle was con-
firmed in this study.49 The UCS results of the conventional mechanical metamaterials more closely resemble 
a negative relation between the strength and the internal angle. The strengths found for C1 and C3 seem to 
compromise this idea, although their difference is highly insignificant (p=0.445). This again suggests that the 
ranking order may have been interchanged due to the relatively high variability among the specimens of C1.
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No design-based relation could be observed in the data on the yield strain. However, the ranking order, from 
high to low, did match the reversed version of the order found for the Moduli. This directly relates to the 
slope of the stress-strain curve, which increases in magnitude when strain values are low.    

The Poisson’s ratios found for the auxetic mechanical metamaterials exactly match the values found in 
literature.37 In these structures (a/b=1.0-1.5) the maximum Poisson’s ratio should be reached with a re-en-
trant angle of about 30 degrees. The Poisson’s ratio did show to increase with re-entrant angle, although 
the 30-degree mark was not reached. These results show that an NPR can definitely co-exist with a high 
stiffness, as mentioned in other studies on auxetic three-dimensional structures.49-51 The Poisson’s ratio of 
the conventional mechanical metamaterials was shown to increase with the internal angle. This is a direct 
consequence of the length of the diagonal struts, which were designed to increase with the internal angle. 
Bending of the diagonal struts will push aside the vertical struts, resulting in a bilateral expansion. The ratio 
of transverse strain to that of axial strain, better known as the Poisson’s ratio, will therefore become positive. 
The randomized nature of the dataset, and especially the very small standard deviation, resulted in a very 
large F-score. Such high F-scores usually do not occur in experimental datasets, as they indicate an ex-
traordinary large significance. This would normally ask for a reevaluation, but since this dataset was simply 
made to obtain a general understanding of the differences, the magnitude of the F-score is not of interest.

Based on the abovementioned results, combinations of auxetic and conventional mechanical metamaterials 
can be made to obtain a material with a uniform stiffness, a consistent UCS, a matching yield strain and 
maybe even a bilateral expansion upon bending. The following table will present promising combinations of 
auxetic and conventional mechanical metamaterials, based on one chosen requirement. 

Requirement

Uniform stiffness

Consistent UCS

A1
A2
A3

A1 
A2
A3

C1 C2 C3 

3
3

 

Requirement

Matching Yield strain

Poisson’s ratio
(approximate opposites)

A1
A2
A3

A1 
A2
A3

 
3

3
3
3

3
3

3 

3
3
3

 
3

C1 C2 C3 

Table 3: Potential combinations of auxetic and conventional mechanical metamaterials for specific requirements

Unfortunately, none of the combinations seems to be valid for all of the requirements. The combination R2/
C3 is valid for three of the requirements, which is not surprising given that their geometries are only 10 de-
grees apart. They were obtained using a standard deviation of five degrees from a 90-degree angle, and this 
is reflected in their relatively low absolute Poisson’s ratio. 

4 . 2  H Y B R I D  M E C H A N I C A L  M E TA M AT E R I A L S

Three different combinations of mechanical metamaterials were made, and for each combination two de-
signs were generated to examine the influence of a transitional region when subjected to bending. An as-
sessment was made of the specimens’ expansion, and the strain distribution in the surrounding material as 
a result of this deformation. 

Each of the hybrid design types showed a bilateral expansion, but all to a different extent. Despite being 
largely insignificant, the differences will be discussed in the following paragraphs. The biggest lateral ex-
pansion was expected in hybrid Types 3 and 6, for their high NPR, with respect to their equivalents. Hybrid 
Type 3 was indeed showing a bigger expansion than Types 1 and 2, and hybrid Type 6 showed a bigger 
expansion than Types 4 and 5. Despite their lower NPR, hybrid Types 4 and 5 showed a slightly bigger lateral 
expansion than hybrid Type 3. The transitional region thereby shows to have an effect on the deformation of 
the structure as a whole. This can also be observed on the medial side of the structures, where hybrid Types 
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1, 2 and 3 exhibit as much as a 100% higher expansion compared to their counterparts, Types 4, 5 and 6, 
respectively. The transitional cells seem to give the structure more freedom to translate, which corresponds 
to a reduction in bending stiffness. Whereas this might be in favor of the medial expansion, the deforma-
tion on the lateral side seems to be guided by this translation, rather than by axial tension. Therefore, the 
presented values are the result of the actual expansion, minus the imposed translation. This effect is also 
apparent in Figure 15, showing the borderlines of the structure through time. Due to this translation, the lat-
eral expansion cannot be maintained along the complete border. The mean maximum expansion therefore 
travels along the lateral border, from top to bottom, with increasing off-axial compression.

The absence of the transitional region and the addition of continuous vertical ribs, resulted in a more evenly 
distributed bilateral expansion. The vertical ribs enhanced the structures’ bending stiffness, increasing the 
opportunity for the re-entrant cells to deform under axial tension. Hybrid Type 6 exhibited the most evenly 
distributed bilateral expansion, with significant differences in many of the data points, which is not surprising 
given the Poisson’s ratios of the mechanical metamaterials used. 

More surprising is the larger lateral expansion found for hybrid Types 2 and 5, compared to hybrid Types 1 
and 4. In addition, hybrid Types 1 and 4 showed a bigger on the medial side of these structures, compared 
to hybrid Types 2 and 5. These results contradict the expectations, considering the positive relation between 
the absolute Poisson’s ratio and the re-entrant and internal angles. It may suggest that the relatively high 
Modulus on the medial side of hybrid Types 2 and 5, limits the translation once again, and enhances the 
lateral deformation due to axial tension. However, since the differences are insignificant and the expansions 
exhibited at the bottom of the structure do match the expectations, the mean expansions of the deviant data 
points may again have been affected by a confounding variable. 

The strain distributions on the “closed” hybrid mechanical metamaterials match the aforementioned pre-
dictions. Positive strains are created in places where the material is stretched, as a result of specimen ex-
pansion, and negative strains, on the other hand, arise in places where the specimen moves away from this 
surrounding layer. The results in Figure 16 show that the lateral side of hybrid Types 2 and 5, which are filled 
with 85-degree re-entrant hexagonal unit cells, show the least expansion. Their medial side, however, shows 
the most positive strains, caused by the expansion of 130-degree conventional hexagonal unit cells. Hybrid 
Type 6 is the only design showing an obvious bilateral expansion, extending along the complete lateral and 
medial border. Most of the negative strains are centrally located, and indicate material shrinkage (relaxation). 
This suggests that the transitional region is horizontally compressed as a result of the bilateral expansion of 
both mechanical metamaterials. The pre-stressed tape could therefore locally relax.  

The simulation results confirm the potential of a hybrid structure in bending situations where a bilateral 
expansion is desired. Both sides clearly expand, although the effects are partially undone due to the trans-
lation imposed by the off-axial loading. The auxetic mechanical metamaterial shows a clear expansion on 
the lateral side, whereas the conventional mechanical metamaterial primarily expands on the medial side. 
The simulations also confirmed the lacking expansion found in the experiments at the medial bottom of the 
hybrid, corresponding to P26 and P29. The load applied by the clamp limited the ability of the lateral cells 
to deform, and will therefore have affected the experimentally obtained expansions. Fortunately, the relative 
differences between the specimens were not influenced since the clamping force was consistently applied 
throughout the experiments. Three-dimensions models will be needed to accurate predict the deformation 
profile of the hybrid mechanical metamaterials.

4 . 3   M E TA - I M P L A N T S

Based on the bilateral expansion found in Hybrid Type 6 (Section 4.2), this structure was chosen to be 
implemented in the hybrid meta-implant. The constituents of this hybrid, an auxetic and a conventional 
mechanical metamaterial, were used to build the two control meta-implants. A small sub-study was created 
with the introduction of Hybrid meta-implant Type 2 and Type 3. The effects of a solid core and a 70/30 ratio 
(re-entrant vs. conventional cells) could therefore be evaluated. 
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The results on the meta-implants clearly show a difference between the controls and the hybrids. All me-
ta-implants exhibited an expansion on the medial side, as expected, except for Control meta-implant Type 
2. The medial side of Control meta-implant Type 2 should exhibit a shrinkage in response to the load. The 
medial compressive strains suggest that Control meta-implant Type 2 is too weak to resist the translating 
forces imposed by the off-axial. In other words, the structure’s bending stiffness (K) did not prevent it from 
bending over. Hence, the structure did not get the chance to exhibit its negative Poisson’s ratio behavior. 
The 2D simulations show a comparable deformation profile for the auxetic mechanical metamaterial. Al-
though highly inimitable, this does increase the reliability of the observed deformation. Control meta-implant 
Type 1 did show the predicted deformation profile. The medial expansion and lateral retraction were both 
confirmed in the 2D simulations. However, there is no guarantee this structure did have sufficient bending 
stiffness to resist the imposed deformation. The significantly higher Modulus, compared to Control meta-im-
plant Type 2 (section on mechanical metamaterials), does increase the likelihood of the bending stiffness 
(=K(E)) being sufficiently large for the results to reflect the effective deformation of the structure. The unique 
spots of positive strain that did show up along the lateral border of the controls, are probably the result of 
a slight misalignment between the foam and the meta-implants. This is not surprising, as the foam blocks 
were manually filed to size. 

All hybrid meta-implants showed a bilateral expansion, with comparable strain distributions on the medial 
side. The positive strains along the lateral border of the meta-implants represent the typical negative Pois-
son’s ratio behavior found in re-entrant hexagonal structures in tension. This suggests that the solid wall, in 
between the two subvolumes, gives the meta-implant enough stiffness to effectively deform. A bigger vol-
ume of re-entrant cells (Hybrid meta-implant Type 3) was not found to significantly increase the expansion. 
More advanced research will be needed to elucidate the effects of this parameter. Both hybrid Types 1 and 
3 show a dispersed compression profile, whereas Hybrid meta-implant Type 2 shows to expand along the 
entire lateral border. This can probably be explained by the curved solid core, which will push the lateral unit 
cells out upon loading, thereby amplifying the expansion created by the auxetics themselves. A downside of 
this design is the increased implant stiffness, compared to the other meta-implants, which can cause stress 
shielding when surpassing the stiffness of bone.14 A possible solution would be to replace this solid core by 
a dense porous structure, which can be tuned to exhibit an acceptable stiffness.16 The enhanced compres-
sive strain profile of Hybrid meta-implant Type 2, compared to the current generation of femoral stems (Con-
trol meta-implant Type 1), will potentially improve osseointegration33 and hence limit aseptic loosening.11,12 

The rigid foam blocks were found to exhibit a 95% closed cellular structure as compared to the open struc-
ture of cancellous bone.52 This composition may suggest that the observed compressive strain values have 
been impaired, by an increased stiffness of the foam. However, the stiffness of the foam does approach the 
mean value found in OA cancellous bone, which verifies the relevance of the set-up.53 

4 . 4  C H A L L E N G E S  A N D  L I M I TAT I O N S

Due to the explorative nature of this study, there were a lot of challenges to overcome as well as limitations to 
take into account. The novelty of the work resulted in a rather limited number of research papers to fall back 
on, which resulted in a bottom-up design approach. The recent literary work done on the topology-proper-
ty relationship in auxetic mechanical metamaterials was therefore of great help.23 Recent advances in AM 
techniques have enabled the fabrication of highly complex nano/micro-architectures, which may exhibit 
unusual mechanical properties not usually found in nature. Formerly known as mechanical metamaterials, 
they have been exploited in the design of a meta-implant’s porous region to exhibit a bilateral expansion 
when subjected to bending. 

Porous microstructures have been increasingly utilized in orthopedic implants, for their reduced stiffness 
and hence limited mechanical mismatch between implant and bone.14,16 However, flexible implants are not 
necessarily a favorable alternative as they have shown to induce high interfacial stresses.21,38 A recent study 
therefore presents a fully porous femoral stem, designed to match the stiffness of the surrounding native 
bone. This implant was shown to substantially reduce the bone resorption secondary to stress shielding.16 
Tetrahedron based unit cells were used to obtain sufficient strength, despite its porous architecture. The unit 
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cells used in the hybrid mechanical metamaterials mainly deform through bending and buckling of the cell 
ribs. Their deformation is therefore hindered by an increase in rib thickness23, which means a compromise 
will need to be made between their strength and the ease to deform. 

Bone tissue regeneration in/onto an implanted structure is a highly complex phenomenon. It encompasses a 
cascade of cellular and extracellular events, affected by mechanical loading, the material microarchitecture/
geometry and the substrate stiffness.54,55 A successful implantation depends upon the careful selection of 
certain morphological parameters, including pore size, pore shape (curvature) and porosity. Currently, there 
are no criteria specifying the requirements for porosity and pore size for optimal bone ingrowth. Satisfying 
results have been obtained with porosities above 50% and pore sizes ranging between 50 and 800 µm.54,56 
Whereas the porosity of the hybrid mechanical metamaterials in this study complies with these values, the 
unit pore size is much bigger. Strut thickness is another one of these morphological parameters affecting 
the osseointegration of the implant.33,54 Regarding pore shape, re-entrant and conventional hexagonal unit 
cells have been effectively applied in scaffolds to stimulate bone cell cultivation.57,58 Current AM techniques 
are still bound by certain tolerances, which limits the design space of porous structures. Meeting one of the 
requirements will therefore often lead to a violation of another to ensure manufacturability. Additionally, the 
intrinsic interconnection between the abovementioned mechanisms makes it very hard to predict the mag-
nitude of bone tissue regeneration as a result of the obtained compressive strain profiles. 

Micro motions, defined by Goodman et al. (1994) as the “small movements between a prosthesis and the 
surrounding bone, that are not detectable with conventional radiographic methods”59, have been found to 
contribute to aseptic loosening.11 The deformations found in this study should therefore not be mistaken 
with deliberately induced micro motions. Instead, the hybrid meta-implant will actively respond to a de-
crease in bone-implant contact due to the Poisson’s effect. The living bone tissue, which is sensitive to 
mechanotransduction, will subsequently react by the formation of new bone.19,20 Osseointegration will sub-
sequently improve the mechanical properties of the bone-implant interface.33 Little data is available on the 
exact consequences of this process in terms of interface stiffness. It is thus unclear whether the stiffness of 
these osseointegrated regions will ever surpass the stiffness of the surrounding bone.

4 . 3  P O T E N T I A L  A P P L I C AT I O N S  A N D  F U T U R E  W O R K

This study resulted in a first proof of concept of hybrid mechanical metamaterials in femoral stems. Their 
graded Poisson’s ratio created a bilateral expansion upon loading at the femoral head, which resulted in a 
positive strain distribution in the “bone” surrounding the meta-implant. This would theoretically stimulate 
bone apposition and hence ensure osseointegration. Optimization of the structure will be necessary to ver-
ify its effectiveness in tackling the multitude of factors affecting the implant’s success. Future work would 
include the design of a representative 3D FEM model, to quickly assess the feasibility of the design choices. 
Just like Arabnejad et al. (2016), CT images can help in the design of a functionally graded structure that 
matches the stiffness of the surrounding native bone.16 Subsequently, the stress profile of the hip stem can 
give insight in the distribution (ratio) of unit cells necessary to obtain a specific expansion profile. Further 
research will be necessary to see whether the expansion should extend along the complete circumference of 
the stem for optimal osseointegration. For optimal bone in- and ongrowth, morphological parameters such 
as the average pore size, pore shape and porosity, should also be taken into account.54,55 Once all of these 
aspects have been addressed, the only thing left to discover is the resulting biological response of the living 
bone tissue. All things considered, there is a long way to go before actual clinical approval, but this study 
can be considered a first step towards personalized, life-lasting femoral stems. 

Besides a bilateral expansion in bending situations, these hybrids can exhibit a unilateral deformation in re-
sponse to uniaxial loading. These mechanical characteristics are potentially useful in expandable implants/
scaffolds, which can be used to fill irregular bone defects. The tunability of mechanical metamaterials, in 
terms of mechanical and physical properties, makes them potentially useful in dozens of industries.  
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5 .  C O N C L U S I O N

In this study, several mechanical metamaterials were designed and subsequently fabricated using SLM. The 
lateral shrinkage observed during the axial compression of the auxetic mechanical metamaterials confirmed 
their NPR, which was shown to increase with re-entrant angle. The conventional mechanical metamaterials 
exhibited a lateral expansion, due to their positive Poisson’s ratio, which was found to increase with inter-
nal angle. Their stiffness to weight ratios exceeded those found in the auxetic mechanical metamaterials, 
whereas the latter were found to exhibit a higher UCS. The continuous vertical ribs in the hybrid mechan-
ical metamaterials were shown to increase the bending stiffness and hence the lateral expansion of the 
re-entrant cells upon off-axial compression. This resulted in a more evenly distributed bilateral expansion, 
especially in Hybrid Type 6. The proximal volume of the meta-implants was therefore filled with the constit-
uents of this hybrid, after which they were synthesized by SLM. Hybrid meta-implant Type 2, with a 50/50 
ratio and a solid core, initiated a continuous compression profile along both of its borders. This was found 
to significantly differ from the compression initiated by Control meta-implant type 1, which represented the 
current generation of femoral stems. Hybrid mechanical metamaterials have therefore been proven effective 
in off-axially loaded meta-implants, to initiate bilateral strains and potentially stimulate osseointegration at 
the bone-implant interface. 
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8 .  A P P E N D I C E S

8 . 1  D I C  R E S U LT S  -  M E C H A N I C A L  M E TA M AT E R I A L S
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R E - E N T R A N T  T Y P E  1

Video A1: Deformation of Re-entrant Type 1 through time - Press to play -  
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R E - E N T R A N T  T Y P E  2

Video A2: Deformation of Re-entrant Type 2 through time - Press to play -  
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R E - E N T R A N T  T Y P E  3

Video A3: Deformation of Re-entrant Type 3 through time - Press to play -  
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C O N V E N T I O N A L  T Y P E  1

Video A4: Deformation of Conventional Type 1 through time - Press to play -  
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C O N V E N T I O N A L  T Y P E  2

Video A5: Deformation of Conventional Type 2 through time - Press to play -  
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C O N V E N T I O N A L  T Y P E  3

Video A6: Deformation of Conventional Type 3 through time - Press to play -  
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8 . 2  D I C  R E S U LT S  -  O P E N  H Y B R I D  M E C H A N I C A L  M E TA M AT E R I A L S
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H Y B R I D  T Y P E  1

Video A7: Deformation of the borders of Hybrid Type 1 through time - Press to play -  
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H Y B R I D  T Y P E  2

Video A8: Deformation of the borders of Hybrid Type 2 through time - Press to play -  
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H Y B R I D  T Y P E  3

Video A9: Deformation of the borders of Hybrid Type 3 through time - Press to play -  
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Video A10: Deformation of the borders of Hybrid Type 4 through time - Press to play -  
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Video A11: Deformation of the borders of Hybrid Type 5 through time - Press to play -  
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Video A12: Deformation of the borders of Hybrid Type 6 through time - Press to play -  
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Video A13: Horizontal strain distribution in the foam surrounding Control meta-implant Type 1 
- Press to play -  
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Video A14: Horizontal strain distribution in the foam surrounding Control meta-implant Type 2 
- Press to play -  
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Video A15: Horizontal strain distribution in the foam surrounding Hybrid meta-implant Type 1 
- Press to play -  
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Video A16: Horizontal strain distribution in the foam surrounding Hybrid meta-implant Type 2 
- Press to play - 
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Video A17: Horizontal strain distribution in the foam surrounding Hybrid meta-implant Type 3 
- Press to play -  




