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Summary
Since the beginning of time, humans have been trying to replace the skeletal system 
in cases of trauma or disease. Medical devices were designed, manufactured, and im-
planted, to restore the function of the skeletal system. Fast forward to today and joint 
replacements are among the most common surgeries carried out in the world. Despi-
te their success, a relatively large number of patients will eventually need a revision 
surgery. In most cases, the implant fails due to aseptic loosening. Aseptic loosening 
represents a range of implant loosening cases not associated with infection and is often 
linked to an inflammatory response. This kind of implant loosening is often associated 
with the mechanical failure of the load-bearing connection at the bone-implant inter-
face, which could be caused by inadequate initial fixation, the loss of fixation over time, 
or bone tissue deterioration as a result of (wear) particles. The complexity of the bony 
tissue, with its hierarchical and anisotropic structure, complicates the development of 
life-lasting replacements.
 Metallic biomaterials have been introduced as promising bone substitutes but 
their stiffness is usually vastly higher than that of the native bone. As a result, the pa-
tient’s bone becomes shielded from mechanical stimuli (stress shielding). Prolonged 
reduction in the mechanical stimuli results in bone resorption and may cause implant 
loosening. With the introduction of additively manufactured (AM) porous structures, 
the mechanical properties of metallic biomaterials could be reduced to the level of the 
bony tissue. Additionally, porous biomaterials allow for the diffusion of nutrients and 
oxygen, the ingrowth of de novo bone tissue, and the formation of capillaries. While 
this may sound as the golden combination, close bone-implant contact is of critical 
importance and can only be guaranteed if the implant matches the patient’s anatomy. 
Recent advances in AM have enabled the development of patient-specific implants, but 
this does not necessarily guarantee a lasting fixation. In the most ideal situation, the 
geometry of the implant should be tailored at both micro- and macroscale to optimize 
both shape-matching and material properties of the porous structures. This often calls 
for an unusual set of properties and functionalities that are not usually found in na-
ture. Materials of which the small-scale architecture can be designed to obtain certain 
mechanical, mass-transport, and biological properties are referred to as meta-bioma-
terials. 
 The deformation of a material in directions perpendicular to the direction of 
loading is described by the Poisson’s ratio. A negative value would indicate that the 
material exhibits lateral expansion in response to axial tension, which can be observed 
in auxetic materials. This Poisson effect is usually guided by the internal structure of 
the material, or the micro-architecture of meta-biomaterials. Changing the building 
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block (i.e., the unit cell) will, therefore, change the micro-architecture and, thus, the 
deformation behavior of the material as a whole. 
 This thesis explores the Poisson effect in AM metallic meta-biomaterials to 
improve bone-implant contact using two strategies. The first Act of this thesis revol-
ves around geometry for deformation, in which the geometry-property relationships of 
auxetic meta-biomaterials are extensively studied to understand which geometries 
give rise to the desired mechanical properties under loading. An extensive review on 
auxetic geometries revealed that it is often difficult to design a structure that can si-
multaneously exhibit a highly negative Poisson’s ratio and a high stiffness (Chapter 2). 
The re-entrant hexagonal honeycomb showed the biggest potential and could easily 
be translated to a three-dimensional strut-based bone substitute. Together with the 
conventional hexagonal honeycomb, this geometry was implemented in the design of 
a hybrid hip stem (a meta-implant), exhibiting lateral expansion along both lines de-
fining the bone-implant interface (Chapter 3). As a result, bone-implant contact was 
enhanced, and the chances of bone-implant interface failure (according to the Hoff-
man’s criterion) were reduced. Various auxetic meta-biomaterials were designed and 
additively manufactured from Ti-6Al-4V to study their geometry-property relationship 
under quasi-static loading (Chapter 4). The mechanical properties were found to large-
ly overlap with the bone tissue properties reported in literature, decreasing with the 
re-entrant angle and increasing with the aspect ratio and relative density. The negative 
Poisson’s ratio, on the other hand, increased with the re-entrant angle and decreased 
with the aspect ratio and relative density. Its value even became positive once the re-
lative density exceeded 40%. Their morphology is expected to support bone tissue re-
generation but may be further optimized using the latest microscale AM techniques. 
For a selection of the aforementioned designs, AM commercially pure titanium (CP-Ti) 
specimens were subjected to compression-compression fatigue testing (Chapter 5). 
With an average design stress of 0.47 σy at 106 loading cycles, the structures exhibi-
ted an extraordinary fatigue performance. The geometry of the re-entrant hexagonal 
honeycomb pushes the boundaries of the AM process, which repeatedly resulted in a 
high inter- and intra-batch variability. Morphological assessments using micro-com-
puted tomography and scanning electron microscopy also revealed quite an extensive 
number of superficial pores and a significant micro-porosity. The fatigue cracks were 
often found to originate from these locations, especially in the structural weak spots 
(Chapter 6). Furthermore, many specimens maintained their structural integrity de-
spite substantial crack growth. This does not only provide a distorted picture of their 
fatigue performance, but it may also jeopardize the implant’s success once particles are 
released in-vivo. 
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The second strategy, Act II, revolves around deformation for geometry, in which the 
deformation of the meta-biomaterial is used to make the implant fit a certain bone 
geometry. An extensive review on the space-filling properties of non-auxetic mechani-
cal metamaterials revealed that bending-dominated lattice structures (e.g., diamond, 
rhombic dodecahedron) exhibit larger lateral expansions in response to compression 
(positive Poisson’s ratio), as compared to stretch-dominated structures that are, for 
example, based on the cubic unit cell (Chapter 8). The diamond, body-centered cubic, 
and rhombic dodecahedron unit cells were, therefore, incorporated in the design of 
AM CP-Ti space-filling meta-implants (i.e., acetabular cups) (Chapter 9). A functio-
nally graded porous outer layer with diamond unit cells provided the most promising 
deformation pattern. Due to this plastic deformation, the implant settled into the pa-
tient-specific geometry (defect), thereby enhancing the force distribution at the bo-
ne-implant interface. At this point, the push-in forces are too high for the orthopedic 
surgeon to comfortably implant the cup. The designs should, therefore, be further opti-
mized to facilitate the implantation process, and/or microscale AM techniques should 
be utilized to improve the manufacturability at a smaller scale.  
 The work in this thesis contributed to several ew perspectives on biomaterial 
design, metal additive manufacturing for bone implant applications, and the mechani-
cal performance of both auxetic and non-auxetic meta-biomaterials. The novelty of the 
concepts presented in Chapter 3 and 9 means they are far from ready to be implanted 
in patients. The biological aspects of our shape-shifting meta-implants are not yet well 
understood and need to be further researched. The optimization of both the meta-bio-
material designs and the AM process will be required for optimal bone tissue regene-
ration. The strategy presented in Chapter 7 could be one of these optimization steps, 
in which the rational introduction of minimal surface patches is found to tune the per-
meability and tortuosity of the meta-biomaterials independent from their mechanical 
properties. We hope this work will inspire others to continue our quest for life-lasting 
implants, through the “magical” world of geometry, hence the reference to Escher, and 
extrinsic material features, hence the reference to Poisson.   



x



xi

Samenvatting
Sinds het begin der tijden proberen wij mensen het skelet te vervangen in geval van 
trauma of ziekte. Botvervangende implantaten werden ontworpen, vervaardigd en ge-
implanteerd om de functie te herstellen. Vandaag de dag behoren totale gewrichts-
vervangingen tot de meest voorkomende orthopedische ingrepen, maar ondanks het 
succes heeft een relatief groot aantal patiënten toch een revisie nodig. In veel gevallen 
faalt het implantaat als gevolg van aseptische loslating. Aseptische loslating betreft een 
reeks gevallen waarin het loslaten van het implantaat samengaat met een ontsteking 
en niet geassocieerd wordt met een infectie. Dit kan verschillende oorzaken hebben, 
waaronder onvoldoende initiële fixatie, het verliezen van de fixatie of het verdwijnen 
van botweefsel (bijv. door een reactie op slijtage deeltjes). Hierdoor zal uiteindelijk 
de dragende verbinding tussen het bot en het implantaat falen. De complexiteit van 
botweefsel, met zijn hiërarchische en anisotrope structuur, bemoeilijkt de ontwikke-
ling van implantaten die levenslang zullen meegaan. 
 Metalen werden geïntroduceerd als een veelbelovende botvervanger, maar 
voldeden niet aan de stijfheid en sterkte van het bot. Metalen zijn té sterk en té stijf. 
In deze gevallen wordt het bot van de patiënt afgeschermd van mechanische prikkels 
("stress shielding" fenomeen). Wanneer dit een langere periode het geval is, wordt het 
bot geresorbeerd op plaatsen waar het niet langer nodig is. Het implantaat zal hier-
door los komen te zitten. Met de introductie van poreuze biomaterialen konden de me-
chanische eigenschappen van het botweefsel veel beter worden benaderd. Bovendien 
zouden poreuze biomaterialen de diffusie van voedingsstoffen en zuurstof, de ingroei 
van nieuw botweefsel en de vorming van haarvaten mogelijk maken. Dit klinkt mis-
schien als een gouden combinatie, maar nauw contact tussen het bot en het implantaat 
is van cruciaal belang en kan alleen worden gegarandeerd als het implantaat aansluit 
op de anatomie van de patiënt. Dankzij de razendsnelle ontwikkelingen op 3D-print-
gebied kan men nu patiënt-specifieke implantaten vervaardigen, maar dit garandeert 
niet gelijk een levenslange fixatie. In de meest ideale situatie zouden deze poreuze 
implantaten zowel qua geometrie als qua mechanische eigenschappen aansluiten op 
de boteigenschappen van de patiënt. Dit vraagt om ongebruikelijke eigenschappen 
en functionaliteiten die normaal gesproken niet in de natuur voorkomen. Materialen 
waarvan de microarchitectuur kan worden ontworpen om de gewenste mechanische, 
biologische en massatransporteigenschappen te verkrijgen, worden meta-biomateria-
len genoemd.
 De vervorming van een materiaal, in richtingen loodrecht op de belasting, 
wordt beschreven door de Poisson-factor. Een negatieve waarde zou erop wijzen dat 
het materiaal een laterale uitzetting vertoont als reactie op axiale trek, wat men obser-
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veert in auxetische materialen. Dit Poisson-effect is meestal het directe resultaat van 
de interne structuur van het materiaal, of de microarchitectuur van meta-biomateria-
len. Het veranderen van de bouwsteen (d.w.z., de cel) zal daarom de microarchitectuur, 
en dus het vervormingsgedrag van het materiaal als geheel, veranderen.
 In dit proefschrift onderzoeken we het Poisson-effect in 3D-geprinte metalen 
meta-biomaterialen om het contact tussen het bot en het implantaat te verbeteren. Dit 
doen we door middel van twee strategieën. Het eerste deel van dit proefschrift, Act I, 
draait om geometrie voor vervorming, waarin de relaties tussen de geometrie (d.w.z., de 
cel) en de mechanische eigenschappen van auxetische meta-biomaterialen uitgebreid 
worden bestudeerd om de gewenste vervorming te creëren onder de opgelegde belas-
ting. Een uitgebreide review van auxetische geometrieën liet zien dat het niet gemak-
kelijk is om een structuur te vinden die zowel een zeer negatieve Poisson-factor als een 
hoge stijfheid kan vertonen (hoofdstuk 2). De “re-entrant hexagonal honeycomb” cel 
gaf de meeste mogelijkheden en kon gemakkelijk worden vertaald naar een driedimen-
sionale, op “struts” (spijltjes) gebaseerde botvervanger. Samen met de conventionele 
zeshoekige honingraat werd deze geometrie geïmplementeerd in het ontwerp van een 
heupsteel. Dankzij deze hybride combinatie zette het materiaal uit langs beide zijden 
van het onder buiging belaste implantaat (hoofdstuk 3). Het contact tussen het bot 
en het implantaat werd hierdoor verbeterd, wat de kans op falen verkleind (volgens 
het criterium van Hoffman). Verschillende auxetische meta-biomaterialen werden 
ontworpen en 3D-geprint in Ti-6Al-4V om de relatie tussen de geometrie en de me-
chanische eigenschappen onder quasi-statische belasting te bestuderen (hoofdstuk 4). 
De mechanische eigenschappen bleken grotendeels te overlappen met de botweefselei-
genschappen die in de literatuur worden vermeld. De eigenschappen namen toe naar-
mate de “re-entrant angle” toenam, en namen af naarmate de aspect ratio en relatieve 
dichtheid toenamen. De negatieve Poisson-factor daarentegen nam toe met oplopende 
“re-entrant angle” en nam af met de aspect ratio en relatieve dichtheid. De waarde 
werd zelfs positief zodra de relatieve dichtheid meer dan 40% bedroeg. Verwacht wordt 
dat de morfologie van de auxetische meta-biomaterialen de regeneratie van botweefsel 
zal ondersteunen, maar deze kan verder worden geoptimaliseerd met behulp van de 
nieuwste micro-3D-printtechnieken. Een selectie van deze ontwerpen werd 3D-geprint 
in commercieel zuiver titanium (CP-Ti) en vervolgens getest op vermoeiing (compres-
sie-compressie) (hoofdstuk 5). Met een gemiddelde spanning van 0.47 σy bij 106 cycli, 
vertoonden de meta-biomaterialen buitengewone vermoeiingseigenschappen. Helaas 
blijft de analytische voorspelling van dit gedrag moeilijk. De geometrie van de “re-en-
trant hexagonal honeycomb” is vrij complex en daardoor uitdagend om te printen. Dit 
resulteerde in een hoge inter- en intra-batch variabiliteit. Ook de morfologie werd be-
studeerd en veel van de structuren bleken oppervlakkige poriën te bezitten en een 
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vrij hoge microporositeit. Scheuren vonden vaak hun weg vanuit deze defecten, vooral 
op structureel zwakke plekken (hoofdstuk 6). Bovendien behielden veel exemplaren 
hun structurele integriteit ondanks aanzienlijke scheurgroei. Dit geeft niet alleen een 
vertekend beeld van de levensduur, maar het kan ook het succes van het implantaat in 
gevaar brengen zodra er metalen deeltjes vrijkomen in het lichaam. 
 Het tweede deel van dit proefschrift, Act II, draait om vervorming voor geome-
trie, waarbij de vervorming van het meta-biomateriaal wordt gebruikt om het implan-
taat in een bepaalde botgeometrie te passen. Een uitgebreide review van niet-auxe-
tische mechanische metamaterialen onthulde dat door buiging gedomineerde cellen 
(bijv.: diamant, ruitvormige dodecaëder) over het algemeen ductiel zijn en daarom een 
vrij grote laterale uitzetting vertonen wanneer deze onder druk worden belast (posi-
tieve Poisson-factor). Cellen waarbij de deformatie voornamelijk uit rek bestaat (bijv. 
kubus) zijn vaak sterk en daardoor ook stug (hoofdstuk 8). De diamant-, ruimtelijk 
gecentreerde kubus- en ruitvormige dodecaëdercellen werden daarom opgenomen in 
het ontwerp van 3D-geprinte CP-Ti “space-filling” meta-implantaten (d.w.z., heupkom) 
(hoofdstuk 9). Een gegradeerde poreuze buitenlaag, bestaande uit diamantcellen, le-
verde het meest wenselijke vervormingsgedrag op. Door deze plastische vervorming 
nestelde het implantaat zich in de patiënt specifieke botgeometrie (defect), waardoor 
de krachtverdeling tussen het bot en het implantaat werd verbeterd. Voorlopig zijn 
de benodigde vervormingskrachten te hoog voor de orthopedisch chirurg om de cup 
comfortabel te kunnen implanteren. De ontwerpen moeten daarom verder worden 
geoptimaliseerd om het implantatieproces te vergemakkelijken en/of micro-3D-print-
technieken moeten worden gebruikt om de meta-implantaten ook op kleinere schaal te 
kunnen produceren. 
 Het werk in dit proefschrift heeft bijgedragen aan verschillende nieuwe per-
spectieven op het ontwerpen van meta-biomaterialen, de productie van 3D-geprinte 
metalen voor botimplantaten en de mechanische eigenschappen van zowel auxetische 
als niet-auxetische meta-biomaterialen. De concepten die zijn gepresenteerd in hoofd-
stuk 3 en 9 zijn dermate nieuw dat deze nog niet klaar zijn om in patiënten te worden 
geïmplanteerd. De biologische aspecten van onze “shape-shifting” meta-implantaten 
zijn nog niet onderzocht en vormen een cruciaal aspect van toekomstig onderzoek. 
Voor een optimale regeneratie van botweefsel zullen zowel de ontwerpen als het 
3D-printproces moeten worden geoptimaliseerd. De strategie die werd gepresenteerd 
in hoofdstuk 7 zou één van deze optimalisatiestappen kunnen zijn, waarbij de introduc-
tie van “minimal surface patches” de permeabiliteit en “tortuosity” (bochtigheidscoef-
ficiënt) van de meta-biomaterialen doet veranderen, onafhankelijk van de mechani-
sche eigenschappen. We hopen dat dit werk anderen zal inspireren om onze zoektocht 
naar levenslange implantaten voor te zetten door de ‘magische wereld’ van geometrie, 
vandaar de link met Escher, en van extrinsieke materiële kenmerken (Poisson).
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Introduction

“It’s still magic, even if you know 
how it’s done”

—   TERRY PRATCHETT
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Some say magic is all around us, while others claim that there will always be a rational 
explanation for anything and everything. What we do know about magic, whether or 
not it does exist, is that it depends on the eye of the beholder. As a kid, we experienced 
a world saturated with magic, anything was possible. As adults we lose our sense of 
imagination, since we believe that all we know is all there is. 

According to the Encyclopedia Britannica, magic is “a concept used to describe a mode of 
rationality or way of thinking that looks to invisible forces to influence events, effect change in 
material conditions, or present the illusion of change”. 

These invisible forces, or superpowers, are often exploited in books and movies. The 
change of material shape was, for instance, used as a superpower in the Barbapapa 
storybooks. This allowed the main characters to adopt the shape of their choice and 
herewith tackle any challenges at hand. As a child, we would never have questioned 
the shapeshifting powers of Barbapapa. As an adult, however, and as a scientist too, we 
must look for a rational explanation. 
 In this thesis, I try to work this magic, using “visible” forces and rational 
design. Using this strategy, I try to effect changes in the material shape that could 
tackle the longstanding problem of aseptic loosening in bone-replacing implants. 
Aseptic loosening represents a range of implant loosening cases not associated with 
an infection and is often linked to an inflammatory response. This kind of implant 
loosening usually leads to the mechanical failure of the load-bearing connection at the 
bone-implant interface. Aseptic loosening may be caused by inadequate initial fixation, 
the loss of mechanical fixation over time, or bone tissue deterioration as a result of 
(wear) particle debris [1, 2]. 

1.1. Challenges in the design of bone-replacing implants

In cases where bone is lost due to trauma or disease, artificial medical devices are 
used to replace the hard tissue. The first examples of man-made implants date back 
to around 600 AD. The radiographs of Mayan mandibles show that they successfully 
utilized pieces of shells to replace the mandibular teeth [3]. Several other discoveries 
were needed before the first orthopedic surgeries were executed about 1200 years 
later. Bone plates and screws came first, followed by the early devices for (total) hip 
arthroplasty that appeared around the second world war period [4]. A milestone in the 
treatment of osteoarthritis was set by Sir John Charnley in the 1960s, who invented the 
“low friction” arthroplasty using a smaller stainless steel femoral head that articulated 
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in a cemented polyethylene cup [4, 5]. Since the introduction of this golden standard, 
several materials, surface treatments and fixation techniques have been used to 
optimize the performance of bone-replacing implants. 
 Bone is a very complex tissue, serving various functions that are made 
possible by its hierarchical and anisotropic structure [6]. The bone remodeling process 
further complicates the development of artificial replacements and often leads to the 
incomplete recovery of bone function [7]. The most obvious function of our bones is to 
carry our body weight and assist with movement. Metallic biomaterials have, therefore, 
been developed as bone substitutes to provide sufficient stiffness and strength to 
carry the loads [8]. Titanium and its alloys have been proven to be one of the most 
suitable materials for replacing bone tissue, because of their high biocompatibility, 
specific strength, and corrosion resistance [8, 9]. Unfortunately, the introduction of 
a relatively stiff implant changes the physiological loading conditions experienced by 
the surrounding bone. According to Wolff’s Law, bone will remodel in response to 
the loads it is subjected to [10]. This phenomenon, better known as stress shielding, 
often leads to a reduction in the bone density in the vicinity of the implant, which may 
eventually cause implant loosening [11-14]. Additionally, bone atrophy will result in an 
unfavorable basis for revision surgery, for which sufficient bone stock is needed [15]. 
Porous biomaterials were, therefore, introduced, to reduce the mechanical properties 
of metallic biomaterials to the level of the bony tissue they replace. 
 In this case, the bone-implant complex will carry the loads together, which 
will (ideally) stimulate the bone to continuously remodel. Through the remodeling 
process, the bone will grow further into the porous structure, thereby creating a tight 
bond between the implant surface and the surrounding bone. Mechanically stimulating 
the surrounding bone through close bone-implant contact may further enhance 
osseointegration [16]. An implant is successfully osseointegrated if bone anchorage 
can be maintained over a longer period of time [16]. For this to happen, the biomaterial 
should also facilitate the diffusion of nutrients and oxygen and accommodate the 
formation of capillaries [17-19]. Porous biomaterials meet all these requirements 
because the interconnected network of pore spaces will allow the bony tissue to not 
only grow onto, but also into the implant [20]. 
 The wear particles originating from the articulating surfaces of the joint 
form another point of concern in total joint replacements. Since their introduction 
by Sir John Charnley, metal-on-polyethylene bearings have been extensively used, 
but ceramic-on-polyethylene bearings are also common [21]. In both situations, the 
polyethylene liner will wear because of locomotion, producing microparticles that 
can travel through the effective joint space. If some of these wear particles lodge in 
between the implant and the bone, the patient’s immune system will initiate a foreign 
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body response. Macrophages will be recruited to fight the foreign substance. This 
local immune response will eventually result in the deterioration of bony tissue [22]. 
Damage to the periprosthetic tissue will lead to implant loosening and eventually 
implant failure. Metal particles and ions may even have harmful effects on our nervous 
system, as they can travel throughout the body by blood or lymph [23]. The severity of 
the situation highly depends on the composition, size, and shape of the wear particles 
and the rate at which they accumulate [2, 24]. 
 Even though total joint arthroplasty is considered one of the most successful 
surgical interventions, the above-mentioned challenges still account for more than 
half of the revision surgeries carried out to date [1, 25]. Additionally, the incidence 
of osteoarthritis is rising, also among younger patients [26], and the need to develop 
life-lasting implants is greater than ever [27]. Given the fact that no patient is the 
same, and neither is their bone structure [6, 28], a successful implant should meet a 
very long list of (patient-specific) requirements for optimal performance. Satisfying 
all those requirements simultaneously calls for a rather unusual set of properties and 
functionalities, that are not commonly found in nature. Metamaterials have emerged 
as an exciting paradigm for the development of such materials, since their small-scale 
architecture can be designed to obtain certain mechanical and/or physical properties 
[29]. Once applied in biomedical applications, we tend to refer to such designer 
materials as “meta-biomaterials”, which are optimized to exhibit a desired set of 
mechanical, mass-transport, and biological properties [30, 31]. 

1.2. The Poisson effect 

To prevent aseptic loosening and successfully restore the physiological loading 
conditions, an implant should closely match the characteristics of the bone it replaces. 
Close bone-implant contact is of critical importance in this regard and can only be 
guaranteed if the implant matches the patient’s anatomy. With recent advances 
in additive manufacturing (AM), it has become possible to design patient-specific 
implants. While this expensive approach solves the geometrical mismatch, it does 
not necessarily guarantee a lasting fixation. Bone is a living tissue and will therefore 
remodel and change its shape over time. In an ideal situation the implant should have 
the Barbapapa power to (continuously) adopt any form of its choosing, which sounds 
truly magical but is not necessarily impossible. 
The deformation of a material in directions perpendicular to the direction of loading, is 
described by the Poisson’s ratio (νyx = - νxx/νyy). The Poisson’s ratio of isotropic materials 
ranges between -1.0 and +0.5. Most solids tend to contract in response to axial tension, 
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yielding a positive (i.e., non-auxetic) value between 0.0 and 0.5 (Figure 1.1a). Rubber 
would be a perfect example if you imagine stretching an elastic band. A negative value 
of the Poisson’s ratio would indicate that the material exhibits a lateral expansion in 
response to axial tension, which can be observed in auxetic materials (Figure 1.1b). 
Auxetic materials are not so common in nature, which adds to the magical effect of 
their extraordinary behavior. This Poisson effect, whether positive or negative, is 
usually guided by the internal structure of the material or the micro-architecture in the 
case of meta-biomaterials. Generally, the micro-architecture of meta-biomaterials is 
created through the repetition of regular unit cells in multiple directions. Changing the 
building block (i.e., the unit cell), will, therefore, change the micro-architecture and, 
thus, alter the deformation behavior of the architected material as a whole. 

1.3. Aim and research objectives 

The challenges and physiological mechanisms presented above demonstrate the 
importance of an intimate connection between the implant and the surrounding 

A

B

Figure 1.1: Poisson effect in the (a) hexagonal honeycomb (i.e., a non-auxetic material) and the (b) re-entrant 

hexagonal honeycomb (i.e., an auxetic material). 
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bone. Barbapapa could easily tackle this problem, but we must create our own rational 
kind of magic. The aim of this thesis is “to explore the Poisson effect in AM metallic meta-
biomaterials and use it to improve bone-implant contact in the affected anatomical location”. 

Throughout this journey, two design strategies have been explored. The first strategy 
(Act I) is based on geometry for deformation, in which the geometry-property 
relationships of auxetic meta-biomaterials are extensively studied to obtain the desired 
deformation upon loading. This special class of meta-biomaterials is relatively new 
and limited data is available regarding their mechanical performance. This especially 
applies to the experimental performance of AM meta-biomaterials, which will be the 
focus of this thesis. To explore the performance and potential application of auxetic 
meta-biomaterials in bone-replacing implants, the following research objectives have 
been identified:

 To study the quasi-static and fatigue performance of AM, metallic auxetic 
     meta-biomaterials with different values of the Poisson’s ratio. 

 To rationally design and evaluate the performance of hybrid meta-
 biomaterials in the design of meta-implants.

On the other side of this spectrum, we have the second strategy towards material change 
(Act II), which is based on deformation for geometry. In this act, the deformation 
of the meta-biomaterials is used to make the implant fit a certain (patient-specific) 
bone geometry. The topology-property relationships of non-auxetic meta-biomaterials 
are studied here since a lateral expansion in response to axial compression would be 
desired. The following research objectives were identified as a guide towards the bigger 
aim: 

 To study the quasi-static mechanical properties of various AM, metallic   
 non-auxetic meta-biomaterials based on different types of unit cells. 

 To rationally design and evaluate the performance of space-filling meta-
 implants. 
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1.4. Thesis outline 

This thesis consists of ten chapters, including the introduction (chapter 1) and the 
overall discussion (chapter 10). Chapters 2-9 are independent articles that have been 
published (or are under review for publication) in peer-reviewed journals. These 
chapters have been subdivided into two acts, based on the design strategy that was 
studied. 
 Act I covers the design strategy in which geometry was used to create a 
desirable deformation. The geometry-property relationships of auxetic mechanical 
metamaterials are closely studied in Chapter 2. This literature review describes 
the three main classes of auxetic metamaterials and the deformation mechanisms 
that are at play here. For the purpose of designing bone tissue engineering scaffolds 
and orthopedic implants, the elastic properties are studied in more detail. The re-
entrant hexagonal honeycomb was found to cover a relatively large design space as 
its properties can be changed through slight alterations in its geometry. The potential 
of using this unit cell in the design of a meta-biomaterial, to improve bone-implant 
contact in total hip replacement (THR) surgeries, is further explored in Chapter 3. 
Both auxetic and conventional (i.e., non-auxetic) meta-biomaterials are designed, 
additively manufactured (AM) from Ti-6Al-4V, and mechanically characterized. 
Subsequently, combinations are made to create hybrid meta-biomaterials that can 
then be applied in the design of six different meta-implants. The performance of these 
implants is tested using bone-mimicking phantom materials while performing full-field 
strain measurements using digital image correlation (DIC). The geometry-property 
relationships of the auxetic meta-biomaterials are further explored in Chapter 4. 
Variations in the mechanical properties are achieved by changing the geometrical 
parameters of the re-entrant hexagonal honeycomb unit cell and the overall relative 
density of the AM specimens. The Ti-6Al-4V specimens are evaluated in terms of 
their morphological and quasi-static mechanical properties (including their Poisson’s 
ratios). A selection of these designs is additively manufactured from commercially 
pure titanium (CP-Ti) to study their performance in cyclically loaded conditions (i.e., 
a hip stem). This experimental study is presented in Chapter 5 that also involves a 
morphological assessment using micro-computed tomography (micro-CT). Chapter 
6 is focused on the mechanisms driving the initiation and propagation of fatigue 
cracks in the same auxetic meta-biomaterials, including DIC measurements and 
micro-CT imaging. Chapter 7 presents a new approach for increasing the surface area 
while minimizing the effects of those changes on the mechanical properties of both 
auxetic and non-auxetic metallic meta-biomaterials. Several designs were additively 
manufactured, morphologically assessed using scanning electron microscopy (SEM) 
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and mechanically tested using DIC measurements. 
 Act II covers the second design strategy in which deformation is used to mimic 
a specific geometry, or bone defect in this case. The space-filling properties of non-
auxetic mechanical metamaterials are reviewed in Chapter 8. Based on the geometry-
property relationships that were found, six different non-auxetic meta-biomaterials are 
additively manufactured and mechanically characterized in Chapter 9. Based on these 
properties, some of these designs are incorporated into the design of an acetabular cup 
to study their space-filling behavior in bone-mimicking molds with acetabular defects. 
 Chapter 10 concludes this thesis by providing a brief summary and discussion 
of the main findings in light of the aforementioned aim and research objectives. 
Furthermore, recommendations for future research are presented. 
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Abstract

The surge of interest in so-called “designer materials” during the last few years 
together with recent advances in additive manufacturing (3D printing) techniques that 
enable fabrication of materials with arbitrarily complex nano/micro-architecture have 
attracted increasing attention to the concept of mechanical metamaterials. Owing 
to their rationally designed nano/micro-architecture, mechanical metamaterials 
exhibit unusual properties at the macro-scale. These unusual mechanical properties 
could be exploited for the development of materials with advanced functionalities, 
with applications in soft robotics, biomedicine, soft electronics, acoustic 
cloaking, etc. Auxetic mechanical metamaterials are identified by a negative Poisson’s 
ratio and are perhaps the most widely studied type of mechanical metamaterials. Similar 
to other types of mechanical metamaterials, the negative Poisson’s ratio of auxetics is 
generally a direct consequence of the topology of their nano/micro-architecture. This 
paper therefore focuses on the topology–property relationship in three main classes of 
auxetic metamaterials, namely re-entrant, chiral, and rotating (semi-) rigid structures. 
While the deformation mechanisms in the above-mentioned types of structures and 
their relationship with the large-scale mechanical properties receive most attention, 
the emerging concepts in design of auxetics such as the use of instability in soft matter 
and origami-based structures are discussed as well. Furthermore, the data available in 
the literature regarding the elastic properties of auxetic mechanical metamaterials are 
systematically analyzed to identify the spread of Young’s modulus–Poisson’s ratio duos 
achieved in the auxetic materials developed to date.
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2.1. introduction

Mechanical metamaterials [1, 2] have emerged during the last few years as an exciting 
paradigm for developments of materials with unusual mechanical properties and 
advanced functionalities. The unusual mechanical properties include negative Poisson’s 
ratio, negative elasticity and negative compressibility [3]. The term “metamaterials” 
was initially used within the context of optics and electromagnetism [4-6], but today 
refers to all materials engineered to exhibit novel properties not usually found in 
nature. The macro-scale properties of metamaterials originate from their small-scale 
topology (i.e., nano/micro-architecture). The small-scale topology of metamaterials 
can therefore be designed to obtain specific mechanical or physical properties [3, 7]. 
That is why metamaterials are sometimes referred to as “designer materials”. Recent 
advances in additive manufacturing (AM) have enabled the fabrication of structures 
with arbitrarily complex nano/micro-architecture, which has attracted increasing 
attention to the concept of mechanical metamaterials [3, 8].
 Study of the relationship between the small-scale topology and macro-scale 
mechanical properties of mechanical metamaterials is therefore highly relevant. In this 
paper, we will review several decades of research on topology-property relationship 
in a specific class of mechanical metamaterials collectively referred to as auxetic 
materials. The term “auxetics” was introduced by Evans in 1991 [9]. It is derived from 
the Greek word “auxetikos” and refers to “what tends to increase” [10]. Stretching a 
piece of auxetic material results in a lateral expansion instead of contraction.  The ratio 
of lateral contraction (transverse strain) to that of axial stretch (longitudinal strain) is 
named after Siméon Denis Poisson [11] and ranges between -1.0 and +0.5 for isotropic 
materials. According to Greaves et al., “the Poisson’s ratio describes the resistance of 
a material to distort under mechanical load rather than to alter in volume” [12]. First 
proof of these negative Poisson’s ratio (NPR) materials dates back to the 1870s [13], 
while Lakes was the first one to intentionally design such a material in 1987 [14, 15].
 The existence of natural auxetic materials remains controversial from the 
perspective of traditional mechanics [16], but some researchers have reported the 
auxetic behavior in cancellous bone, living cow skin, tendons, certain minerals and 
some zeolites [17-23]. Their Poisson’s ratio was found to originate from its geometry 
or microstructure and the way it deforms under uniaxial loading [24]. The latter, so-
called deformation mechanism can operate at any scale, due to the Poisson’s ratio 
being scale-independent. This allows NPR materials to be classified by their geometry 
or deformation mechanism(s) [24-27]. Three well-established basic structures can be 
identified, which aid in the explanation of these mechanisms: re-entrant structures, 
chiral structures, and rotating rigid structures [27]. Other mechanisms exist as well, 
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but fall beyond the scope of this review. Examples include the triangular network of 
shock-absorbers, which axially deform and maintain their relative angles [28], as well 
as the inherently auxetic double-helix yarn presented by Miller et al., which deforms 
through a reversal of the stiff, outer wrap and the more compliant, thicker core [29]. 
 Auxetic structures have since been widely applied in the development of 
novel products, such as running shoes, shape memory foams, and bioprostheses [30-
32]. This is not only for their unusual mechanical response, but auxetics also offer a 
route to attaining extreme values of other material properties, like a higher indentation 
resistance, shear resistance, energy absorption, hardness and fracture toughness [16, 
24, 30, 33]. The ability to design a material with a structure that exhibits a desired set of 
mechanical properties, including a negative Poisson’s ratio, has led to the development 
of auxetic mechanical metamaterials.
 In what follows, we will present an overview of the auxetic structures. We will 
compare the mechanical properties of different auxetic structures to indicate which 
topological features give rise to certain types of mechanical behavior. The mechanical 
properties of different geometries of auxetic structures will be presented according 
to their deformation mechanism(s). The paper has therefore been divided into three 
main sections, each handling a different set of deformation mechanism(s), named after 
the corresponding basic structure. Special attention has been paid to the geometrical 
parameters of the structures, and their role in attaining a negative Poisson’s ratio.

2.2. Re-entrant structures

Re-entrant refers to something “directed inward” or having a negative angle [34], 
which directly applies to the ribs of the “bow-tie” honeycomb in Figure 2.1 [25]. The 
deformation of re-entrant structures is dominated by the re-alignment of cell ribs 
(hinging), although deflection and axial deformation (stretching) of the cell ribs are 
also among the mechanisms responsible for the auxetic behavior [35, 36].

2.2.1. Foams

The development of intentionally designed auxetic materials dates back to 1987 [14, 15], 
when Lakes proposed his foam transformation procedure. This process involved the 
transformation of conventional, open-cell thermoplastic foams to foams that exhibit 
re-entrant structures. The foam was triaxially compressed (compression factor of 
between 1.4 and 4) in a mold and subsequently heated to a temperature slightly above 
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its softening temperature. The mold was then cooled to room temperature, after which 
the foam could be extracted to undergo relaxation [14]. This procedure will transform 
conventional polyhedral unit cells into their re-entrant siblings, where the cell ribs 
of each cell permanently protrude inward. Triaxial compression during the foaming 
process enables the transformation of thermosetting foams [37], whereas sequential 
triaxial plastic compression is used to obtain re-entrant metallic foams [14, 37].
 In 1997, Chan & Evans proposed a multi-stage heating and compression 
method for production of large auxetic foam blocks [38]. Recently, Quadrini et al. 
proposed a fabrication method for auxetic epoxy foams based on solid state foaming 
[39]. Unlike Lakes’ transformation method, this process leaves the cell structure intact 
[39]. Unfortunately, the resulting materials are usually anisotropic, making it hard 
to determine a relationship between the elastic constants. Several experiments have 
therefore been performed to examine the properties of various foam specimens [37, 
40-46].
 Shortly after Lakes’s introduction, Friis et al. studied transformed polymeric 
and metallic foams [37]. All foams were found to exhibit a negative Poisson’s ratio and 
smaller elastic moduli as compared to the initial foaming material [37]. This can be 
explained by the presence of buckled ribs in the auxetic foams, which are far easier to 
deform [40]. Subsequently, the resulting foams appear to be more resilient in all three 
orthogonal directions, showing a nearly linear stress-strain relation up to 40% strain 
[14, 37]. Other studies demonstrated the non-linear dependency of the Poisson’s ratio 
on axial strain [40, 42, 43]. This can be explained by the alignment of cell ribs at large 
strains, inducing multiple deformation mechanisms. The Poisson’s ratio reached a 
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Figure 2.1: Re-entrant bow-tie structures with θ being the re-entrant angle, h/l being the cell rib length ratio and 

w being the thickness of the ribs. (1) In rest. (2) Tensile loading in y-direction [25].
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relative minimum of -0.7 for polymeric foams at 2 - 5% strain [42] and -0.8 for metallic 
foams at 0.1% strain [43].
 Most of the differences between conventional and auxetic foams have been 
attributed to a change in the cell geometry, governed by the volumetric compression 
ratio [45]. Increasing the volumetric compression ratio gives rise to a relative minimum 
in Poisson’s ratio, a decrease in Young’s modulus (by a factor of 2) [40, 45] and an 
increase in shear modulus [41] and toughness [42, 43]. However, polymeric foam in 
tension may experience an increase in Young’s modulus at high volumetric compression 
ratios due to cell rib adhesion or interference [45].
 Indentation tests performed by Lakes & Elms revealed that re-entrant foams 
have higher yield strengths and energy absorptions than conventional foams of identical 
original density [44]. The reconversion of a returned shape memory foam into a second 
auxetic phase even enhanced the energy dissipation [46]. Figure 2.2 schematically 
illustrates the response of auxetic materials when subjected to indentation [25].
Besides the thermo-mechanical conversion processes used in the above experiments, 
several chemo-mechanical processes have been proposed to avoid high temperatures 
and improve product quality. Grima et al. placed their triaxially compressed PU 
foam in acetone for an hour, after which it was air-dried in its compressed state [47]. 
The resulting foam showed similar properties to those obtained from the thermo-
mechanical process, and could be re-converted to conventional foam using the same 
organic solvent [47]. Li et al. recently introduced the use of CO₂ as a processing 
agent, eliminating the need for a volatile organic solvent [48]. CO₂ strongly reacts 
with polymers possessing electron-donating groups, like the styrene acrylonitrile 
copolymer (SAN) found in PU foams, and enhances the polymer chain mobility, which 
significantly reduces the glass transition temperature. The process, involving the 
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Figure 2.2: Deformation profile of (1) non-auxetic material and (2) auxetic material [25]. 
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compression of a foam specimen into a CO₂ fed pressure reactor, can therefore be 
executed at ambient temperatures [48]. After equilibrium, the pressure can be released 
and the SAN particles resume their glassy state, fixing the inwardly buckled structure 
[48]. This process is not only efficient, economical and environmentally benign, it also 
realizes the large scale manufacturing of auxetic foams exhibiting a strain-independent 
Poisson’s ratio (up till 50% strain) [48]. 
 Several theoretical models were created to analyze and predict the mechanical 
properties of auxetic foams. Two-dimensional hexagonal honeycombs were initially 
used to model the behavior of conventional foams, as proposed by Gibson & Ashby [49]. 
A re-entrant three-dimensional elongated dodecahedron was later used to adequately 
model a foam [50]. Choi & Lakes used a strain energy technique [45] and later included 
rotation due to plastic hinge formation [51], while previous models solely focused on 
the deflection of cell ribs. Masters & Evans finally combined all three deformation 
mechanisms to form a general model in 2D [35].
 Broken cell ribs were observed in processed foams by Smith et al., who 
proposed a two-dimensional missing rib foam model [36]. The model was found to be 
superior to the existing two-dimensional models in predicting the strain-dependent 
Poisson’s ratio.
 According to Grima et al., neither of the above-mentioned structural 
modifications has been experimentally justified as the main initiator of the auxetic 
effect [52]. They therefore proposed a model that is based on the hypothesis that major 
deformations take place along the length of the ribs, whereas the geometry at the joints 
and the topology of the system are conserved. The rigid joints are proposed to behave 
like rigid triangles, which will rotate relative to each other to generate the auxetic effect 
(see section 2.4.2) [52]. Although presented as the predominant mechanism underlying 
the auxetic effect, they properly state that other mechanisms, like the ones presented 
above, may work in parallel [52].

2.2.2. Honeycombs

A honeycomb usually refers to the regular array of prismatic hexagonal cells of the 
bee. This section will, however, deal with auxetic honeycombs, referring to any array 
of identical re-entrant cells which nest together to fill a plane or 3D space and exhibit 
a negative Poisson’s ratio.
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2.2.2.1. Re-entrant hexagonal honeycombs

A typical re-entrant structure has been presented in Figure 2.1, formerly known as the 
re-entrant hexagonal honeycomb [25]. These unit cells have been used to model the 
deformation of auxetic foams [35], which after extrapolation may explain the behavior 
of the foam as a whole.
 While regular hexagonal cells show in-plane isotropy, re-entrant hexagonal cells 
were found to be highly anisotropic [35]. They do, however, offer increased transverse 
Young’s moduli and shear moduli as compared to regular hexagonal honeycombs [53]. 
The transverse shear modulus showed significant dependence on the rib slenderness 
ratio (w/l), approaching the upper bound at small rib slenderness ratios [54].
 The effect of density variations on the in-plane Poisson’s ratios and Young’s 
moduli of conventional and re-entrant honeycombs was studied by Whitty et al. [55]. 
Their Finite Element (FE) models showed excellent agreement with the experimental 
values presented by Alderson et al. [56]. A reduction in vertical rib thickness was 
shown to reduce the stiffness, Ey, and Poisson’s ratio, νyx, (becomes less negative) 
[55]. Since the vertical ribs do not deform when loaded in the x-direction, they are 
redundant with respect to the mechanical properties in the x-direction. Reducing the 
diagonal rib thickness, however, leads to a decrease in the Young’s moduli [55]. The 
in-plane Poisson’s ratios both increase in magnitude (become more negative) when 
reducing the diagonal rib thickness, whereas νxy also increases when both thicknesses 
are simultaneously reduced [55]. The study confirmed that flexing of the diagonal ribs 
dominates the deformation once their thickness is similar or lower than the vertical 
rib thickness. However, when subject to a load in the y-direction, stretching of the 
vertical ribs can become the dominant deformation mechanism once their thickness is 
significantly lower than the diagonal rib thickness [55].
 Yang et al. presented an extension of the homogenization FE model by Lee 
et al. [57], applying the Eringen’s micropolar elasticity theory to derive a FE model 
of the re-entrant hexagonal honeycomb [58]. The degree of auxeticity was found to 
be dependent on the re-entrant angle and the cell rib length ratio h/l (Figure 2.1). A 
relative minimum of -0.99382 was reached with a re-entrant angle of 14.47° and a cell 
rib length ratio of 0.5 [58]. The stiffness of these honeycombs was found to decrease 
with the increase of the re-entrant angle, increasing the structure’s auxeticity [57]. The 
auxeticity of this structure was shown to increase with increasing cell rib length ratio, 
until it began to decrease past the optimum value of 0.5 [58, 59]
 The above-mentioned geometry parameters have been applied in a second 
study, to examine the effects of micropolar material constants [60]. Variation in the 
micropolar Young’s modulus did not affect the structural Poisson’s ratio, whereas an 
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increase in micropolar Poisson’s ratio led to a decrease in the structural Poisson’s ratio 
(becomes more negative) [60]. A relative minimum (-9.2682) was found when the 
structural dimension of the honeycomb became smaller than the characteristic length 
[60].
 Bezazi et al. slightly changed the conventional centresymmetric unit cell, 
with the introduction of base walls [59]. The elimination of sharp edges complies 
with possible manufacturing constraints and stress concentration effects. The new 
design exhibited a significantly lower NPR compared to a commercially available 
centresymmetric version [59]. Increasing the length of the base wall resulted in a lower 
in-plane stiffness, and thereby a more flexible structure, whereas the Poisson’s ratio 
remained virtually unmodified. An increase in base angle, however, caused a significant 
increase in NPR [59]. Adding a narrow rib in the re-entrant hexagonal honeycombs was 
shown to significantly improve the Young’s modulus [61]. A linear relation could be 
obtained between the Young’s modulus and Poisson’s ratio, by changing the thickness 
of the added rib under small strain tension. The Poisson’s ratio could even be tuned to 
positive values by changing the force constant of the added rib [61].
 Many of the above-mentioned studies focused on the deformation and 
properties in the elastic range. However, when used in load bearing applications, large 
deformations may occur. A theoretical approach was therefore formulated to predict 
negative Poisson’s ratios of re-entrant hexagonal honeycombs, based on the large 
deflection model [62]. According to Wan et al., the Poisson’s ratios are non-linearly 
dependent on strain at large deformation and vary from positive to negative in response 
to the geometrical changes presented by Yang et al. [58, 62].
 Whereas classical continuum theory predicts auxetic materials to have 
enhanced shear properties, a study by Fu et al. shows that this strongly depends on 
the geometry of the cell structures [63]. The non-linear shear modulus of re-entrant 
hexagonal honeycombs was found to increase with the re-entrant angle and decrease 
with the increase of cell rib length ratio [63].
 Re-entrant hexagonal honeycombs have been successfully applied in the 
fabrication of filters with enhanced defouling properties and a Poisson’s ratio of -1.82 
[56]. Others used soft lithography for the micro-production of re-entrant hexagonal 
honeycombs, reaching a Poisson’s ratio of -1.08 [64]. Mizzi et al. used a fairly new, but 
promising perforation method to emulate the re-entrant honeycomb mechanism. The 
resulting structure, made with I-shaped slits, not only exhibits a large initial NPR, but 
also remains highly auxetic at large strains [65].
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2.2.2.2. Other re-entrant honeycombs

Besides the typical re-entrant hexagonal honeycomb, several other geometries have 
been shown to deform according to the re-entrant mechanism. A numerical topology 
optimization method has led to the discovery of an auxetic arrowhead structure (Figure 
2.3a) [66]. Depending on the configuration of the arrowhead, compression will initiate 
the collapse of the triangles resulting in a transverse contraction. The structure was 
designed to exhibit a Poisson’s ratio of -0.8, but was eventually measured to have an 
NPR of -0.92 for small strains [66]. 
 The missing rib foam model introduced two auxetic geometries referred to as 
the Lozenge grid and the square grid (Figure 2.3b) [36]. Both structures exhibited an 
in-plane negative Poisson’s ratio, with relative minima at -0.43 and -0.6 respectively 
[67].
 Since the re-entrant hexagonal honeycomb can be considered as a structure 
made from “arrow-shaped building blocks”, the auxetic potential of other such periodic 
structures was explored by Grima et al. [26]. When the arrows are connected in such 
a way that their arms form “stars”, structures with rotational symmetry of order n= 3, 
4 and 6 may be built (forming STAR-3, -4 and -6 systems, respectively) (Figure 2.3c). 
Opening of the stars under uniaxial loading drives the auxetic effect, whereas the 
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Figure 2.3: Re-entrant honeycomb structures. (A) Arrowhead [66]. (B) Lozenge grid and square grid (from top to 

bottom) [67]. (c) 3-STAR, 4-STAR and 6-STAR systems (from top to bottom) [26].  
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stiffness is governed by the applied force constants [26]. The STAR-3 systems were 
found to exhibit both auxetic and conventional behaviors depending on the magnitude 
of the applied force constants, with Poisson’s ratios ranging from 0.872 to -0.163 [26]. 
The STAR-4 and STAR-6 systems exhibited on-axis auxeticity for most combinations 
of force constants, with relative minima of -0.845 and -0.451, respectively [26]. Despite 
the “lower” on-axis NPR, the STAR-4 systems were found to be “less” auxetic than 
STAR-6 systems due to their anisotropic nature [26].
 An extension of the concept of re-entrant structures was explored with 
the introduction of an elastic instability [68]. This instability was shown to induce 
a reversible, buckling-driven pattern transformation at a critical value of the applied 
compressive strain. The studied system comprised a molded elastomeric square lattice 
with circular holes, which after the critical strain value transformed into mutually 
orthogonal ellipses [68]. The observed deformation shows both re-entrant and 
rotational mechanisms, approaching the deformation found in the perforated systems 
studied by Grima et al. [69](section 2.4.1). This critical eigenmode was found to decrease 
the system’s Poisson’s ratio until it finally reached an asymptotic negative minimum 
[68]. The results suggest that maximum auxeticity can be reached for samples with the 
highest possible void fraction (i.e., -0.904 for ϕ = 0.70) [68]. The same research group 
investigated the effects of pore shape and porosity on the structural response [70]. 
The pore shape was found to effectively alter the lateral contraction and compaction 
of the structure under uniaxial compression [70]. Where microscopic instabilities lead 
to a significant increase in compaction for the A- and B-type voids (Figure 2.4a-b), 
macroscopic instabilities were found to induce a buckling mode with a significantly 
lower area change and positive Poisson’s ratio in structures with C-type voids (Figure 
2.4c) [70]. The B-type voids initiated the greatest auxetic response, whereas the 
structure with A-type voids showed the highest stiffness [70]. Changing the porosity 
of the structure was also found to considerably alter the stiffness, critical buckling 
strain, Poisson’s ratio and compaction properties of the structure [70]. Another study 
explored the influence of initial architecture on the overall buckling behavior, by 
varying the periodic distribution of circular holes [71]. Circular holes were placed on 
the vertices of square, triangular, trihexagonal, and rhombi-trihexagonal tessellations 
to form periodic porous structures. All structures exhibited the aforementioned 
buckling-induced pattern transformation beyond the critical strain value [71]. The 
latter two were found to buckle into a reversible chiral pattern, with an asymptotic 
incremental Poisson’s ratio of -0.78 and -0.75, respectively [71]. This behavior will 
occur once the structure is preloaded beyond the instability point, with a minimum 
NPR of -0.39 found for the triangular-based structure and a maximum NPR of -0.95 for 
the square lattice [71].
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Inspired by the buckling-induced elastic and elastoplastic metamaterials of the 
Bertoldi group, Ghaedizadeh et al. developed a general approach to designing auxetic 
metallic metamaterials undergoing large plastic deformations [72]. However, with 
the application of a metallic base material, the square lattice lost its auxetic behavior, 
which was attributed to the localization of plastic collapse in the representative 
volume element [72]. Moving a small portion of the connecting ribs to the proximity 
of the connecting joints and altering the geometry of the microstructure resulted in a 
specific deformation pattern that led to auxetic behavior. The Poisson’s ratio remained 
relatively constant (around -0.90) while changing the elastoplastic properties of the 
base material [72]. Without the aforementioned alterations, the auxetic behavior of 
conventional square lattices may be restored through enhancement of the plastic-
hardening ratio [72].

2.2.3. Three-dimensional re-entrant structures

Despite its excellent production of simple auxetic foams, Lakes’ conversion method [14, 
15] does not enable the tuning of properties and unit cell geometry. Many researchers 
have therefore built their 3D re-entrant structures using additive manufacturing 
techniques, to ensure repeatability. Yang et al. manufactured a Ti-6Al-4V idealized re-
entrant structure using Electron Beam Melting (EBM) (comparable to Figure 2.5a) 
[73]. EBM is a powder-based printing process in which an electron beam is used to 
selectively melt powder particles. After building each layer, the powder bed is lowered 
and a fresh layer of material (i.e., powder) is added. In such powder bed fusion systems, 
the parts may later be sintered or fused layer by layer to create the final structure 

A B C

Figure 2.4: Void shapes in 2D soft materials. (a) Exhibiting the highest stiffness. (b) Exhibiting the largest auxetic 

response. (c) Showing the least compaction with a positive Poisson’s ratio [70]. 
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[74, 75]. The study showed that the compressive strength of highly auxetic structures 
could be many times higher than those of conventional foams [73]. By maintaining the 
relative density of the structure and making its Poisson’s ratio more negative, a higher 
strength and stiffness can be achieved [73]. Bückmann et al. successfully fabricated 
the same kind of structure using direct laser writing optical lithography [76]. Inkjet 
printing was used to manufacture 3D idealized polymeric re-entrant structures [77]. 
This liquid-based AM technique involves the on demand dispensing of curable polymer 
[74, 78, 79]. All samples exhibited a negative Poisson’s ratio at small strain, with -1.18 
being the lowest value recorded [77].
 The auxeticity of a unit cell structure with re-entrant hollow skeleton was 
found to increase with an increased re-entrant angle [80]. Similar to 2D re-entrant 
honeycombs, a variation in geometric variables will enable the tuning of the unit cell’s 
Poisson’s ratio within isotropic limits. The Poisson’s ratio of this structure reached a 
relative minimum of -0.84 [80]. The same behavior was observed in the 3D star shaped 
structure of Shokri Rad et al. (2015) [81]. For re-entrant angles between 20° and 45°, 
the model exhibited an increasing NPR in all directions [81]. The Young’s modulus 
and density were found to decrease once the structure became “less” re-entrant, in 
accordance with the study by Yang et al. [73, 81].
 Unlike most theoretical models, the above structures contain stiff cell walls 
and stiff joints that will initiate buckling at large deformations. Dual-material auxetic 
metamaterials (DMAMs) aim to deliver what theoretical models assume, stiff cell 
walls and elastic joints. Wang et al. modeled and built 3D auxetic structures using dual-
material PolyJet technology [82]. This technology simultaneously prints two types of 
materials in the same part. The controlled deformation at the elastic joints prevents the 
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Figure 2.5:  (a) A typical re-entrant structure made of 3D re-entrant hexagonal unit cells and (b) a 6-hole Buckli-

crystal presented by the Bertoldi group [83]. 
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stiff walls from buckling, which keeps the Poisson’s ratio relatively stable (at -0.04) as 
the strain increases past the “run-in” phase of 0 - 5 % strain (ε = 0.2) [82]. This behavior 
can be improved during the run-in phase by the use of relatively stiffer material at the 
elastic joints, which also yields a higher equivalent Young’s modulus [82]. The same 
effects can be achieved by increasing the length fraction of the stiff sections. Since 
these changes do not affect the Poisson’s ratio after the “run-in” phase, the Young’s 
modulus can be tuned independently [82].
 The buckling-induced pattern transformation seen in 2D soft structures has 
been extended to 3D in the form of “Bucklicrystals” (Figure 2.5b) [83]. This term 
refers to the periodic arrangement of patterned spherical shells, which in response 
to a stimulus undergo an isotropic volume reduction [83, 84]. For this to happen, 
all ligaments should undergo a uniform first buckling mode. This implies patterns 
comprising of 6, 12, 24, 30, and 60 holes to be implemented in the building blocks [84]. 
The 6-hole Bucklicrystal fabricated by Babaee et al. clearly showed an isotropic volume 
reduction, indicating a 3D NPR [83]. Given the excellent agreement with experimental 
measurements, FE simulations were used to model the auxetic behavior of 6-, 12- and 
24-hole Bucklicrystals. The Poisson’s ratios showed a non-linear response to strain: 
initially starting positive, but finally reaching a negative plateau at large strains (-0.4, 
-0.2 and -0.5, respectively) [83]. Except for the 6-hole Bucklicrystal, all crystals retain 
their transversely symmetric behavior at large strains (ε = 0.3) [83].
 Inspired by the 2D soft metamaterials in section 2.2.2, Shen et al. developed 
a series of 3D-printed elastomeric NPR structures based on simple initial geometries 
[85]. The structure containing simple spherical cells exhibited obvious auxetic behavior 
(NPR around -0.40), with a non-linear relation between the Poisson’s ratio and strain 
[85]. A buckling analysis was done to indicate whether the structure follows a desired 
deformation mode, this mode was subsequently introduced as an initial imperfection 
in the FE model. Changing the magnitude of this imperfection resulted in a series of 
simple cubic 3D auxetic metamaterials in which the auxetic behavior can be retained 
over a wide range of strain (ε = 0.3) [85].
 Lim extended the arrowhead structure proposed by Larsen et al. [66] to a 3D 
anisotropic material based on intersecting double arrowheads [86]. It was found that a 
change in length ratios of the linkage as well as their subtending angles could alter the 
Poisson’s ratio significantly [86]. An auxetic structure in which the Poisson’s ratio is of 
opposite signs on different planes may very well be tailor-made using the intersecting 
double-arrowhead configuration [86].
 On top of the aforementioned approaches, Rad et al. presented a successful 
analytical and finite element approach for the modeling of 3D re-entrant structures [87]. 
However, to enable the application of a model in various loading and material cases, 



AUXETIC MECHANICAL METAMATERIALS

29

large deflection beam theory should be utilized. Yang et al. successfully established 
such an analytical model, which was later verified by FE modeling and experiments to 
be relatively accurate at predicting the performance of the auxetic structure beyond 
the elastic limit [88].

2.2.4. Microporous polymers

Shortly after the introduction of Lakes’s foam conversion technique, Caddock et al.  
presented the auxetic potential of expanded polytetrafluoroethylene (PTFE) [89]. 
Polytetrafluoroethylene is usually processed by sintering, but to achieve an extremely 
porous microstructure the sintered material is rapidly heated and drawn. Subsequent 
expansion will eventually result in a microporous material with negative Poisson’s 
ratios [89]. The material was shown to be highly anisotropic, with reported Poisson’s 
ratios as low as -12 [89]. A schematic representation of the microstructure has been 
shown in Figure 2.6, showing an interconnected network of disc-shaped particles and 
fibrils. Tensile tests were performed to see which microstructural changes give rise to 
such a large NPR [89, 90]. Starting with a nearly fully densified material, the fibrils will 
cause a first expansion as they become taut and translate the particles (Figure 2.6b). 
Secondly, the disc-shaped particles will start to rotate leading to the fully expanded 
form (Figure 2.6c-d). A maximum NPR was observed at small strain values, primarily 
caused by the translation of the particles [89, 90]. The Poisson’s ratio and stiffness 
were subsequently found to increase with strain, upon rotation of the particles [89, 90]. 
These results confirm that expanded PTFE exhibits auxetic behavior solely because of 
its microstructure and not because of any intrinsic mechanical property.
 For the production of auxetic ultra-high molecular weight polyethylene 
(UHMWPE), three distinct stages can be identified: compaction of polymer powder, 
sintering and extrusion through a die [91]. This novel thermoforming route enabled 
the reproduction of the nodule-fibril microstructure observed in expanded PTFE [91, 
92]. The theoretical model presented by Evans et al. [90] was slightly adjusted to fit 
the compression test of Neale et al. [93]. The model successfully predicted the strain 
dependent behavior of the Poisson’s ratio up to 4% strain [93]. A Poisson’s ratio of 
-1.24 was measured at small strain in a radial compression test, indicating a nearly 
isotropic fibrillar network [94], whereas an approximate value of -6 was found for low 
modulus extrudates [95].  In 2005, a novel processing route was developed, excluding 
the extrusion stage and thereby enabling the production of more complex auxetic parts 
[92].
 The same production route was used to attain the auxetic effect in 
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polypropylene (PP) [91]. It was concluded that to do this successfully, one should use 
a finely divided powder (size up to 300 μm) with a rough particle surface. A relatively 
small NPR of -0.22 was obtained, which can be increased by creating more spherical 
nodules and increasing the radial expansion during processing [91].

2.3. Chiral structures

A typical chiral unit comprises a central cylinder encapsulated in tangentially attached 
ligaments, which is not superimposable on its mirror image (Figure 2.7a) [96]. The 
described basic unit can either be constructed right-handed or left-handed, creating 
chiral or anti-chiral structures [97]. Anti-chiral structures exhibit reflective symmetry, 
since their nodes are attached on the same side of the connecting ligaments (Figure 
2.7c and e) [98].
 The cylinders will rotate under mechanical loading, causing the ligaments to 
flex. This results in folding or unfolding of the ligaments under tensile or compressive 
loadings, respectively. Depending on the geometrical features of the structure, this 
may result in a negative Poisson’s ratio close to -1 [98].
 To create periodic chiral structures, one should obey the constraints of 
rotational symmetry. The number of ligaments attached to each node should therefore 
be equal to the order n of rotational symmetry [97]. Unless this constraint is relaxed, 
only five such structures can exist: trichirals, anti-trichirals, tetra-chirals, anti-
tetrachirals, and hexachirals [97, 98]. Meta-chiral structures may be created once this 
constraint is relaxed [97].
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Figure 2.6:  Structural changes observed in microporous PTFE undergoing tensile loading in the x-direction [90]. 

(1) Nearly fully densified state. (2) Tension in fibrils causes particle displacement. (3) Rotation of the disc-shaped 

particles. (4) Fully expanded condition [89]. 
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2.3.1. Two-dimensional chiral lattices

Unlike re-entrant cells, the Poisson’s ratio of chiral cells is not dependent on any 
structural angle. Their ability to “wind” in upon themselves under compression, allows 
them to maintain their Poisson’s ratio over a significant range of strain (25%) [99, 100]. 
Subsequently, increasing the number of ligaments per node may increase the stiffness 
of these cylinder-ligament systems [98]. Chiral honeycombs were also found to exhibit 
higher moduli than their anti-chiral counterparts having the same number of ligaments 
[98], although contradictory results were presented by Lorato et al. [101]. The presence 
of cylinders tends to decrease the in-plane stiffness of such structures as compared to 
re-entrant hexagonal honeycombs [102].

2.3.1.1. Tri-, tetra- and hexachiral honeycombs

As its name suggests, a trichiral structure has three ligaments tangentially attached to 
each node. Trichiral structures were found to exhibit positive Poisson’s ratios over the 
full range of model parameters [98, 103]. Anti-trichiral structures displayed negative 
Poisson’s ratios in the short ligament limit (-0.11), due to cylinder rotation, and positive 
Poisson’s ratios in the long ligament limit (0.08), due to full-wave flexure [98]. The 
NPR was found to decrease with L/r and ligament thickness ratio and increase with r/R 
(Figure 2.7a). The opposite was observed for its stiffness, except for L/r, which reduces 
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Figure 2.7:  (a) Deformation of a hexachiral unit. (1) In rest. (2) Completely deformed due to folding of the 

ligaments and rotation of the cylinders in response to compression in the y-direction. (b) Trichiral honeycomb. 

(c)Anti-trichiral honeycomb. (d) Re-entrant trichiral honeycomb. (e) Re-entrant anti-trichiral honeycomb [102].
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the rigidity of the structure [98, 103]. This typical structure possesses a positive 
Poisson’s ratio when subject to out-of-plane bending and a negative Poisson’s ratio 
in response to in-plane deformation [102]. The same study introduced a re-entrant 
trichiral honeycomb and a re-entrant anti-trichiral honeycomb (Figure 2.7d-e), both of 
which displayed negative Poisson’s ratios and synclastic curvature upon out-of-plane 
bending [102].
 Logically, nodes in a tetrachiral structure are each connected by four tangential 
ligaments. Both chiral and anti-chiral honeycombs displayed a Poisson’s ratios close 
to -1 according to Alderson et al. [98], whereas the tetrachiral honeycomb was found 
to be non-auxetic by Mousanezhad et al. [103]. The anti-tetrachiral honeycomb, 
however, simultaneously exhibited anisotropy, auxeticity, and a lower than usual shear 
modulus (decreasing with r/R) [103]. Altering the ligament lengths along the x- and 
y-direction may cause large variations in the Poisson’s ratio, whereas equal lengths 
evoke an isotropic Poisson’s ratio of -1 [104]. Mizzi et al. even found values as low 
as -13 in sheets with I-shaped perforations, emulating the anti-tetrachiral mechanism 
[65]. Although always negative, the Poisson’s ratio did show variations in response 
to changing ligament ratios. Upon increasing L/r, the NPR and stiffness remained 
relatively constant, whereas the Young’s modulus significantly increased with ligament 
thickness ratio [98, 104]. An increasing NPR was observed with increasing r/R, resulting 
in reduced structural rigidity [103]. Careful selection of such parameters will enable 
the design of structures with minimum density, but maximum in-plane stiffness and 
shear strength without affecting the Poisson’s ratio [104, 105]. 
 A hexachiral structure possesses hexagonal symmetry, since each node 
has six tangentially attached ligaments (Figure 2.7a). These honeycombs have been 
found to display in-plane mechanical isotropy, with Poisson’s ratios close to -1 [98, 
99]. The nodes (cylinders) give the structure an enhanced out-of-plane buckling and 
compressive strength [106, 107], whereas the in-plane Young’s modulus decreases with 
L/r and increases with ligament thickness ratio [98]. While all of the aforementioned 
structures include straight ligaments, Dirrenberger et al. proposed a hexachiral 
structure with circular ligaments [108]. This rotachiral honeycomb can exhibit highly 
negative Poisson’s ratios up to -17, when loaded out-of-plane [108]. Unfortunately, its 
in-plane elastic moduli appear to be one order of magnitude lower than those found in 
conventional hexachiral honeycombs [108].
 Although all of the above-mentioned experimental data have been obtained 
using additively manufactured samples, chiral systems may also be obtained by gluing 
the ligaments to the nodes [104, 109]. Gatt et al. studied the effects of the gluing 
material on the overall mechanical properties of an anti-tetrachiral system [110]. The 
Poisson’s ratio of the system was found to be unaffected by the amount and position 
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of the glue, while the Young’s modulus showed an increase by increasing the amount 
of glue applied on the connecting end of the ligament [110]. In systems with relatively 
“soft” glue, hinging is observed, whereas systems with relatively “hard” glue deform 
through the typical ligament-flexure mechanism [110]. 

2.3.1.2. Meta-chiral structures

Meta-chiral structures include both chiral and anti-chiral basic properties. Within the 
structure there are nodes attached to the same side of the ligaments, while others are 
attached to opposite sides of the ligaments [97]. Grima et al. performed a study on 
a tetrameta-chiral system with the nodes in the form of rectangles. These systems 
are highly anisotropic and can therefore exhibit negative Poisson’s ratios beyond 
the isotropic limit of -1 [97]. The Poisson’s ratio was shown to be dependent on the 
different aspect ratios and the angles between the ligaments and nodes [97].

2.3.2. Three-dimensional chiral lattices

Ha et al. analyzed several 3D lattice structures, made out of cubes and numerous 
deformable ribs [100]. The effective Young’s modulus and effective shear modulus 
were found to depend on the number of unit cells per side, while finally converging to a 
constant value [100]. Increasing this number led to a decrease in stiffness, whereas an 
opposite effect is achieved by increasing the rib slenderness ratio [100]. The Poisson’s 
ratio could be tuned to negative values (-0.1393) with a sufficient number of cells. The 
model’s anisotropy seems to depend on the parity of the number of cells on each side, 
where an even distribution leads to less anisotropy [100].
 The small strain properties of a cubic auxetic structure composed of 3D 
antitetrachiral lattices were numerically analyzed and experimentally verified by Huang 
et al. [111]. The model showed isotropy when being compressed in the z-direction, 
whereas anisotropy was observed for compressive loading in the x- and y-directions 
[111]. A parametric study was conducted to examine the relation between geometry 
and mechanical properties of such structures. The Poisson’s ratio showed a nearly 
linear increase (became less negative) with rib slenderness ratio, whereas a non-linear 
relation was observed between this ratio and the normalized effective Young’s modulus 
[111].
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2.4. Rotating (semi-) rigid structures

An idealized rotating structure contains rigid squares connected through simple hinges. 
When loaded, the squares will rotate at the vertices, either expanding or contracting 
depending on the loading type [112]. The concept has been widely implemented using 
squares, rectangles, triangles, rhombi, and parallelograms.

2.4.1. Squares and rectangles

Although it had been observed in inorganic crystalline materials, Grima et al. were 
the first to explore the auxetic potential of rotating rigid squares [112]. They used the 
principle of conservation of energy to model this behavior, showing that this idealized 
system will always maintain its aspect ratio and therefore exhibits constant Poisson’s 
ratios of -1 [112]. If the rotating units were assumed to be semi-rigid, the Poisson’s 
ratios would become dependent on the relative rigidity of these units with respect to 
the rigidity of the hinges, as well as the direction of loading [112].
 Replacing the squares by rigid rectangles resulted in a very different behavior. 
These structures were found to exhibit both positive and negative Poisson’s ratios, 
depending on the angle between the rectangles (θ as depicted in Figure 2.8a) [113]. 
They may exhibit NPRs beyond the isotropic limit, but only for a specific range of θ 
[113]. Subsequently, the Poisson’s ratios were found to depend on the shape of the 
rectangles, which means the Poisson’s ratios are strain-dependent and dependent 
on the direction of loading [113]. The range of θ showing NPRs may be increased by 
decreasing the difference between a and b (Figure 2.8a), although it will occur at the 
expense of the structure’s auxeticity [113]. The Young’s modulus was also shown to 
vary, increasing towards infinity and subsequently decreasing with θ [113].
 The same group identified two distinct connectivity schemes, which enable the 
formation of a tessellating structure of rectangles [114]. These structures are referred 
to as Type I and Type II networks, in which Type I networks show rhombi-shaped 
empty spaces and the Type II networks show parallelograms (Figure 2.8b) [114]. The 
Type I structures have been studied extensively (see the previous paragraph) and were 
shown to exhibit anisotropic behavior. The Type II structures, however, were shown to 
exhibit very different mechanical properties. They were found to mimic the behavior 
of the rotating rigid squares structure with an isotropic Poisson’s ratio of -1 [114].
 Adding to the earlier presented rigid systems, Grima et al. predicted the 
behavior of systems comprising different-sized squares and rectangles [115]. The 
model allows the fine-tuning of mechanical properties through careful selection of the 
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geometric parameters a, b, c, d and θ (in which c and d refer to the height and width of 
the added geometry). The model showed that these kinds of systems exhibit auxeticity 
in both planer directions [115]. The auxeticity may be increased, if the sides of the 
rectangles satisfy ad3 + cb3 < bd (ab + cd) for loading in the X1-direction and ad3 + cb3 > 
bd (ab + cd) for loading in the X2-direction [115]. A Type II structure made of different-
sized rectangles (a × b, c × d) exhibited an on-axis Poisson’s ratio of -1, but was shown 
to be anisotropic. A different-sized square structure did show analogous mechanical 
properties to that of the “parent” case, i.e., two-dimensional isotropy with a Poisson’s 
ratio of -1 [115].
 The auxetic effect is often overestimated, since most models tend to idealize 
the situation and thereby fail to predict the dependence of the Poisson’s ratios on 
the direction of loading. Grima et al. simulated the behavior of zeolite crystals under 
axial and shear loading and proposed a new semi-rigid square model, which allows 
the squares to deform and become rectangles [116]. The introduction of an extra 
degree of freedom was found to provide a better representation of the Poisson’s ratio 
in rotating squares nanostructures, but further improvement remains necessary since 
the auxeticity is still being overestimated [116].
 Grima et al. simulated the response of three planar systems, each involving a 
different arrangement of rhomboidal perforations, in both tension and compression 
[69]. The perforations were arranged in such a way to create rotating rigid unit 
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Figure 2.8:  (a) Deformation of a rotating rectangles structure. (1) In rest. (2) Tensile loading in x-direction [140]. 

(b) Type I and Type II rotating rectangles. Type I showing rhombi in their empty space and Type II showing 

parallelograms [114]. (c) Cellular plates with (1) rectangular perforations and (2) rhomboidal perforations [118]. 
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mechanisms. Resembling either square or rectangular rotating units, all of the systems 
were found to exhibit a wide range of Poisson’s ratios [69]. The data also suggested 
that as the material in between the perforations increases (s), the conformations lose 
their resemblance and become less auxetic. In contrast, the system will become more 
auxetic once the length of these perforations is increased [69]. The system’s isotropy 
was found to be controlled by the degree of rotational symmetry of the cut-pattern 
[117]. Straight line slits have also been proven successful in emulating these rotating 
rigid structures [65]. Slann et al. numerically modeled and experimentally confirmed 
the auxetic behavior of planar cellular structures with rectangular (1) and rhomboidal 
(2) perforations (Figure 2.8c) [118]. The samples were manufactured by Fused 
Deposition Modeling (FDM), a process which involves the deposition of a thread of 
molten polymer filament onto a substrate using a movable head [74, 75]. They were 
mechanically tested, and the numerical model was used to perform a parametric study. 
Geometry 1 exhibited a higher degree of auxeticity and resistance to strain, whereas 
geometry 2 showed higher in-plane stiffness (both uniaxial and shear) [118]. This can 
partially be explained by the generation of thin, high aspect ratio intercellular regions 
in geometry 1, which reduce the stiffness but consequently increase the auxeticity 
[118]. Rhomoboidal perforations have since been successfully applied in the fabrication 
of esophageal stents using laser cutting and die casting techniques [78].
 The abovementioned 2D concepts were translated to 3D by Attard et al., to 
model the auxetic behavior of a cuboidal shaped network [119]. Through analytical 
modeling it was shown that the system might simultaneously exhibit auxetic behavior 
in all three directions. The presented model forms a basis for other three-dimensional 
systems involving the relative rotation of their units [119].
 Gatt et al. proposed a new class of hierarchical auxetics based on the rotating 
rigid units mechanism [120]. Systems with hierarchy levels 0 and 1 were simulated with 
varying stiffness constants of the hinges between level 0 (kθ) and level 1 (kϕ) squares. 
In the case of stiff θ-hinges and soft ϕ-hinges, the system primarily deformed through 
rotation of the level 1 squares [120]. The location of these “effective” hinges strongly 
influenced the system’s mechanical properties, making them either behave as Type I 
rotating rectangles or as Type I β rotating parallelograms [120]. Similar behavior was 
observed in systems with both hinge-types being soft. The level 0 deformations could 
not occur independently from the level 1 deformations, which resulted in a very rigid 
and stiff construct when kϕ > kθ [120]. The results verify the promising nature of these 
systems, which may be engineered to exhibit a variable pore size and/or shape [120].
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2.4.2. Triangles

Although the rotating rigid triangles system has been proposed to exhibit negative 
Poisson’s ratios [52], Grima et al. were the first to derive a full description of its 
mechanical properties [121]. A system of hinged equilateral rigid triangles was found 
to be isotropic with a constant Poisson’s ratio of -1 irrespective of triangle size, θ, and 
the direction of loading [121]. Tessellates made from isosceles triangles were found 
to exhibit both positive and negative Poisson’s ratio, depending on the shape of the 
triangles and the angle (θ) between them [122]. The onset of NPR values could be 
advanced by decreasing θ, thereby increasing the range of aspect ratios for which 
auxeticity can be observed [122].
 In addition, Grima et al. modeled the behavior of rectangular sheets with star- 
or triangular-shaped perforations in both compression and in tension [122]. With s 
approaching zero, these systems reduce to a rotating (equilateral or isosceles) triangles 
structure. The loss of auxeticity was observed in both tension and compression as s 
increases [122], which may enhance the stiffness of the hinge and therefore hinders the 
rotating triangles mechanism. Larger positive and negative Poisson’s ratios were found 
for the systems mimicking the rotating isosceles triangles [122].

2.4.3. Rhombi

The rhombi can be arranged in two different ways to give rise to Type α and Type β 
rotating rigid rhombi systems (Figure 2.9a). In the Type α system, the obtuse angle of 
one rhombus is connected to the acute angle of its neighbor, whereas the rhombi in 
a Type β system are connected through the same angle (acute-acute, obtuse-obtuse) 
[123]. The mathematical models of Attard et al. show that both systems can exhibit 
auxetic behavior [123]. The Type α system was found to be highly anisotropic, with the 
Poisson’s ratio being dependent on ϕ, θ, and the direction of loading (Figure 2.9a) [123]. 
Just like the Type I rotating rectangles structure, this system exhibited both positive 
and negative Poisson’s ratios depending on θ. Giant Poisson’s ratios may be observed 
in the transition region, showing a symmetrical distribution of ν12 and ν21 around θ = π/2 
[124]. In contrast, the Type β system showed in-plane isotropy with a Poisson’s ratio of 
-1 irrespective of strain (or angles ϕ and θ) and the direction of loading [123]. The Type 
β system was not found to be space filling in the fully closed conformation, unlike the 
Type α system [124].
 In the special case where ϕ = 90°, the Type α system also reduces to the 
isotropic rotating squares system with a Poisson’s ratio of -1 (except for ϕ = θ = 90°) 
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[123]. The opposite behavior may be observed when θ = 90° and the empty spaces 
become squares. In this case, the system exhibits an isotropic Poisson’s ratio of +1 
(except for ϕ = θ = 90°) [123].

2.4.4. Parallelograms

The aforementioned connectivity schemes of the rotating rectangles and rotating 
rhombi have been combined to describe the way in which rigid parallelograms can 
be connected. This resulted in Type I α, Type I β, Type II α and Type II β systems 
(Figure 2.9b) [125]. Mathematical expressions were derived for each of the mechanical 
properties of the system. The Type II β parallelograms showed in-plane isotropy with a 
constant Poisson’s ratio of -1, similar to the Type β rhombi [125]. This is very different 
from what is observed in the Type I α, Type I β and Type II α systems. The on-axis 
Poisson’s ratios of these systems were found to be highly dependent on ϕ, θ (Figure 
2.9b), and the direction of loading [124, 125]. The Poisson’s ratio of Type I systems was 
also found to depend on the aspect ratio a/b [125]. They all exhibited a wide variation of 
Poisson’s ratios depending on θ, with a maximum of four transitions while stretching 
from a fully closed to a fully open configuration. The Type I α and Type II α always 
showed auxetic behavior in the fully closed conformation, whereas the initial behavior 
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Figure 2.9:  (a) Rotating rigid rhombi systems, Type α and Type β [124]. (b) Rotating rigid paralellograms systems, 

Type I α, Type I β, Type II α and Type II β [124]. 
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of the Type I β system appeared to be highly dependent on the relative magnitude of 
the aspect ratio and ϕ [124, 125].
 Just like the rhombi, something special happens when ϕ = 90°. The Type I 
systems become equivalent to Type I rectangles and may reduce even further to the 
isotropic rotating squares system when a = b [125].
 The Type II α system was found to behave much more similar to the Type I 
rotating rectangles system, despite its structural resemblance with Type II rotating 
rectangles at ϕ = π/2 [124]. Only in the special case of θ ≠ ϕ = π/2, the Poisson’s ratio of 
this system reduces to -1 as expected from the Type II rotating rectangles system. The 
same holds for the Type α rotating rhombi, since the mathematical model for these two 
structures is similar in terms of the Poisson’s ratio and only differs by a multiplication 
factor in terms of their moduli [124].
 The perforated systems modeled by Mizzi et al. were found to behave similarly 
to the Type I α and the Type α rotating rhombi system upon increasing the tilt of the 
straight-line slits [65].

2.5. Discussion and conclusions

2.5.1. Topology-property relationship in auxetic structures

The most important geometrical features identified in the literature to influence the 
mechanical behavior of the three main classes of auxetic metamaterials have been 
highlighted in the following paragraphs of the current section. 
 The re-entrant structures mainly deform through hinging of the cell ribs. This 
may be enhanced by a reduction in diagonal rib thickness (or all ribs), an increase in 
re-entrant angle θ, and an increase in cell rib length ratio h/l (up to a certain optimum 
value) [55, 58, 59]. The thickness of the ribs directly affects the rigidity of structure, 
and, thus, its overall stiffness. The Young’s modulus was therefore found to decrease 
as the cell rib thickness decreased and the re-entrant angle increased [55, 57]. The 
non-linear shear modulus was found to increase with re-entrant angle and decreasing 
rib slenderness ratio w/l and h/l [54, 63]. The anisotropic nature of most re-entrant 
structures allows the Poisson’s ratio to have an arbitrarily large negative value while 
not violating the thermodynamic requirements [35]. Although little data is available 
on non-hexagonal re-entrant structures, the above-mentioned geometrical features 
are expected to have similar effects on the mechanical properties of those type of 
structures. The same parameters have been shown to dictate the mechanical response 
of three-dimensional re-entrant structures. For example, the NPRs were found to 
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increase with increasing re-entrant angle. In contrast to 2D re-entrant structures, the 
same trend was also observed for the Young’s moduli [73, 80, 81]. This observation 
has been made in multiple studies and suggests that three-dimensional re-entrant 
structures can simultaneously exhibit an NPR and high stiffness. As for the soft re-
entrant structures, the buckling-induced auxetic response has been shown to depend 
on the void fraction, void shape and void arrangement [68, 70, 71, 83]. The latter shows 
that even though the material in-between the perforations is increased, auxeticity can 
be enhanced when pursuing another buckling pattern [71]. Even though instability-
based soft auxetics exhibit interesting behaviors, their NPR is generally limited to 
compression [68, 83].
 The Poisson’s ratio of chiral systems has been shown to depend on several 
geometrical features, but can be considered independent of strain [99, 100]. Their 
deformation is guided by the rotation of the nodes and the subsequent flexion of the 
ligaments. A reduction in the cell rib thickness and an increase in r/R can enhance 
ligament flexion, and, thus, the auxetic effect [98, 103, 104]. The stiffness of these 
structures has been found to increase with the number of ligaments, their length to 
thickness ratio and the quantity of glue used at the connecting end of the ligament in 
conventionally obtained structures, which in turn makes node rotation and ligament 
flexion more difficult [98, 103, 104, 110]. The Poisson’s ratio was found to be independent 
of L/r in the anti-tetrachiral and hexachiral structures, whereas a decrease in NPR was 
observed for the anti-trichiral structure [98]. The same trends could be observed in 
three-dimensional chiral auxetic metamaterials [100, 111], but more research is needed 
to explore the auxetic potential of these three-dimensional structures, as well as the 
contradictory information regarding the stiffness of chiral structures vs. their anti-
chiral counterparts [98, 101]. 
 A very distinct relation has been observed between the Poisson’s ratio and 
the geometrical variables of rotating rigid structures. These structures deform through 
rotation of the rigid units, thereby changing the angles between them [112]. This directly 
relates to the rigidity of the joints, which has been shown to negatively influence the 
auxetic effect [65, 122]. The rotating rigid squares, Type II rectangles, equilateral 
triangles, Type β rhombi and Type II β parallelograms show in-plane isotropy with 
Poisson’s ratios close to -1, whereas the Poisson’s ratio of other systems is highly 
dependent on ϕ, θ, the direction of loading, and sometimes even the aspect ratio of 
its units [112, 114, 121, 123-125]. All the anisotropic rotating systems can be reduced to 
one of the abovementioned isotropic systems by carefully selecting the aspect ratio, ϕ, 
and θ. These insights suggest that no matter what initial unit geometry you pick, the 
mechanical properties can be steered by the aspect ratio, ϕ, and θ.
 It has been shown that the parametrical changes that improve the stiffness of 
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the structure often reduce its auxeticity. The number of ligaments in chiral structures 
and the re-entrant angle in three-dimensional re-entrant structures are an exception 
to this rule. The lack of information regarding the rotating rigid structures does not 
allow conclusions to be drawn on this matter. The abovementioned topology-property 
relationships may provide guidance when designing auxetic mechanical metamaterials.

2.5.2. Design recommendations

When designing an auxetic metamaterial, several aspects may play a role in deciding 
which type of structure to proceed with. It is often desirable to design a structure 
that can simultaneously exhibit a high NPR and high stiffness. Since the above-
mentioned parametrical changes show that almost any kind of geometry can be tuned 
to exhibit certain mechanical properties, the geometries have been compared based on 
their normalized stiffness. This limits the effects of the solid material properties and 
therefore enables a proper geometrical evaluation.
 Figure 2.10a visualizes the highest reported negative in-plane Poisson’s ratio 
vs. normalized Young’s modulus for two-dimensional auxetic structures, using the data 
presented in the reviewed literature. This graph suggests that re-entrant structures 
outperform the chiral and rotating rigid structures in terms of Poisson’s ratio and 
corresponding stiffness. The relatively low stiffness of chiral structures may be 
explained by the extra degree of freedom introduced by the rotation of the cylinders. 
In contrast, rotating rigid structures seem to offer a relatively high Young’s modulus. 
This may be explained by the amount of bulk material incorporated, which in turn 
decreases the NPR. In light of these arguments, the re-entrant structures seem to 
offer the perfect balance between structural rigidity and a NPR. This does, however, 
come with a significant degree of anisotropy, which may not be desirable in certain 
applications.
 Figure 2.10b visualizes this relation for three-dimensional auxetic structures. 
Again, the objective seems to be achieved by the re-entrant structures. Although 
auxetic foams actually belong to the re-entrant structures, they have been highlighted 
separately. Their ultimate micro-architecture cannot be closely predicted or controlled, 
which makes their use in metamaterials less likely.
 The idealized re-entrant structures were therefore more closely studied in 
Figure 2.10c. This graph shows that the re-entrant hexagonal unit cells cover a wide 
range of Poisson’s ratios at relatively high stiffness. Some of the soft materials studied 
by the Bertoldi group show the highest normalized stiffness, but only exhibit small 
values of NPR in compression. The other re-entrant geometries do not show any 
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extraordinary values compared to the re-entrant hexagonal structures. Based on this 
graph one may state that the easiest and cheapest way of attaining a stiff NPR structure 
is to adjust the parameters of a re-entrant hexagonal unit cell.
 The other structures may need to be chosen in light of other mechanical, 
physical, or financial requirements. As far as chiral structures are concerned, the anti-
tetrachiral structure has the biggest potential of exhibiting a highly negative Poisson’s 
ratio due to its anisotropic nature. The trichiral structures can be considered the 
least auxetic, whereas in-plane mechanical isotropy can be achieved with hexachiral 
unit cells. The rotating rigid unit structures can be easily manufactured with the help 
of perforations. They may therefore offer a cheap solution to those in need of an 
(isotropic) NPR structure. Microporous polymers can be applied as a material, rather 
than a structure, which means they can be used in any geometrical configuration. An 
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increased understanding of the microporous polymer processing route will enable 
the production of auxetic polymers with specifically tailored properties. Their use has 
already been suggested in coronary angioplasty, in which an expanded PTFE rod can be 
used to open up the artery [126].

2.5.3. Challenges and limitations

Figures 2.10a and 2.10b clearly show that most research has been done on the re-entrant 
structures, especially the re-entrant hexagonal honeycombs. Although chiral and 
rotating rigid structures have been modeled extensively, experimental data have not 
yet been widely reported. Most of the reported data are based on the parametric studies 
done using analytical derivations or Finite Element Modeling (FEM), since little effort 
has been put into the actual fabrication of the proposed geometries (Figure 2.10a-b). 
Due to some simplifying assumptions, FE models are not guaranteed to present an 
accurate estimation of the mechanical properties of auxetics. It is therefore not clear 
whether the extremely high NPRs found for re-entrant structures can be observed 
in actual experiments. Some of the AM techniques currently used to fabricate these 
complex auxetic geometries have been known to introduce anisotropy; see e.g., [127]. 
Moreover, the effects of the parameters of the AM process on the resulting mechanical 
properties are often not taken into account.
 The rotating rigid structures are by far the least studied, especially in three 
dimensions. Besides a lack of experimental data, there is no direct information available 
regarding the topology-stiffness relationship in this type of auxetics. Since rotating 
rigid structures have been shown to exhibit fluctuating Poison’s ratios, it is even more 
challenging to predict the stiffness of the system. It is therefore not possible to perform 
a well-founded comparison between the three basic types of auxetic structures.
 Another point is that most studies concentrate on small strain deformations. 
Some large deflection models have been proposed, but experimental data is scarce. 
Potential applications often require a material that exhibits the auxetic effect over the 
full range of strain. Development of structures proven to be auxetic beyond the small 
deformation range both in tension and compression is one of the important challenges 
in design of auxetics. 
This review has primarily been focusing on the relationship between geometrical 
features and the Young’s modulus and Poisson’s ratio of auxetic structures. Other 
mechanical properties could also play important roles in determining whether one of 
the presented types of auxetic structures is used for the development of materials with 
advanced functionalities.
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2.5.4. Other types of auxetic structures

The most common types of auxetic mechanical metamaterials were reviewed before. 
Three basic structures were identified to distinguish between the deformation 
mechanisms observed in the different geometries of auxetic structures. There are, 
however, other types of structures of recent interest for development of auxetic 
metamaterials that were not reviewed here. One of the most important types of such 
structures are those based on the origami concept (the ancient Japanese art of paper 
folding). Origami structures naturally qualify as mechanical metamaterials as systems 
whose mechanical behavior is largely driven by the crease patterns, folding sequences, 
and other parameters describing the geometry of a typical origami structure. In addition, 
the mechanical behavior of folded sheets could be entirely different from those of 
the paper from which they are made. Indeed, some of the mechanical properties of 
certain origami structures may be entirely independent from those of the paper and 
entirely dependent on the geometry of the origami structure [128]. Perhaps the most 
widely studied origami structures are the Miura-ori configurations. The mechanical 
behavior of the original Miura-ori origami configurations and some of their variations 
are studied in multiple recent studies. For example, the Poisson’s ratio of Miura-ori 
origami structures is shown to take negative or positive values depending on their 
design parameters [129]. Miura-ori origami structures with negative Poisson’ ratio are 
just one example of auxetic materials [130] that could be created using the origami 
concepts.
 The mechanical properties of other origami structures have also been studied 
including zigzag-base folded sheets that combine origami and kirigami concepts [131], 
three-dimensional origami configurations based on the Tachi-Miura polyhedron 
(TMP) [132], and origami structures based on non-periodic Ron Resch folding [129]. 
Some of these systems are based on the same type of structures as discussed above. 
For example, the configurations based on the Tachi-Miura polyhedron [132] could 
be considered some type of re-entrant structures. Techniques such as origami could 
therefore be simply considered manufacturing techniques in certain cases and not 
necessarily new types of auxetic structures.

2.5.5. Potential applications and future research

Auxetic materials have thus far been applied in many novel applications including soft 
robotics [133], biomedicine [32], soft electronics [134], and acoustics [135]. With the 
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ongoing development of AM techniques even more complex NPR structures may soon 
be fabricated. Initially, designs were adjusted to accommodate the production process 
[59]. Nowadays the roles have been reversed and the design constraints seem to vanish 
[79]. These changes facilitate the production of more advanced NPR materials with 
tailored properties.
 Auxetic materials are currently used to achieve improved shock-absorbance, 
synclastic curvature, and improved shear performance. These properties are especially 
useful in the automotive, defense, sports, and aerospace industries [30, 46, 136, 
137]. However, their potential in the (bio)medical field remains relatively unknown. 
Several years ago, “smart bandages” were introduced as a novel way of facilitating and 
monitoring the wound-healing process. A swelling may induce fiber stretching, which 
not only increases the breathability of the bandage, but may also open up pores for 
the release of active pharmaceutical ingredients (APIs). The same concept could be 
applied to the design of smart stents [78], for the release of APIs during the “blow-
up” phase. Gatt et al. emphasize the potential of hierarchical rotating rigid structures, 
which could be engineered to exhibit a variable pore size/shape upon loading [120]. 
This behavior is of course not limited to stents and bandages, but could very well be 
applied in scaffolds and prostheses too. Even the agricultural industry could benefit 
from the controlled delivery of substances such as fertilizers. Since rotating rigid 
structures lend themselves to this kind of applications, the importance of more real-
time (3D) experimental data on the mechanical behavior of rotating rigid auxetics is 
once more highlighted.
 Although the auxetic effect is not limited to porous microstructures, it does 
offer great opportunities for the orthopedic industry where additively manufactured 
porous structures [138, 139] are often used. Their resemblance to cancellous bone [17] 
enables their use as bone-substituting materials. When applied in prosthetic limbs or 
joints, they may counteract the variations in bone volume, and hence prevent loosening. 
Subsequently, their synclastic curvature will allow the prosthesis to conform to the 
shape of the bone cavity. This may potentially improve the survival rate of prostheses 
and hence postpone the need for revision surgery.
 In conclusion, lots of research has been done on re-entrant structure and to 
a lesser extent on chiral and rotating rigid structures. More actual experimental data 
also in the large range of deformations will be needed to fully compare the mechanical 
potential of each of the basic structures. In addition to the Young’s modulus and 
Poisson’s ratio, other properties should be included to create an overall impression of 
the geometrical features affecting the mechanical performance of auxetics. Combining 
these basic structures may be another way of creating tailored auxetic mechanical 
metamaterials, which has not been explored yet.
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Abstract 

Rationally designed meta-biomaterials present unprecedented combinations of 
mechanical, mass transport, and biological properties favorable for tissue regeneration. 
Here we introduce hybrid meta-biomaterials with rationally distributed values of 
negative (auxetic) and positive Poisson’s ratios, and use them to design meta-implants 
that unlike conventional implants do not retract from the bone under biomechanical 
loading. We rationally design and additively manufacture six different types of meta-
biomaterials (three auxetic and three conventional), which then serve as the parent 
materials to six hybrid meta-biomaterials (with or without transitional regions). Both 
single and hybrid meta-biomaterials are mechanically tested to reveal their full-field 
strain distribution by digital image correlation. The best-performing hybrid meta-
biomaterial are then selected for the design of meta-implants (hip stems), which 
are tested under simulated-implantation conditions. Full-field strain measurements 
clearly show that, under biomechanical loading, hybrid meta-implants press onto the 
bone on both medial and lateral sides, thereby improving implant-bone contact and 
potentially implant longevity. 
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3.1. introduction

The emerging concept of metamaterials offers a promising route to the development 
of materials with unusual or unprecedented properties and advanced functionalities 
[1, 2]. Metamaterials aimed for use in biomedical applications may be called ‘meta-
biomaterials’ [3, 4]. The small-scale topology of meta-biomaterials is rationally 
designed so as to obtain the desired combination of mechanical (i.e., negative Poisson’s 
ratio [2]), mass transport (e.g., permeability, diffusivity) and biological properties (e.g., 
tissue regeneration performance) [5]. Meta-biomaterials could therefore be considered 
multi-physics metamaterials [4]. To date, promising meta-biomaterials include those 
based on triply periodic minimal surfaces, which due to their mean curvature of zero 
resemble the curvature of trabecular bone [5, 6]. Furthermore, the elastic and mass 
transport properties of pentamode meta-biomaterials can be independently tailored 
to enhance tissue regeneration [7].  
 Here we introduce the concept of meta-implants, which is the first-ever 
application of meta-biomaterials for improving the longevity of orthopedic implants. 
The meta-implants developed here are topologically designed and additively 
manufactured to take advantage of the unusual mechanical properties that auxetic 
mechanical metamaterials (metamaterials with a negative Poisson’s ratio (NPR) [2]) 
have to offer. Moreover, we combine auxetic materials with conventional materials (i.e., 
positive Poisson’s ratio) and rationally distribute the auxetic and conventional parts in 
the implant to improve implant-bone contact, thereby enhancing implant fixation and, 
thus, implant longevity.
 The meta-implants developed here are aimed for application in total hip 
replacement (THR) surgeries, which are among the most common orthopedic 
procedures carried out to date [8]. THR implants have a limited lifetime, with the 
greatest failure mode being aseptic loosening [9-11]. Aseptic loosening refers to the 
mechanical failure of the implant-bone interface [9, 12]. The femoral part of THR (i.e., 
hip stem) is repeatedly loaded under bending for around 2 million cycles per year [13], 
which creates tensile loading and compression on either side of the neutral axis of 
the implant. According to Hoffman’s failure criterion, the implant-bone interface is 
more susceptible to failure when subjected to tension as compared to compression 
[14]. Moreover, bone exhibits higher mechanical strength in compression than in 
tension [15]. If the Poisson’s ratio is constant throughout the implant, there will 
always be one side of the stem that retracts from the bone, while the other side is 
compressed against the bone. According to the Hoffman’s criterion and given the 
different mechanical strengths of bone in tension and compression, the side that 
experiences tension (i.e., retracts from the bone) is more susceptible to interface 
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failure. Furthermore, retraction of the implant allows wear particles to enter the 
space between the implant and the bone, eliciting the foreign body response of the 
patient’s immune system leading to inflammatory bone loss [9, 12, 16]. It is therefore 
important to maximize the implant-bone contact such that wear particles cannot enter 
the enclosed cavity. Finally, compression of the implant will improve implant fixation 
through mechanically stimulated bone ingrowth (Wolff’s law) [17]. All the presented 
arguments point towards the same direction: the necessity to design an implant that 
creates compression on both sides of its neutral axis.

3.2. Materials and methods

3.2.1. Design and additive manufacturing

To approach the above-mentioned design challenge, we started by designing two types 
of meta-biomaterials with either a negative Poisson’s ratio (i.e., auxetic) or a positive 
Poisson’s ratio (i.e., conventional) (Figure 3.1a). We then combined both types of meta-
biomaterials to create a hybrid meta-biomaterial with different values of the Poisson’s 
ratio (Figure 3.1b). The meta-implants were then designed using these combined meta-
biomaterials, in which the Poisson’s ratio of the meta-biomaterials changed around the 
neutral axis to compress the implant against the bone on both sides (Figure 3.1c). 
 The topological design of the meta-biomaterials was based on the re-entrant 
hexagonal honeycomb, because they are the most versatile in terms of the mechanical 
properties they could achieve [2]. Six different internal angles were used to design the 
topology of three auxetic (A1 - A3) and three conventional (C1 - C3) meta-biomaterials 
(Figure 3.1d, Table S3.1). The relative density (5 - 8%) and strut diameter (350 μm) were 
chosen to be as small as possible to push the limits of the additive manufacturing process 
and obtain the lowest mechanical properties possible. It is worth noting that a low 
relative density (high porosity) allows for maximal bone ingrowth, while decreasing the 
mechanical properties to avoid the stress shielding phenomenon. Moreover, increasing 
the relative density, strut diameter, and thus, mechanical properties, is relatively 
easy, while the opposite is technically challenging. Meta-biomaterials or, as they are 
sometimes called, ‘designer biomaterials’ offer a powerful approach for attaining bone-
mimicking mechanical properties, which enables decreasing the mechanical mismatch 
between the implant and the surrounding bone (i.e., the stress shielding phenomenon). 
There is a mathematical proof [18] showing that any thermodynamically admissible 
elasticity tensor could be obtained through specific classes of metamaterials, such as 
pentamode metamaterials. We have recently manufactured pentamode metamaterials 
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form metals and have shown their potential for enhancing tissue regeneration [7]. 
Meta-biomaterials therefore offer a flexible route to the design of implants such that 
the adverse effects of stress shielding are minimized, while simultaneously satisfying 
other requirements regarding topological features (e.g., curvature) and mass transport 
properties (e.g., permeability).  Subsequently, re-entrant and conventional hexagonal 
unit cells were combined to form hybrid meta-biomaterials (Figure 3.1e, Table S3.2). 
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Figure 3.1: Schematic drawings showing the topological designs of (a) auxetic and conventional meta-biomate-

rials, (b) hybrid meta-biomaterials and (c) meta-implants. (d) Design of auxetic (left) and conventional (right) 

meta-biomaterials with re-entrant angle θ, internal angle ϕ, and rib length ratio a/b. (e) Design of six hybrid me-

ta-biomaterials with internal angles of 75º, 85º and 65º in designs 1, 2 and 3, respectively. Design types 4, 5 and 6 

are similar to design types 1, 2 and 3, but lack a transitional region. (f) Design of meta-implants: (C1) Control type 

1 with conventional hexagonal honeycombs. (H1) Hybrid type 1 with a 50/50 cell ratio. (C2) Control type 2 with 

re-entrant hexagonal honeycombs, showing the different parts of the implant: (1) Top, (2) Porous region and (3) 

Bottom. (H2) Hybrid type 2 with a 50/50 cell ratio and a solid core. (H1) Hybrid type 1 showing the different parts 

of the implant: (1) Top-middle-bottom and (2) Porous region. (H3) Hybrid type 3 with a 70/30 cell ratio.
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When designing the hybrid meta-biomaterials, three different combinations of unit 
cells were considered either with (1-3) or without a transitional region (4-6) (Figure 
3.1e). Based on the mechanical properties of the (hybrid) meta-biomaterials, a specific 
combination of unit cells was chosen (hybrid meta-biomaterial Type 6) and was used 
in the design of the meta-implants (Figure 3.1f). A 50/50 cell division around the 
neutral axis resulted in the first hybrid meta-implant (H1). Two control meta-implants 
were designed using only conventional (C1) and only auxetic (C2) meta-biomaterials 
(Figure 3.1f). Two additional hybrid meta-implants were added to explore the effects 
of a solid core, around the neutral axis, on the behavior of the meta-implants (H2) as 
well as the effects of displacing the division line (70/30 instead of 50/50) between both 
types of meta-biomaterials (H3) (Figure 3.1f). An additive manufacturing technique, 
namely selective laser melting (SLM), was used to manufacture the specimens from 
the biomedical-grade titanium alloy Ti-6Al-4V ELI. After manufacturing, the samples 
were removed from the build plate, submerged in 96% ethanol, and ultrasonically 
cleaned for 10 minutes to remove excess powder.

3.2.2. Mechanical testing

Four specimens from all six types of meta-biomaterials were compressed up to 10 mm 
using a static test machine (Zwick GmbH & Co. KG, Ulm, Germany, load cell = 20 
kN), applying a constant deformation rate of 1 mm/min. During the compression tests, 
the digital image correlation (DIC) technique was used for full-field measurement of 
the strains on the front surface of the specimens. DIC images were acquired by two 
4-Megapixel digital cameras (Limess, Krefeld, Germany) at 1 Hz and were analyzed 
using VicSnap and Vic-3D (Correlated Solutions Inc., Irmo, USA). The speckle patterns 
required for DIC measurements were created by initially painting the specimens in 
black, then applying a white paint on the front surface of the specimens, and ultimately 
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spraying random black dots (Figure 3.2). The vertices of eight centrally located unit 
cells were marked with a red pixel (one image every five seconds, Figure 3.2-4) to track 
the strains and calculate the Poisson’s ratio using a Matlab code.
 Four specimens from each design of hybrid meta-biomaterials were loaded 
under bending by applying an off-axis compression force (until 2 mm displacement) 
using the same mechanical testing protocol (Figure 3.3a). Four additional specimens 
from each design of hybrid meta-biomaterials were covered by a self-vulcanizing tape, 
which was stretched around the specimens to form a tight and continuous outer layer 
(Figure 3.3b). A speckle pattern was applied on this layer to enable DIC measurements. 
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(f) the test set-up in which they were loaded including the bone-mimicking material. 
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To evaluate the bilateral expansion of the hybrid mechanical metamaterials, thirty data 
points were plotted in Vic-3D (Figure 3.3c) to retrieve their individual displacements.
To evaluate the performance of the meta-implants (Figure 3.3d-e), we designed a test 
setup that simulated the implant-bone contact after surgery (Figure 3.3f). In this setup, 
bone-mimicking material (Sawbones Europe AB, Malmö, Sweden) enclosed the meta-
implants on the medial and lateral sides, while the tip of the implants was clamped in 
an aluminum plate (Figure 3.3f). Two acrylic plates covered the setup on the front and 
back sides. A static test machine (Zwick GmbH & Co. KG, Ulm, Germany, load cell = 10 
kN) was used to apply a maximum deformation of 1.5 mm to the femoral head, at a rate 
of 0.5 mm/min. The bone-mimicking materials were covered with speckle patterns as 
well to enable DIC measurements.

3.3. Results and discussion

3.3.1. Auxetic and conventional meta-biomaterials

The stress-strain curves of the meta-biomaterials were consistent with the failure of 
entire layers, causing the stress values to drop to very low values before recovering, as 
other layers took over (Figure 3.4a). The highest pre-fracture stress peaks were found 
for the auxetic meta-biomaterials, corresponding to a higher ultimate compressive 
strength as compared to the conventional meta-biomaterials (Figure 3.4b). The elastic 
modulus and the NPR of the auxetic meta-biomaterials increased with re-entrant angle 
(θ), whereas the elastic modulus and the positive Poisson’s ratio of the conventional 
meta-biomaterials increased with the internal angle (ϕ) (Figure 3.4b). Pushing the 
limits of the additive manufacturing process resulted in elastic moduli in the MPa 
range, whereas the stiffness of bone generally ranges between 1 - 20 GPa [19]. To obtain 
higher values of the mechanical properties, the strut thickness could be increased in 
the design of the auxetic and conventional unit cells. It is, however, worth noting that 
in a patient-specific approach to the topological design of implants, the stiffness of 
the implant does not necessarily need to be uniform. Meta-biomaterials with a lower 
elastic modulus could therefore be applied in areas where a lower stiffness is required. 
Moreover, it has been shown that the static and fatigue properties of porous titanium 
structures increase once bone tissue regeneration has taken place [20]. It is therefore 
still unclear to what extent the initial stiffness of the implant should mimic that of the 
native bone tissue. It should be noted that the auxetic meta-biomaterials have a higher 
relative density, which means the conventional meta-biomaterials have a higher stiffness 
to weight ratio. As expected, the auxetic meta-biomaterials showed lateral shrinkage 
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Figure 3.4: (a) The mean stress-strain curves of (1) Auxetic (A1-A3) and (2) Conventional (C1-C3) meta-bio-

materials under compression. (b) The mean compressive Young’s modulus, yield strain, ultimate compressive 

strength, relative density, and Poisson’s ratio (ν) of (from left to right) A1, A2, A3, C1, C2 and C3. Data is expressed 

as means and error bars indicate 95% confidence intervals. 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 and ***p < 0.05 compared with C3 (one-way ANOVA). Maximum values are indicated.
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upon compression, while conventional meta-biomaterials exhibited lateral expansion. 
We compared the Poisson’s ratios measured for the presented meta-biomaterials with 
those reported in literature [21] and found them to be in good agreement. The above-
described trends were also similar to those found in the literature (Figure 3.2c) [21].

3.3.2. Hybrid meta-biomaterials

All hybrid meta-biomaterials showed clear medial compressions, especially types 2 
and 5 (Figure 3.5a). The lateral sides of the hybrid types 1, 2, 4, and 5 almost entirely 
exhibited negative strains, while the negative strains found in the hybrid types 3 and 
6 were mostly limited to the central area (Figure 3.5a). A continuous positive strain 
profile was found along the lateral border of the type 6 specimens (Figure 3.5a). The 
mean maximum expansion was calculated for each of the data points along the lateral 
and medial borders of the specimens (Figure 3.5b). For types 1, 2, 4, and 5, the maximum 
expansion on the medial side was more than five times larger than the maximum 
expansion on the lateral side (Figure 3.5b). In contrast, the medial expansion in types 
3 and 6 was only four and 1.5 times larger, respectively (Figure 3.5b). Furthermore, the 
expansion on the lateral side occurred along the complete height of the specimens, 
whereas P29 (Figure 3.3c) did not seem to expand at all (Figure 3.5b). The transitional 
region enhanced medial expansion, while its absence increased lateral expansion 
(Figure 3.5b).
 Hybrid meta-biomaterial type 6 is the design showing the most consistent 
profile of bilateral compression extending along both borders. The biggest lateral 
expansion was expected in hybrid meta-biomaterials types 3 and 6 because of their 
high NPR as compared to the other designs. Hybrid meta-biomaterial types 3 and 6 are, 
however, different in that one includes a transitional region while the other does not. 
Our experimental results showed that the presence of a transitional region adversely 
affects the performance of the meta-biomaterials by making them less resistant against 
bending. The absence of a transitional region seems to enhance the bending stiffness 
of hybrid meta-biomaterial type 6, resulting in a more evenly distributed bilateral 
expansion. Overall, the hybrid meta-biomaterial type 6 significantly outperformed other 
designs in terms of bilateral expansion and was therefore selected for implementation 
in the design of the meta-implants (Figure 3.5b).
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Figure 3.5: (a) Horizontal strains in the tape surrounding hybrid meta-biomaterials types 1-6 at 2 mm displace-

ment. (b) Mean maximum expansion during off-axis compression. 

3.3.3. Meta-implants

While all meta-implants exhibited compressive strains on the medial side, only hybrid 
meta-implants, combining auxetic and conventional meta-biomaterials, showed 
compression at the lateral implant-bone interface (Figure 3.6). All meta-implants 
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exhibited positive strains on the medial side, which was not expected for C2. Due to 
its NPR, the medial side was expected to experience negative strains, but instead it 
showed the same deformation profile as C1. This is probably due to the high level of 
shear forces that were caused by off-axis bending, which this re-entrant structure could 
not withstand. The meta-implants incorporating hybrid meta-biomaterials exhibited 
compression on both medial and lateral sides. There were, however, clear differences 
between the performances of the different designs. The solid core located around the 
neutral axis seemed to amplify the expansion created by the unit cells, likely due to 
its effect on the stiffness of the meta-implants. Among the different designs of the 
meta-implants considered here, H2 outperformed others by creating a consistent 
compression profile along both lines defining the implant-bone interface (Figure 3.6). 
 The presented results clearly show that meta-implants in general, and the 
design H2 in particular, compress against the bone under repetitive loads that are 
applied during gait and other daily activities. According to the Hoffman’s failure 
criterion, this combination of compression and shear is less deleterious than tension 
and shear [14]. Moreover, compression on both sides ensures that bone is not loaded 
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Figure 3.6: Horizontal strains in the bone-mimicking materials surrounding the meta-implants at t = 0 and t = 180 

sec. at 1.5 mm displacement for C1, C2, H1, H2 and H3.
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in tension, which is not the usual mode of bone loading and would normally lead 
to pre-mature failure. Furthermore, the enhanced implant-bone contact decreases 
the chance of wear particles entering the space between the implant and the bone. 
Moreover, repetitive loading of the bone surrounding such fully porous implants 
acts as a mechanical stimulus for bone growth and will most likely improve implant 
fixation [17]. These concepts will contribute to an improved interaction of the implant 
with the surrounding bone and could potentially improve implant longevity. We have 
introduced a new generation of implants with advanced functionalities that could 
be designed using the unusual properties that meta-biomaterials have to offer. The 
performance of any such design should be evaluated using animal models and clinical 
trials. The current proof-of-concept study, nevertheless, demonstrates the feasibility of 
applying rational design and metamaterials for the development of the next generation 
of medical devices.

3.4. Conclusions

In summary, we rationally designed and additively manufactured auxetic and 
conventional meta-biomaterials as well as hybrid meta-biomaterials incorporating both 
auxetic and conventional meta-biomaterials. The novel meta-implant designs were 
found to create compression on both sides of their contact lines with the surrounding 
bone, thereby decreasing the chance of bone-implant interface failure (Hoffman’s 
criterion), preventing wear particles from entering the interface space, lowering stress-
shielding, and improving bone ingrowth.
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Supplementary information

Design Type 

Auxetic  Type 1

Auxetic  Type 2

Auxetic  Type 3

Conventional  Type 1

Conventional  Type 2

Conventional  Type 3

Strut 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×W×D (mm)

24.82 × 25.7 × 25.7

25.65 × 25.7 × 25.7

27.21 × 25.7 × 25.7

23.21 × 25.7 × 25.7

27.20 × 25.7 × 25.7

25.03 × 25.7 × 25.7

Table S3.1: Solidworks dimensions of meta-biomaterials

Design Type 

Hybrid Type 1

Hybrid Type 2

Hybrid Type 3

Hybrid Type 4

Hybrid Type 5

Hybrid Type 6

Strut thickness 

Internal angle ϕ (°)

A

75

85

65

105

115

95

350 μm

a (mm)

A

1.25

1.25

1.75

1.25

1.25

1.75

b (mm)

A

1.30

1.26

1.38

1.30

1.26

1.38

H×W×D (mm)

25.7 × 26.43 × 25.7

25.7 × 26.43 × 25.7

25.7 × 26.43 × 25.7

25.7 × 25.18 × 25.7

25.7 × 25.18 × 25.7

25.7 × 25.18 × 25.7

Table S3.2: Solidworks dimensions of hybrid meta-biomaterials with A = auxetic and C = conventional

C

114.90

129.52

115.05

114.90

129.52

115.05

C

1.25

1.25

1.75

1.25

1.25

1.75

C

1.38

1.62

1.38

1.38

1.62

1.38
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Abstract

The innovative design of orthopedic implants could play an important role in the 
development of life-lasting implants, by improving both primary and secondary implant 
fixations. The concept of meta-biomaterials aims to achieve a unique combination of 
mechanical, mass transport, and biological properties through optimized topological 
design of additively manufactured (AM) porous biomaterials. In this study, we primarily 
focused on a specific class of meta-biomaterials, namely auxetic meta-biomaterials. 
Their extraordinary behavior of lateral expansion in response to axial tension could 
potentially improve implant-bone contact in certain orthopedic applications. In this 
work, a multitude of auxetic meta-biomaterials were rationally designed and printed 
from Ti-6Al-4V using a commercially available laser powder bed fusion process called 
selective laser melting. The re-entrant hexagonal honeycomb unit cell was used as a 
starting point, which was then parametrically tuned to obtain a variety of mechanical 
and morphological properties. In this two-step study, the morphology and quasi-
static properties of the developed meta-biomaterials were assessed using mechanical 
experiments accompanied with full-field strain measurements using digital image 
correlation. In addition, all our designs were computationally modelled using the finite 
element method. Our results showed the limits of the AM processes for the production 
of auxetic meta-biomaterials in terms of which values of the design parameters (e.g., re-
entrant angle, relative density, and aspect ratio) could be successfully manufactured. 
We also found that the AM process itself imparts significant influence on the 
morphological and mechanical properties of the resulting auxetic meta-biomaterials. 
This further highlights the importance of experimental studies to determine the actual 
mechanical properties of such metamaterials. The elastic modulus and strength of 
many of our designs fell within the range of those reported for both trabecular and 
cortical bone. Unprecedented properties like these could be used to simultaneously 
address the different challenges faced in the mechanical design of orthopedic implants.
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4.1. introduction

With the elderly population growing and the prevalence of osteoarthritis rising, the 
need to develop life-lasting implants is greater than ever [1-3]. Total joint replacements 
are one of the most successful surgical interventions, but young and active patients are 
very likely to outlive their implants [4, 5], requiring a second (i.e., a revision) surgery. 
The rising number of such surgeries [1], combined with unmet clinical needs in more 
complex skeletal cases such as orthopedic oncology, trauma, and pediatric patients, 
calls for improvement of both the initial post-operative fixation (primary) as well as 
the long-term (secondary) fixation. This especially applies to the cases in which the 
available bone stock is limited, rendering the anchoring inadequate.
 Innovative mechanical designs of orthopedic implants could play an important 
role in improving both primary and secondary implant fixations. These innovative 
solutions go far beyond simply solving the long-standing problem of stress shielding 
and rely on the unprecedented properties of the so-called meta-biomaterials [6-8]. 
When applied “rationally” [6, 9, 10], such unusual mechanical properties could enable 
solutions that are ordinarily impossible. Indeed, the emerging concept of meta-
biomaterials goes beyond the mechanical properties alone and aims to achieve a unique 
combination of mechanical, mass transport, and biological properties by optimizing 
the microscale topological design of additively manufactured (AM) porous (metallic) 
biomaterials [11-13]. 
 Here, we are primarily concerned with auxetic meta-biomaterials that have a 
negative Poisson’s ratio and expand laterally in response to axial stretch [13]. Recently, 
a rational distribution of negative (auxetic) and positive Poisson’s ratios has been 
used to improve the bone-implant contact and enhance the longevity of the femoral 
component (i.e., hip stem) of a total hip replacement (THR) implant [6]. Since the hip 
stem is repeatedly loaded under bending, the lateral side of a conventional implant will 
be retracting from the bone under tensile loading. The bone-implant interface is not 
only more susceptible to failure when subjected to tension [14], a retracting implant 
also reduces the bone-implant contact and allows wear particles to enter the bone-
implant interface space. The lateral application of an auxetic meta-biomaterial results 
in compression along both of the implant’s contact lines with the surrounding bone, 
thereby decreasing the chance of bone-implant interface failure and stimulating bone 
growth [6].  
 Despite the great potential of AM auxetic meta-biomaterials in improving 
bone-implant contact and, thus, implant longevity, limited data is available regarding 
their actual mechanical properties, and their Poisson’s ratio in particular [13, 15]. In this 
work, we characterized the mechanical properties of AM, Ti-6Al-4V auxetic lattices that 
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were based on the re-entrant hexagonal honeycomb unit cell and were fabricated using 
a commercially available laser powder bed fusion (L-PBF) process called selective laser 
melting (SLM)[16]. This AM process uses a high-power laser beam to selectively fuse 
metal powder particles to build a part straight from a computer-aided design (CAD) 
file. The word re-entrant refers to something “directed inward” or having a negative 
angle [17], which directly applies to the ribs of this geometry [13, 18]. This combination 
of material and AM process was selected because Ti-6Al-4V is a highly biocompatible 
material and is commonly used for the fabrication of orthopedic implants [19, 20]. 
Moreover, SLM is a certified process and is commercially available for the fabrication 
of implantable medical devices, including orthopedic implants. 
 The study was performed in two steps. In the first step (group 1), the limits 
of the SLM process were explored to fabricate structures with suitable properties 
for orthopedic applications. These specimens were mechanically tested under 
compression, since compression is one of the major modes of loading in bone-
mimicking meta-biomaterials. Additionally, extensive research has been done on 
other porous meta-biomaterials using the same loading condition [7, 21-23]. Their 
micro-architecture was assessed using micro-computed tomography (micro-CT). In 
the second step (group 2), the compressive mechanical properties obtained using the 
stress-strain curve were complemented with the measurements of the Poisson’s ratio 
performed using the digital image correlation (DIC) technique [24]. In addition to the 
experimental results, all of the designs (group 1 and 2) were computationally modelled 
using the finite element (FE) method. This comprehensive library of mechanical and 
morphological properties provides currently lacking experimental data, to take further 
steps in the adoption of auxetic lattices within the field of orthopedics.

4.2. Materials and methods

4.2.1. Design and AM of auxetic meta-biomaterials

The auxetic meta-biomaterials in this study were built from the re-entrant hexagonal 
honeycomb unit cell (Figure 4.1). This unit cell can be derived from the conventional 
hexagonal honeycomb by inverting two of its vertices. When stretched, the ribs of the 
re-entrant hexagonal honeycomb re-align (hinging) and the structure expands laterally. 
This specific behavior is characterized by a negative Poisson’s ratio, and depends on 
several geometrical parameters, such as the re-entrant angle (θ), rib-length ratio (a/b), 
and the relative density (RD). With the re-entrant angle values ranging between 5 and 
25 degrees, rib-length ratios of 0.5 - 1.5, and relative densities of 0.20 - 0.50, a total of 
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60 different designs could were considered. However, considering the processability 
window of SLM and the intended cell sizes for bone tissue regeneration, not all 
combinations could be successfully manufactured (Figure 4.1, a = 2 mm). Taking the 
printing and design limitations into consideration, a total of 31 cylindrical specimens 
(Ø = 25 mm, h = 37.5 mm) were successfully designed and manufactured (Figure 4.1-
1). The specimens in group 2 were designed using the same variation of geometrical 
parameters. With the intention to experimentally determine their Poisson’s ratio, their 
cell size had to be sufficiently large and their front surface had to be flat. As a result, 34 
different cubical specimens (25 × 25 × 25 mm) were designed with a mutual cell width 
(w) of 5 mm (Figure 4.1-2). 

θ

a

b

a/b = 1.0

a/b/ = 1.5

a/b/ = 0.5

a/b 

θ 5 10 15 20 25

0.5

1.0

1.5

20 - 30% 
RD

20 - 50% 
RD

20 - 50% 
RD

20 - 40% 

RD
20% 
RD

20 - 50% 
RD

20 - 50% 
RD

30 - 50% 
RD

30 - 50% 
RD

30 - 50% 
RD

a/b 

θ 5 10 15 20 25

0.5

1.0

1.5

20 - 30% 
RD

20 - 50% 
RD

20 - 50% 
RD

20 - 40% 

RD
20% 
RD

20 - 50% 
RD

20 - 50% 
RD

20 - 50% 
RD

20 - 50% 
RD

20 - 50% 
RD

w

a = 2 mm w = 5 mm1 2

Micro Computed Tomography (μCT) Digital Image Correlation (DIC)

A A

C C

B B

Figure 4.1: Study outline showing the cylindrical specimens in group 1 and the cubical specimens in group 2. The 

tables show the combinations of the re-entrant angle (θ), aspect ratio (a/b) and relative density (RD) that could 

be successfully manufactured in each respective group. The cylindrical (1a) and cubical specimens (2a) were 

successfully manufactured using SLM. The specimens in group 1 were first evaluated with micro-CT (1b-c), after 

which they were axially compressed (1b). The specimens in group 2 were axially compressed (2b), while their 

deformation was closely examined using DIC (2b-c). 
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All specimens were additively manufactured using Ti-6Al-4V ELI (ASTM F3001) 
powder (Figure 4.1-1a and 4.1-2a). This specific grade of Ti-6Al-4V is particularly useful 
in the medical industry for its high strength, light weight, good corrosion resistance 
and outstanding damage tolerance [19]. The direct metal printing process was 
performed on a ProX DMP320 machine (3D Systems, Leuven, Belgium) using the DMP 
Control software. A sample size of five was used for each design in group 1, whereas 
four specimens were printed for each design in group 2. Due to the small unit cell 
size of the specimens in group 1, and ensuing a small overhang length, they could be 
printed without supports. The specimens in group 2 had to be printed horizontally 
or at a 45-degree angle to avoid supports being required inside the porous structure. 
These specific requirements pushed some of the designs outside the processability 
window of the SLM process. Multiple optimization trials and production batches were 
required to obtain high quality specimens. After printing, the specimens were removed 
from the build plate using wire electrical discharge machining (EDM). The specimens 
were ultrasonically cleaned in 96% ethanol to remove the excess powder particles. A 
chemical etching process was used to improve the surface finish of the specimens, by 
removing adhering powder particles [25].

4.2.2. Morphological characterization 

To study the morphology of the auxetic meta-biomaterials in group 1, micro-CT scans 
were made using a Quantum FX micro-CT scanner (Perkin Elmer, Waltham, United 
States). To reduce the beam hardening effects and scatter, the sample holder was 
surrounded by a copper filter. Three out of five specimens were, randomly selected and 
scanned for 4.5 minutes, using a voxel size of 403 μm3 a tube voltage of 90 kV, a tube 
current of 200 μA, and a field of view of 20 × 20 mm (Figure 4.1-1c). Subsequently, the 
TIFF stacks were imported into the image analysis software Fiji [26]. A 3D Gaussian 
blur filter was applied, followed by a Bernsen local thresholding [26]. The images were 
cropped to isolate the region of interest, after which they were purified using the BoneJ 
plugin to remove unconnected and loose structures [27]. The relative density, pore 
size (spacing), and strut thickness (3D thickness) could then be obtained using the 
same plugin [28]. The bone volume fraction (i.e., relative density) was calculated by 
dividing the foreground voxels by the total number of voxels in the image. The strut 
thickness at a point was obtained by computing the 3D volume weighted (unbiased) 
thickness at this point [28]. The outer dimensions of the specimens in both groups 
were measured with a caliper. A laboratory scale (Sartorius AG, Göttingen, Germany, 
0.1 mg resolution) was used to weigh the specimens. The relative density was also 
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determined using the dry weighing technique in which the weights of the specimens 
were divided by the weight of a solid Ti-6Al-4V object with similar dimensions and a 
density of 4.43 g/cm3.

4.2.3. Mechanical testing

All specimens were axially compressed using a mechanical testing machine (Zwick 
GmbH & Co. KG, Ulm, Germany) with a 250 kN load cell and a 0.5% cross head accuracy. 
On either side of the specimens, a tool steel plate was positioned to prevent the machine 
platens from wearing. The cylindrical specimens in group 1 were preloaded with 10 N, 
and subsequently compressed up to 15 mm (2 mm/min). The cubical specimens in 
group 2 were subjected to a 5 N preload, after which they were compressed for 10 mm 
(1 mm/min). 
 The quasi-static mechanical properties were obtained according to ISO 
13314:2011 using the stress-strain curves [29]. The “quasi-elastic gradient”, from 
now on referred to as the elastic modulus, was calculated in the linear region at the 
beginning of the stress-strain curve. If the first peak happened to coincide with the 
failure of the vertical struts being in contact with the bottom compression platen, the 
gradient of the second linear region was used. This was done to make sure we are 
comparing the behavior of the structures as a whole. The data were corrected for the 
machine compliance according to the ‘direct technique’ presented by Kalidindi et al.  
[30]. As an alternative to the compressive yield strength, the ISO 13314:2011 standard 
introduces the concept of “compressive offset stress”. This property was measured 
at 0.2% plastic compressive strain and will from now on be referred to as the yield 
strength. The first local maximum in the stress-strain curve corresponds with the first 
maximum compressive strength (FMCS), whereas the plateau stress was calculated 
as the arithmetical mean of the stresses between 20% and 30% compressive strain. In 
the cases where the first linear region was omitted, for reasons mentioned above, the 
second local maximum was reported as the FMCS.

4.2.4. Digital image correlation

DIC was used to measure the full-field strains and displacements experienced during 
the compression experiments, by comparing the images of a specimen at the different 
stages of its deformation (Figure 4.1-2c) [24]. For this method to work efficiently, the 
surface of the studied specimens should have sufficient image texture and contrast 
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with a random and unique pixel pattern. The cubical specimens were, therefore, spray-
painted in black, after which their front surface was stamped in white. An airbrush 
was finally used to add a black, random, and unique speckle pattern [6]. During axial 
compression, two 4 MP digital cameras (Limess, Krefeld, Germany) were used to 
capture the front surface of the specimens with a frequency of 1 Hz. Once the cameras 
were set, the DIC system was calibrated using the VicSnap software (Correlated 
Solutions Inc., Irmo, USA). The images were analyzed using Vic-3D 8 (Correlated 
Solutions Inc., Irmo, USA) to calculate the displacements and strain fields. The relative 
displacements of a pre-defined group of unit cells were used to calculate the Poisson’s 
ratio. This group consisted of 3 × 2 × 3 unit cells in the middle of the frontal surface of 
the specimens (Figure 4.1-2). The coordinates of their vertices at the different stages 
of deformation were used to calculate the values of directional strains (i.e., εxx and εyy). 
The average strain values were then used to calculate the Poisson’s ratio, ν (= -εxx/εyy). 

4.2.5. Finite element analysis

Three-dimensional FE models were developed to evaluate the elastic behavior of the 
porous auxetic structures in more detail. The quasi-static compression experiments 
were simulated using the implicit solver of Abaqus standard (Dassault Systèmes, Vélizy-
Villacoublay, France). The struts of the auxetic structure were represented using the 
quadratic Timoshenko beam elements. A convergence study was used to determine the 
appropriate number of elements for the FE models. The geometry of the specimens 
was reconstructed using the IntraLattice Grasshopper plugin available in Rhinoceros 
3D (Robert McNeel & Associates) [31]. The node connections and coordinates were 
exported to MATLAB, where a custom script was used to generate beam elements 
suitable for FE modeling. The appropriate beam section, cross-sectional geometry, and 
beam thickness were also assigned. In accordance with the as-manufactured properties 
of AM Ti-6Al-4V ELI parts (3DSystems, Leuven, Belgium), isotropic elastic material 
properties including an elastic modulus of 70 GPa and a Poisson’s ratio of 0.3 were 
assigned to the material constituting the struts. Since an infinite friction was assumed 
between the specimen and the platens, the boundary conditions were applied to a 
reference point on either side of the specimens. A rigid body constraint was used to tie 
all of the top and bottom nodes to their respective reference point. A 0.5 mm vertical 
displacement was applied to the top reference point, while all other degrees of freedom 
were constrained. Encastre boundary conditions were prescribed at the bottom 
reference point. The elastic modulus was calculated using the overall engineering stress 
and engineering strain of the porous structures. The overall stress in the structure 
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was calculated using the reaction force calculated for the bottom reference point and 
the initial cross-sectional area perpendicular to the loading direction. The overall 
strain was calculated using the imposed displacement and the initial lattice height. To 
determine the Poisson’s ratio of the cubic specimens, the exact same procedure as in 
the experiments was applied. The displacements of the vertices enclosing a 3 × 2 × 3 
array of unit cells were used to calculate the transverse and axial strain values.  
 In the case of the cylindrical specimens, the three-dimensional cell array had 
to be cut from a full lattice, resulting in a number of unconnected struts. A preliminary 
analysis showed that these unconnected struts could adversely affect the accuracy of 
the computational models of lattice structures. These struts were therefore eliminated 
from the CAD files before being send to the printer. However, removing them inside 
the Abaqus environment would take a lot of time. We therefore used rectangular 
geometries, with the same unit cell dimensions, to get rid of these unconnected struts 
in our simulations.

4.3. Results

4.3.1. Morphological characteristics 

The values of the relative density obtained for the specimens of group 1 using dry 
weighing and micro-CT imaging ranged between 0.14 and 0.60 (Table 4.1). In some 
cases, they were slightly lower than the design values, but in general they were ≈ 1 - 34% 
higher. These deviations were found to increase with the re-entrant angle and aspect 
ratio. The relative density values determined for the specimens of group 2 using dry 
weighing varied between 0.15 and 0.37, and were ≈ 2 - 6% smaller than their design 
values (Table 4.1).
 The mean pore size in group 1 decreased with the aspect ratio, re-entrant angle, 
and relative density (Figure 4.2). For the relative density values of ≈ 0.2, ≈ 0.3, ≈ 0.4 and 
≈ 0.5, the pore sizes varied in the following ranges: 1168 - 3107, 948 - 2815, 907 - 1361, 
and 801 - 1185 μm, respectively (Figure 4.2). Increasing the strut thickness reduced the 
pore size while increasing the relative density (Figure 4.2, Table 4.1 and 4.2). The actual 
values of the strut thickness varied in the following ranges: 477 - 901, 604 - 1205, 752 - 
925 and 902 - 1113 μm corresponding to the aforementioned classes of relative density 
(Table 4.2). The differences between the actual values of the morphological parameters 
determined using micro-CT and their corresponding design values were not similar 
for all designs (Table 4.1 and 4.2). For small re-entrant angles and aspect ratios, the 
actual strut thicknesses were smaller or similar to the design values. As the aspect ratio 
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Table 4.1: The relative density values for both specimen groups measured in the CAD file, calculated using the 

dry-weighing technique, and obtained from the micro-CT images, presented as mean ± SD. 

Design 

0.5  -5  -  0 .30
0.5  -  5  -  0 .20

1 .0 -  5  -  0 .50
1 .0 -  5  -  0 .40
1 .0 -  5  -  0 .30
1 .0 -  5  -  0 .20 

1 .0  -  10 -  0 .50
1 .0 -  10 -  0 .40
1 .0 -  10 -  0 .30
1 .0 -  10 -  0 .20

1 .0 -  15  -  0 .40
1 .0 -  15  -  0 .30
1 .0 -  15  -  0 .20

1 .0 -  20 -  0 .20 

1 .5  -  5  -  0 .50
1 .5  -  5  -  0 .40
1 .5  -  5  -  0 .30
1 .5  -  5  -  0 .20

1 .5  -  10 -  0 .50
1 .5  -  10 -  0 .40
1 .5  -  10 -  0 .30
1 .5  -  10 -  0 .20

1 .5  -  15  -  0 .50
1 .5  -  15  -  0 .40
1 .5  -  15  -  0 .30
1 .5  -  15  -  0 .20

1 .5  -  20 -  0 .50
1 .5  -  20 -  0 .40
1 .5  -  20 -  0 .30
1 .5  -  20 -  0 .20

1 .5  -  25  -  0 .50
1 .5  -  25  -  0 .40
1 .5  -  25  -  0 .30
1 .5  -  25  -  0 .20

Group 1

CAD

0.264
0.182

0.446
0.363
0.276
0.187

0.449
0.365
0.277
0.188

0.366
0.279
0.188

0.186

0.456
0.369
0.280
0.190

0.458
0.370
0.280
0.190

0.459
0.372
0.282
-

0.461
0.373
0.283
-

0.465
0.375
0.284
-

Dry-weighing

0.229 ± 0.003
0.162 ± 0.002

0.397 ± 0.004
0.349 ± 0.005
0.273 ± 0.003
0.137 ± 0.003

0.416 ± 0.001
0.338 ± 0.003
0.275 ± 0.001
0.191 ± 0.002

0.362 ± 0.002
0.287 ± 0.002
0.219 ± 0.002

0.307 ± 0.001

0.414 ± 0.002
0.362 ± 0.002
0.286 ± 0.002
0.200 ± 0.001

0.367 ± 0.003
0.371 ± 0.003
0.309 ± 0.002
0.229 ± 0.001

0.475 ± 0.004
0.437 ± 0.003
0.316 ± 0.003
-

0.487 ± 0.003
0.419 ± 0.002
0.317 ± 0.003
-

0.513 ± 0.002
0.437 ± 0.001
0.319 ± 0.003
-

Micro-CT

0.302 ± 0.012
0.198 ± 0.002

0.497 ± 0.003
0.391 ± 0.006
0.295 ± 0.003
0.186 ± 0.003

0.501 ± 0.007
0.385 ± 0.012
0.300 ± 0.001
0.196 ± 0.003

0.406 ± 0.003
0.308 ± 0.003
0.224 ± 0.004

0.318 ± 0.004

0.506 ± 0.004
0.340 ± 0.003
0.302 ± 0.002
0.196 ± 0.003

0.530 ± 0.003
0.411 ± 0.007
0.234 ± 0.002
0.218 ± 0.002

0.560 ± 0.005
0.526 ± 0.012
0.337 ± 0.003
-

0.603 ± 0.004
0.506 ± 0.001
0.350 ± 0.005
-

0.601 ± 0.002
0.503 ± 0.002
0.397 ± 0.003
-

Group 2

CAD

0.277
0.187

0.429
0.349
0.267
0.183

0.430
0.350
0.268
0.183

0.355
0.271
0.185

0.186

0.415
0.340
0.261
0.179

0.448
0.341
0.261
0.180

0.422
0.344
0.265
0.181

0.423
0.346
0.264
0.180

0.424
0.346
0.266
0.182

Dry-weighing

0.255 ± 0.002
0.162 ± 0.003

0.362 ± 0.003
0.303 ± 0.002
0.235 ± 0.002
0.166 ± 0.001

0.371 ± 0.002
0.308 ± 0.001
0.242 ± 0.002
0.161 ± 0.002

0.303 ± 0.001
0.238 ± 0.001
0.166 ± 0.001

0.169 ± 0.003

0.337 ± 0.001
0.278 ± 0.004
0.222 ± 0.002
0.156 ± 0.002

0.345 ± 0.002
0.283 ± 0.002
0.224 ± 0.001
0.155 ± 0.003

0.364 ± 0.003
0.297 ± 0.006
0.242 ± 0.002
0.154 ± 0.001

0.356 ± 0.002
0.294 ± 0.002
0.227 ± 0.001
0.163 ± 0.001

0.360 ± 0.009
0.284 ± 0.002
0.231 ± 0.001
0.157 ± 0.002
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and re-entrant angle increased, the struts tended to increase in diameter (Table 4.2). 
This same trend could, however, not directly be observed in the accompanying relative 
density values (Table 4.1).

4.3.2. Mechanical properties 

Not all the designs showed the typical stress-strain curve frequently seen in porous 
biomaterials [32]. In general, all specimens exhibited the initial linear region, but the 
subsequent plateau region and the typical fluctuations were not as clear (Figure 4.3). 
When present, the level of fluctuations decreased as the relative density increased. The 
final densification phase could not be clearly observed. The level of the variations in 
the stress-strain curves of the same experimental group usually increased substantially, 
once the maximum stress was reached (Figure 4.3). 
 Different failure modes could be observed during the compression tests, for 
which three distinctions were made (Figure 4.3). Specimens of the different groups 
failed through one of the three failure mechanisms: 1. densification, 2. the formation 
of a diagonal shear band, or 3. the successive collapse of the layers perpendicular to 
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Figure 4.2: The mean pore size vs. porosity duos that were attained for group 1, ± SD. The numbered data points 

in the graph correspond to the 3D models that could be derived from the micro-CT images. The green area shows 

the desired spectrum in which bone tends to grow [41-45]. 
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Table 4.2: The strut thickness values for group 1 measured in the CAD file and obtained from the micro-CT 

images, presented as mean ± SD.

the loading direction. These numbers correspond to the numbers presented in figure 
4.3, to match a stress-strain profile with the observed failure mode. The type of failure 
mode changed in the abovementioned order as the aspect ratio and re-entrant angle 
increased (Figure 4.3). Having reached the final failure mode, the frequency of the 
fluctuations increased with the re-entrant angle. In cases where the stress-strain curve 
pointed at densification, the specimens finally showed a diagonal crack upon failure, 
similar to a solid part [33]. Furthermore, most specimens with high values of relative 
density failed through the formation of a diagonal shear band while the fluctuations 
in the stress-strain curves obtained for the specimens with low values of the relative 
density clearly pointed towards the collapse of individual layers (Figure 4.3). 
 Some of the stress-strain curves of the specimens from group 2 also showed an 
abrupt drop to zero stress at ≈ 5% strain (Figure 4.3g and 4.3j). The corresponding DIC 
images (Figure 4.4) showed that the peak values of the horizontal strain are measured 
at the bottom of the specimens, right before failure. In general, these horizontal 
strain patterns showed positive strain in the vertices and the vertical struts, while the 

Design 

0.5  -5  -  0 .30
0.5  -  5  -  0 .20

1 .0 -  5  -  0 .50
1 .0 -  5  -  0 .40
1 .0 -  5  -  0 .30
1 .0 -  5  -  0 .20 

1 .0  -  10 -  0 .50
1 .0 -  10 -  0 .40
1 .0 -  10 -  0 .30
1 .0 -  10 -  0 .20

1 .0 -  15  -  0 .40
1 .0 -  15  -  0 .30
1 .0 -  15  -  0 .20

1 .0 -  20 -  0 .20 

Group 1

CAD

1131
910

1113
934
825
660

1049
919
779
624

853
726
583

536

Micro-CT

1205 ± 331
901 ± 270

1113 ± 311
925 ± 281
741 ± 244
553 ± 199

1013 ± 309
815 ± 277
664 ± 233
515 ± 188

870 ± 287
689 ± 241
519 ± 163

649 ± 186

Design 

1 .5  -  5  -  0 .50
1 .5  -  5  -  0 .40
1 .5  -  5  -  0 .30
1 .5  -  5  -  0 .20

1 .5  -  10 -  0 .50
1 .5  -  10 -  0 .40
1 .5  -  10 -  0 .30
1 .5  -  10 -  0 .20

1 .5  -  15  -  0 .50
1 .5  -  15  -  0 .40
1 .5  -  15  -  0 .30

1 .5  -  20 -  0 .50
1 .5  -  20 -  0 .40
1 .5  -  20 -  0 .30

1 .5  -  25  -  0 .50
1 .5  -  25  -  0 .40
1 .5  -  25  -  0 .30

Group 1

CAD

918
798
673
538

879
764
645
515

825
719
609

793
692
584

720
629
533

Micro-CT

902 ± 234
764 ± 207
604 ± 182
477 ± 156

904 ± 234
752 ± 203
626 ± 201
592 ± 206

967 ± 226
908 ± 234
653 ± 184

1004 ± 217
886 ± 202
665 ± 182

986 ± 188
850 ± 187
727 ± 174



MECHANICAL PERFORMANCE OF AUXETIC META-BIOMATERIALS 

87

A

B G

C

D

H

I

J

1

2

3

3

2

E

ε

ε

ε

ε

ε

ε

ε

ε

ε

F

ε

1

Figure 4.3: The average stress-strain curves of group 1 (a-e) and group 2 (f-j). The two designs with, respectively, 

the highest and lowest value of relative density have been shown. 
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diagonal struts experience negative values of strain. Moreover, strain concentrations 
could be found throughout the porous structures, in the earlier phases of deformation. 
 Except for the negative Poisson’s ratio (NPR), all other mechanical properties 
were found to increase with the relative density (Figure 4.5). The NPR increased with 
the re-entrant angle and decreased with the aspect ratio. A range of Poisson’s ratios was 
obtained, varying between 0.052 ± 0.0033 for the highest values of the relative density 
to –0.211 ± 0.0145 for the smallest values of the relative density. A lateral contraction 
could be observed in response to axial compression, in the specimens with a negative 
Poisson’s ratio (Figure 4.3j-3 and Figure 4.7a-b). The observed trends were similar to 
those obtained in the FE models and the absolute values could be closely predicted 
for the smallest values of the relative density, except for the Poisson’s ratio where the 
prediction errors were larger (Figure 4.7). 
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Figure 4.4: Strain maps obtained with DIC, numbers correspond to the numbers presented in Figure 4.3f, g and 

j, respectively. 
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The elastic modulus, or quasi-elastic gradient, of the auxetic meta-biomaterials was 
found to vary in the range of 84.2 ± 5.2 MPa to 11.1 ± 0.3 GPa for relative density values 
between 0.14 and 0.60 (Figure 4.6). According to the FE model, the elastic modulus 
decreases with the re-entrant angle and increases with the aspect ratio (Figure 4.7d). 
Similar results were found in the experiments (Figure 4.6a-b), although this did not 
hold for all of the designs. A deviation from this rule seems to occur in the designs 
with a re-entrant angle above ≈ 15 degrees. In these cases, the structures were suddenly 
much stiffer than their counterparts with slightly smaller angles (Figure 4.6a-b, 
4.7d). The same phenomenon can be observed in the graphs on the yield strength, 
or compressive offset stress. The values varied between 6.9 ± 0.2 and 279.9 ± 7.1 MPa 
for the aforementioned range of relative densities (Figure 4.6c-d). The auxetic meta-
biomaterials exhibited a first maximum compressive strength (FMCS) between 18.8 ± 
0.7 and 400.4 ± 31.9 MPa, and a plateau stress ranging from 10.9 ± 1.0 to 301.5 ± 22.8 MPa. 
Both properties were found to decrease with aspect ratio, at least for the specimens in 
group 1 (Figure 4.6e-h). The relatively high standard deviations measured for those 
values make it difficult to draw decisive conclusions regarding their dependency on the 
re-entrant angle. The exponents of the Ashby power law were calculated for the elastic 
moduli using the aforementioned 70 GPa bulk modulus [34]. The data on the elastic 
moduli for group 1 could be fitted with values varying between 1.86 and 5.00, while 
the exponent for sample group 2 ranged between 2.15-4.19 (no figure). The exponent 
increased as the aspect ratio and relative density decreased (no figure).
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Figure 4.5: The experimental Poisson’s ratio values of group 2, as a function of relative density, ± SD. 
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Figure 4.6: The experimental mechanical properties as a function of relative density, ± SD. The elastic modulus of 

group 1 (a) and 2 (b), the yield strength of group 1 (c) and 2 (d), the first maximum compressive strength of group 

1 (e) and group 2 (f), and the plateau stress of group 1 (g) and 2 (h). 
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Figure 4.7: Representative FE model of the specimens in group 1, including the deformation and horizontal strain 

results (right, scale factor 5). (b) Similar to (a) for group 2. (c) Experimental and computational Poisson’s ratio 
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4.4. Discussion

In this study, a wide range of auxetic meta-biomaterials were designed and additively 
manufactured. Variations in mechanical properties were achieved by changing the 
geometrical parameters and the overall relative density of the specimens. The results 
of the morphological and mechanical characterization form a promising basis towards 
the final application of auxetic meta-biomaterials in orthopedics.

4.4.1. Morphology and requirements for bone-mimicking biomaterials

The micro-CT data were used for further comparison in group 1. The specimens in 
group 2 were not designed to meet the requirements for bone tissue regeneration, and 
will, therefore, not be evaluated on their bone-mimicking properties. In terms of the 
relative density, the specimens in group 1 showed some differences from their design 
values. Their small unit cell size, and the accompanying strut thicknesses, pushed the 
limits of the SLM process. As a result, the printed specimens can deviate from their 
CAD file due to certain geometrical imperfections (e.g., strut thickness heterogeneity, 
overmelting and bulky vertices/joints) [35-37]. Modulated energy delivery has been 
proven the best option for the printing of fine details and could maybe change the 
limits of the process [38]. Unfortunately, this option was not explored here. The degree 
of smoothening resulting from the chemical etching process depends on the surface 
to volume ratio of the specimen and, thus, the type of unit cell. To what extent the 
surface of the specimens was actually smoothened has not been determined. The 
relative density of the specimens in group 2 is clearly less affected, probably as a direct 
consequence of the bigger unit cell size. 
 Most of the absolute values of the relative density fell within the range of those 
reported for optimal bone growth (< 0.55 RD). Since the design of porous biomaterials 
needs to be simultaneously optimized for mechanical functionality and biological 
efficiency, the literature is not unanimous about the most optimal relative density 
for bone ingrowth. Furthermore, bone is a hierarchical structure and its properties 
highly depend on the anatomical location and the patient’s attributes (e.g., age, health, 
and activity) [39, 40]. That being said, given the wide range of the obtained relative 
density values, the studied auxetic meta-biomaterials could be used for a variety of 
applications. 
 The mean pore size ranged between ≈ 800 μm and ≈ 3100 μm, covering only a 
small portion of the bone regenerative spectrum. However, the ideal pore size for bone 
tissue regeneration is yet to be determined, and great differences have been found 
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between the in vitro and in vivo optima [41]. Most studies recommend pore sizes between 
300 μm and 800 μm to facilitate the diffusion of nutrients and enable the formation 
of capillaries [41-45]. Smaller pores, on the other hand, better accommodate cell 
attachment [43, 46]. The curvature-driven effects found by Rumpler et al. support this 
observation, since smaller pores have a higher average curvature and would, therefore, 
enhance the deposition of de novo bone tissue [46]. Larger pores are expected to be 
more beneficial in later stages to avoid pore occlusion and facilitate cell growth [41, 43]. 
Functionally graded scaffolds could, therefore, provide both ideal cell attachment sites 
and sufficient space for further proliferation and growth. In that regard, the wide pore 
size spectrum in this study could be used to form a graded structure. Subsequently, the 
design and processing parameters could be adjusted to approach other desirable pore 
sizes (e.g., those of Trabecular Titanium (640 μm) [47] and Trabecular metal (± 440 
μm) [48]).

4.4.2. Topology-property relationships

The stress-strain curves showed that there are large variations in the mechanical 
behavior and ultimate failure modes of the specimens from different groups. Further 
compression of the specimens would most likely have resulted in the, currently lacking, 
densification phase. Some of the curves did show densification, but without a plateau 
phase. According to Gibson and Ashby, these specific cellular solids go through early 
densification [34]. This can be explained by their high relative density and/or their low 
aspect ratio, which causes their cell walls to touch at lower strains. The fluctuations 
corresponded with the collapse of successive layers, in which the layer containing 
the weakest link collapses first. The sudden drops at ≈ 5% strain correspond with the 
failure of the vertical struts being in contact with the bottom compression platen. The 
slenderness of these struts, and thus their tendency to fail, depends on the geometrical 
parameters and the number of the unit cell layers that could be fitted in a 25 × 25 × 25 
mm cube. 
 The mechanical properties of porous meta-biomaterials are often considered 
independent of the unit cell size, as long as the relative density is kept constant [18, 49]. 
Even though this assumption is not 100% accurate, particularly for bending-dominated 
unit cells such as the ones considered here, it is often a good first approximation that 
allows us to discuss both experimental groups together. 
 The sudden shift in the mechanical properties at a re-entrant angle of ≈ 15 
degrees is most likely a direct consequence of the inferior print quality of horizontal 
struts [50-52]. In specimens with a relatively small re-entrant angle, the angle of the 
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inclined struts with the powder bed significantly decreases. Those struts will, therefore, 
be printed with higher internal porosities [52]. The micro-CT images show that the 
struts indeed become more irregular and oval-shaped below a re-entrant angle of ≈15 
degrees. Additionally, the inverted vertices are more likely to touch and fuse with a 
re-entrant angle above ≈ 15 degrees, potentially increasing the overall stiffness as well. 
Consequently, the mechanical properties may have been affected by the difference in 
build orientation between groups and within group 2 [52]. In this case the quality of 
the vertical struts may have become inferior to the inclined struts. The relatively high 
values of the power law exponents show that the stiffness of these meta-biomaterials 
is very sensitive to the relative density. 
 The measured Poisson’s ratio values suggest that the auxetic meta-biomaterials 
with this type of unit cell can give both an auxetic and a non-auxetic response. The 
re-entrant hexagonal honeycomb mainly deforms by hinging of its ribs, and if the 
thickness of the struts increases, and vertices gain volume due to an increased melt 
pool, this will become more difficult [51, 53-56]. As a result, the high relative density 
specimens were unable to exhibit a negative Poisson effect [57]. The auxetic effect can, 
therefore, only be guaranteed below a relative density of 0.40. 
 The resulting Young’s modulus – Poisson’s ratio duos have been presented 
in Figure 4.6. The negative correlation follows the shape of the outer bounds of the 
feasible elasticity tensors calculated by Hashin & Shtrikman [58]. However, it has been 
proven very difficult to attain these bounds, especially for negative Poisson’s ratio 
materials [59]. Anisotropic, or transversely isotropic materials in this case, should in 
theory be able to reach or even surpass these limits. Their appearance is yet another 
limitation, since lattice structures, like the ones proposed here, exhibit much lower 
stiffness than sheet-based, closed-cell structures. In this particular case, it would be 
wise to pursue bigger aspect ratios to improve the stiffness given a certain NPR.  
 The obtained mechanical properties largely overlap with the apparent bone 
tissue properties reported in literature. The mechanical properties of trabecular bone 
vary significantly and there are great intra- and inter-subject differences [39, 40]. 
According to Goldstein, the elastic modulus of trabecular bone varies between 1.1 MPa 
and 2.9 GPa depending on the anatomical location and the testing conditions [40]. Rho 
et al. reported a somewhat larger range of 1 to 20 GPa, covering both trabecular and 
cortical bone, but this was partly based on hypotheses [39]. In general, the stiffness of 
cortical bone is higher, but the designs in this study definitely cover the lower end of this 
spectrum [60-62]. The measured yield strength and FMCS values closely resemble the 
values measured for the (yield) strength of trabecular and cortical bone [40, 62]. With 
these mechanical properties we will be able to mimic the mechanical environment of 
the native bony tissue, to stimulate osseointegration and contribute to a mechanically 
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stable bone-implant interface [63, 64]. 
 A number of unit cells have been considered as bone-substituting meta-
biomaterials, e.g., the diamond, cube, rhombic dodecahedron, and truncated 
cuboctahedron [23, 65-67]. Unlike the auxetic meta-biomaterials studied here, these 
unit cells exhibit a positive Poisson’s ratio [66]. In terms of the mechanical properties, 
the re-entrant hexagonal honeycomb can easily compete with other bending-
dominated unit cells (i.e., diamond, rhombic dodecahedron, truncated cuboctahedron) 
of the same relative density [66]. They could, therefore, be perfectly combined to form 
hybrid meta-biomaterials, similar to those presented by Kolken et al. [6].

4.4.3. Challenges and limitations

With conventional production techniques, these microscale, complex geometries 
cannot be manufactured. Even with the state-of-the-art AM techniques, it remains a 
challenge to fabricate auxetic meta-biomaterials. This is not only a direct consequence 
of the printing resolutions (smallest feature sizes: ± 200 μm)[56], but also highly 
depends on the geometry of the printed construct. About half the struts of the re-
entrant hexagonal honeycomb may create critical ‘overhangs’, depending on the unit 
cell size, and will need to be supported to obtain a successful print [51, 68]. Together 
with the layer-by-layer build-up of each specimen and the build orientation used, inter- 
and intra-batch variations are inevitable [52, 69, 70]. In this study, all of the specimens 
of a respective design were discarded, and re-printed once outliers were found. This 
resulted in specimens of different groups being manufactured in multiple batches. 
The inevitable variations between different production batches could affect the final 
results. 
 The FE models could very well predict the above-mentioned trends for the 
stiffness and the Poisson’s ratio, especially for the smaller values of relative density. 
However, like other studies [71, 72], the values started to deviate above a relative density 
of a ± 0.2. The Timoshenko beam elements in the FE model significantly reduced 
computation time, but the assumptions made are not valid for non-slender beams, 
such as the struts of the structures with high values of relative density. Despite the 
accurate predictions found by Smith et al. [73], this could have affected the numerical 
values. Moreover, the manufacturing irregularities caused by the AM processes could 
result in significant deviations of the FE results from those observed experimentally 
[74]. Artefacts like internal porosity, surface roughness, and residual stresses were not 
accounted for in the FE models [56]. Additionally, the assumption of an isotropic, as-
manufactured Ti-6Al-4V ELI modulus (70 GPa) was used to model the auxetic meta-
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biomaterials. This value is significantly lower than the average post-processed AM TI-
6Al-4V ELI stiffness (107 - 122 GPa) [75] and might be the reason for underestimating 
the stiffness at the higher values of relative density. Furthermore, the directional 
solidification during printing probably resulted in a more anisotropic material profile 
[76]. More research will be necessary to see whether this material profile will actually 
improve the FE predictions.

4.4.4. Potential applications and future research 

The spatially varying structure of bone is very difficult to mimic, but with the extensive 
design freedom presented here, the possibilities are endless. Bone-mimicking scaffolds 
would be one out of many potential applications that could benefit from this class of 
meta-biomaterials. It is important to note that trade-offs should be made concerning 
certain properties. A high stiffness is generally the result of a high relative density, and, 
thus, a low porosity. As such, the pore size would be small enough to stimulate bone 
growth, but the bulky struts will hinder the Poisson’s effect. An NPR scaffold should 
therefore be carefully designed using the right combination of geometrical parameters. 
The extent to which the auxetic effect is desired will, therefore, be of great importance. 
The biological response in terms of bone tissue regenerative performance should also 
be assessed in future studies. Some preliminary research has shown that NPR scaffolds 
can effectively improve initial bone-cell proliferation, as compared to scaffolds with a 
positive Poisson’s ratio [77]. 
 Many bone repair sites experience cyclic loading, which means a significant 
fatigue life is critical for the performance of these scaffolds. The fatigue behavior of 
auxetic meta-biomaterials should, therefore, be studied as well. Chemical etching 
processes could also be applied to improve the fatigue lives of auxetic meta-biomaterials 
by reducing stress concentrations and surface roughness [78]. Other post-processing 
techniques, such as heat treatment, could improve both the mechanical performance 
and bone regeneration performance of AM porous biomaterials [79], and should, 
therefore, be considered in future studies.     
 In addition to the anisotropy caused by the printing process, the re-entrant 
hexagonal honeycomb unit cell itself is also transversely isotropic. The mechanical 
response of these auxetic meta-biomaterials is, therefore, not only direction-dependent 
in terms of stiffness and strength, but also in terms of its Poisson’s ratio. Irregularly 
shaped defects, or rounded defects such as the acetabulum, are therefore more difficult 
to treat.
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4.5. Conclusions

We studied the mechanical performance of auxetic meta-biomaterials designed using 
the re-entrant hexagonal honeycomb unit cell with different design parameters and, 
thus, values of the elastic modulus and negative Poisson’s ratio. Over 300 specimens 
were additively manufactured and evaluated on their ability to function as orthopedic 
implants. Most of the absolute values of the relative density fell within the range of 
those reported for optimal bone growth (< 55% RD). With stiffness values between 
84.2 ± 5.2 MPa and 11.1 ± 0.3 GPa and yield strengths between 6.9 ± 0.2 MPa and 279.9 
± 7.1 MPa, the studied auxetic meta-biomaterials perform in the range of properties 
reported for bone. A trade-off should be made if one were to obtain a high stiffness 
and a negative Poisson’s ratio, but pursuing bigger aspect ratios may be the best option 
to strike the right balance between both of these criteria. The data presented here 
could pave the way for the application of the unprecedented properties of auxetic 
meta-biomaterials to simultaneously address multiple mechanical design challenges 
of orthopedic implants. These would include the prevention of the stress shielding 
phenomenon, offering mechanical support, and generating compressive stresses at 
the entire bone-implant interface. Ultimately, however, it is important to also study 
the dynamic behavior and biological performance of auxetic meta-biomaterials, before 
they could be used in clinical settings.  
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Abstract

Meta-biomaterials offer a promising route towards the development of life-lasting 
implants. The concept aims to achieve solutions that are ordinarily impossible, 
by offering a unique combination of mechanical, mass transport, and biological 
properties through the optimization of their small-scale geometrical and topological 
designs. In this study, we primarily focus on auxetic meta-biomaterials that have the 
extraordinary ability to expand in response to axial tension. This could potentially 
improve the longstanding problem of implant loosening, if their performance can 
be guaranteed in cyclically loaded conditions. The high-cycle fatigue performance of 
additively manufactured (AM) auxetic meta-biomaterials made from commercially 
pure titanium (CP-Ti) was therefore studied. Small variations in the geometry of the 
re-entrant hexagonal honeycomb unit cell and its relative density resulted in twelve 
different designs (relative density: ≈ 5 - 45%, re-entrant angle = 10 - 25°, Poisson’s ratio 
= -0.076 to -0.504). Micro-computed tomography, scanning electron microscopy and 
mechanical testing were used to respectively measure the morphological and quasi-
static properties of the specimens before proceeding with compression-compression 
fatigue testing. These auxetic meta-biomaterials exhibited morphological and 
mechanical properties that are deemed appropriate for bone implant applications 
(elastic modulus = 66 - 5648 MPa, yield strength = 1.4 - 46.7 MPa, pore size = 1.3 - 2.7 
mm). With an average maximum stress level of 0.47 σy at 106 cycles (range: 0.35 σy - 0.82 
σy), the auxetic structures characterized here are superior to many other non-auxetic 
meta-biomaterials made from the same material. The optimization of the printing 
process and the potential application of post-processing treatments could improve 
their performance in cyclically loaded settings even further.
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5.1. introduction

The innovative design of orthopedic implants can play a major role in the improvement 
of their long-term performance. Total joint replacements are still considered one 
of the most successful surgical interventions, but the increasing prevalence of 
osteoarthritis among younger patients calls for a unique, improved approach [1, 2]. 
Meta-biomaterials are multi-physics metamaterials whose geometry and topology are 
architected to provide an unusual combination of mechanical, mass transport, and 
biological properties [3-5]. Advances in additive manufacturing (AM) have opened up 
new possibilities for the production of such complex micro-architectures. 
 Here, we will primarily focus on auxetic meta-biomaterials, which exhibit a 
negative Poisson’s ratio [6]. In contrast to conventional materials, these materials 
expand in response to axial tension. In a previous study, the concept of combining 
conventional and auxetic meta-biomaterials to design a hip stem was presented [5]. 
With the application of a negative Poisson’s ratio on the lateral side of the implant, 
compression was created along both of the implant’s contact lines with the surrounding 
bone. As a consequence of compressive loading, the risk of failure at the implant-bone 
interface is reduced. Moreover, bone will be actively remodeled according to Wolff’s 
law, thereby enhancing bony ingrowth, strengthening the implant-bone interface, and 
improving the implant longevity [5, 7]. 
 For such load-bearing applications in which the material is subjected to cyclic 
loading, it is important to study the fatigue behavior of AM meta-biomaterials [8]. There 
is currently only limited data available regarding the fatigue performance of auxetic 
structures [9, 10]. A comparison between auxetic and non-auxetic structures has shown 
that the re-entrant hexagonal honeycomb may exhibit superior fatigue strength [9, 11]. 
Additionally, auxetic foams have been found to exhibit enhanced energy dissipation 
behavior and dynamic crushing performance as compared to non-auxetic foams [12, 
13]. Despite the availability of such isolated studies, there is no experimental data 
available on the high-cycle fatigue behavior of AM auxetic meta-biomaterials based on 
the re-entrant hexagonal honeycomb unit cell and built from biocompatible metals. 
 We, therefore, studied the compression-compression fatigue behavior of 
directly printed auxetic meta-biomaterials made from commercially pure titanium 
(CP-Ti). Their potential as bone-substitutes was proven in a recent study on the quasi-
static mechanical properties of auxetic meta-biomaterials made from Ti-6Al-4V [14]. 
Despite its good biocompatibility and high strength-to-weight ratio, Ti-6Al-4V is quite 
brittle and contains several hazardous alloying components [15, 16]. CP-Ti, on the other 
hand, is very ductile. According to Wauthle et al., CP-Ti is a competitive biomaterial for 
the fabrication of load-bearing orthopedic implants [17]. That is partially due to its 
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high ductility, which helps in slowing down both crack initiation and crack propagation 
processes. Due to these advantages, CP-Ti was selected for the first ever study of the 
fatigue performance of AM auxetic metallic meta-biomaterials. 
 Since the dominant mode of musculoskeletal loading is compression, many 
studies have evaluated the compression-compression fatigue behavior of bone-
mimicking porous structures [17-22]. The same loading regimen was chosen here. 
Prior to fatigue tests, a thorough morphological characterization was performed using 
scanning electron microscopy (SEM) and micro-computed tomography (micro-CT). 
The morphological characterizations were followed by uniaxial compression tests, 
which were used to measure the quasi-static mechanical properties of the specimens.

5.2. Materials and methods

5.2.1. Design and additive manufacturing of auxetic meta-biomaterials

The negative Poisson’s ratio of auxetic meta-biomaterials based on the re-entrant 
unit cells depends on several geometrical parameters, such as the re-entrant angle (θ) 
and rib-length ratio (a/b) [6, 14]. Based on the data published earlier [14], four unit 
cell types (A-D) were chosen (Figure 5.1). The re-entrant hexagonal honeycomb was 
implemented with an aspect ratio of 1.0 and 1.5, each combined with two different re-
entrant angles (10, 15, 20, and 25°, respectively) and a uniform cell height of 2.5 mm. 
These unit cell types were used to build cylindrical specimens (filling a cylinder of Ø 25 
mm and h = 37.5 mm). By varying the strut thickness, three different relative densities 
(≈ 5%, ≈ 25%, and ≈ 45% RD) were obtained. As a result, 12 different designs were 
prepared for production (Table 5.1). Based on the analytical relationships presented by 
Hedayati and Ghavidelnia, these structures should exhibit a Poisson’s ratio in the range 
of -0.076 to -0.504 [23]. 
 All designs were directly printed using CP-Ti powder (3D Systems, Leuven, 
Belgium) (Figure 5.1). The chemical composition of this specific grade of powder 
complies with ASTM F67, ASTM B265, ASTM B348, ISO 5832-2 and ISO 13782 standards. 
The samples were manufactured by laser powder bed fusion using a DMP Flex 350 
machine with DMP Control Software (3D Systems, Leuven, Belgium). A layer thickness 
of 30 micron was used. The structures were built laying down, at a 10-degree angle 
with respect to the build plate, to make sure overhang structures could be printed 
without the need for internal supports. The down-facing side was supported along the 
complete length of the cylinder. For each design, 30 specimens were printed, which 
were manually removed from the build plate. To remove the excess powder particles, 
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the structures were ultrasonically cleaned in 96% ethanol. 

5.2.2. Morphological characterization 

After manufacturing, the specimens were visually assessed on their print quality. 
The structures with a relatively high density (with thicker struts) exhibited signs of 
warping. Consequently, the outer ends of these cylinders were no longer parallel. To 
make sure the compression plates were in full contact with the specimens, both ends of 
the cylinder were turned on a lathe. The dry weighing technique was used to determine 
the as-manufactured relative density. The outer dimensions were, therefore, measured 
with a caliper, while a laboratory scale (Sartorius AG, Göttingen, Germany, 0.1 mg 

A

B

a/b=1.0  θ=10°

a/b=1.0  θ=15°
C

D

a/b=1.5  θ=20°

a/b=1.5  θ=25°

Strut thickness (mm) Pore size (mm)

Figure 5.1: The study outline showing the four different design types: A, B, C and D, the AM cylindrical specimens 

and their assessment using compression-compression fatigue testing, SEM imaging, and micro-CT scanning.
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accuracy) was used to weigh the specimens. The weight of the specimens was then 
divided by the weight of a solid CP-Ti object with similar dimensions and a density of 
4.51 g/cm3 [24]. 
 Additionally, the surface morphology and print quality of the auxetic meta-
biomaterials were assessed using an SEM (JSM-IT100LA, JEOL, Tokyo, Japan). With a 
beam energy of 10 - 20 kV and a working distance of 25 - 35 mm, one specimen of each 
design type was scanned for assessment. The strut thickness values were obtained at 10 
different locations, on either side of the specimens, resulting in 20 data points in total. 
The failure surfaces were studied in case the specimen broke apart, which was the case 
in the higher density specimens of design A and B. All specimens were photographed 
after fatigue failure.     
 Micro-CT is increasingly used for detailed three-dimensional characterizations 
of AM components [25]. In this study, micro-CT scanning was performed on one 
specimen of each design type using a Nanotom S system (GE, Boston, USA) (160 kV; 
300 μA; 0.5 mm copper beam filtration). The voxel size was set to 21.88 μm to fit the 
entire specimen in the field of view. A total of 4000 images were recorded in a full 
rotation, including image averaging and detector shift to enhance the image quality. 
Image processing and analyses were performed in Volume Graphics VGSTUDIO MAX 
3.4 (Volume Graphics GmbH, Heidelberg, Germany).  

Table 5.1: The designed and as-manufactured dimensions of the auxetic meta-biomaterials, designs A, B, C and D. 

Manual measurements have been presented as mean ± SD.

Type

A

B

C

D

RD (%)

CAD

4.6
24.1
42.7

5.4
25.4
45.5

2.9
24.6
43.2

3.4
17.5
32.5

Diameter (mm)

CAD

24.99
25.50
25.86

24.51
24.99
25.32

22.20
22.57
22.83

22.00
22.34
22.58

As-manufactured

25.26 ± 0.06
25.77 ± 0.07
26.00 ± 0.07

24.82 ± 0.05
25.20 ± 0.04
25.56 ± 0.10

22.51 ± 0.05
22.81 ± 0.05
23.06 ± 0.06

22.32 ± 0.05
22.59 ± 0.05
22.79 ± 0.04

Height (mm)

CAD

35.92
36.44
36.79

36.22
36.69
37.02

35.58
35.95
36.21

35.57
35.91
36.15

As-manufactured

35.83 ± 0.04
36.34 ± 0.07
35.89 ± 0.08

36.12 ± 0.03
36.55 ± 0.03
35.88 ± 0.05

35.51 ± 0.02
35.85 ± 0.05
35.09 ± 0.07

35.50 ± 0.01
35.81 ± 0.05
35.09 ± 0.07

Cum. deviation (mm)

Micro-CT

0.09
0.09
0.15

0.10
0.08
0.10

0.13
0.11
0.17

0.14
0.10
0.12
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Morphological data were acquired from a cylindrical region of interest (Ø 20 mm, 
h = 30 mm), to eliminate the edge effects. Basic material and pore fractions were 
calculated using the sub-voxel accurate surface determination. The local strut and 
pore sizes were determined using the wall thickness analysis (sphere) method. This 
method fits the largest sphere in the analysis region at each location and reports this 
value at all locations within the structure, in the form of a statistical representation of 
the local thickness (Figure 5.1) [26]. Recently, this method was applied to characterize 
lattice structures, highlighting the concept that some designs have multiple inherent 
pore sizes, which might be beneficial for bony growth [27]. It should be noted that 
the strut thickness analysis also measures the node regions, creating a bimodal 
distribution of thickness values. The statistical information is binned according to the 
local thickness across the entire structure. The same procedure was performed for the 
pore size analysis, giving an idea of the actual spherical pore size despite the highly 
interconnected nature of the pore spaces. This procedure was applied to the CAD 
files (.STL) as well as to the micro-CT scan data for direct comparison. The .STL files 
were, therefore, voxelized using the same voxel size as the scans, creating synthetic 
micro-CT data using the function “create volume from mesh”. The actual specimen 
(actual micro-CT data) could, therefore, be aligned to the CAD design using the best-fit 
alignment registration tool, which was done for all the analyses performed. To compare 
the overall design with the actual part, the nominal-actual comparison tool was used 
to obtain a statistical representation of the deviations at each location on the surface 
of the part. Additional high-resolution scans of the internal sections of the specimens 
were performed to better visualize the observed strut porosity. This was done at 10 μm 
voxel size, 100 kV, and 100 μA using a 0.5 mm copper filter. The quantification of the 
total porosity in the struts was performed in volume fraction values, and visualization 
in 3D images was done for a number of selected regions. Local porosity color coding 
was performed, highlighting the location of pore spaces. 

5.2.3. Mechanical testing  

The quasi-static mechanical properties of the auxetic meta-biomaterials were obtained 
using a mechanical testing machine (Zwick GmbH & Co. KG, Ulm, Germany) with 
a 250 kN load cell and a 0.5% crosshead accuracy. A tool steel plate, on either side 
of the specimens, prevented the machine platens from wearing. The specimens were 
preloaded (5 N) followed by axial compression for 15 mm with a deformation rate of 
2 mm/min. The resulting stress-strain curves were corrected for machine compliance, 
according to the ‘direct technique’ [28] and were used to obtain the mechanical 
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properties in accordance with ISO 13314:2011 [29]. The quasi-elastic gradient was 
calculated in the linear region at the beginning of the stress-strain curve and will from 
now on be referred to as the elastic modulus. The linear region is generally followed by 
the first local maximum of the stress-strain curve, corresponding to the first maximum 
compressive strength (FMCS). Due to the ductile behavior of CP-Ti, however, no 
such maximum was registered. The yield strength (σy), which is referred to as the 
compressive offset stress, was measured at 0.2% plastic compressive strain. A previous 
study on Ti-6Al-4V lattices assumed that the plateau stress was close to the concept of 
yield strength [20], but significant differences were found in a study on CP-Ti lattices 
[17]. The plateau stress (σp) was, therefore, calculated as well, as the arithmetical mean 
of the stresses between 20% and 30% compressive strains. 
 The protocols established in our previous studies regarding the mechanical 
behavior of bone-mimicking meta-biomaterials were used to perform the fatigue 
tests [17, 20-22]. The specimens were tested on their compression-compression 
fatigue performance, using a load ratio (R) of 0.1 and a frequency of 15 Hz (sinusoidal 
waveform) (Figure 5.1). For each type of auxetic meta-biomaterial, the fatigue tests 
were at least repeated at five different stress levels, resulting in fatigue lives in the 
range of 104 – 106 cycles. Two specimens of each design type were tested for each stress 
level. A third specimen was tested if the difference in the cycles to failure of these 
two specimens was more than 40% of their average. Stress and strain values could 
be calculated using the load and displacement values. Failure was considered to have 
occurred when the strain (ratcheting) rate showed a rapid increase, matching the 
abrupt strain jump in the strain vs. cycles graph. The slope of the graph (dε⁄dN) was, 
therefore, calculated and the first local maximum was found to correspond to the point 
of failure. In most cases, this also corresponded with the specimens losing 90% of their 
stiffness. The machine was stopped once the specimens reached 106 loading cycles 
(run-out specimens). With the fatigue life values and the maximum applied stress, 
the S-N curves could be obtained. The maximum applied stress values were divided by 
the respective yield strength, σy, and plateau stress, σp, to obtain the normalized S-N 
curves. 

5.2.4. Statistical analysis

Quantitative measurements were expressed as mean ± standard deviation (SD). 
A first order power law (axb) was fitted to the data points of each respective quasi-
static mechanical property. A similar power law was fitted to the fatigue data points 
normalized by the yield strength (excl. run-out specimens), either for all or for separate 
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Type

A

B

C

D

relative density values, depending on the coefficient of determination. This power law 
was then used to determine the maximum design stress at 104 and 106 cycles.

5.3. Results

5.3.1. Morphological characteristics

The architecture of the AM specimens generally matched their design, with no major 
unexpected features (Table 5.1). All struts were built successfully, and limited warping 
was observed. The higher density specimens that did show signs of warping were 
processed as described above. While the dimensions of the majority of the specimens 
lie within 0.10 mm of the intended design, this deviation increased with the relative 
density as well as with the aspect ratio. The biggest cumulated deviation was found 
for design C (RD = 42.2%) in which 90% of the part was found to lie within 0.17 mm 
of the CAD design (Table 5.1). The actual values of the relative density as measured by 
dry weighing and micro-CT imaging, ranged between 6.3% and 46.5% (Table 5.2). In all 
cases, the relative density values were higher than the designed values, with deviations 
increasing with the aspect ratio and re-entrant angle. A high repeatability in the overall 

Table 5.2: The morphological properties of the four different auxetic meta-biomaterials, designs A, B, C and D. 

The SEM data has been presented as mean ± SD, while the mode has been presented for the micro-CT data. 

RD (%)

CAD

4.6
24.1
42.7

5.4
25.4
45.4

4.9
24.6
43.2

3.4
17.5
32.5

Dry-weighing

7.49 ± 0.013
26.01 ± 0.26
42.23 ± 0.37

8.46 ± 0.14
28.27 ± 0.22
44.04 ± 0.46

9.32 ± 0.15
26.73 ± 0.19
42.06 ± 0.36

7.15 ± 0.12
20.10 ± 0.18
32.45 ± 0.24

Micro-CT

6.3
25.3
43.8

7.9
27.0
46.5

8.6
27.1
45.4

6.7
19.5
34.6

Strut thickness (mm)

CAD

0.346
0.871
1.209

0.362
0.832
1.163

0.261
0.628
0.894

0.236
0.580
0.823

Micro-CT

0.354
0.838
1.190

0.364
0.789
1.101

0.309
0.592
0.834

0.283
0.548
0.777

SEM

0.402 ± 0.02
0.884 ± 0.04
1.181 ± 0.02

0.392 ± 0.03
0.837 ± 0.03
1.211 ± 0.04

0.379 ± 0.03
0.647 ± 0.05
0.873 ± 0.03

0.371 ± 0.03
0.601 ± 0.04
0.827 ± 0.04

Pore size (mm)

CAD

2.800
2.302
1.930

2.620
2.144
1.818

1.943
1.585
1.317

2.312
1.972
1.730

Micro-CT

2.653
2.182
1.810

2.522
2.065
1.673

1.880
1.568
1.322

2.165
1.568
1.322
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relative density (< 2%) was achieved, with the biggest variations measured in the lower-
density specimens. The strut thickness values ranged between 0.28 and 1.21 mm, while 
the mean pore size was found to vary between 1.32 and 2.65 mm (Table 5.2). In general, 
the strut thickness of the lower-density specimens increased as compared to their CAD 

SED  10.0 kV  WD 25 mm  x27 500 μm SED  10.0 kV  WD 25 mm  x75           200 μm SED  10.0 kV  WD 25 mm  x250        100 μm 

SED  10.0 kV  WD 30 mm  x15        500 μm SED  10.0 kV  WD 30 mm  x15        500 μm SED  10.0 kV  WD 30 mm  x20        500 μm 

L

 
       0.40 mm 

 
   Porosity (%) 50         40          30          20         10          0 

 

 
   Porosity (%) 50         40          30          20         10          0 

 

 
       0.40 mm 

 
       0.40 mm 

 
   Porosity (%) 50         40          30          20         10          0 

 
       0.40 mm 

 
       0.40 mm 

 
       0.40 mm 

A

B

C

D

Figure 5.2: (a) The structure and surface of design A (RD = 42.2%) observed using SEM at ×27, ×75, and ×250. (b) 

The structure and surface of design D (RD = 32.5%) observed using SEM at ×15 and ×20. (c) The inside morpho-

logy of, from left to right, design A (RD = 7.5%), design A (RD = 42.2%) and design D (RD = 32.5%) imaged using 

micro-CT. (d) The local average porosity of the designs presented in (c) imaged using micro-CT. 
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designs, while the struts of the higher-density specimens lost some of their thickness. 
In general, the pore size values were smaller than the designed values. 
 Some microstructural imperfections were found on the surface as well as in 
the interior of the struts (Figure 5.2). Superficial pores were found on the surface of the 
higher density specimens (Figure 5.2a) and a clear difference in surface roughness was 
observed between downward- and upward-facing surfaces with respect to the build 
plate (Figure 5.2b). Adhering powder particles were primarily present on supported 
surfaces facing the build plate (Figure 5.2b). The local strut porosity was visualized 
using micro-CT (Figure 5.2c-d), showing areas of high porosity surrounded by a more 
solid shell. Design A (RD = 42.2%) was found to have an average internal porosity of 
20.3% in the volume fraction that was considered, whereas design D (RD = 32.5%) 
shows a thicker shell with an average porosity of 12.3%. Lower density specimens, like 
design A (RD = 7.5%), were less affected by these imperfections (Figure 5.2c-d).

5.3.2. Quasi-static mechanical properties 

While most porous biomaterials show a typical stress-strain curve, including the initial 
linear region, plateau phase and final densification, these phases are not always as 
apparent in this type of auxetic meta-biomaterial [14, 30]. The lower density specimens 
(Figure 5.3a) exhibited the typical linear region, followed by a plateau phase with a high 
frequency of fluctuations. The amplitude of the fluctuations decreased with the relative 
density, almost disappearing in designs A and B (Figure 5.3b). The final densification 
phase, showing a steep increase in the stress, was visible at a relative density of ≈ 27% 
for designs A and B. Increasing the relative density advanced the onset of this final 
stage, which was also visible for design C (for a relative density of 42.0%) (Figure 5.3b-
c). 
 All mechanical properties were found to increase with relative density (Figure 
5.3d-f). The elastic modulus of the auxetic meta-biomaterials was found to vary between 
66.31 ± 1.92 MPa and 5648 ± 1433 MPa for relative density values ranging between 7% and 
44% (Figure 5.3D). The yield strength of the auxetic meta-biomaterials varied between 
1.4 ± 0.04 MPa and 46.70 ± 0.62 MPa for the aforementioned range of relative density 
(Figure 5.3e). The stiffness and strength of the structures were found to increase with 
the aspect ratio and decrease with the re-entrant angle, with the highest values found 
for design C and the lowest for design B. With values ranging between 0.65 ± 0.03 MPa 
and 164.60 ± 4.66 MPa, the plateau stress was found to decrease with aspect ratio and 
increase with re-entrant angle. However, some of these relations only seem to become 
apparent for higher values of the relative density.
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Table 5.3: (a) The stress-strain curves of the auxetic meta-biomaterials with (a) ≈ 5% relative density, (b) ≈ 25% 

relative density, (c) ≈ 45% relative density, and their mechanical properties; (d) elastic modulus, (e) yield strength 

and (f) plateau stress together with the fitted power laws. 

5.3.3. Fatigue behavior

The results of the compression-compression fatigue tests are presented as S-N curves, 
both for absolute (Figure 5.4a) and normalized stress values (Figure 5.5). Some of the 
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strain vs. cycles graphs have been presented in Figure 5.4b, showing the typical three-
stage fatigue behavior of porous metals [31]. In the first stage (I), the strain slowly 
increased until reaching the second stage (II) at ≈ 102 cycles, in which there is hardly 
any build-up of strain. In the third stage (III), the strain accumulates very rapidly, 
exhibiting the highest derivative of strain and the specimen finally fails. Atypical 
fatigue behavior was observed for some of the higher-density designs, including 
design A (RD = 42.2%) and design B (RD = 28.3%, 44.0%) (Figure 5.4b, bottom). These 
specimens exhibited multiple strain jumps. Based on the strain vs. cycles graphs and 
visual inspection of the specimens, failure was assumed at the first local maximum of 
dε⁄dN after stage II (circles, Figure 5.4b). The fatigue lives increased by decreasing 
the applied stress level. The order of the absolute S-N curves matched the order of 
the yield stress values with the relative density (Figure 5.3e and 5.4a). For designs A 
and B, a first order power law could be fitted to the S-N datapoints normalized with 
respect to the yield strength. With a fairly high coefficient of determination, R2 = 0.888, 
the specimens of design A exhibited a maximum design stress of 0.429 σy at 106 cycles 
(Figure 5.5a). The high relative density specimens of design B (RD = 44.0%) started to 
deviate from the collective power law, resulting in a coefficient of determination of R2 

= 0.663 and a maximum design stress of 0.501 σy at 106 cycles. No power law could be 
fitted to the S-N data points of designs C and D. An average maximum design stress 
of 0.47 σy was found at 106 loading cycles. The individual power law for each of the 
data series (corresponding to the twelve designs) are presented in Table 5.3, with very 
high coefficients of determination. Differences were especially visible at 104 cycles, but 
at 106 cycles the higher density specimens (≈ 45% RD) of designs C and D withstood 
significantly higher normalized stress values (Figure 5.5a). An increase in the aspect 
ratio decreased the normalized stress within the low cycle regime, while significantly 
increasing the stress for high cycle fatigue. Considering the latter, an increase in the 
re-entrant angle decreased the maximum design stress. When normalized with respect 
to the plateau stress, the S-N curves showed significantly higher values for the lower 
density specimens of all designs (Figure 5.5b). The differences were small for the higher 
values of the relative density but become more apparent in designs C and D. A larger 
aspect ratio resulted in a higher maximum design stress. 
 The photographs that were taken after fatigue failure show that the struts 
in the lower density specimens primarily deform by bending, leading to a layer-by-
layer collapse (Figure 5.6a-b). Increasing the relative density changes the deformation 
mechanism towards densification and shear. Designs A and B were found to deform 
and fail completely through all their layers (Figure 5.6a), while designs C and D showed 
a more isolated collapse of layers (Figure 5.6b). The hinging of the inverted struts in 
designs A and B resulted in them touching the inverted struts on the opposite side. The 
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Figure 5.4: (a) The absolute S-N curves of all the specimens (grouped per relative density class). The run-out 

specimens have been noted by stars. (b) A representative strain vs. cycles curve for each relative density class, 

from top to bottom, design A (RD = 7.5%), design D (RD = 20.1%), and design B (RD = 44.0%). The three-stage 

fatigue behavior has been indicated by I, II and III, and the failure points have been noted by circles. 

Figure 5.5: The S-N curves normalized with respect to their (a) yield and (b) plateau stresses. A first order power 

law could be fitted to the datapoints of designs A and B. Run-out specimens have been noted by stars. 
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SEM images taken after failure showed a significant internal porosity in the higher-
density specimens, with clear fatigue striations and cracks initiating from the void 
spaces (Figure 5.6c). Failure was primarily found to occur at the strut junctions, in 
relatively straight lines (Figure 5.6d). The highest values of the internal porosity were 
generally found in the struts built close to the horizontal (at 10 degrees with respect to 
the build plate).

5.4. Discussion

In this study, four different types of auxetic meta-biomaterials (each of which with three 
different values of the relative density) were designed and additively manufactured. 
From previous studies, we know that the quasi-static mechanical properties of these 
designs are vastly different, given the difference in their geometries [6, 14]. The fatigue 
performance of such materials, on the other hand, had never been experimentally 
explored. The results of this study, therefore, form a promising basis for the application 
of auxetics in dynamically loaded settings. 

Table 5.3: The power laws fitted to the normalized S-N curves for all the auxetic meta-biomaterials studied here. 

Type

A

B

C

D

RD (%)

7.5
26.0
42.2

8.5
28.3
44.0

9.3
26.7
42.0

7.2
20.1
32.5

Fitted power law

5.74 · N-0.188

6.09 · N-0.196

6.96 · N-0.185

7.70 · N-0.213

7.19 · N-0.201

65.46 · N-0.372

5.51 · N-0.198

10.16 · N-0.223

5.21 · N-0.134

5.34 · N-0.197

10.76 · N-0.240

7.65 · N-0.178

R2 value

0.98
0.98
0.97

0.97
0.99
0.97

0.98
0.92
0.94

0.99
0.96
0.91

Stress level 
at 104 cycles

1.020 σy

0.998 σy

1.210 σy

1.087 σy

1.131 σy

2.136 σy

0.889 σy

1.299 σy

1.522 σy

0.870 σy

1.181 σy

1.480 σy

 
at 106 cycles

0.430 σy

0.404 σy

0.516 σy

0.409 σy

0.448 σy

0.386 σy

0.357 σy

0.465 σy

0.823 σy

0.351 σy

0.391 σy

0.651 σy

Fatigue strength (MPa)
at 106 cycles

0.596
6.615
16.317

0.582
7.163
12.466

1.333
12.510
38.423

0.687
5.903
18.732
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TU Delft    SED 20.0 kV   WD 32 mm   x17                             500 μm TU Delft    SED 15.0 kV   WD 19 mm   x22    500 μm

TU Delft    SED 15.0 kV   WD 10 mm   x200            100 μmTU Delft    SED 10.0 kV   WD 34 mm   x43  500 μm

A

B

D

C

Figure 5.6: Specimen appearance after fatigue testing. The deformation after failure of (a) design A (RD 

= 7.5%, 26.0% and 42.2%), and (b) design C (RD = 9.3%, 26.7% and 42.0%). (c) The SEM images showing 

the internal strut porosity and crack initiation from the voids. (d) The occurence of macro-cracks at the 

strut junctions.
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5.4.1. Morphological properties 

The relative densities of the auxetic meta-biomaterials were assessed using both dry 
weighing and micro-CT imaging. In general, both methods showed an increase in the 
relative density as compared to the CAD designs, with deviations increasing with the 
relative density, aspect ratio, and re-entrant angle. The same trends were found in a 
previous study on Ti-6Al-4V auxetic meta-biomaterials, using the same CAD files [14]. 
The relative density values of design D did not meet the aforementioned classes of 
≈ 5%, ≈ 25%, and ≈ 45% RD. This can be explained by a fault in the design software, 
resulting in a misinterpretation of the designed density values. The geometry of the re-
entrant hexagonal honeycomb pushes the boundaries of the laser powder bed fusion 
process. The specimens were printed at an angle and this influences the print quality 
and, thus, the mechanical properties of the structure as a whole [32-34]. Vertical struts 
generally have a much higher quality than horizontal struts, whereas diagonal struts 
perform somewhere in between [34]. Due to the oblique build orientation, the vertical 
struts were now printed at a 10-degree angle, close to the horizontal. Additionally, the 
staircase effect tends to increase the surface roughness, especially on down-facing 
surfaces [35], and blob formations may occur in the places where the laser is forced 
to make acute turns [32, 33, 36]. Due to these imperfections, the as-manufactured 
specimens may deviate from their respective CAD files. Additionally, these irregularities 
can create stress concentrations that are detrimental for the fatigue performance [37, 
38]. Chemical and (thermo)mechanical surface treatments can be used to improve the 
fatigue strength, by reducing the surface roughness and removing the potential crack 
nucleation sites [38-41]. 
 The micro-CT and SEM images revealed that the struts of the higher-density 
specimens contained areas with significant internal porosity and a large volume of 
interconnected pore spaces. This micro-porosity, including the size and location of 
these pores, has been shown to strongly affect the fatigue performance of metallic 
lattices [42, 43]. The SEM images revealed that cracks often originate from these void 
spaces, although it is unclear whether they were the most deleterious defects [42, 44]. 
Surface defects are as important in determining the fatigue life of these specimens and 
can more easily be avoided by improving the processing parameters and (post-)AM 
conditions. The current quality of the auxetic meta-biomaterials is a direct result of 
the chosen printing parameters, in which a trade-off was made to obtain a good quality 
structure while achieving a reasonable build rate. Further optimization and validation 
of the scanning parameters could, therefore, lead to decreased internal porosity, 
thereby improving the fatigue performance of auxetic meta-biomaterials.
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5.4.2. Static mechanical performance

The stress-strain curves of the auxetic meta-biomaterials tested here showed that there 
are clear differences in the deformation behaviors of various auxetic designs, especially 
for the smaller values of relative density. Due to the ductility of CP-Ti, the structures 
continuously deform under the applied compressive load. With a high slenderness 
ratio, the struts do eventually fail, resulting in a layer-by-layer collapse. The strain at 
failure of designs A and B was, however, much higher than those of designs C and D. 
For the higher values of the relative density, the structures do not reach a first local 
maximum, similar to the results reported by Wauthle et al. and a previous study of 
ours on Ti-6Al-4V auxetic meta-biomaterials [14, 17]. According to Gibson and Ashby, 
these cellular solids go through early densification [45]. With a small aspect ratio and 
thicker struts, the cell walls touch at lower values of strain (designs A and B). In this 
study, the ductility of the bulk material enhances that effect. This could also explain 
the delayed failure of designs A and B for the lower values of relative density, in which 
strain accumulates while the stress remains nearly constant. The geometry-property 
relationships that were found regarding the mechanical properties are in line with the 
relationships found in earlier studies [6, 14].  
 The mechanical properties of meta-biomaterials depend on their small-scale 
architecture, hence their dependence on the type of unit cell. Significant differences 
have been found between stretch- and bending-dominated unit cells [14, 46-48]. As 
compared to stretch-dominated unit cells (e.g., cube and truncated cuboctahedron), 
the re-entrant hexagonal honeycomb is very compliant. As a bending-dominated unit 
cell, its stiffness is comparable to unit cells such as the diamond, body-centered cubic, 
and rhombic dodecahedron [46, 47]. In contrast to the auxetic meta-biomaterials 
studied here, these unit cells have a positive Poisson’s ratio. Combining both positive 
and negative Poisson’s ratio has been shown to be beneficial in the design of a hip stem, 
fighting the longstanding problem of implant loosening [5]. However, the theoretical 
upper bound defining the maximum elastic modulus of architected materials (Hashin–
Shtrikman bounds)[49] is lower for auxetic materials and decreases as the Poisson’s 
ratio further decreases. The lower quasi-static mechanical properties of auxetic meta-
biomaterials as compared to those of non-auxetic meta-biomaterials is, however, not 
necessarily a major problem. The bulk properties of metallic biomaterials generally 
exceed those of the bone by a few orders of magnitude. The challenge, therefore, 
usually lies in decreasing those properties to the level of the bony tissue. Using a higher 
value of the relative density is generally all that is needed to increase the mechanical 
properties of auxetic meta-biomaterials.  
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5.4.3. Fatigue behavior

Before auxetic meta-biomaterials can be adopted in the field of orthopedics, their 
fatigue behavior needs to be fully understood. All structures exhibited the typical 
three-stage fatigue behavior found in porous metals [31]. However, the strain vs. cycles 
graphs revealed multiple strain jumps for some of the designs (Figure 5.4b), including 
a very high initial displacement. Unlike many other fatigue studies, we could, therefore, 
not define the failure point using a 90% stiffness drop [17, 20, 21]. These strain jumps 
were also found in the compression fatigue testing of aluminum foams, pointing at 
the formation of cyclic deformation bands [31]. According to Yavari et al., AM porous 
structures show a more uniform plastic deformation as compared to porous structures 
manufactured using conventional techniques [20]. Other studies on AM porous 
structures therefore did not observe these strain jumps [20, 50]. This also holds true 
for most of our structures (Figure 5.4b, 5.6b), but designs A and B were different. The 
multiple strain jumps and ‘plateau’ phases point at several layers of densification. 
This could be explained by the relatively small space in between their inclined struts 
as compared to designs C and D. Upon deformation, these struts touch each other, 
causing the structure to densify. Once the densification strain has been reached, the 
structure will experience another strain jump through the collapse of another layer. 
Additionally, these structures entered the third stage over a range of strain values (≈ 
0.02 - 0.06, Figure 5.4b) depending on the applied stress level. The same phenomenon 
has been observed in aluminum foams, but not for the first strain jump [31]. 
 The absolute maximum design stress at 106 loading cycles is comparable for 
the designs with a similar aspect ratio, indicating that the differences in the re-entrant 
angles of the various auxetic structures considered here do not significantly influence 
the fatigue performance (Figure 5.4a). There is, however, a difference between designs 
C and D, which is likely caused by their difference in relative density. The highest 
absolute maximum design stress was found for design C, which is in line with its higher 
strength and stiffness. The observations regarding the normalized stress levels were, 
however, more remarkable (Figure 5.5). A collective power law could be fitted to the 
data points of designs A and B, but the higher-density structures of design C and D 
did not line up. As a consequence of this difference, the S-N curves do not collapse 
to one single curve after normalization, unlike many other unit cells [17, 20, 21]. It 
is therefore very difficult to predict the fatigue performance of the auxetic meta-
biomaterials based on the re-entrant hexagonal honeycomb unit cell. In this case, we 
also observed significant differences between the normalized design maxima at higher 
values of relative density. This may have been caused by the different angles of the 
oblique struts. AM meta-biomaterials generally deform because of both bending and 



FATIGUE PERFORMANCE OF AUXETIC META-BIOMATERIALS 

125

buckling, and their fatigue behavior is often determined by the interaction of cyclic 
ratcheting and fatigue crack growth [50, 51]. The re-entrant hexagonal honeycomb is a 
bending-dominated unit cell and the inclined struts therefore experience both tension 
and compression [6, 14]. Compressive forces generally cause crack closure and may 
slow down crack growth, whereas tensile forces are most likely to cause fatigue failure 
[18, 21, 52]. The accumulation of plastic deformation upon cyclic loading (ratcheting) 
can be decreased by increasing the compressive stress in the struts [21, 50, 53]. In 
our designs, this was achieved by increasing the re-entrant angle, which led to the 
increasing fatigue performance from design A to design D (Figure 5.5a). It should be 
noted that designs A and B do perform better within the low cycle fatigue regimen (< 
104 cycles). Furthermore, a relatively high percentage of void space was found in the 
struts of designs A and B. This does, however, not explain the differences in normalized 
design maxima between the different relative densities of the same design. Li et al. 
showed that the cyclic ratcheting rate is sensitive to the relative density, but this merely 
explains the higher fatigue lives found in the higher-density structures [51]. In an earlier 
study, we found that the negative Poisson’s ratio of these auxetic meta-biomaterials 
decreases as the relative density increases, as a direct result of the thickened strut 
junctions [14]. The bending of the struts will, therefore, become more difficult and 
buckling will become the primary deformation mode. As a result, the struts in designs 
C and D will primarily experience compressive forces, which further increase with the 
relative density and extend their fatigue life. The relatively small re-entrant angle in 
designs A and B, and the early densification caused by strut contact, may be the reason 
for the absence of this phenomenon.  
 When compared to non-auxetic meta-biomaterials made from CP-Ti, 
the auxetic meta-biomaterials studied here tend to exhibit an improved fatigue 
performance. Zhao et al. presented the maximum stress levels of tetrahedron and 
octahedron meta-biomaterials, which ranged between 0.32 σy and 0.57 σy at 106 loading 
cycles [54]. A normalized design maximum of 0.41 σy was reported in the study of 
Wauthle et al.  for dodecahedron-based structures, which approaches our average (0.47 
σy). Despite their great static resemblance with rhombic dodecahedron structures, the 
auxetic meta-biomaterials exhibit a significantly higher maximum design stress [53]. 
Just like our specimens, the specimens based on the rhombic dodecahedron unit cell 
exhibited fatigue cracks in the vicinity of their strut junctions [53]. The extraordinary 
maxima observed here even surpass the limit of a topology-optimized structure that 
was designed for optimal fatigue performance [53]. The absolute applied stress levels 
are, on the other hand, quite low and therefore easily surpassed by stretch-dominated 
meta-biomaterials, such as the tetra- and octahedron [54]. This is a direct consequence 
of the lower elastic modulus of auxetic structures, as discussed above within the 
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context of the Hashin–Shtrikman bounds. Altogether, our observations support the 
fact that auxetic structures exhibit superior normalized fatigue strength as compared 
to other non-auxetic geometries [9, 11].

5.4.4. Bone-mimicking requirements in biomedical implants 

The values found in the literature regarding the most optimal morphological properties 
for bone tissue regeneration are quite diverse, partly because in vitro and in vivo optima 
greatly differ [55-57]. A higher porosity is said to enhance osteogenesis [55, 57], but it 
also decreases the mechanical strength and integrity of the structure. As a consequence, 
the morphological and mechanical properties should be simultaneously optimized for 
functionality and biological effectiveness. Given their relative density values (< 50%), 
the structures in this study are expected to support the formation of de novo bone 
tissue [58]. In terms of the pore size, bigger pores (> 1000 μm) would favor direct 
osteogenesis, as they prevent the pores from being occluded and facilitate cell growth 
through the optimal transport of oxygen and nutrients [55, 59, 60]. Smaller pores (100-
300 μm) tend to decrease the permeability but may increase the cell attachment [61]. A 
smart meta-biomaterial may, therefore, need to be functionally graded, providing both 
smaller pores for initial cell attachment and larger pores for further proliferation and 
growth [59, 60]. The presented mode values are larger than the recommended pore 
sizes [55, 58, 61, 62], but the statistical representations show that each specimen has 
multiple pore sizes that do fall within the recommended range. The smaller superficial 
pores that were found on the surface of the struts, as a direct result of the printing 
imperfections, may improve bony ingrowth and, thus, implant fixation [55, 63-67]. 
However, they tend to decrease the fatigue performance as well. Surface treatments, 
such as sand-blasting, chemical etching, and even laser modification could be used to 
provide a smooth implant surface with sufficient texture for cell attachment, while 
retaining the desired bulk mechanical properties [38, 39, 68]. 
 While bone-mimicking meta-biomaterials should provide adequate mechanical 
support, they should not be too stiff. To prevent stress shielding, the auxetic meta-
biomaterials should mimic the mechanical properties of the host bone [69, 70]. Bobyn 
et al. even hypothesize a 2:1 or 3:1 stiffness ratio (femur to stem) [70]. Considering the 
increase in stiffness of a porous meta-biomaterial once bone regeneration progresses 
[71], this seems a plausible approach. Considering the pure titanium used in this study, 
a relative density of 30 - 40% would best mimic the mechanical properties of trabecular 
bone [72]. In this case, the auxetic meta-biomaterials will still have sufficient strength 
and stiffness to be applied as bone substitutes [73, 74]. 
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As a bone substitute, meta-biomaterials generally experience cyclic loading. In this 
study, we determined the fatigue limit at 106 cycles based on an average patient walking 
activity of 2 million cycles/year and a bone fracture healing time of ≈ 21-24 weeks [75, 
76]. During this healing time, the bone will start to grow into the implant, thereby 
significantly increasing the fatigue performance of the bone-implant complex [71]. 
Until then, the auxetic meta-biomaterial should be able to provide mechanical support. 
Given the high variety of loading regimes in the human body and the parameters 
affecting the musculoskeletal loading, it is impossible to define the exact response 
that an auxetic meta-biomaterial should exhibit in order to function in orthopedic 
implants. In addition to the above-mentioned factors, the optimal properties of meta-
biomaterials may also depend on the patient’s anatomy and attributes. Computational 
models could, therefore, help in determining the patient-specific requirements, which 
could then be used to design the optimal implant. Empirical relationships or finite 
element models will, therefore, be needed to predict the deformation and failure of 
such meta-biomaterials. The data presented here could serve as a means to verify any 
such model, given the high number of unpredictable imperfections caused by the AM 
process. 
 The use of CP-Ti ensured that the structures could continuously deform 
without failure, in contrast to the widely applied Ti-6Al-4V alloy [14]. A higher ductility 
influences the ratcheting rate, as the material will be able to withstand a larger amount 
of plastic strain before cracking [53, 77]. This plasticity-driven mechanism decreases 
the crack initiation and propagation, thereby enhancing the fatigue performance [17, 
77]. As compared to the more brittle Ti-6Al-4V alloy, the use of CP-Ti may substantially 
increase the (normalized) maximum design stress of AM porous structures [17, 22].

5.4.5. Future research 

Compression is often considered the most dominant loading mode in the 
musculoskeletal system, hence the numerous studies on compression-compression 
fatigue testing of meta-biomaterials [17-22]. Our work considered compression as 
well, both because of its importance as the dominant loading mode and the fact that 
it enables us to compare the results obtained here with those reported previously on 
other non-auxetic meta-biomaterials. It is, however, important to study the fatigue 
behavior of auxetic meta-biomaterials under other loading regiments including tension 
and bending. In the aforementioned design of a hip stem, the structure is primarily 
subjected to tensile stresses, which should therefore be the focus of future research [5]. 
 As mentioned before, the biological response to auxetic meta-biomaterials is 
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still unclear. A few studies have investigated the effects of a negative Poisson’s ratio 
on the response of bone cells. The results have, however, been inconclusive [78, 79]. 
Further research is needed to understand how the Poisson’s ratio of (auxetic) meta-
biomaterials affects the proliferation and differentiation of bone cells.

5.5. Conclusions

The compression-compression fatigue performance of AM auxetic meta-biomaterials 
made from CP-Ti was studied. The different parameters defining the geometry of the 
re-entrant hexagonal honeycomb unit cell, including its aspect ratio, re-entrant angle, 
and relative density, were varied to create auxetic meta-biomaterials with different 
geometrical designs. The morphology, quasi-static mechanical performance, and fatigue 
behavior of twelve different designs were assessed. All of the designs conformed well 
to their intended geometry. Both morphological and static mechanical properties of 
the resulting specimens were generally appropriate for bone replacement purposes. 
The S-N curves of the majority of the experimental groups exhibited the typical three-
stage fatigue behavior, but a minority exhibited multiple strain jumps, indicating a non-
uniform plastic deformation. With an average maximum design stress of 0.47 σy at 106 
cycles (range: 0.35 σy - 0.82 σy), the auxetic meta-biomaterials studied here showed an 
exceptional fatigue performance. Despite being a bending-dominated architecture, the 
re-entrant hexagonal honeycomb exhibits maximum design stresses that are closer to 
some of the stretch-dominated unit cells. With these results, we are one step closer 
towards the adoption of auxetic meta-biomaterials in load-bearing applications, such 
as hip stems made from a combination of meta-biomaterials with positive and negative 
Poisson’s ratio values. Further optimization and validation of the scanning parameters 
and the potential application of post-processing treatments could further improve 
their fatigue performance.
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Abstract

The fatigue performance of additively manufactured auxetic meta-biomaterials 
made from commercially pure titanium has been studied only recently. While certain 
assumptions have been made regarding the mechanisms underlying their fatigue 
failure, the exact mechanisms are not researched yet. Here, we studied the mechanisms 
of crack formation and propagation in cyclically loaded auxetic meta-biomaterials. 
Twelve different designs were subjected to compression-compression fatigue testing 
while performing full-field strain measurement using digital image correlation (DIC). 
The fatigue tests were stopped at different points before complete specimen failure to 
study the evolution of damage in the micro-architecture of the specimens using micro-
computed tomography (micro-CT). Furthermore, finite element models were made to 
study the presence of stress concentrations. Structural weak spots were found in the 
inverted nodes and the vertical struts located along the outer rim of the specimens, 
matching the maximum principal strain concentrations and fracture sites in the DIC 
and micro-CT data. Cracks were often found to originate from internal void spaces or 
from sites susceptible to mode-I cracking. Many specimens maintained their structural 
integrity and exhibited no signs of rapid strain accumulation despite the presence 
of substantial crack growth. This observation underlines the importance of such 
microscale studies to identify accumulated damage that otherwise goes unnoticed. The 
potential release of powder particles from damaged lattices could elicit a foreign body 
response, adversely affecting the implant success. Finding the right failure criterion, 
therefore, requires more data than only those pertaining to macroscopic measurements 
and should always include damage assessment at the microscale. 
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6.1. introduction

Architected materials have attracted much attention recently. With the advances 
in additive manufacturing (AM), it has now become possible to manufacture 
these complex, micro-architected three-dimensional structures. The concept of 
metamaterials is built on the idea that “function follows form” and that the macroscale 
properties of such materials are primarily determined by their small-scale geometrical 
design [1]. The concept of metamaterials is also applicable in biology and medicine 
where the micro-architecture of so-called “meta-biomaterials” is optimized to achieve 
a unique combination of mechanical, mass-transport, and biological properties, 
thereby improving long-term performance of bone implants [1-3].
 Here, we focus on a specific class of meta-biomaterials that expands laterally 
in response to axial stretch. These materials are collectively referred to as auxetic 
meta-biomaterials, of which first proof dates back to the 1870s [4]. They have not only 
been studied for their negative Poisson’s ratio (NPR), but also for their potential in 
exhibiting high levels of indentation resistance, shear resistance, energy dissipation, 
and fracture toughness [5-7]. The benefits of auxetic meta-biomaterials for improving 
the performance of medical devices and procedures have been demonstrated before [3]. 
For example, combining auxetic and non-auxetic meta-biomaterials has been shown 
to improve the bone-implant contact in hip stems that are subjected to bending. The 
lateral side of such implants experiences tension. A non-auxetic material (most solids) 
would contract under tension, which will adversely affect the bone-implant contact. 
With the lateral application of an auxetic meta-biomaterial, the implant-bone contact 
could be improved, thereby enhancing bony ingrowth, strengthening the mechanical 
fixation of the implant, and decreasing the risk of aseptic loosening [3, 8]. The latter is 
associated with the mechanical failure of the implant-bone interface and is the most 
prevalent failure mode in total hip replacements [9, 10].  
 The morphological and quasi-static mechanical properties of Ti-6Al-4V auxetic 
meta-biomaterials have been assessed before, and were deemed appropriate for bone 
implant applications [11]. In load-bearing settings, however, meta-biomaterials will be 
subjected to cyclic loading as well, which underlines the importance of studying their 
fatigue performance. Until recently, no experimental data was available on the fatigue 
performance of auxetic meta-biomaterials that are additively manufactured from 
metals and are, thus, appropriate for application as load-bearing orthopedic implants. 
We addressed this lack of data in an extensive study of the compression-compression 
fatigue behavior of AM auxetic meta-biomaterials made from commercially pure 
titanium (CP-Ti) [12]. CP-Ti is known for its excellent fatigue resistance, probably as a 
result of its ductility, which would slow down crack initiation and propagation [13-15]. 
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With an average maximum design stress of 0.47 σy at 106 cycles, the auxetic specimens 
showed an unusually high level of fatigue performance [12]. Some of the high-density 
designs even surpassed the limit of topology-optimized structures that were designed 
for optimal fatigue performance [12]. Other studies also confirmed that auxetic meta-
biomaterials generally outperform their non-auxetic counterparts in terms of fatigue 
strength, irrespective of the material type [12, 16, 17]. Post-test examinations showed 
that cracks were mainly formed around the strut junctions, while cracks were assumed 
to originate from the internal void spaces [12]. 
 Here, we study the initiation and propagation macroscale cracks in metallic 
auxetic meta-biomaterials during compression-compression fatigue testing. We used the 
exact same unit cell designs (A-D) as in our previous study to build AM CP-Ti cylindrical 
specimens with three different values of the relative density (RD) [12]. Finite element 
(FE) models were created to assess the location of stress concentrations inside the 
structures under compression. During the fatigue tests, full-field strain measurements 
were performed using digital image correlation (DIC). The specimens were tested till 
25% or 50% of their maximum number of cycles to assess the macrostructural changes 
over time. Detailed 3D models of the internal micro-architecture of tested specimens 
were constructed using micro-computed tomography (micro-CT). The collected data 
was then used to paint a detailed picture of the mechanisms underlying fatigue in 
metallic auxetic meta-biomaterials. 

A

B

C

D

θ

b

a

5 mm

1 mm

Figure 6.1: The study outline showing the four different design types: A, B, C, and D, their translation to AM, 

three-dimensional CP-Ti specimens, and their assessment using finite element modelling, compression-compres-

sion fatigue testing, digital image correlation and micro-CT scanning. 



MECHANISMS OF FATIGUE CRACK INITIATION AND 
PROPAGATION IN AUXETIC META-BIOMATERIALS

141

6.2. Materials and methods

6.2.1. Design and additive manufacturing of auxetic meta-biomaterials

In continuation of and similar to the previous study on this topic [12], we used four 
different unit cell types (A-D) based on the re-entrant hexagonal honeycomb with an 
aspect ratio (a/b) of 1.0 (A-B) and 1.5 (C-D) (Figure 6.1). Each aspect ratio was fitted 
with two unique re-entrant angles (θ) of 10º, 15º, 20º, and 25º, for A-D respectively. The 
four unit cell types were used to build cylindrical specimens (Ø = 25mm and h ≈ 37.5 
mm) with three different values of the relative density (RD) (i.e., ≈ 5%, ≈ 25%, and ≈ 
45%). The relative density values of design D slightly deviated from the aforementioned 
values, due to a fault in the design software, as mentioned in [12]. All twelve designs 
were manufactured using the same methodology as presented earlier [12]. Briefly, the 
specimens were built on a DMP Flex 350 machine with DMP Control Software (3D 
Systems, Leuven, Belgium) and using CP-Ti powder (Figure 6.1). Five specimens were 
printed for each respective design and all specimens were manually removed from 
the build plate. Excess powder particles were removed in an ultrasonic bath while the 
specimens were immersed in 96% ethanol. 

6.2.2. Morphological characterization 

Once manufactured, the specimens were visually inspected to assess their print 
quality. Similar to the specimens used in our previous study [12], the structures with 
a relatively high density exhibited signs of warping. Both ends of the cylinder were, 
therefore, turned on a lathe, to make sure the compression plates would be in full 
contact during fatigue testing. The dimensions of the specimens were measured using 
a caliper, while a laboratory scale (Sartorius AG, Göttingen, Germany, 0.1 mg accuracy) 
was used to weigh the specimens. Subsequently, the dry weighing technique was used 
to determine the as-manufactured relative density of the specimens. The weight of the 
specimens was, therefore, divided by the weight of a solid CP-Ti object with similar 
dimensions and a density of 4.51 g/cm3 [18]. 

6.2.3. Finite element modelling 

The loading of the auxetic meta-biomaterials was simulated using finite element (FE) 
models, which were developed to investigate the presence of stress concentrations 
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affecting their compression-compression fatigue behavior. Three-dimensional models 
of each structure were converted to finite element meshes in ANSA (v19.1, BETA CAE 
Systems, Thessaloniki, Greece). All simulations were performed using the implicit 
solver of Abaqus (v2017, Dassault Systemes, Vélizy-Villacoublay, France). A convergence 
study was used to determine the appropriate element size. Each model consisted of 
approximately six million quadratic tetrahedral (C3D10) elements. A smaller element 
size was required to mesh design C, which increased the number of tetrahedral elements 
in the model. Isotropic elastic material properties were assigned to the meshes with an 
elastic modulus of 110 GPa and a Poisson’s ratio of 0.3. The model was complimented 
with plastic properties that were derived from a uniaxial tensile stress test, performed 
by 3D Systems. Due to convergence issues, these properties could only be implemented 
up to the point where necking commenced. A vertical displacement, corresponding 
to 0.5 σy (unique for every design) in the experiments, was applied to the top nodes 
of each structure while their lateral movements were constrained. The bottom nodes 
were constrained in all directions. The calculated stress concentrations were visually 
inspected and were compared to the experimental fracture points. To study the 
differences in stress concentrations between the designs, the low-density models of 
design A, B, C and D (RD ≈ 5%) were subjected to a vertical displacement of 0.5 mm. 
The mean absolute maximum principal stress was calculated at the location of stress 
concentrations, based on five unique data points, to gain insight in the differences 
between the designs. 

6.2.4. Mechanical testing  

Before we could assess the initiation and propagation of fatigue cracks in these auxetic 
meta-biomaterials, we first had to verify their quasi-static mechanical properties. Three 
specimens of each design were, therefore, preloaded (5 N) and axially compressed till 
30% strain with a deformation rate of 2 mm/min. The data were corrected for machine 
compliance according to the ‘direct technique’ [19]. The stress-strain curves were 
then used to determine the mechanical properties in accordance with ISO 13314:2011 
[20]. The elastic modulus, or quasi-elastic gradient according to the ISO standard, was 
calculated at the beginning of the linear region. The yield strength (σy), or compressive 
offset stress, was measured at 0.2% plastic compressive strain. 
 Two specimens of each design were subjected to a compression-compression 
fatigue test (MTS, Eden-Prairie, USA) (Figure 6.1). The low-density specimens (RD ≈ 
5%, ≈ 25%) were subjected to a maximum applied stress of 0.5 σy using a loading ratio 
(R) of 0.1 and a frequency of 15 Hz. Due to the extraordinary fatigue life of the high-
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density specimens (RD ≈ 45%) [12], these specimens were subjected to a maximum 
applied stress of 0.7 σy using a similar loading ratio and frequency. To visualize the 
deformation and crack propagation over time, the fatigue tests were stopped at 25% 
(specimen #1) and 50% (specimen #2) of the maximum number of cycles found in [12]. 
 The exterior strains and displacements were measured using the digital image 
correlation (DIC) technique by comparing images of the specimens at different stages 
of deformation [21]. To create sufficient image texture, a random and unique speckle 
pattern had to be applied to the surface of the specimen. The whole specimen was, 
therefore, spray-painted in black, while its frontal surface was manually painted in 
white. A black speckle pattern was eventually added using an airbrush [3, 11]. During 
fatigue testing, two 4 MP digital cameras (Limess, Krefeld, Germany) were used to 
capture the frontal surface of the specimens under maximum load (Figure 6.1). This 
was done at a regular interval with a total of 100 images for specimen #1 and 150 
images for specimen #2. The DIC system was calibrated using the VicSnap software 
(Correlated Solutions Inc., Irmo, USA) and the images were analyzed using Vic-3D 8 
(Correlated Solutions Inc., Irmo, USA). The major principal strain (e1) was calculated 
for all the specimens. 

6.2.5. Micro computed tomography  

X-ray micro computed tomography (micro-CT) is a non-destructive imaging 
technique growing in popularity for materials science and engineering applications 
[22]. It is increasingly used in the field of additive manufacturing to qualitatively or 
quantitatively evaluate manufactured parts, as reviewed in [23]. In this work, micro-
CT was used to evaluate the occurrence and location of fatigue cracks/fractures in the 
additively manufactured auxetic meta-biomaterials that were previously subjected to 
fatigue testing (Figure 6.1). 
 Micro-CT scans were acquired with a GE Phoenix Vtomex L240 system 
(GE, Boston, USA), using 200 kV and 100 μA for X-ray generation and with 0.5 mm 
copper beam filtration. The images were acquired in 3200 steps during a full rotation 
of the sample, using 333 ms acquisition time for each image. The system uses a 
stepwise rotation, with the first image at each step being discarded to build in some 
stabilization time and improve the quality of the scan. To accommodate the sample 
size, the voxel size was set to 30 μm for a full-scale lattice evaluation. These scans 
were reconstructed using the system supplied Datos software and image analysis 
and evaluation were performed in Volume Graphics VGSTUDIO MAX 3.4 (Volume 
Graphics GmbH, Heidelberg, Germany). A de-noising filter (adaptive Gauss default) 
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was applied followed by the manual alignment of the sample in the three orthogonal 
cross-sectional viewing planes (the sample was scanned at an angle to improve the 
image quality and minimize image artifacts). An additional step of manual inspection 
was performed in search of cracks and fractures for which the contrast was further 
optimized. Cross-sectional greyscale images were made at selected locations. Based on 
the manual inspection, a classification was made to define the extent of fatigue damage 
that was observed in each specimen. 

6.3. Results

6.3.1. Morphological characteristics

The AM specimens generally matched their intended designs, save for the limited 
warping observed in the high-density specimens. Comparing the actual dimensions 
(Table 6.1) of the specimens with their designs showed that the diameter of the as-
manufactured parts was generally bigger than the designed value while the height was 
smaller. The relative density values measured using the dry-weighing technique ranged 
between 6.3% and 43.8% (Table 6.2). In most cases, the relative density values were 
higher than the design values, except for the high-density designs (RD ≈ 45%). 

Table 6.1: The nominal (i.e., designed) and actual dimensions of the specimens (types A-D). The values are 

presented as mean ± SD.  

Type

A

B

C

D

RD (%)

CAD

4.6
24.1
42.7

5.4
25.4
45.4

4.9
24.6
43.2

3.4
17.5
32.5

Diameter (mm)

CAD

24.99
25.50
25.86

24.51
24.99
25.32

22.20
22.57
22.83

22.00
22.34
22.58

As-manufactured

25.34 ± 0.09
25.70 ± 0.11
25.87 ± 0.17

24.92 ± 0.06
25.23 ± 0.10
25.58 ± 0.08

22.56 ± 0.04
22.79 ± 0.09
23.10 ± 0.11

22.39 ± 0.06
22.58 ± 0.09
22.79 ± 0.06

Height (mm)

CAD

35.92
36.44
36.79

36.22
36.69
37.02

35.58
35.95
36.21

35.57
35.91
36.15

As-manufactured

35.85 ± 0.04
36.34 ± 0.05
35.46 ± 0.45

36.12 ± 0.02
36.55 ± 0.05
35.20 ± 0.61

35.49 ± 0.01
35.77 ± 0.02
35.36 ± 0.41

35.51 ± 0.03
35.76 ± 0.03
34.25 ± 0.88
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6.3.2. Finite element modelling 

The three-dimensional FE models showed that the location of stress concentrations 
was similar for all designs, independent of their aspect ratio and re-entrant angle 
(Figure 6.2). The vertical struts mainly experienced compressive stresses, while the 
inverted struts experienced tensile stresses. The vertical struts located along the outer 
rim of the specimen, experienced compressive stress on the inside and tensile stress 
on the outside. This was primarily observed in the high-density designs. The highest 
stresses were found in the inverted nodes, as well as in the struts located along the outer 
rim of the specimens. The highest tensile stresses were found at the center of the bow-
tie geometry (depicted in orange/red), where all inverted struts meet (Figure 6.2a). 
The highest compressive stresses were generally found on the other side of this node 
(depicted in cyan blue), where the four inverted struts are connected to a fifth vertical 
strut (Figure 6.2a). The differences between the maximum stress values corresponding 
to the different designs were relatively small, but the maximum principal stress was 
found to increase with the aspect ratio and decrease with the re-entrant angle (Figure 
6.2b). The differences between A and B were negligible, while the differences between 
C and D were more substantial, especially for the compressive stress components.

Table 6.2: The nominal (i.e., designed) and actual values of the relative density values of the auxetic meta-

biomaterials accompanied by their quasi-static mechanical properties and number of cycles to failure. The values 

are presented as mean ± SD.  

Type

A

B

C

D

RD (%)

CAD

4.6
24.1
42.7

5.4
25.4
45.4

4.9
24.6
43.2

3.4
17.5
32.5

Dry-weighing

7.02 ± 0.02
25.79 ± 0.23
41.87 ± 0.90

8.46 ± 0.14
27.68 ± 0.33
43.78 ± 1.37

9.32 ± 0.15
25.97 ± 0.13
41.70 ± 0.35

6.25 ± 0.04
18.96 ± 0.14
31.60 ± 0.15

Elastic modulus (MPa)

Compression test

71.64 ± 0.45
946.59 ± 49.15
3231.30 ± 639.2

66.47 ± 1.23
1171.79 ± 21.10
3353.88 ± 201.7

224.06 ± 10.91
1992.62 ± 83.20
6899.45 ± 2141

118.84 ± 0.93
1303.78 ± 20.83
3756.24 ± 357.7

Yield strength (MPa)

Compression test

1.44 ± 0.02
16.37 ± 0.40
32.87 ± 6.50

1.43 ± 0.02
16.99 ± 0.51
34.37 ± 1.38

3.74 ± 0.09
26.93 ± 0.43
52.09 ± 2.36

1.80 ± 0.01
15.69 ± 0.38
31.94 ± 1.55

Cycles to failure

Fatigue test [12]

420685
387165
254569

444844
395336
261861

149477
464868
943220

175580
346327
546674
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6.3.3. Quasi-static and fatigue performance  

From previous research, we know that the deformation behavior of this type of auxetic 
meta-biomaterial does not always follow the typical stress-strain curve of most porous 
biomaterials [11, 12]. The low-density specimens exhibited a typical linear region 
followed by a high number of fluctuations. The number of fluctuations decreased with 
the relative density, until they finally disappeared in the high-density specimens (RD ≈ 
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Figure 6.2: (a) Finite element model of design C (RD = 42%), showing the stress concentrations in the structure 

under compressive loading. (b) Finite element models of designs A-D (RD ≈ 5%) showing the differences in the 

mean absolute maximum principal stresses.
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45%), except for design D. A first local maximum was, therefore, absent in the stress-
strain curves of designs A, B and C, and the stress kept on increasing with strain. 
 All the designs showed an increase in their mechanical properties with the 
relative density (Table 6.2). Both stiffness and strength were found to increase with the 
aspect ratio and decrease with the re-entrant angle. However, the differences between 
designs A and B were very small. The elastic moduli ranged between 66.47 ± 1.23 MPa 
and 6899.45 ± 2141 MPa for the aforementioned range of the relative density. The yield 
strength values were found to vary between 1.43 ± 0.02 MPa and 52.09 ± 2.36 MPa for 
the same range of the relative density. 
 The compression-compression fatigue tests were performed up until 25% and 
50% of the total number of cycles to failure reported in our previous study [12] (Table 
6.2). The initial plan was to observe the specimens up until 75% of the total number 
of cycles to failure, but this testing protocol was changed once a few specimens failed 
prematurely. The specimens that were subjected to this initial protocol have been 
labeled with an asterisk (*). The strain vs. cycles graphs have been presented in Figure 
6.3, mainly showing the second stage of the typical three-stage strain behavior of 
porous metals [24]. The first stage has been cut off for convenience. The curves have 
been presented till 50% of the cycles to failure, also for the specimens tested till 75%. 
In most cases, the strain vs. cycles graph showed that there is hardly any buildup of 
strain, but some of the specimens failed before reaching 50% of their cycles to failure. 
The specimen #2 of design A (RD = 42%) reached stage III and showed a diagonal 
failure profile (Figure 6.3a). Two of the specimens of design B (RD = 28% and RD = 
44%) exhibited a gradual increase in strain, but no failure could be observed yet (Figure 
6.3b). A similar observation was made for the specimen #2 of design C with a relative 
density of 26% (Figure 6.3c). The onset of stage III was also observed in the strain vs. 
cycles graph of design D (specimen #1 and #2 with RD = 32%). Failure was observed 
in the specimen #2 of design D with a relative density of 19%, showing the complete 
collapse of one horizontal layer, matching the rapidly accumulating strain in the graph 
(Figure 6.3d). 

6.3.4. External signs of fatigue failure

The external strain development was assessed with the help of DIC to look for strain 
concentrations and possible crack initiation sites. Some specimen results have been 
presented in Figure 6.4. Principal strain concentrations were mainly found in the 
inverted nodes and in the vertical struts located along the outer rim of the specimens 
(Figure 6.4a) especially in the high-density specimens (RD ≈ 45%). In the latter, clear 
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Figure 6.3: Strain vs. cycles curves of all specimens tested, including the appearances of specimen #2. (a) Type A 

with RD = (1) 7%, (2) 26%, and (3) 42%. (b) Type B with RD = (1) 8%, (2) 28%, and (3) 44%. (c) Type C with RD = 

(1) 9%, (2) 26%, and (3)  42%. (d) Type D with RD = (1) 6%, (2) 19%, and (3) 32%.  
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differences were observed between the lateral and medial sides of these vertical struts 
(Figure 4B). The lateral side generally exhibited positive strain (tension), whereas the 
medial side exhibited negative strain (compression). In the high-density specimens of 
designs A and B, local strain concentrations were found in the DIC paint connecting 
the inverted struts. The low-density specimens exhibited little to no strain differences 
and limited strain concentrations throughout their structure. The area of concentrated 
strain developed throughout the fatigue test, growing in size (area) and magnitude 
(Figure 6.4c). Ultimately, this led to the premature failure of some specimens. In 
others, design C (RD = 26%) and design D (RD = 19%), the strain distribution did not 
predict the location of ultimate failure. 

Figure 6.4: (a) Major principal strain distribution in design D (RD = 19%, specimen #1) under the maximum load. 

(b) Local strain variations through the thickness of the struts in design B (RD = 44%, specimen #1). (c) Strain 

development in design A (RD = 42%, specimen #2) right before and shortly after fatigue failure.  
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6.3.5. internal signs of fatigue failure 

The internal morphology visualized with the help of micro-CT imaging was used 
to classify the specimens as follows: (I) no signs of failure, (II) micro damage and 
crack initiation sites, and (III) substantial crack growth/fractures. The results of this 
classification have been presented in Figure 6.5, showing an increase in the fatigue 
damage with the number of fatigue cycles. All the low-density specimens (RD ≈ 5%) 
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Figure 6.5: Classification of the specimens after manual inspection of their micro-CT data. Class I specimens 

exhibited no signs of fatigue failure, Class II specimens exhibited micro-damage and crack initiation sites, Class 

III specimens showed substantial crack growth.  * Specimens were tested till 75% of the cycles to failure.
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were still intact, even after being exposed to 50% of their cycles to failure, showing a 
homogeneous deformation. In the second group (RD ≈ 25%) most specimens exhibited 
early signs of fatigue failure, with crack initiation in the first phase (#1), followed by 
substantial crack growth in the next (#2). Crack initiation was primarily observed in 
the nodes (mode-I), or in the middle of the vertical struts. The specimens eventually 
failed at the same locations, with fractures perpendicular to the strut length. Design 
A (RD = 26%, #2) and design C (RD = 26%, #1) both exhibited a line of destruction 
along the outer rim of the specimen, whereas a full layer collapsed in the top half of 
design C (RD = 26%, #2) and design D (RD = 19%, #2). The latter mainly exhibited 
fractures in the failed layer, or close surroundings, the rest of the structure remained 
intact. Some of the high-density specimens (RD ≈ 45%) made it through 50% of the 
cycles without signs of failure, while others exhibited substantial cracking at 25%. 
Many of the microcracks were found to originate from the internal voids, which were 
quite substantial in the high-density specimens. A diagonal failure profile could be 
observed in design A (RD = 42%, #2), in which all the failed unit cells fractured in the 
middle of the inverted nodes (mode-I, Figure 6.6a). The specimens of design C (RD = 
42%) exhibited fractures in the vertical struts. Fatigue failure was observed around the 
inverted nodes of design D (RD = 32%, #2), while specimen #1 exhibited one through 
fracture in a vertical strut. All the above-described fractures for designs C and D were 
located along the outer rim of the specimens. 

6.4. Discussion

We additively manufactured four different types of auxetic meta-biomaterials, each of 
which with three different values of the relative density, and subjected them to cyclic 
loading. In a previous study [12], we had primarily looked at the S-N curves of the 
same designs. Here, we focused on the mechanisms of crack initiation and propagation 
over time. The results of this study contribute to the full understanding of the fatigue 
performance of AM auxetic meta-biomaterials.

6.4.1. Crack initiation and propagation in (AM) metals

Fatigue cracks are often initiated at geometrical discontinuities (e.g., holes and not-
ches) or microstructural irregularities (e.g., voids, cavities and non-metallic inclusi-
ons) that function as macro- or microscopic stress raisers [25]. In the absence of these 
defects, strain concentrations may develop due to the irreversible dislocation motion 
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of the material’s crystallographic structure (microplasticity). In AM materials, disloca-
tions primarily arise because of plastic strain due to thermal expansion or shrinkage 
[26]. Under continued cyclic loading unique structures are formed in an attempt to 
minimize the system’s total energy (persistent slip bands (PSBs)), which eventually 
lead to the formation of cracks within the crystal grains [27, 28]. On the surface a pro-
nounced surface relief may arise, also known as persistent slip markings (PSMs). Phys-
ical models have been proposed to predict the extrusions and intrusions preceding the 
formation of PSBs and PSMs [29, 30]. In general, Polàk’s model was found to be in good 
agreement with experimental data, effectively modelling the growth of extrusions and 
the delayed emergence of intrusions, and hence the process of crack initiation [30, 31]. 
Cracks may also grow from grain boundaries as a result of slip impingement, but are 
far more common to nucleate in defects such as the ones mentioned above [28]. In the 
stages leading up to component failure, the cracks will propagate through neighboring 
grains. Cracks that are nucleated in defects often grow in the direction perpendicular 
to the applied loading direction [15]. 
 Defects may be the result of the manufacturing process, and while the inciden-
ce of these defects in traditionally fabricated parts is relatively small, they are still do-
minant in AM materials [32-34]. Such defects would include, among others, spherical 
pores as a result of gas entrapment, irregular lack of fusion (LoF) voids (generally the 
most detrimental) and a rough surface due to the layer-by-layer build-up [32, 35, 36]. 
Strut-based lattices are generally more susceptible to these defects, given their effec-
tive size compared to the strut diameter. The thermal history of the printed part also 
strongly affects the microstructure, the residual stresses and the incidence of defects, 
and may result in inter- and intra-batch variations [32, 33, 36]. The structure and den-
sity of dislocations can be controlled through the manipulation of processing parame-
ters [26]. The cooling rate could for instance be tuned to alter the spacing of dendrite 
arms, which generally hinder dislocation motion. Furthermore, the location of residual 
stresses is determined by the thermal gradient, while the magnitude of accumulated 
strain is guided by the hatch and layer spacing [26]. Porous structures, like the ones 
presented here, generally fail as a result of mode-I crack initiation and propagation in 
the struts. Similar to the quasi-static collapse of individual struts, fatigue cracks will 
also choose the weakest path [37, 38]. In the following paragraphs we will take a closer 
look at the data, considering the important roles of printing quality and manufacturing 
defects in determining the fatigue behavior of auxetic meta-biomaterials.
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Figure 6.6: The correlation between the DIC strain profiles and micro-CT images of (A) Design A (RD = 42%, 
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6.4.2. Quasi-static and fatigue performance 

The auxetic meta-biomaterials did not always exhibit the typical deformation behavior 
found in previous studies on porous biomaterials [11, 39]. While low-density specimens 
did show a linear region followed by high frequency fluctuations, these fluctuations 
disappeared as the relative density increased. The geometry of the unit cells in 
combination with a high relative density causes the cell walls to touch at a lower value 
of the applied strain. As a result, the structures go through early densification, and the 
stress continues to increase with strain [40]. In such cases, there are no local maxima, 
and the structures start to behave like solids. Ultimately, these structures will fail too, 
but at higher values of strain. The stress-strain curves that were obtained here, match 
the deformation behavior of the geometrically identical specimens in our previous study 
[12]. The mechanical properties followed the same geometry-property relationships [7, 
11, 12], but the absolute values slightly differed. In general, the specimens in this study 
exhibited a higher elastic modulus and yield strength. In most cases, these differences 
were not significant, but a substantial increase was found for designs B and C (RD ≈ 
45%). These deviations can be attributed to the complexity of the unit cell geometries, 
which pushed the boundaries of the AM process and caused a high degree of inter-
specimen variability [41-43]. This was also confirmed by the relatively high standard 
deviations found for design C, both here and in the previous study [12]. Additionally, 
there are always some unavoidable inter-batch differences caused by the variations in 
the processing parameters (e.g., powder particle size and laser power) [44]. 
 The specimens were subjected to compression-compression fatigue testing, 
with the intention to stop the test before reaching stage III (rapid strain accumulation 
and specimen failure) [24]. According to the strain vs. cycles graphs, we managed to 
achieve that for most of the specimens. However, two of the specimens exhibited a 
rapid increase in their strain and failure was confirmed by the collapse of at least one 
layer of their unit cells. The premature failure of these specimens, before reaching 
50% of the maximum number of cycles reported in [12], may be attributed to the inter-
specimen variability. Slight differences in their micro-architecture and the presence of 
potential crack nucleation sites may have decreased their fatigue lives [45, 46]. 
 Even slight increases in the strain, which can be considered as the onset of 
stage III or a potential strain jump [24], were found to coincide with micro-cracks and 
crack initiation sites in the micro-CT images. In some cases, substantial crack growth 
was observed in the specimens with a nearly flat strain vs. cycles curve (e.g., design C, 
RD = 42%) (Figure 6.3c). This can be explained by the location of these fractures, which 
were all located in the vertical struts, perpendicular to the loading direction.  
 Despite the compressive loading, not all the vertical struts are under full 
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compression (Figure 6.2). The FE element models confirmed that high tensile stresses 
are present in the vertical struts located along the outer rim of the specimens, since 
they are forced to bend in response to the rotation of the inverted struts. Tensile and 
compressive stresses and strains were, therefore, observed through the thickness of 
the struts in both FE models and DIC strain profiles of the high-density specimens. 
This makes them more susceptible to failure as compared to the vertical struts located 
on the inside of the specimens. The structures remained intact under compressive 
loading if the fractures were solely present in the vertical struts. This loading profile 
causes crack closure and will therefore slow down crack growth, whereas tensile 
loading generally enhances crack propagation [47-49]. Furthermore, the relatively 
thick strut junctions in the high-density specimens limit the rotation of the struts and 
may, therefore, increase the compressive loading component [12]. This may further 
extend the fatigue life when simply looking at the strain vs. cycles graphs. 

6.4.3. External vs. internal signs of fatigue failure 

The principal strain profiles closely matched the maximum principal stress locations 
found in the FE models. The inverted nodes and vertical struts located along the outer 
rim of the specimens may, therefore, be considered as the 'weak spots'. This was once 
more confirmed by the micro-CT data in which cracks were mainly found around these 
locations. With high tensile stresses in the inverted nodes, the mode-I cracks formed 
around this weak spot were generally more deleterious to the structural integrity.  Similar 
results were found in other studies, probably as a result of stress concentrations due 
to the overlapping strut volume and their susceptibility to geometrical imperfections 
[15]. According to the FE models, designs C and D are the most susceptible to mode-I 
cracking, although the differences are relatively small. It should also be noted that the 
magnitude of the maximum principal stress in design C can be the result of the chosen 
meshing strategy. 
 Cracks were not always observed near the DIC surface, but in some cases a 
perfect match was found between the DIC strain profile and the micro-CT images 
(Figure 6.6). The diagonal shear profile in design A (RD = 42%) was, for instance, found 
to extend all the way through the thickness of the structure (Figure 6.6a). The high 
strain locations in design D (RD = 32%) perfectly matched the fractures found in the 
micro-CT images. Fractures were generally found in high strain areas (red), whereas 
crack initiation was apparent in medium strain areas (green) (Figure 6.6b). The high-
density specimens were also found to exhibit a relatively high micro-porosity, which 
could strongly affect their fatigue performance [35, 50]. Indeed, cracks were found 
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to originate in these irregular void spaces especially around the weak spots (Figure 
6.6c). Simple design changes, such as the application of fillets in corners, could limit 
the stress concentrations near these weak spots [15]. Further optimizing the scanning 
parameters as well as the application of post-manufacturing processes, such as hot 
isostatic pressing (HIP) [50-52], could contribute to a more solid build by minimizing 
the lack of fusion voids. Additionally, it would relax the residual stresses and improve 
the ductility of the material, but it often does not affect the failure mechanism [33]. 
Crack nucleation sites on the surface or sub-surface, as a result of the high surface 
roughness, primarily control the cracking behavior [28, 53]. These could potentially be 
eliminated by chemical or (thermo)mechanical surface treatments [46, 52, 54, 55].      
 Inspecting the location of the fatigue damage in each of the designs revealed 
clear differences that are expected to have originated from the geometry of the 
underlying unit cells. This is expected given the compression-compression nature 
of the reported fatigue experiments and the fact that the macroscale compressive 
stresses translate to different levels of tensile stresses at the strut level, depending on 
the type of unit cell. Such differences eventually lead to different fatigue behaviors. 
For example, the unit cell layers of designs A and B have were found to deform and 
fail completely under compressive loading [12]. This was once more confirmed by 
the micro-CT data, showing crack initiation and growth throughout the layers of the 
structures. In designs C and D, the observed cracks were clustered, especially in the 
designs with a relative density of ≈ 25%. This resulted in the full collapse of one of 
the top layers, while the rest of the structure remained intact [12]. With the absence 
of DIC strain concentrations, the failure of these layers came relatively unexpected. 
The location of failure could, however, be explained since the load was applied 
at the top and had to be transferred through fairly thin struts. The upper half will 
therefore experience permanent plastic deformations, prior to the bottom half. Short 
of performing ultrahigh frequency imaging, the time difference between consecutive 
images taken during DIC measurements is too large to allow for capturing the strain 
distribution associated with the incident of failure.
 According to the strain distributions and micro-CT images, there are several 
cases in which the specimen 'failed' (Class III), although their strain vs. cycles graph 
indicated otherwise. These observations suggest that the structures maintained their 
integrity even though some of their struts fractured. While this may not be a problem 
for some applications, it is not acceptable for meta-biomaterials where patient safety 
is paramount. Upon strut failure, the structure may release metal powder particles 
that can travel through the body, eliciting the foreign body response of the patient’s 
immune system. As a direct consequence of the activated signaling pathways, bone 
resorption will take place and the implant-bone interface will lose its integrity [9, 
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10]. The potential impact of this particle debris should be studied in vivo, since the 
severity of the situation also depends on the size of the particles and the rate at which 
they accumulate [9]. The extraordinary fatigue lives of the high-density specimens of 
designs C and D should, therefore, be re-evaluated, by taking a closer look at their 
microstructure [12]. That is particularly true given the fact that even #1 specimens 
exhibited substantial crack growth. Eventually, bone ingrowth will increase the fatigue 
performance of the bone-implant complex and potentially eliminate the weak spots, 
but till then the structures should maintain their structural integrity [56]. 
 Surprisingly, the low-density designs (RD ≈ 5%) made it through the fatigue 
tests without any signs of failure. This was confirmed by the DIC data, micro-CT 
images, and strain vs. cycles graphs. As compared to the high-density designs (RD ≈ 
25% & ≈ 45%) that have thicker struts, the contribution of the bending stresses to the 
deformation of the struts of these designs is relatively limited. This was confirmed by 
the different stress distributions through the thickness of the vertical struts (Figure 
6.2 & 6.4b). The signs of mode-I crack initiation and propagation were, therefore, more 
clearly visible in the micro-CT images of the high-density designs as compared to the 
low-density specimens. Based on these observations, low-density specimens seem 
to generally have a higher fatigue life than high-density specimens when subjected 
to the same normalized loading profile [38]. This was not necessarily confirmed 
by the normalized S-N curves in the previous study [12], but this may change once 
the microstructure of the specimens is further examined. Additionally, hardly any 
microporosity was found in the low-density specimens [12], which limits the number 
of crack nucleation sites and may therefore increase their fatigue performance. 

6.4.4. Future research 

The results of this study suggest that the fatigue performance of auxetic meta-
biomaterials should be studied at both the macroscale using strain vs. cycles graphs and 
S-N curves and at the microscale using microarchitectural characterization techniques. 
Future research into the fatigue behavior of architected materials in general and auxetic 
meta-biomaterials in particular should, therefore, combine the methods used in this 
paper with the compression-compression fatigue protocol used in our previous study. 
Such types of studies would require a large number of specimens. The use of ultrafast 
imaging techniques with imaging frequencies » 1 Hz would also make it possible to 
capture the event of failure in greater detail. 
 Compression is considered the most dominant loading type in the 
musculoskeletal system, which explains the high number of fatigue studies that have 



CHAPTER 6

158

used this loading mode [14, 47, 48, 57-59]. It is, however, important to not only study 
the effects of other loading regimes (e.g., tension-tension and compression-tension) 
but also consider the impact of mixed-mode loading scenarios. For example, in the 
hip stem designs proposed before where the auxetic meta-biomaterials primarily 
experience tension due to bending [3]. The results of this study show that tension 
could increase the rate of crack formation in the vertical struts, compromising the 
structural integrity of the specimens and decreasing the maximum number of cycles to 
failure. The fatigue performance of these auxetic meta-biomaterials should, therefore, 
be studied under all applicable loading conditions. This will require some adjustments 
in the specimen’s geometry (e.g., incorporation of functional gradients), to facilitate 
the tensile load transfer from the machine to the sample [15]. These aspects could 
also be considered as a way to investigate the effects of the anisotropic properties of 
AM materials, which may have been caused by the geometry of the unit cells or the 
AM process itself, on the fatigue behavior of meta-biomaterials. Furthermore, the 
biological effects of the released particle debris as well as the effects of the biological 
environment on the fatigue lives of implants should also be studied.
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6.5. Conclusions

In this study, the mechanisms underlying crack initiation and propagation in 
twelve different types of AM auxetic meta-biomaterials subjected to compression-
compression fatigue testing were studied. Geometrical variations in the re-entrant 
hexagonal honeycomb resulted in four different designs (A-D), while each of them was 
manufactured in three different relative density classes (RD ≈ 5%, ≈ 25%, ≈ 45%). FE 
models were made to study the location of weak spots inside the structure, while their 
quasi-static mechanical properties were acquired in a compression test. Two specimens 
of each design were subjected to a compression-compression fatigue test, running till 
25% or 50% of the maximum number of cycles. DIC images were made simultaneously 
to evaluate the evolution of strain distribution with cyclic loading. Once the fatigue tests 
were stopped, the micro-architecture of the specimens was evaluated with the help of 
micro-CT imaging. Weak spots were identified in the FE models and generally matched 
the maximum principal strain concentrations and accompanying fracture sites in the 
DIC and micro-CT data. Many of the cracks were found to originate in the internal 
void spaces or at the sites susceptible to mode-I cracking. The differences between 
the different designs were relatively small and could only be observed when looking at 
the location of the fatigue damage. Most of the specimens maintained their structural 
integrity (according to their strain vs. cycles graph) despite the presence of substantial 
crack growth. This may result in the release of powder particles that could elicit the 
foreign body response of the patient’s immune system, and thereby jeopardize the 
implant’s success. These observations indicate that finding the right failure criterion 
for auxetic meta-biomaterials is quite challenging.  Future research should, therefore, 
always include a micro-architectural assessment to check for the damage accumulated 
in the structures even in the absence of rapid strain accumulation. This also highlights 
the importance of studying other loading regimes, as cracks generally grow much faster 
under tension, especially the mode-I cracks found in the auxetic meta-biomaterials 
studied here. Both the design and the processing parameters could be optimized to 
limit the number of weak spots and potentially improve the fatigue performance of the 
auxetic meta-biomaterials. 
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Abstract 

The rational design of bone-substituting biomaterials is relatively complex because they 
should meet a long list of requirements for optimal performance. Meta-biomaterials are 
micro-architected materials that hold great promise for meeting those requirements 
as they offer a unique combination of mechanical, mass-transport, and biological 
properties. There are, however, inherent couplings between the different types of 
properties of many such materials that make it impossible to simultaneously achieve 
all the design criteria. An example of such a coupling exists between the mechanical 
properties and the surface area. Strut-based, metallic meta-biomaterials are known to 
offer bone-mimicking mechanical properties, but they have limited surface area for 
cell adherence. Increasing the surface generally results in an undesirable increase 
in the mechanical properties that could lead to stress shielding. Here, we combine 
strut-based lattices with minimal surfaces to decouple these two properties. We 
added minimal surface patches to the designs of both auxetic and non-auxetic meta-
biomaterials while minimizing their contribution to the mechanical properties of the 
resulting meta-biomaterials through the rational application of cuts or “slits”. All 
designs were additively manufactured using selective laser melting and mechanically 
tested to obtain their quasi-static mechanical properties, including their Poisson’s ratio, 
in two configurations. A finite element-based computational homogenization code 
was used to compute the elastic moduli and anisotropy of the structures. The results 
show that the minimal surface patches substantially increase the available surface 
area without significantly affecting the mechanical properties. Without the slits, the 
surfaces significantly affected the elastic modulus and deformation behavior of the 
meta-biomaterials. A similar strategy could be used to tune the biodegradation rate of 
biodegradable metals and the permeability of meta-biomaterials in general.     



MERGING STRUT-BASED AND MINIMAL SURFACE META-BIOMATERIALS:  
DECOUPLING SURFACE AREA FROM MECHANICAL PROPERTIES

167

7.1. introduction

The fundamental idea behind metamaterials is that their macroscale properties can 
be tuned through slight alterations in their microscale architecture. This geometry-
property connection has been exploited to develop various metamaterials with unusual 
mechanical properties [1-3]. Bone tissue engineering is one of the disciplines that could 
benefit from these designer materials, since bone implants should meet a long list of 
requirements for optimal performance. 
 These requirements go far beyond simply solving the long-standing problem 
of stress-shielding, now that the world population is aging and the prevalence of 
osteoarthritis is rising, especially among younger patients [4-6]. Within the context of 
bone tissue engineering, these so-called meta-biomaterials are designed to meet the 
requirements regarding the mechanical, mass-transport and biological properties of 
an optimal bone substitute [1, 2, 7]. Targeting several properties at once introduces a 
certain level of complexity, since most properties are coupled through the geometry 
of the structure. One could for instance increase the mechanical properties of a meta-
biomaterial by increasing its relative density, but this generally results in a lower 
porosity and a smaller pore size. These morphological features have been proven 
essential in promoting bone tissue regeneration and osseointegration, and should, 
therefore, stay within the experimentally defined limits [8]. 
 While decoupling the aforementioned properties is challenging, it is not 
impossible. The advances in multi-material additive manufacturing have enabled 
the spatial distribution of multiple materials across one single volume. Every voxel 
of printed materials can now be programmed to exhibit different material properties 
than the next, owing to the different properties of the base materials used [9-11]. We 
recently proposed a new parametric design strategy to decouple the elastic properties 
and permeability of triply periodic minimal surfaces (TPMS), through the allocation of 
hard, soft, and void phases [12]. To date, the above-mentioned multi-material additive 
manufacturing techniques have only been applied in combination with hard and soft 
polymers, which limits its application in (load bearing) bone substitutes.  
 Metals and their alloys are highly attractive materials for skeletal repair [13]. 
Stainless steels, cobalt-based alloys (e.g., CoCrMo), and titanium (Ti) as well as its 
alloys (Ti-6Al-4V) have established themselves as biocompatible metallic biomaterials 
that offer superior mechanical strength and high degrees of corrosion resistance [13, 
14]. However, their bulk properties generally exceed those of the bony tissue, which 
may result in stress shielding and ultimately implant loosening [15, 16]. Porous metallic 
bone scaffolds have, therefore, been introduced to reduce the amount of material and, 
thus, the mechanical properties. With the introduction of laser powder bed fusion 
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techniques such as selective laser melting (SLM), it is now possible to manufacture 
these complex micro-architectures using metallic powder as feedstock. These rather 
complex 3D shapes often consist of strut-based arrays of unit cells, which gives them 
sufficient porosity to not only accommodate tissue integration, but to also decrease 
their mechanical properties to the level of the native bony tissue [17]. 
 Strut-based meta-biomaterials, therefore, form a promising basis for bone 
tissue regeneration, but they do limit the amount of surface area available for cell 
adhesion. To increase the surface area, one could increase the strut thickness, but this 
would lead to substantially increased mechanical properties. In this study, we propose 
a new strategy to decouple the mechanical properties of metallic meta-biomaterials, 
including their Poisson’s ratio, from the surface area available for cell adhesion. This 
approach combines strut-based lattices with extraordinary properties (e.g., negative 
Poisson’s ratio (NPR)) with minimal surfaces. Strut-based lattices and minimal surfaces 
have been widely studied within the context of bone tissue engineering [1-3, 18], serving 
as templates for bone substitutes that could mimic the complex geometry of native 
bone tissue [19]. The properties of strut-based lattices can be tuned to recapitulate the 
mechanical characteristics of the host bone, while minimal surfaces are mechanically 
efficient and famed for their fascinating geometrical features.  
 Here, we propose to add minimal surface patches to the designs of both 
auxetic and non-auxetic meta-biomaterials while minimizing their contribution 
to the effective mechanical properties through the rational introduction of cuts or 
“slits”. Control groups are used to compare the properties of the resulting meta-
biomaterials with those of strut-based lattices without the minimal surface patches 
and to geometrically similar designs without the rational application of the slits. All 
designs were additively manufactured and mechanically tested to measure the quasi-
static mechanical properties. Digital image correlation (DIC) was used to measure the 
local displacements and hence, the Poisson’s ratio. Finite element (FE) simulations 
were run to compute the effective elastic modulus and anisotropy of the structures. 

7.2. Materials and methods

7.2.1. Design of auxetic and non-auxetic meta-biomaterials

In this work, we propose an approach to increase the surface area of several meta-
biomaterials independently of their mechanical properties. This rational approach 
relies on adding surface patches to specific regions of strut-based lattices and adding 
cuts or “slits” to the surfaces to limit their contribution to the overall mechanical 
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properties. In principle, this procedure could be applied to any type of strut-based lattice 
structure. However, we have chosen for the widely studied hexagonal honeycomb (i.e., 
non-auxetic) and its auxetic counterpart, the re-entrant hexagonal honeycomb [20, 
21]. This choice of unit cell allows us to readily vary the Poisson’s ratio of the resulting 
meta-biomaterials and achieve both positive (PPR) and negative (NPR) values of the 
Poisson’s ratio. The lattices were designed in Solidworks (Dassault Systèmes, Vélizy-
Villacoublay, France). The structures consisted of a 5 × 5 × 5 unit cell array with a 
strut thickness of 400 µm. Previous work has shown that the aspect ratio (a/b) and 
structural angle (θ) of the unit cells both influence the mechanical properties of the 
structure as a whole (Figure 7.1a-b)[1, 20]. A constant aspect ratio of 1.5 and uniform 
cell width of 2.36 mm were chosen for both non-auxetic (C) and auxetic (A) lattices as 
well as a 115° and 65° structural angle (θ), respectively. The exact unit cell dimensions 
can be found in Table 7.1. 

A B C

D

2

3 4

θ θaa

b

b

1 2

3 4

1

Figure 7.1: 2D line drawing with design parameters a, b, and θ of the (a) hexagonal honeycomb and (b) re-entrant 

hexagonal honeycomb. A1-4 shows the design possibilities with the hexagonal honeycomb using 4-, 6-, 8-, and 

10-gon minimal surface patches, respectively. B1-4 shows the design possibilities with the re-entrant hexagonal 

honeycomb using 4-, 6-, 8-, and 10-gon minimal surface patches. (c) An example of an 8-gon minimal surface patch 

in a unit cell of the face-centered cubic lattice. (d) An example of a 4-gon minimal surface patch in a unit cell of 

the octet-truss lattice.
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To decorate the lattices with surface patches, closed-loop 'wireframes' without self-
intersections were identified in the unit cells to which the surfaces could be attached 
(Figure 7.1). When considering the lattice as a mathematical graph, such closed 
wireframes correspond to cycles in the graph. In some cases, these closed wireframes 
could be planer polygons (e.g., the square face of the simple cubic lattice), but in 
general these wireframes are skew polygons [18]. To define a surface spanning a 
skew n-gon (with n representing the number of edges), the minimal surface spanning 
that n-gon was numerically computed using Surface Evolver [22]. For any given 
wireframe, the minimal surface is the surface of minimal area, and all minimal surfaces 
are characterized by a vanishing mean curvature and a negative (or zero) Gaussian 
curvature. The triangulated minimal surfaces obtained using Surface Evolver were 
converted to solid patches (i.e., were assigned a thickness) by offsetting the mesh 
vertices in their normal directions and closing off the resulting parallel meshes along 
their boundaries. This operation, which was performed using some of the functions of 
the Gibbon toolbox (tesGroup, patchNormal) in Matlab (version 2018b, Mathworks, 
Natick, MA, USA) [23], resulted in minimal surface patches with a thickness of 200 
μm. The surface patches were exported in the STL file format and imported into 
Solidworks, to be assembled with the lattices (with surfaces and without the slits = 
WS) (Figure 7.2b and 7.2f). For the designs with surfaces and slits (with slits = S), the 
surface patches were cut into several pieces, in such a way that each disconnected piece 
was only connected to one single strut, effectively disabling load transfer from one 
strut to another through the surface patches. A 175 μm diagonal cut was made and sides 
were cropped by 120 μm, resulting in two triangular surface patches (Figure 7.2c and 

Table 7.1: The designed dimensions of the unit cells in the six different groups, including the relative density and 

surface area of the complete structures. From top to bottom the non-auxetic structures without the surfaces (C), 

with the surfaces and slits (CS), and with the surfaces without the slits (CWS). Followed by the auxetic structures 

without the surfaces (A), with the surfaces and slits (AS), and with the surfaces without the slits (AWS).

Type

C
CS
CWS

A
AS
AWS

a (mm)

1.95
1.95
1.95

1.95
1.95
1.95

b (mm)

1.30
1.30
1.30

1.30
1.30
1.30

θ (°)

115
115
115

65
65
65

Relative density

0.10
0.12
0.13

0.20
0.23
0.27
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7.2g). The assembled structures were combined and exported in the .STL file format.

7.2.1. Additive manufacturing of metallic meta-biomaterials 

The specimens were manufactured with SLM using an SLM125 machine (Realizer 
GmbH, Borchen, Germany). The machine was equipped with a 400 W Ytterbium fiber 
laser (IPG Photonics Corporation, Oxford, USA). Spherical, plasma-atomized Ti-6Al-
4V ELI powder with a particle size of 10 - 45 μm (AP&C, Boisbriand, Canada) was used 
as the feedstock. During printing, the oxygen level in the build chamber was kept below 

A B C D

E F G H

2 mm

2 mm2 mm

2 mm 2 mm

2 mm 2 mm

2 mm

20 mm

10 mm

x

y

z

x

y

z

Figure 7.2: A three-dimensional representation of the six meta-biomaterials studied here, presented through their 

computer-aided designs and as-manufactured parts. (a) C, (b) CWS, and (c) CS as well as their as-manufactured 

counterparts (d). (e) A, (f) AWS, (g) AS, and their as-manufactured counterparts (h).
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0.2% using an Argon flow. The substrate plate was kept constant at 100°C. 
 A slicer program, RDesigner (Realizer GmbH, Borchen, Germany), was used to 
prepare the build. The specimens were rotated by 45° and 35° around the y- and x-axis, 
respectively, to create an internal self-supporting structure. On the build plates, 16 
locations of 20 mm x 23 mm were defined on which one specimen could be built. The 
different design configurations were divided over the build plates to avoid mechanical 
or dimensional deviations caused by specimen location or inhomogeneous powder 
coating. A successful combination of the processing parameters was found through 
trial and error (Table 7.2), and ten specimens of each design were built. Since the 
lattices and the surface patches were combined in one file, they were also printed using 
a single laser scanning strategy. 

7.2.3. Morphological characterization

The morphology of the six designs is primarily different in terms of the specific surface 
area and the permeability. The surface area was, therefore retrieved from the three-
dimensional CAD files using the graphics software Blender (version 2.81, Blender 
Foundation, Amsterdam, The Netherlands). The permeability (k) is often considered a 
key parameter in bone tissue engineering, since it affects the nutrient and oxygen flow 
inside the scaffold and hence the in vivo bone formation. It best represents all other 
geometrical features (e.g., pore shape, pore size and pore interconnectivity), and may 
be analytically calculated using the Kozeny equation [24]: 

This equation describes its relation with the volume fraction, or porosity (ϕ), and the 
specific surface area (Ss = S⁄L3). The normalized effective permeability was found to 
be directly proportional to this geometrical relation, in which L describes the width 
of the box bounding the unit cell [12, 24]. In the absence of the Kozeny constant, the 
calculated values give an impression of the relative differences in permeability between 
the designs. 
 After printing, the dimensions of the specimens were measured using a caliper, 
while a laboratory scale (Sartorius AG, Göttingen, Germany, 0.1 mg accuracy) was used 
to weigh the specimens. The dry weighing technique was then used to determine the as-
manufactured relative density of the specimens, for which the weight of the specimens 
was divided by the weight of a solid Ti-6Al-4V ELI object with similar dimensions and 

 ϕ3

Ss
2k =

1
ck

(    )
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a density of 4.43 g/cm3. The specimens were assessed on their quality using scanning 
electron microscopy (SEM) (JSM-IT100LA, JEOL, Tokyo, Japan). This was primarily 
done to gain a better perspective on the amount of surface area that was added to 
the lattices, as well as the quality and openness of the applied slits. The patches were 
visualized with a beam energy of 10-20 kV and a working distance of 14-30 mm. 

7.2.4. Mechanical testing

7.2.4.1. Experimental testing

The quasi-static mechanical properties were obtained according to ISO 13314:2011 [25], 
once the data were corrected for machine compliance using the ‘direct technique’ 
[26]. The elastic modulus was then calculated in the linear region of the stress-strain 
curve between 30% and 70% of the first maximum compressive strength (FMCS). The 
latter corresponds to the first local maximum in the stress-strain curve. Finally, the 
compressive yield strength (σy) was measured at 0.2% compressive strain.   
 Full-field strain measurements were performed using the digital image 
correlation (DIC) technique, especially to gain insight in the Poisson’s ratio of the 
different structures. To make sure the printed Ti-6Al-4V structures had a sufficiently 
high number of surface landmarks, a speckle pattern was added. The specimens were 
first spray-painted in black. The front surface was then stamped in white. Finally, 
a black random and unique speckle pattern was added with an airbrush. The full 
experimental set-up was then calibrated using the VicSnap software (Correlated 
Solutions Inc., Irmo, USA). During the compression tests, two 4 MP digital cameras 
(Limess, Krefeld, Germany) captured the front surface at a frequency of 1 Hz. The 
displacement and strain fields were calculated in the image analysis software Vic3D 
(Correlated Solutions Inc., Irmo, USA). The relative displacements of a group of unit 
cells in hte middle of the structure were used to calculate the Poisson’s ratio (νyx = -εxx/

Table 7.2: Additive manufacturing parameters for printing both auxetic and non-auxetic meta-biomaterials. 

Type

Contour
Hatch

Slice height 
(μm)

50
50

Exposure 
time 
(μm)

20
5

Point 
distance 
(μs)

10
10

Laser 
power 
(W)

88
88

Hatch 
strategy

-
90° alternating

Hatch 
distance
(μm)

-
150
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εyy) in the linear region of the stress-strain curve. The directional strain values (i.e., εxx 
and εyy) were calculated using the coordinates of twelve vertices at different stages of 
deformation. Once a plateau was reached, the last ten values were used to calculate the 
average value of the Poisson's ratio.
 The specimens were axially compressed using a mechanical testing machine 
(MTS, Eden-Prairie, USA). They were compressed for 5 mm with a displacement rate 
of 1 mm/min. The experiments were performed in two directions, standing upright 
and at a 90-degree angle (i.e., tilted (T), used as a subscript to label the results). In the 
tilted position the patches are oriented in the direction of the applied load, whereas 
they are perpendicular to the direction of loading in the upright position.

7.2.4.2. Computational modelling

To compute the effective elastic modulus and the elastic anisotropy of the different 
non-auxetic and auxetic designs, a linear-elastic finite element-based computational 
homogenization code in Matlab was used [28]. First, the (non-cubic) unit cell designs 
were converted to a voxelized representation using the triSurf2Im code in the Gibbon 
toolbox, employing cubic voxels [23]. Next, the homogenized stiffness tensor C* was 
computed by performing six independent linear-elastic finite element (FE) simulations 
using an isotropic linear elastic material model, periodic boundary conditions and 
eight-node hexahedral elements. The six linear-elastic simulations were performed by 
applying macroscale unit strains to the unit cells in the six directions: three simulations 
in axial loading (x, y, and z), and three simulations in shear loading (xy, xz, yz). A mesh 
convergence study (on the basis of effective elastic modulus E11*) was performed, and 
a discretization of 120 voxels (20 micron in size) in the minimum dimension, with a 
proportional number of voxels in the maximum dimension, was found to be sufficient. 
The input material properties for the simulations were calculated in a compression 
test on ten solid cylinder specimens (Ø = 10 mm, height = 15 mm). The structures were 
printed in the same configuration as the auxetic and non-auxetic meta-biomaterials. 
The data were corrected for machine compliance [26], which resulted in an elastic 
modulus of 30.2 GPa and a Poisson’s ratio of 0.3. Our primary simulation interest lies 
in studying the normalized effective stiffness (normalized with respect to the bulk 
material stiffness), which is irrespective of the choice of the elastic modulus. Using 
the preconditioned conjugate gradient solver in Matlab (tolerance = 10-8), the FE 
equations were solved, and the effective stiffness tensor was obtained. The effective 
elastic modulus in various directions was then obtained from the effective compliance 
tensor S* (the inverse of C*) and a rotation matrix and was plotted as an 3D surface.  
The effective stiffness values were calculated using the bulk material modulus (Es). 
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7.2.4.3. Statistical analysis

All statistical analyses were performed using GraphPad Prism 9 (GraphPad Software, 
CA, USA). Unless otherwise indicated, the statistical tests correspond to ordinary one-
way ANOVA followed by the Tukey’s multiple comparisons test. The differences were 
considered statistically significant for p < 0.05.

7.3. Results

7.3.1. Morphological characteristics 

All six designs were successfully manufactured, and closely matched their designed 
dimensions (Figure 7.2, Table 7.3). The relative density values were obtained using the 
dry-weighing technique and ranged between 0.16 and 0.30 (Table 7.3). In all cases, the 
relative density values were larger than their designed values. Most of the weight was 
added to the ‘simple’ lattice structures, while differences between the designs were 
small.  
The ‘slits’ that were applied to the patches of designs CS and AS were clearly visible 
throughout the specimens (Figure 7.3a and 7.3c). The images do suggest that some ends 
of the patches may be connected to the surrounding struts through adherent powder 
particles. The designs CWS and AWS were designed ‘without slits’, which was also 
successfully translated to the as-manufactured specimens (Figure 7.3b and 7.3b). With 
the addition of these patches, the surface area of the lattices was increased by 20-25% 

Table 7.3: The as-manufactured dimensions, relative density values, surface area and permeability predictions of 

the six different groups.

Type

C
CS
CWS

A
AS
AWS

Length
(mm)

12.49 ± 0.03
12.50 ± 0.03
12.53 ± 0.10

12.61 ± 0.10
12.54 ± 0.07
12.56 ± 0.06

Width 
(mm)

12.52 ± 0.04
12.52 ± 0.07
12.51 ± 0.08

12.62 ± 0.05
12.64 ± 0.07
12.62 ± 0.06

Height
(mm)

15.26 ± 0.08
15.29 ± 0.05
15.32 ± 0.10

14.28 ± 0.06
14.22 ± 0.04
14.26 ± 0.07

Relative 
density

0.16 ± 0.001
0.17 ± 0.001
0.18 ± 0.003

0.26 ± 0.004
0.29 ± 0.003
0.30 ± 0.004

Surface area
(mm2)

2432.61
2999.36
2872.44

3800.87
4737.38
4531.23

ϕ 3

(S/L 3) 2

0.33
0.20
0.22

0.10
0.06
0.05
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SED  10.0 kV   WD 29 mm    x16          500 µm SED  10.0 kV   WD 17 mm    x35          500 µm 

SED  10.0 kV   WD 23 mm    x22          500 µm SED  10.0 kV   WD 17 mm    x33          500 µm 

SED  20.0 kV   WD 23 mm    x20          500 µm SED  20.0 kV   WD 14 mm    x35          500 µm 

SED  20.0 kV   WD 15 mm    x25          500 µm SED  20.0 kV   WD 14 mm    x35          500 µm 

A

B

C

D

Figure 7.3: The structure and surface quality of the different designs observed using SEM. (a) 

CS ×16 and ×35. (b) CWS ×22 and ×33. (c) AS ×20 and ×35. (d) AWS ×25 and ×35. The colored 

areas highlight the additional surface area in each of the designs. 
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(Table 7.3). The largest surface area was found for the designs with slits (CS and AS), 
while the smallest surface area was measured in the simple lattices (C and A) (Figure 
7.3). The simple lattices exhibited a higher permeability than their counterparts with 
surface patches (Table 7.3). A slight increase in permeability was observed in CWS, 
with respect to CS. 

7.3.2. Mechanical properties

For each of the designs the mean stress-strain curve has been presented in Figure 7.4. 
Typically, the stress-strain curve of porous biomaterials exhibits a linear region followed 
by a plateau region with fluctuations. The fluctuations generally match the subsequent 
collapse of individual layers inside the structure. These collapses were clearly visible 
in the designs with surface patches, but without the slits (i.e., CWS(T) and AWS(T), with 
(T) used to refer to both testing configurations) (Figure 7.4). CWS(T) exhibited drop-
to-zero stress evolution patterns, which happen in between the collapse of layers and 
subsequent take-up of the load by another layer, allowing the stress to increase again. 
In the upright position, this also holds true for the other two non-auxetic designs (i.e., 
C and CS). In the titled configuration, CT and CST failed along a diagonal shear line, 
while CWST first exhibited buckling before the first layer collapsed. The fluctuations 
were less extreme in the auxetic designs (i.e., A and AS) with smaller drops in the 
stress. This was especially the case for the specimens tested in the tilted position (i.e., 
AT and AST), in which the stress gradually decreased with strain, exhibiting a diagonal 
shear line (Figure 7.5b). The stress only started to recover towards the end of the test, 
but no other maxima were reached. 
 The mechanical properties were found to increase with the relative density 
(the addition of surfaces). However, these differences were mostly non-significant in 
the upright configuration (Table 7.4, Figure 7.5). The only significant difference in the 
stiffness was found between C and CWS, with CWS exhibiting a 13% higher elastic 
modulus. In the tilted position, the designs with surfaces and without the slits (CWST 
and AWST) exhibited a significant increase in both stiffness and strength. The CWST 
design exhibited an elastic modulus of 3088.16 ± 98 MPa, which is almost twice as high 
as the stiffness measured for the other two non-auxetic meta-biomaterials (p < 0.0001 
for CWST vs. CT and for CWST vs. CST) (Figure 7.5c). A similar increase can be observed 
for its strength (Table 7.4). The AWST design showed a similar increase in stiffness, 
with an elastic modulus of 11192.42 ± 901 MPa, as compared to 4892.60 ± 257 MPa (p < 
0.0001) and 5347.60 ± 159 MPa (p < 0.0001) for AT and AST, respectively (Figure 7.5d). 
The non-auxetic designs showed a decrease in their stiffness and strength when tilted 
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Figure 7.4: The average stress-strain curves of (A) the non-auxetic designs in the upright position, (B) the 

non-auxetic designs in the tilted position, (C) the auxetic designs in the upright position, and (D) the auxetic 

designs in the tilted position. 

by a 90° angle, except for CWST. The auxetic meta-biomaterials exhibited an increase 
in stiffness and strength, once tilted.
 The average values of the Poisson’s ratio show that the structures made using 
the hexagonal honeycomb unit cell (i.e., non-auxetic) expand under compression, 
thus having a positive Poisson’s ratio (Table 7.4, Figure 7.5a and 7.5e). No significant 
differences were found between the simple lattices (C(T)) and the lattices with surfaces 
and slits (CS(T)) in terms of their Poisson’s ratio. As compared to the design without 
surfaces, the design with surfaces and without the slits had a significantly lower 
Poisson’s ratio in the upright position (p < 0.0001 for CWS vs. C), and a significantly 
higher value in the tilted configuration (p < 0.01 for CWST vs. CT). CT and CST both 
exhibited a smaller value of the Poisson’s ratio as compared to their counterparts in the 
upright configuration. CWST, on the other hand, showed an increase in its Poisson’s 
ratio as compared to CWS (Figure 7.5e). The structures based on the re-entrant 
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hexagonal honeycomb, which were designed to have a negative Poisson’s ratio (i.e., 
auxetic), indeed exhibited a lateral contraction in response to the axial compression 
(Figure 7.5b and 7.5f). In both configurations, A and AS exhibited similar values of the 
Poisson’s ratio. The differences with AWS were significant in the upright configuration 
(p < 0.0001), showing a notably smaller lateral contraction. Once tilted, the NPR of AT 

and AST decreased, whereas the value of AWST increased (Figure 7.5f). 
 The computational homogenization analyses of the effective elastic modulus 
revealed that the standard non-auxetic and auxetic unit cells are elastically anisotropic, 
which is typically found in many strut-based lattices (Figure 7.6a and 7.6c). For example, 
the hexagonal honeycomb unit cell shows a relatively high effective stiffness in the 
three main orthogonal directions with the highest stiffness obtained in the primary 
loading direction (Ex* > Ey* = Ez*). The effective stiffness rapidly decreases for off-axis 
loading, resulting in the stellated shape of the elastic modulus surface (Figure 7.6a). 
The standard auxetic design exhibited a similar behavior, albeit with a higher stiffness 
in the other directions (Figure 7.6c, Ey* = Ez* > Ex*). As expected, and as confirmed by 
the experimental test results, the effective stiffness and degree of elastic anisotropy 
remains virtually constant when surfaces with slits are added to the designs. However, 
the addition of surfaces without slits substantially altered the anisotropic elastic 
behavior (right panels in Figure 7.6a and 7.6c). Specifically, the anisotropy in the yz-

Table 7.4: The quasi-static mechanical properties of the six different designs in the upright and titled (T) 

configurations.

Type

C
C T

CS
CS T

CWS
CWS T

A
A T

AS
AS T

AWS
AWS T

Elastic modulus (MPa)

Compression test

1780.55 ± 158
1412.10 ± 103
1816.07 ± 111
1556.06 ± 60
2042.50 ± 142
3088.16 ± 98

1766.92 ± 104
4892.60 ± 257
1753.04 ± 60
5347.60 ± 159
1774.64 ± 122
11192.42 ± 901

FMCS (MPa)

Compression test

49.39 ± 2
41.42 ± 2
51.62 ± 1
45.70 ± 2
52.08 ± 2
97.86 ± 4

52.88 ± 3
84.83 ± 3
53.73 ± 1
90.49 ± 2
57.97 ± 2
147.09 ± 2

Yield strength (MPa)

Compression test

42.52 ± 1
34.32 ± 1
44.43 ± 2
38.05 ± 2
46.67 ± 3
85.39 ± 3

46.02 ± 2
68.19 ± 2
45.95 ± 1
73.36 ± 1
48.87 ± 3
105.65 ± 1

Poisson's ratio

DIC

0.747 ± 0.04
0.232 ± 0.02
0.762 ± 0.15
0.238 ± 0.05
0.178 ± 0.02
0.313 ± 0.01

-0.335 ± 0.03
-0.264 ± 0.03
-0.295 ± 0.03
-0.258 ± 0.06
-0.108 ± 0.03
-0.305 ± 0.05
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plane was reduced, and a disk-like shape appeared in the surface representing the 
elastic modulus. Additionally, the presence of surfaces without slits caused an increase 
in the predicted effective stiffness in the primary loading direction, Ex*, confirming 
the experimental observations (Figure 7.6b and 7.6d). However, the computationally 
predicted increase in the stiffness was consistently larger than the experimentally 
observed values. The normalized effective stiffness values were higher for the non-
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Figure 7.5: Experimental results of the quasi-static compression tests in both configurations. (a) Deformation of 

CWS over time with an example of a DIC read-out. (b) Deformation of AST over time with an example of a DIC 

read-out. (c) Elastic modulus of the non-auxetic meta-biomaterials. (d) Elastic modulus of the auxetic meta-bio-

materials. (e) Poisson’s ratio of the non-auxetic meta-biomaterials. (f) Poisson’s ratio of the auxetic meta-bioma-

terials. *: p ≤ 0.05, **: p ≤ 0.01, ***: p ≤ 0.001, ****: p ≤ 0.0001, ns: not significant.
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auxetic designs as compared to the auxetic designs in the upright position. Once tilted, 
the auxetic designs outperform the non-auxetic designs in terms of stiffness (Table 
7.5). The primary purpose of our computational analyses was to study the elastic 
anisotropy and to confirm the experimentally observed effects of adding surfaces with 
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Figure 7.6: Effective stiffness obtained through computational homogenization. (a) Voxelized representations 

(top row) and corresponding effective elastic modulus surfaces (bottom row), for the C (left), CS (middle), and 

CWS (right) designs. Every elastic modulus surface is colored according to the magnitude of the effective stiffness 

in any particular direction, normalized with respect to the maximum effective stiffness of that design (E*/Emax*). 

(b) Comparison of the experimental and computational effective stiffness, normalized with respect to the stiff-

ness of the design without surfaces. (c)-(d) Similar to (a)-(b) but for the auxetic designs.
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or without slits to the strut-based designs, which is why we were mainly interested in 
the normalized effective stiffness (E*/Es). As described before, our simulations were 
of the linear elastic type, meaning that the choice of Es is immaterial to the obtained 
values of the normalized effective stiffness values. A prediction of the dimensional 
effective stiffness values (i.e., the non-normalized E* values) were computed using the 
material properties of solid Ti-6Al-4V cylinders (Table 7.5). In general, these predictions 
capture similar trends as the experimentally observed values. However, the predicted 
values for E* are consistently smaller than their experimental counterparts. This could 
indicate that the bulk material stiffness (Es) was different for non-auxetic designs as 
opposed to the auxetic designs, which could be the result of the different designs and 
design-dependent manufacturing defects [29-31].

7.4. Discussion

We proposed a new strategy to decouple the mechanical properties and available surface 
area in metallic meta-biomaterials. Both auxetic and non-auxetic meta-biomaterials 
were designed and additively manufactured, either with or without the addition of 
surfaces. The results of both the computational models and the experimental tests 
show that the addition of rationally designed surfaces can increase the surface area 
independent of the mechanical properties.   

7.4.1. Morphological characteristics

Recent advances in additive manufacturing have enabled the fabrication of complex 
three-dimensional shapes, prompting the development of many complex ‘designer 
materials’ [1-3, 12] of which the meta-biomaterials in this study are the newest examples. 
These biomaterials can simultaneously satisfy multiple design requirements, including 
a high volume of pore spaces, vast surface areas, tailored anisotropic elasticity tensors, 
bone-mimicking elastic moduli, and negative values of the Poisson’s ratio. Nevertheless, 
it remains a challenge to successfully print a geometry with so many overhanging 
structures. The geometries were, therefore, built at an angle with respect to the build 
plate. The as-manufactured relative density values were higher than the designed 
values. This is likely due to the imperfections (e.g., powder adhesion, over-melting, 
strut thickness heterogeneity) that are inherent to metal printing processes [32-34]. 
The adhering powder particles may limit the displacement of the surfaces relative to 
the struts. In some cases, the surfaces may even be fused with the surrounding struts, 
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although we did not detect any such merger in our SEM images. Even if present, these 
connections are expected to be relatively weak and therefore easy to detach upon 
loading.
 As intended, the surface area of the structures was substantially increased 
through the addition of rationally designed surface patches. Surprisingly, the largest 
surface area was reported for the designs with surfaces and with slits (i.e., CS and AS). 
The width of the slits was smaller (175 µm) than the thickness of the surfaces (200 
µm), meaning that their inclusion has increased the surface area instead of decreasing 
it. These designs, therefore, feature a slightly larger surface area than the designs with 
surfaces and without the slits (i.e., CWS and AWS) (Table 7.3). This slight advantage in 
terms of additional surface area (≈ 200 mm2) is, however, only present in the designs 
where the slit width is smaller than the surface thickness. 

7.4.2. Geometry-property relationships 

The fluctuations that were observed in the stress-strain curves of both the auxetic and 
non-auxetic meta-biomaterials correspond to the successive failure of individual layers. 
The layer containing the weakest link collapses first, after which the stress will increase 
until another link fails, and so on. In the tilted configuration, the number and intensity 
of these fluctuations decreased. In this configuration, there are no struts oriented in 
the loading direction, which means the deformation is guided by the bending of the 
diagonal struts. As a result, a diagonal shear profile could be observed. In the designs 

Table 7.5: The simulated effective stiffness values (E*) for all six designs in the normal (x) and tilted (y) configura-

tions. Both the normalized (Ex* / ES) and dimensional (Ex*) values are provided. The latter were obtained by multi-

plying the normalized values with the estimated bulk material elastic modulus ES = 30.2 GPa, which was obtained 

from the compression tests on solid Ti-6Al-4V cylinders.

Type

C
CS
CWS

A
AS
AWS

E X*/E S

0.0318
0.0322
0.0443

0.0217
0.0219
0.0277

E X* (MPa)

960.36
972.44
1337.86

655.34
661.38
836.54

E Y*/E S

0.0282
0.0290
0.0898

0.0607
0.0626
0.1702

E Y* (MPa)

851.64
875.80
2711.96

1833.14
1890.52
5140.04
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with surfaces and without the slits (i.e., CWST and AWST) the surfaces are oriented in 
the loading direction, thus contributing to the mechanical properties of the material. 
The buckling mechanism that was observed in CWST right before failure is a direct 
result of the surface patches being axially compressed. 
 The mechanical properties of the auxetic and non-auxetic meta-biomaterials 
significantly increased once fully closed surface patches were added in the loading 
direction. The addition of these solid “walls” enhances the load-carrying capacity of 
the structures. With the slits in place, the surfaces were no longer connected to all four 
surrounding struts. Instead, they were connected to only one strut, meaning they could 
move around. Under such circumstances, the load is carried by the lattice alone. Due 
to powder adhesion, some of the slits may have been partially or fully fused with the 
surrounding struts. This could explain the relatively high standard deviations found 
for some of the meta-biomaterial properties, which may also be caused by the two 
opposing surfaces touching each other upon deformation. 
 In the absence of the surface patches, the mechanical performance of the non-
auxetic meta-biomaterials is comparable for both configurations, with a small drop in 
the compressive stiffness (-21%) and strength (-19%), once tilted. This can be explained 
by the absence of vertically oriented struts in CT. Similar results have been reported in 
the literature and were also confirmed by our simulations (Table 7.5) [35]. According 
to both the experimental and computational results, the auxetic meta-biomaterials 
have a significantly higher load-bearing capacity in the tilted configuration (+277% and 
+148%, respectively. In A, the applied load is directly responsible for the collapse of 
the re-entrant hexagonal honeycomb, whereas it acts on the horizontal struts in AT. 
Similar observations are reported in the literature [35, 36]. In their presented form, the 
auxetic meta-biomaterials outperform the non-auxetic meta-biomaterials in the tilted 
configuration. In general, the auxetic meta-biomaterials are more compliant in the 
presented loading direction as compared to their non-auxetic counterparts (assuming 
a similar relative density) [1, 37]. The observed difference is, therefore, a direct result of 
the higher relative density of the auxetic designs (Table 7.3). Once normalized by their 
volume, the non-auxetic meta-biomaterials do exhibit a higher stiffness (Table 7.5). 
 The presence or absence of the slits clearly affects the computationally 
predicted surfaces of the elastic modulus. With the slits present, the structure 
effectively exhibits the same behavior as the designs without surfaces, resulting in a 
nearly identical elastic modulus surface and predicted effective stiffness. When no 
slits are present, however, the stiffness in all directions within the yz-plane drastically 
increases, and the elastic modulus surface is altered substantially. Indeed, the presence 
of surfaces without slits essentially adds plate-like elements to the unit cell that cause 
the unit cell to exhibit near isotropy when loaded along in-plane directions. These 
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insights confirm that the slits are not only necessary to maintain the overall effective 
stiffness of the strut-based lattices in the main loading directions, but also to preserve 
their anisotropic response. 
 The computationally predicted values of the effective stiffness are substanti-
ally lower than their experimental counterparts. The input material properties were 
determined in the main printing direction, but once a part is printed at an angle with 
respect to the build plate, the mechanical properties generally decrease [29, 38]. The 
struts in our designs are oriented in multiple directions, which means the overall print 
quality could also be higher. Fitting the predicted effective stiffness of the standard 
auxetic design to the corresponding average experimental value, resulted in Es = 81.48 
GPa. This suggests that the quality of the solid cylinders is about a factor 2-3 lower 
than the overall quality of the auxetic and non-auxetic meta-biomaterials. Overhanging 
structures, or those printed diagonally, push the boundaries of the SLM process and 
may consequently result be ofin an inferior print quality [29, 32-34, 38, 39]. Fortunately, 
various efforts are made to effectively predict the impact of printing imperfections on 
the mechanical performance of additively manufactured lattice structures [40-42]. 
 The Poisson’s ratio of the non-auxetic meta-biomaterials is generally higher 
in the upright configuration, showing a bigger lateral expansion in response to axial 
compression [35]. The absolute values of the Poisson’s ratio follow a similar trend 
as the one we found in an earlier study on hexagonal honeycomb lattices [1]. These 
absolute values drastically decrease once fully closed surface patches are present. The 
results suggest that these surface patches hinder the bending-dominated deformation 
mechanism that relies on the hinging of cell ribs. In the tilted configuration, the 
Poisson’s ratio of CWST is again significantly different from the other two designs. 
In this configuration, the surface patches seem to enhance the lateral deformation. 
This can be explained by their stiffer response, which forces the lateral nodes to move 
outwards upon axial compression. The auxetic meta-biomaterials exhibited NPR values 
in both configurations. In general, a slightly larger lateral contraction was observed 
when they were tested in the upright position. Similar observations are reported in the 
literature, although differences decrease when θ increases [35, 36, 43]. Absolute values 
were found to overlap the computationally derived values published in an earlier study 
[44]. The differences between the designs were generally non-significant, except for 
the Poisson’s ratios in the upright configuration. A significant decrease in the NPR was 
observed once the surface without the slits were added. This may again be explained 
through the deformation mechanism of the re-entrant hexagonal honeycomb, which 
is more restricted once struts are connected through a rigid surface. In the tilted 
configuration, the surfaces work with the deformation mechanism, instead of against 
it. The Poisson’s ratio was, therefore, not affected by the addition of the rationally 
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designed minimal surface patches, whereas the surfaces without slits did significantly 
alter the deformation pattern of the structures in at least one direction.  

7.4.3. Biological performance  

The term osseointegration is used to describe the integration of the implant in its 
surrounding bony environment and was first introduced by Brånemark and co-workers 
in 1976 [45]. After years of research, we now know that the osseointegration process 
can be influenced by a variety of factors, involving both the environment and the 
design of the implant itself [46]. The latter has been the main focus of this research 
and can be broken down into multiple aspects including the biocompatibility, topology, 
macro-/micro-architecture, and mechanical properties [46-48]. Porous bone scaffolds 
are shown to be very effective in the treatment of critically sized bone defects, as their 
mechanical properties match those of the surrounding bony tissue. Furthermore, the 
interconnected network of pores allows for deep tissue integration. This can not only 
solve the longstanding problem of stress shielding, but also enhance osseointegration 
and therefore improve the long-term fixation of the implants [49]. The bone-implant 
interface in porous scaffolds has been, indeed, found to be much stronger than the one 
created in solid bone implants [47]. The porous meta-biomaterials that were proposed 
in this study serve the same purpose, providing a rich network of pore spaces to improve 
the mechanical interlocking of the implant with the surrounding bone. Through the 
rational design of the surface patches, the surface available for cell adherence was 
increased without substantially changing the mechanical properties of the developed 
meta-biomaterials. The imperfections cause by the additive manufacturing process, 
such as the surface roughness, may further improve the mechanical interlocking by 
increasing the number of cell/protein adhesion sites [50]. 
 The macro- and micro-architecture of the scaffold go hand in hand with the 
permeability, which is of great importance for cell infiltration and sustenance [51]. 
Bigger pores are often preferred during progressive growth, since they will provide 
enough space for nutrients and oxygen to pass through. Smaller pores, on the other 
hand, will easily get occluded, but may also prevent or slow the continuous flow of fluid, 
thereby improving cell adhesion [51]. With the rationally designed minimal surface 
patches in place, the permeability is somewhat decreased, but the slits will still allow 
the passage of nutrients and oxygen throughout the scaffold. Furthermore, the rational 
introduction of the patches increase the tortuosity, which will improve the delivery 
of oxygen and nutrients to every location in the structure [52]. This is not the case 
in the designs with the fully closed surface patches, where the pore interconnectivity 
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is significantly affected by the presence of these solid walls. Moreover, our design 
approach generally offers several patch configurations for a single strut-based lattice 
(Figure 7.1), implying that the permeability could be tuned independently from the 
mechanical properties by selecting the desired patch configuration (with slits) for a 
given strut-based lattice. 
 The auxetic and non-auxetic meta-biomaterials that were introduced here 
belong to the category of permanent implants. Ti-6Al-4V is a bio-inert metal with 
great corrosion resistance and adequate mechanical characteristics, but complete 
restoration of the tissue will never be achieved [13, 14]. Researchers have, therefore, 
begun to investigate biodegradable materials, including metals. In biodegradable 
metals, the implant will provides sufficient mechanical support upon implantation, 
after which it will slowly degrade allowing the new healthy tissue to take over [53]. 
Given its favorable biocompatibility and suitable mechanical properties, magnesium 
has long been the focus of research in the development of biodegradable orthopedic 
metals [53]. Unfortunately, magnesium and its alloys also tend to degrade too fast in 
physiological environments. The corrosion properties of biodegradable metals have, 
therefore, been widely studied, to obtain the optimal degradation rate for full bone 
regeneration [54-56]. One could adjust the architecture of the scaffolds to alter their 
permeability and fluid flow and, hence, their biodegradation rate. A functionally graded 
density has, for instance, been found to affect the biodegradation behavior of AM iron 
scaffolds [57]. A similar effect could be achieved using the rationally designed minimal 
surface patches in this study. Their addition could be used to not only alter the exposed 
surface area, but also to tune the permeability of the scaffolds independent of their 
mechanical properties. 

7.4.4. Future research 

The specimens in this study were made from Ti-6Al-4V, which is biocompatible but 
still contains several hazardous alloying elements. The specimens were successfully 
manufactured with SLM, which could also process other types of metallic powders. 
The above-mentioned biodegradable metals, such as magnesium, iron, and zinc, could 
therefore easily be applied using the same strategy.  
 The permeability of the scaffolds has not been studied here but is highly relevant 
for the biological performance of both auxetic and non-auxetic meta-biomaterials. 
Future research should, therefore, focus on the influence of the applied surface patches 
on the fluid flow inside the scaffolds. One could then adjust the geometry of the unit 
cells or use the surface patches that are presented in Figure 7.1a-b, to obtain the most 
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optimal circumstances for bone tissue regeneration. 

7.5. Conclusions

A new design approach, in which minimal surface patches were added to both auxetic 
and non-auxetic lattices (which is generalizable to virtually any type of strut-based 
lattice), was presented to decouple the mechanical properties and available surface 
area of metallic meta-biomaterials. Slits were added to minimal surface patches to limit 
their contribution to the mechanical properties. Control groups were designed either 
without the surface patches or without the rationally applied slits. All designs were 
additively manufactured and mechanically characterized in the upright and 90° tilted 
configurations. Linear-elastic FE simulations were performed to predict the effective 
elastic moduli and anisotropic behavior of the different groups of meta-biomaterials. 
The results show that the rationally designed minimal surface patches substantially 
increase the available surface area without significantly affecting the mechanical 
properties in either direction. Without the slits, the addition of the minimal surface 
patches significantly increased the elastic modulus in the tilted configuration. The fully 
closed surfaces were also found to restrict the deformation behavior in the upright 
configuration, while increasing the absolute value of the Poisson’s ratio once tilted. A 
similar behavior was observed in the computationally predicted stiffness values with 
degrees of increases that consistently exceeded those determined experimentally. This 
may be explained by the relatively high complexity of the designs that pushed the limits 
of the layer-based printing technique and may have resulted in inferior print quality 
and geometrical imperfections. Similar design strategies may be used to tune the rate 
of biodegradation in biodegradable metals or the permeability of meta-biomaterials in 
general. 
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Abstract

The concept of “mechanical metamaterials” has become increasingly popular, since 
their macro-scale characteristics can be designed to exhibit unusual combinations of 
mechanical properties on the micro-scale. The advances in additive manufacturing 
(AM, three-dimensional printing) techniques have boosted the fabrication of 
these mechanical metamaterials by facilitating a precise control over their micro-
architecture. Although mechanical metamaterials with negative Poisson’s ratios 
(i.e., auxetic metamaterials) have received much attention before and have been 
reviewed multiple times, no comparable review exists for architected materials with 
positive Poisson’s ratios. Therefore, this review will focus on the topology-property 
relationships of non-auxetic mechanical metamaterials in general and five topological 
designs in particular. These include the designs based on the diamond, cube, truncated 
cube, rhombic dodecahedron, and the truncated cuboctahedron unit cells. We reviewed 
the mechanical properties and fatigue behavior of these architected materials, while 
considering the effects of other factors such as those of the AM process. In addition, 
we systematically analyzed the experimental, computational, and analytical data and 
solutions available in the literature for the titanium alloy Ti-6Al-4V. Compression 
dominated lattices, such as the (truncated) cube, showed the highest mechanical 
properties. All of the proposed unit cells showed a normalized fatigue strength below 
that of solid titanium (i.e., 40% of the yield strength), in the range of 12–36% of their 
yield strength. The unit cells discussed in this review could potentially be applied in 
bone-mimicking porous structures.
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8.1. introduction

During the last few years, the concept of “mechanical metamaterials” has gained 
much attention [1, 2]. Mechanical metamaterials are materials for which the macro-
scale properties are determined by the small-scale topological design [1, 2]. Rationally 
designing the micro-architecture of these materials results in unusual or unique 
combinations of mechanical properties that are rarely seen in nature. Some of these 
exceptional mechanical properties include a negative Poisson’s ratio or a combination 
of low stiffness and high strength [3, 4]. Recent developments seen in the field of 
additive manufacturing (AM, 3D-printing), have boosted the fabrication of mechanical 
metamaterials by facilitating a precise control over their micro-architecture. Therefore, 
a good understanding of the relationship between the topological design of the 
repeating unit cell and their macro-scale properties is highly relevant.
 Mechanical metamaterials can be divided into two main categories depending 
on whether their Poisson’s ratio is positive or negative. Mechanical metamaterials 
with a negative Poisson’s ratio are better known as auxetic metamaterials, and have 
received a lot of attention during the last few years [5–7] including a few dedicated 
review articles [3, 8, 9]. Mechanical metamaterials with a positive Poisson’s ratio (i.e., 
conventional or non-auxetic metamaterials) have not received as much attention, and 
no comprehensive review article exists regarding their topology-property relationships. 
However, recent research has shown the importance of lattice structures with positive 
Poisson’s ratios in several areas including the design of lightweight structures [10, 
11], development of biomedically-relevant metamaterials (or meta-biomaterials [12, 
13]), and rational design of actuators for soft robotic applications [14]. In many of 
these application areas, lattice structures with positive Poisson’s ratios are not only 
important in their own right but also in combination with auxetic metamaterials [15–
17]. Therefore, the aim of this paper was to review the topology-property relationships 
of non-auxetic mechanical metamaterials in general and five designs of such materials 
in particular. These designs include the lattice structures based on the diamond, cube, 
truncated cube, rhombic dodecahedron, and truncated cuboctahedron unit cells. The 
topology-property relationship has been extensively studied, using experimental [12, 
18], computational [19, 20], and analytical [21, 22] techniques. More specifically, we 
will focus on the lattice structures made from the high strength titanium alloy (Ti-6Al-
4V), because many of the relevant studies use this particular alloy. Moreover, focusing 
on one single material means that the effects of topological design on the mechanical 
properties could be studied in isolation from those of the material type [23].
 Given the fact that Ti-6Al-4V is an important biocompatible material often 
used in orthopedic implants, we paid special attention to the biomedical applications 
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of these non-auxetic metamaterials [24,25]. Indeed, metamaterials made from titanium 
and its alloys (e.g., Ti-6Al-4V) have received increasing attention due to their potential 
application as bone substitutes [26,27]. Therefore, we could speak of a special class of 
metamaterials, otherwise known as meta-biomaterials [4,28]. These meta-biomaterials 
show an unusual combination of mechanical (e.g., stiffness), biological (e.g., tissue 
regeneration performance), and physical (e.g., diffusivity and permeability) properties 
[4]. Hence, these meta-biomaterials could mimic bone, which would reduce the 
mechanical mismatch at the bone-implant interface through a more uniform stress/
strain distribution, reducing the risk of implant loosening [29]. The topologies that will 
be discussed in this review, could potentially be applied in such bone-mimicking meta-
biomaterials. By having more knowledge about the topology-property relationship, 
one could simply adjust the macro-scale properties of a mechanical metamaterial by 
modifying its micro-architecture. Functionally grading the design of such architected 
materials may even enhance their advantages, since the architecture of bone is 
hierarchical and consists of a dense outer layer (cortical bone) and a more porous 
interior (trabecular bone) [30–32].
 The following paragraphs will discuss  the quasi-static mechanical properties and 
fatigue behavior of the mechanical metamaterials whose topological design is based on 
each of the above-mentioned unit cell types. We compared these mechanical properties 
according to the topology of the unit cells and their deformation mechanism(s). Other 
factors, such as the effects of the AM process, were also considered.

8.2. Topological designs 

8.2.1. Diamond

The diamond unit cell (Figure 8.1) has 16 equal edges and 14 vertices [33]. Each node is 
attached to the four nearest nodes with an enclosed angle of 109.5° [33]. The diamond 
is one of the relatively new unit cells used in AM lattices with isotropic mechanical 
properties [33]. The struts in this unit cell mainly deform through bending [19].

8.2.1.1. Quasi-static mechanical properties

The mechanical properties of the diamond have been extensively studied in finite 
element (FE) and experimental studies. It has consistently shown a low Young’s 
modulus, yield strength and first maximum compressive strength (FMCS) throughout 
the complete range of relative densities (Figure 8.1). The absolute Poisson’s ratio 
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of the diamond geometry has only been studied using computational and analytical 
techniques. Values ranging from 0.45 to 0.58 have been reported [19, 33, 42]. An 
increment in the relative density is accompanied by a reduction in the absolute value 
of the Poisson’s ratio [19, 33]. 
 Several studies have investigated the effects of certain geometrical parameters 
(e.g., strut length, strut diameter, strut cross-section type, and cell size) on the 
mechanical properties of the diamond lattices [18, 19, 35, 37, 39]. FE simulations showed 
no significant effects of the strut length considering a constant relative density [19]. The 
cross-sectional shape of the strut, on the other hand, has been found to significantly 
affect the yield strength. A circular cross-sectional strut shape resulted in a significantly 
higher yield strength compared to the square and triangular cross-sectional shapes. 
In contrast, no effect has been observed on the Young’s modulus [19]. The effect of 
the strut diameter on the mechanical behavior of the diamond-based lattice has also 
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been widely studied [18, 19, 35, 39, 42]. FE solutions showed that a reduction in the 
ratio between the cell size and the strut diameter leads to an increase in the Young’s 
modulus [39]. The absolute values of the dimensions did not seem to have an influence, 
since two samples with the same ratio and different size dimensions were found to 
have the same Young’s modulus [39]. Hedayati et al. found that increasing the relative 
density (by increasing the strut diameter) from 10% to 30% results in an increase in 
the Young’s modulus of 573%. The same increment in the relative density resulted in 
an increase in the yield strength of 407% [19]. 
 When comparing the analytical, computational, and experimental data on the 
diamond lattices, one finds that the results obtained using these different approaches 
correspond very well for all mechanical properties (Young’s modulus, yield strength, 
FMCS), especially for low values of relative density (i.e., < 25%) (Figure 8.1).

8.2.1.2. Fatigue behavior

Numerous studies have investigated the fatigue behavior of AM diamond lattices [12, 18, 
20, 34, 38]. Similar to many other porous structures, a three-stage strain accumulation 
pattern could be observed. This correlates well with the fatigue behavior found in 
earlier studies on cellular structures fabricated using Electron-beam Melting (EBM) 
and sintering techniques [38, 43]. In the first stage, there is an initial increase in strain 
of which only a small part concerns plastic deformation. In stage II, this strain shows 
a plateau, where the first fatigue cracks are initiated. In stage III, a second increment 
in the strain can be recognized, in which the struts are plastically deformed, and the 
specimen finally fails. A layer-by-layer collapse is observed at the moment of failure, 
which eventually leads to a shear band of 45° around the specimen (Figure 8.1d) [20, 
34, 35, 38, 40]. FE simulations have shown that at the onset of plastic deformation, 
struts were mainly deformed by bending [40]. Both tensile and compressive stresses 
have been found in the struts of the diamond lattices tested under compressive-
compressive cyclic loading [34]. These stresses were equally distributed across the 
struts [42]; however, tensile stresses are probably the cause of the final failure [34]. 
A positive correlation was found between the strain accumulation locations and the 
location of the final fracture [35], whereas a change in the applied stress ratio (minimum 
compressive stress divided by the maximum compressive stress) did not change the 
failure appearance [34]. 
 Most of the fatigue studies have investigated the effects of the relative density, 
applied stress, and applied stress ratio on the fatigue life of diamond lattices [12, 34, 
38]. The relative density has shown to exhibit a positive correlation with the structure’s 
fatigue life, just like the applied stress ratio [20, 34]. The absolute applied stress level, 
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in contrast, showed a negative correlation [20, 34, 38]. The endurance limit has been 
found to range between 15 and 32% of the yield strength, depending on the porosity of 
the structure [12, 34, 38].

8.2.2. Cube

The cubic unit cell (Figure 8.2) is a straightforward geometry, with 12 equal edges and 
eight vertices. Each one of the vertices is connected to three edges, all enclosing a 
90-degree angle with their neighbor. This unit cell is symmetrical in all directions, 
resulting in isotropic mechanical behavior. Due to this configuration, none of the 
struts parallel to the direction of loading will bend; instead, they deform through 
compression (or buckling). The struts aligned normal to the loading direction will 
translate [19, 40, 41, 44, 45]. When rotating the cubic unit cells by an angle of 45°, the 
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struts mainly deform by bending [44]. The deformation mechanism therefore evolves 
from compression to bending when decreasing the angle of the applied load relative to 
the horizontal axis [44].
 The topology of the truncated cube (Figure 8.3) is fairly similar to the cubic 
structure, and therefore, will also be discussed in this section. This unit cell, also 
known as the truncated hexahedron, is an Archimedean solid. It consists of 36 edges, 
24 vertices, and 14 regular faces (eight triangular and six octagonal). It has inclined 
and uninclined (i.e., vertical or horizontal) struts. The truncated cube is an isotropic 
geometry and its struts mainly deform through compression [46].

8.2.2.1. Quasi-static mechanical properties

Structures built from the cubic unit cell have shown to be very stiff, even at low values 
of relative density (Figure 8.2) [18]. Other properties, such as the yield strength and 
FMCS, are similarly high [12, 18, 19, 42, 45, 51]. The cubic lattice also shows a remarkable 
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increase in the plateau to yield strength ratio, as well as its plateau to FMCS ratio as 
the relative density increases [18]. The absolute Poisson’s ratio of the cubic lattice is 
small, ranging from 0.089 to 0.190 for a range of apparent densities. In some cases, it 
approaches zero [19, 41, 44]. This can be explained by the aforementioned deformation 
mechanism, which lacks bending [19, 44]. The strut thickness has been the only 
geometrical parameter studied for its effect on the compressive properties of the cubic 
lattice. Parthasarathy et al. showed that the compressive strength of the cubic lattice 
is positively correlated with the strut thickness, regardless of the relative density [50]. 
The overall relative density itself is also positively correlated with the compressive 
properties [12, 18, 19, 45, 50]. A study performed by Hedayati et al. has shown that 
increasing the relative density (by increasing the strut thickness) from 10% to 30% 
results in an increment of 218% in both yield strength and Young’s modulus [19]. 
 In theory, the cubic unit cell is isotropic; however, the AM process introduces 
a certain level of anisotropy to the structure. This can be explained by the fact that 
horizontally oriented struts show inferior quality as compared to the vertically 
oriented struts [36]. Two studies support this effect, in which a cubic lattice was tested 
at a 90-degree angle from the build direction. As a result, a significantly lower Young’s 
modulus and yield strength were found compared to the values found for the lattices 
tested in the build direction [48, 49]. In general, cubic lattices exhibit large variations 
in their bending and compressive Young’s modulus (maximum of 83.3%) [42]. 
 The data obtained using computational and experimental techniques 
corresponds very well for both the FMCS and yield strength (for small relative 
densities in Figure 7.2) [12, 44, 45, 47-49, 52]. However, large deviations were found in 
the analytically obtained values. Regarding the Young’s modulus, both computational 
and analytical data do not correspond well with the experimentally obtained values 
(Figure 8.2). 
 Although the cube and truncated cube are somewhat alike, their mechanical 
properties are certainly not. Their Young’s moduli vary significantly for larger values of 
relative density (Figures 8.2 and 8.3), with the cube being about twice as stiff according 
to certain computational and analytical studies. However, in experiments, the truncated 
cube exhibited a higher Young’s modulus [18]. This can probably be explained by the 
increased number of junction points, which means the stresses will be more uniformly 
distributed across the structure [18]. This effect is even more pronounced at higher 
values of relative density, since the truncated regions become denser, thus, leading to 
an even better stress distribution [18].
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8.2.2.2. Fatigue behavior

The deformation seen in the cubic lattice’s elastic region is primarily dominated by the 
uniform compression of vertically oriented struts, followed by a layer-by-layer collapse 
until complete failure (Figure 8.2d) [40]. At failure, the cubic lattice demonstrates a 
shear band perpendicular to the loading direction [40, 44, 45, 51]. The literature is not 
consistent about the location of the first failure [40]. Kadkhodapour et al. found that 
the top layer was the first to collapse, followed by the other layers from top to bottom 
[40]. Choy et al. argued that the first collapse occurred at the edges of the geometry [48], 
while Cuadrado et al. indicated that the first collapse occurred at a random location in 
the structure [44]. 
 In the study performed by Yavari et al., none of the cubic samples (regardless of 
their relative density) failed after 106 loading cycles during compression-compression 
fatigue tests, not even at 80% of their yield strength [12]. Zhao et al. found an endurance 
limit of 0.48 times the plateau stress [51]. However, the anisotropic behavior introduced 
by the AM process does change the structure’s fatigue strength when applying the load 
at different angles [36].

8.2.3. Rhombic Dodecahedron

The rhombic dodecahedron (Figure 8.4), sometimes referred to as rhomboidal 
dodecahedron, is a space-filling convex polyhedron [22]. This unit cell has 24 equal 
edges that are connected through 14 vertices, finally forming 12 identical parallelogram 
shaped faces [22]. The rhombic dodecahedron shows transversely isotropic behavior, 
which means its properties are different in one of its directions compared to the other 
two [22, 53, 54]. The struts in the rhombic dodecahedron mainly deform through 
bending [22, 45].

8.2.3.1. Quasi-static mechanical properties

Due to its transversely isotropic behavior, the rhombic dodecahedron exhibits a 
significantly higher Young’s modulus in the y-/z-directions as compared to the 
x-direction (Figure 8.4) [19, 22]. This difference increases significantly as the size of 
the unit cell decreases [53]. In contrast, the rhombic dodecahedron’s yield strength and 
FMCS appear to be isotropic (Figure 8.4) [19, 22]. All of these compressive properties 
have been found to increase with relative density [12, 18, 19, 54-56]. A study performed 
by Hedayati et al. showed that increasing the relative density (by increasing the strut 
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thickness) from 10% to 30%, results in a 571% increment in the Young’s modulus. The 
same increase in the relative density resulted in an increase in the yield strength of 
340% [19]. 
 Conflicting results were found for the Poisson’s ratio. Babaee et al. found 
anisotropic values of 0, ± 0.5 and ± 1.0 for νyz, νxz and νyx, respectively [22]. On the other 
hand, Hedayati et al. built an FE model and tested all six orientations, which resulted 
in two deviating Poisson’s ratios, pointing at its transversely isotropic behavior [19]. 
Unlike the compressive properties, the Poisson’s ratio of this structure is not directly 
related to its relative density. Instead, Hedayati et al. presented a more concave relation 
[19]. 
 Numerous studies have investigated the effects of certain geometrical 
parameters (strut length and strut cross-sectional shape) on the mechanical behavior 
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of the rhombic dodecahedron lattice structure [19, 57, 58]. FE simulations showed no 
significant effect of the strut length for a constant value of the relative density [19]. Strut 
cross-sectional shape showed to have a significant effect on the yield strength, while 
it only slightly affected the Young’s modulus [19]. A circular cross-section resulted in 
a significantly higher yield strength as compared to the square and triangular shaped 
cross-sections [19]. 
 The analytical and computational models have been successful in 
characterizing the mechanical behavior of the rhombic dodecahedron. At small values 
of relative density (< 15%), the Young’s moduli and yield strength values have been 
found to overlap the experimentally derived values (Figure 8.4). However, at higher 
values, the results start to diverge. The computational results for the Young’s modulus 
underestimated the experimental values, whereas the analytical results consistently 
overestimated them (Figure 8.4). These differences have been found both in the x- and 
y-/z-directions. As compared to the analytical models, FE models could better predict 
the experimentally measured stiffness values once additive manufacturing irregularities 
were considered [41]. FE studies have shown that manufacturing irregularities reduce 
the mechanical properties of AM structures, especially for the lower values of relative 
density [19, 41]. A reduction of 10–20% has been found for the Young’s modulus with 
variations caused by the different loading directions [41, 54].

8.2.3.2. Fatigue behavior

During compression-compression fatigue testing, all rhombic dodecahedron samples 
failed before 106 loading cycles, even for low stress values (20% of the yield strength) 
[59]. Experiments and FE models (with/without AM irregularities) showed the 
formation of a shear band at ±45° from the loading direction (Figure 8.4d) [20, 51, 54, 
55]. An FE model implementing the manufacturing irregularities predicted the failure 
pattern to accumulate around the initially failed struts [54]. Zhao et al. used Scanning 
Electron Microscopy (SEM) to observe the fracture surface after experimentally 
determining the fatigue life. Those observations showed fatigue striations on the 
fracture surface [51]. All observations support the fact that the rhombic dodecahedron 
has a fairly low fatigue strength, which was confirmed by an endurance limit of 0.12 
times the yield strength after 106 loading cycles [59]. This endurance limit was retrieved 
by extrapolating the power law, since all samples failed before reaching 106 loading 
cycles [59]. These small values of the fatigue strength might be explained by the low 
radius to length ratio of the struts in this lattice. A lower ratio results in a smaller 
moment of inertia, leading to higher bending stresses, which in turn result in a lower 
fatigue strength [20]. The normalized fatigue S-N curves of rhombic dodecahedron 
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geometries with different relative densities were similar and conform a power law (R² 
= 0.94) [59]. Similar to its compressive properties, the fatigue life of these structures 
increased with augmenting the relative density [20, 56, 59]. For stress levels below 60% 
of the yield strength, computational and experimental studies yielded similar results. 
Above this stress level, the computational prediction was significantly lower than the 
experimentally determined fatigue life. Once again, the irregularities of the AM process 
have been proven very important to be considered in an FE model. Failing to include 
this extra AM dimension, may result in a 30–70% overestimation of the fatigue life of 
such structures [54].

8.2.4. Truncated cuboctahedron

The truncated cuboctahedron (Figure 8.5), also known as the rhombi cuboctahedron 
or rhombi truncated cuboctahedron, is an Archimedean solid structure. This unit cell 
has 72 edges that are connected through 48 vertices, forming 12 square-, eight regular 
hexagonal-, and six regular octagonal shaped faces [60]. In contrast to the other 
geometries in this review, literature on the mechanical properties of this unit cell is 
scarce.

8.2.4.1. Quasi-static mechanical properties

The truncated cuboctahedron falls in the category of structures with a relatively high 
stiffness at low values of relative density (< 20%) [18], which makes this geometry 
particularly useful in lightweight structures. Additionally, it has been found that when 
the relative density increases, so does the ratio between the plateau and yield strength 
[18]. The truncated cuboctahedron seems to be a unit cell that is relatively easy to 
manufacture using AM techniques. Once printed, this lattice shows a limited number 
of imperfections and notches [12].
 The data obtained on the truncated cuboctahedron using computational 
and experimental techniques correspond very well for the yield strength (Figure 
8.5). Analytical results start to deviate from the latter for higher values of relative 
density (> 15%). Regarding the Young’s modulus, both analytical and computational 
results correspond very well with experimental observations for the low values of 
relative density (< 15%) (Figure 8.5). However, for larger values of relative density, 
both techniques overestimate the experimental results. Analytical and computational 
models found the Poisson’s ratio to vary between 0.13 and 0.49 [21, 46].
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8.2.4.2. Fatigue behavior

Like many other lattice structures, the truncated cuboctahedron shows a 45° shear 
band after failure (Figure 8.5d) [20]. Both experimental and numerical results showed 
that the truncated cuboctahedron exhibits a high fatigue strength, resulting in an 
endurance limit of 0.36 times the yield strength at 2×105 loading cycles [12]. This is 
due to the relatively low bending stress in the struts of this geometry, caused by the 
high radius to length ratio [20]. The fatigue life of this lattice was found to be highly 
dependent on the relative density [12].
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8.3. Discussion

The mechanical properties of Ti-6Al-4V additively manufactured (AM) porous 
structures have been broadly studied in the last decade using experimental, 
computational, and analytical methods. In the previous sections, we reviewed the 
quasi-static and fatigue properties of non-auxetic mechanical metamaterials built using 
diamond, cube, truncated cube, rhombic dodecahedron, and truncated cuboctahedron 
unit cells. In this section, we will discuss their topology-property relationship and their 
potential use in biomedical applications. Other applications will also be considered 
together with the recommendations for future research.
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Several studies have compared the mechanical behavior of these unit cells to one 
another, which have been presented in Figures 8.6 and 8.7. Of all unit cells studied, 
the diamond consistently showed the lowest Young’s modulus, yield strength, 
and FMCS throughout the complete range of relative densities [18, 19]. There were 
only two exceptions, concerning the experimentally derived values for the rhombic 
dodecahedron. This unit cell exhibited a lower Young’s modulus (both directions) and 
a lower FMCS for low values of relative density (< 25%) [18]. The yield strength of 
the rhombic dodecahedron was somewhat lower than the truncated cuboctahedron, 
while their values started to overlap at higher values of relative density [18, 19]. The 
cube, on the other hand, possessed the highest yield strength and FMCS in all studies 
(Figures 8.6 and 8.7) [12, 18, 19, 42, 45, 51]. In terms of the Young’s modulus, the 
cube was surpassed by the truncated cube, which has been shown to be the stiffest 
unit cell studied [18]. The truncated cuboctahedron fell in the same category as the 
aforementioned two geometries for structures with a high stiffness at low values of the 
relative density (< 20%) [18]. Its Young’s modulus was slightly smaller than the cube, 
while its yield strength ended up being comparable to the values found for the rhombic 
dodecahedron and the diamond at low values of the relative density (< 20%).
 Although limited data is available on the Poisson’s ratio of these non-
auxetic mechanical metamaterials, some comparisons could be made. The rhombic 
dodecahedron has shown the most remarkable behavior, which due to its transversely 
isotropic character shows values (νyx) reaching far beyond the isotropic limit of 0.5 
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(Figure 8.7) [19, 22, 61]. Therefore, it outperformed the other geometries, showing 
the biggest ratio of lateral contraction to axial stretch. However, in one of the other 
directions (νyz) it showed the smallest Poisson effect, similar to that found for the cube 
[19, 22, 42]. In contrast, Hedayati et al. found a Poisson effect more closely resembling 
the reported values for the diamond [19, 21, 33, 42]. Clearly, there is no consensus 
about the uniformity of the structure’s orientations. Therefore, experimental studies 
are essential to fully assess the deformation behavior of the rhombic dodecahedron, 
especially those considering all of the structure’s orientations.
 Despite the considerable amount of data on the quasi-static mechanical 
properties of the lattice structures under discussion, there is only limited data 
available on their fatigue behavior. This can probably be explained by the high cost 
and time needed to perform a fatigue study. The available studies have shown that 
the fatigue behavior of porous biomaterials strongly depends on the relative density, 
applied stress, applied stress amplitude, material type, and the type of unit cell. Fatigue 
life decreased in the following order: cube, truncated cuboctahedron, diamond, and 
rhombic dodecahedron [12, 13, 20, 34, 38, 51, 54, 56, 59]. While data on the truncated 
cube is missing, we assume that this unit cell belongs in between the cube and the 
truncated cuboctahedron in terms of fatigue life. The high values for the cube are 
most likely caused by the purely compressive loading it experiences, as opposed to the 
partial tension present in the other types of lattice structures [12, 51]. The other unit 
cell types failed under similar conditions, with the lowest fatigue strength reported for 
the rhombic dodecahedron [12, 20, 51]. A clear three-stage strain accumulation pattern 
has been observed for all lattices [12, 38, 59], which corresponds well with another 
study on aluminum lattices [62]. The fatigue strength of the discussed unit cells was 
found to be in the range of 0.12 to 0.36 times the yield strength, which means that 
all unit cells showed a fatigue strength that was significantly lower than the fatigue 
strength of solid titanium specimens (i.e., 0.4 times the yield strength) [12, 34, 38, 51, 
59]. This difference may be explained by the residual stresses, porosity, and the surface 
finish of the specimens [20]. At the moment of failure, all structures demonstrated a 
shear band of 45° perpendicular to the loading direction [20, 34, 35, 38, 40, 51, 54, 55].
 The above observations show that AM lattices are relatively sensitive to the 
relative density. Compared to the other unit cell types, changes in the relative density 
have the greatest effects on the diamond-based lattices. In contrast, the compressive 
properties of the cube are the least affected by the relative density [19]. Additionally, 
the AM process itself has been found to influence the mechanical properties of 
lattices. There are over a hundred process parameters that all have implications 
for the final product. For example, the laser exposure time and laser power have a 
positive relationship with the quasi-static mechanical properties of the resulting lattice 
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structures [63]. Increasing both parameters also seems to diminish powder adhesion 
around the struts [64]. Furthermore, the slice thickness has been found to play an 
important role in the surface roughness of lattices [65]. Surface roughness causes stress 
concentrations, which may lead to micro-crack initiation [12,54]. The build direction 
has a huge effect on the mechanical properties as well, not only because grains tend to 
grow in the build direction, but also because horizontally oriented struts are generally 
of inferior quality as compared to vertically oriented struts [36, 66]. Therefore, the 
AM process has been argued to introduce a certain level of anisotropy, especially in 
structures such as the cubic lattice [12, 36]. This phenomenon has been supported 
by two studies in which a cubic lattice was tested at a 90-degree angle from the build 
direction. As a result, significantly lower compressive properties were found for those 
tested at a 90-degree angle from the build direction [48, 49]. Diagonal struts are of 
intermediate quality, which explains the anisotropic behavior found in a study on 
diamond lattices [36]. In that sense, AM lattices are sensitive to the direction of the 
applied load with respect to the building direction [12, 36, 48, 49].
 Post-processing treatments have been proven effective in altering the 
mechanical properties of additively manufactured lattices [67]. Hot isostatic pressing 
(HIP, ASTM F2924 [68] class 2) has been found to decrease the internal porosity of 
the struts. This may not significantly affect the mechanical strength of the lattice 
structures; however, it does increase the ductility. That is particularly beneficial in 
dynamically loaded applications [36]. Furthermore, HIP has been shown to significantly 
improve the fatigue performance of lattice structures [69]. The ASTM F2924 [68] 
class 1 treatment, also referred to as the stress relieved condition, slightly increases 
the mechanical properties of the Ti-6Al-4V lattices; however, it also makes them more 
brittle [36, 67].

8.3.1. Topology-property relationships in non-auxetic mechanical meta-
materials

The unit cells in this review have been shown to exhibit a wide range of mechanical 
properties (Figures 8.6 and 8.7), which can be explained on the basis of their topology 
and the resulting deformation mechanisms. The deformation mechanism of lattices 
is usually a combination of bending and buckling (compression) [70]. The type of 
mechanism dominating the overall deformation is mainly dependent on the strut 
orientation in the unit cell [40]. Struts that are aligned along the loading direction will 
deform by compression (stretching), while more inclined struts mainly deform through 
bending [40]. In literature, these are usually referred to as 'stretch-dominated' and 
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'bending-dominated'; however, we will use the term “compression-dominated” instead 
of “stretch-dominated” given that we are specifically focused on bone-mimicking 
metamaterials. Lattices dominated by the compression mechanism exhibited brittle 
characteristics and possessed a higher load bearing capacity [40, 45, 70]. Lattices 
dominated by the bending mechanism showed a more ductile behavior [45, 70]. This 
explains why the cube, with most of the struts oriented in the loading direction, 
showed very high mechanical properties. The same holds true for the truncated 
cube, while the truncated cuboctahedron was located in the middle of the spectrum 
from compression- to bending-dominated. The diamond and rhombic dodecahedron 
belonged to the latter with a relatively low stiffness and high Poisson’s ratio (Figure 
8.8). The rhombic dodecahedron was the only unit cell in this study with a transversely 
isotropic geometry, which mainly affected its Young’s modulus and Poisson’s ratio. All 
other unit cells showed similar mechanical properties, although the loading direction 
may be important due to AM-induced anisotropy.
 The Poisson’s ratio describes the negative of the ratio of the transverse strain 
to the axial strain. In many cases, bending of the struts can increase the transverse 
strain of the discussed lattices. Therefore, given the previously mentioned deformation 
mechanisms of the unit cells, it is not surprising to find that the rhombic dodecahedron 
and the diamond unit cells exhibited the highest values of the Poisson’s ratio. The 
cube, in which none of the vertically oriented struts bend, had a Poisson’s ratio close to 
zero [19, 42]. Most of the Young’s modulus-Poisson’s ratio duos in Figure 8.8 confirm 
this observation. Since an increase in the strut thickness (relative density) decreases 
the ability of the struts to rotate and bend around their vertices, the Poisson’s ratio and 
the relative density are negatively correlated. An exception to the above-mentioned 
observation is the rhombic dodecahedron, which according to Hedayati et al. shows 
a positive relationship between the Poisson’s ratio (νyx) and Young’s modulus with 
increasing relative density (green arrow, Figure 8.8) [19]. Although a large range of 
Poisson’s ratios has been covered, a combination of high stiffness and high Poisson’s 
ratio has not yet been attained (black arrow, Figure 8.8). The truncated cuboctahedron 
seems to cover the biggest area of Young’s modulus-Poisson’s ratio duos, especially 
for higher values of stiffness. The rhombic dodecahedron can be considered the best 
choice for low stiffness applications requiring a certain change in volume.
 For some of the unit cells, parametric studies have been performed to 
evaluate the effects of certain geometrical features on the mechanical properties. A 
computational study showed that the yield strength of the diamond, cube, and rhombic 
dodecahedron is greatly influenced by the cross-sectional shape of the struts [19]. A 
circular cross-sectional shape resulted in the highest mechanical property values, while 
a triangular cross-sectional shape showed the lowest [19]. Unlike the yield strength, 
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the Young’s modulus has not been found to be affected by the cross-sectional shape of 
the struts [19]. The strut length did not influence the mechanical properties of these 
unit cells as long as the relative density remained constant [19]. Unfortunately, no 
parametric studies were found for the lattice structures based on the truncated cube 
and truncated cuboctahedron unit cells.

8.3.2. Design recommendations for biomedical applications

Recently, metallic open-cell porous structures have been considered as an ideal 
substitute for the currently used solids in orthopedic implants [28]. These porous 
structures mimic the mechanical properties of bone, and therefore, could reduce the 
mechanical mismatch at the bone-implant interface. As a result, the physiological 
stress/strain distribution can be maintained, reducing the risk of implant loosening 
[29]. The unit cells in this review could potentially be applied in these bone-mimicking 
porous structures, given that their mechanical properties are in the range of those 
reported for bone [30, 71-73]. The exact properties are highly dependent on the 
anatomical location and patient attributes such as age and bone quality [74]. Due to 
these variations, each and every one of the discussed unit cells may be successfully 
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applied in different biomedical settings.
 The cube and truncated cube showed a relatively high Young’s modulus in the 
range of those reported for cortical bone [30, 71]. Therefore, they may be useful in high 
stiffness applications [19]. In contrast, the diamond exhibited mechanical properties 
similar to trabecular bone [30,71]. This unit cell might be applicable in implants that 
need to be more flexible and require a high Poisson’s ratio. The rhombic dodecahedron 
showed a relatively high yield strength, while its Young’s modulus was relatively low. 
Therefore, this unit cell might be used in applications that require low stiffness and 
high strength [19].
 During daily activities, bone substitutes are subjected to cyclic loading 
particularly when they are used in load bearing locations. However, there is no 
consensus in the literature on the most optimal fatigue life for bone ingrowth. Yavari 
et al. argued that although sufficient mechanical support is necessary right after 
implantation, a high fatigue life may not be beneficial for bone ingrowth and long-
term fixation [59]. The stiffness of the porous biomaterial will increase as a result of 
the additional mechanical support provided by the newly formed bone [75]. If the 
implanted porous biomaterial remains too stiff for an extended period of time, the 
regenerated bone will never get the chance to fully bear the load. Therefore, to design 
the most optimal bone substituting structure, we should better understand the fatigue 
loads that it will be subjected to. Ideally, the stiffness of the implant should gradually 
decrease with the same rate as the increase in the load bearing capacity of the newly 
formed bone. In this way, the load-bearing capacity of the bone-implant complex will 
be kept more or less constant.
 Besides the optimal bone-mimicking mechanical properties and fatigue life, 
a lattice should exhibit certain biological characteristics. Porosity, pore size, and pore 
interconnectivity are important factors influencing the biological performance of 
metallic lattices [27, 76, 77]. Porous structures do not only promote vascularization,  
they will also facilitate the penetration of bone cells, which both contribute to bone 
growth [77]. Unfortunately, there is no consensus yet about the most optimal pore 
size. Some studies have claimed that the most favorable pore size for bone-formation 
ranges from 50 to 400 μm [76, 78-80]. However, Taniguchi et al. found significantly 
more bone ingrowth in their 600 μm and 900 μm specimens as compared to the 300 
μm structures after in vivo implantation in rabbit tibia [81]. Rumpler et al. argued that 
curvature is the driving force behind tissue regeneration, instead of the pore shape in 
general [82]. Furthermore, pore interconnectivity is important to supply nutrients and 
remove waste during cell growth [76]. Since the most optimal biological properties 
often lead to a reduction in the mechanical strength, it is extremely challenging to design 
a bone-substitute. Increasing the porosity may, for instance, promote bone ingrowth; 
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but it will also decrease the load bearing capacity as more material is removed. In this 
case, the unit cell with the highest stiffness to weight ratio seems ideal; however, it may 
not be suitable in terms of pore shape.

8.3.3. Challenges and limitations

In this review, we have tried to present a comprehensive library of the mechanical 
properties of five non-auxetic unit cells using experimental, computational, and 
analytical data available in literature. Additional techniques based on theories such as 
the effective medium theory (see e.g., [83-85]) are, thus far, only occasionally used. The 
use of such theories could help in better understanding the exact physical mechanisms 
behind the mechanical behaviors observed in experiments. In addition, the use of these 
theories could be helpful in establishing a relationship with other areas of relevant 
research. Overall, the mechanical properties of the diamond, cube, and rhombic 
dodecahedron unit cell have been extensively studied, meaning that there is more than 
one study on each mechanical property. The Poisson’s ratio is an exception, since it 
has only been studied using analytical and computational techniques. For all other 
quasi-static mechanical properties, a well-founded comparison could be performed. 
For both the yield strength and Young’s modulus, the amount of data for each of the 
unit cells is satisfactory for all methods. The FMCS was mainly determined using 
experiments with limited computational and analytical data. For the truncated cube 
and truncated cuboctahedron, the data was scarce, making their comparison less 
reliable. The data on the fatigue properties were also limited for all of the proposed 
unit cells, and the differences in data analyses made it hard to compare. Most studies 
reported the endurance limit as the ratio between the fatigue stress and the yield 
strength, while others used the fatigue stress to plateau stress ratio. Subsequently, 
some of the proposed unit cells failed before reaching 106 loading cycles. Therefore, 
the fitted power law was extrapolated to properly compare the fatigue strength. This 
introduces a certain degree of inaccuracy, which could be overcome if the number of 
loading cycles for porous structures would be decreased. Another limitation is the fact 
that the effects of material type (independently and in combination with the effects 
of topological design) have not been considered, except for a few studies [13, 23]. The 
titanium alloy Ti-6Al-4V has been widely applied in orthopedics because of its favorable 
properties such as corrosion resistance, high strength, and biocompatibility [86]. For 
some biomedical applications, other material types may be more beneficial; however, 
their examination falls beyond the scope of this review. Wauthle et al. argued that pure 
titanium might be more beneficial than titanium alloy for dynamically loaded porous 
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implants, although Ti-6Al-4V still remains the strongest choice in static applications 
[87]. Recently, the isolated effects of material type on the quasi-static mechanical 
properties and fatigue behavior have been studied [13, 23]. Results show that material 
type has a more dominant effect on the fatigue properties compared to the quasi-static 
mechanical properties [13, 23].
 Apart from the material type, the decision to focus on Computer-aided-
Designs (CAD) can also be considered a limitation. There are several other approaches 
to design the proposed micro-architectures. Each of the approaches can be classified in 
one of the following categories: image-based design [88, 89], implicit surface modelling 
[90], and topology optimization [91]. Topology optimization in particular, might be an 
important tool for the development of porous meta-biomaterials. With this tool, the 
design process becomes a well-posed optimization problem [92]. Instead of looking for 
a unit cell type with favorable mechanical properties, it is possible to obtain the optimal 
micro-architecture by satisfying the mechanical and bone-mimicking requirements 
[90, 93]. This sounds very promising; however, to be able to use this method, one 
should know what the desired properties are.

8.3.4. Potential applications and future research

As mentioned earlier, the unit cells in this review could have great potential as meta-
biomaterials. Their (unusual) mechanical, biological, and physical characteristics make 
them ideal substitutes for bone [4]. Functionally grading their composition may even 
enhance their beneficial properties, since the architecture of bone is hierarchical and 
consists of a dense outer layer (cortical bone) and a more porous interior (trabecular 
bone) [30-32]. An example of a functionally graded material could be an acetabular 
implant with a gradient relative density. In this case, the relative density of the unit 
cells is graded form very solid at the joint’s articulating surface to very porous at the 
bone-implant interface [94]. They have also been applied in the rationally designed 
meta-implants of Kolken et al., in which a combination of auxetic (negative Poisson’s 
ratio) and non-auxetic (positive Poisson’s ratio) meta-biomaterials were used [15]. 
This hybrid implant exerted pressure on the lateral and medial surrounding bone, 
which cannot be achieved using conventional solid hip implants. Incorporating a meta-
biomaterial with an even higher positive Poisson’s ratio, may result in an even better 
bone-implant interaction. The diamond or rhombic dodecahedron, for instance, which 
have demonstrated an extremely positive Poisson’s ratio, could be successfully applied 
on the medial side of the hybrid meta-implant. However, as described earlier, there is 
a lack of experimental data on the Poisson’s ratio. Therefore, it is unclear whether the 
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Poisson’s ratio found in computational and analytical studies can be observed in actual 
experiments. Future studies should therefore focus on experiments to determine the 
Poisson’s ratio of these unit cell types. This could be done using digital image correlation 
(DIC) [95, 96], which enables the examination of strains and displacements on the 
surface of a specimen [15]. The Poisson’s ratio could then be derived from these data. 
 Similar to the Poisson’s ratio, the fatigue properties have received insufficient 
attention. To actually implement these unit cells in meta-biomaterials for load-bearing 
applications, more research on their fatigue properties will be required. Most of the 
available studies focus on the compression-compression fatigue behavior, which has 
also been the focus of this review. Compression-compression is most often examined, 
because it is considered the most common mode of bone loading during daily activities 
[34]. However, for a comprehensive review on the fatigue life, it is important to also 
consider the bending and tensile fatigue properties. 
 Although most of the geometries are defined by the angles between the struts, 
it would be really interesting to explore their behavior outside the considered aspect 
ratios. Adjusting the geometrical shape of the unit cells may have beneficial effects on 
the mechanical properties, especially for the Poisson’s ratio in the bending-dominated 
structures. Moreover, Zhao et al. have shown that increasing the internal angle of the 
rhombic dodecahedron enhances its fatigue life [51].

8.4. Conclusions

The five non-auxetic mechanical metamaterials considered in this review have been 
extensively studied; however, we can conclude that experimental data is lacking for 
some properties. This is especially true for the Poisson’s ratio, which has not yet been 
experimentally determined. In general, the cube was found to exhibit the highest 
mechanical properties; however, it also showed the lowest values of the Poisson’s ratio. 
Bending-dominated structures like the diamond and rhombic dodecahedron exhibit 
the lowest mechanical properties in terms of stiffness and strength; however, they 
possess the highest values of the Poisson’s ratio. To quantify the deformation behavior 
of these mechanical metamaterials, and assess their potential as bone-substituting 
materials, more experimental data will be needed on their Poisson’s ratio and fatigue 
life.
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Abstract

The unprecedented properties of meta-biomaterials could pave the way for the 
development of life-lasting orthopedic implants. Here, we used non-auxetic meta-
biomaterials to address the shortcomings of the current treatment options in 
acetabular revision surgery. Due to the severe bone deficiencies and poor bone quality, 
it can be very challenging to acquire adequate initial implant stability and long-term 
fixation. More advanced treatments, such as patient-specific implants, do guarantee 
the initial stability, but are formidably expensive and may eventually fail due to stress 
shielding. We, therefore, developed meta-implants furnished with a deformable porous 
outer layer. Upon implantation, this layer plastically deforms into the defects, thereby 
improving the initial stability and homogeneously stimulating the surrounding bone. 
We first studied the space-filling behavior of additively manufactured pure titanium 
lattices, based on six different unit cells, in a compression test complemented with 
full-field strain measurements. The diamond, body-centered cubic, and rhombic 
dodecahedron unit cells were eventually selected for the design of the deformable 
porous outer layer. Each design came in three different relative density profiles, 
namely maximum (MAX), functionally graded (FG), and minimum (MIN). After their 
compression in bone-mimicking molds with simulated acetabular defects, the space-
filling behavior of the implants was evaluated using load-displacement curves, micro-
CT images, and 3D reconstructions. The meta-implants with an FG diamond infill 
exhibited the most promising space-filling behavior. However, the required push-in 
forces exceed the impact forces currently applied in surgery. Future research should, 
therefore, focus on design optimization, to improve the space-filling behavior and to 
facilitate the implantation process for orthopedic surgeons.
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9.1. introduction

The concept of architected metamaterials has played an important role in the 
development of materials with advanced functionalities [1-3]. A desired set of 
mechanical (e.g., elastic modulus, Poisson’s ratio), geometrical (e.g., curvature), 
mass-transport (e.g., permeability, diffusivity), and biological properties (e.g., tissue 
regenerative performance) may be obtained through the rational design of the small-
scale architecture of such materials [4]. The term ‘meta-biomaterials’ may be used to 
refer to these multi-physics metamaterials when they target biomedical applications 
to address challenges that are ordinarily impossible to solve [5, 6]. For example, a 
combination of meta-biomaterials with positive and negatives values of the Poisson’s 
ratio has been shown to compress bone-tissue on both sides of a hip stem, thereby 
improving implant fixation [7].
 In this study, we developed deformable meta-implants using non-auxetic 
meta-biomaterials for the treatment of acetabular bone defects, which are frequently 
encountered in the revision of total hip replacement (THR) surgeries (Figure 9.1a). 
The acetabular component is involved in more than 50% of such revisions, with the 
most common cause being aseptic loosening (i.e., the mechanical failure of the bone 
implant interface) [8-10]. An acetabular revision can be very challenging, due to the 
moderate to severe bone deficiencies and poor bone quality (Figure 9.1a) [11, 12]. 
Several treatment options are available, including structural allografts, ( jumbo) non-
cemented hemispherical cups, oblong cups, antiprotrusio cages, or Trabecular Metal 
augments and shells [12-16]. However, many of those procedures have too short of a 
service life, which is primarily caused by a lack of adequate fixation and loading [12, 
13]. Surgeons can opt for an additively manufactured (AM) patient-specific acetabular 
triflange implant, in which three flanges are used to secure numerous screws in the 
ischium, pubis, and ilium [17]. This results in adequate primary stability, but since all 
forces will now be transferred through the flanges, a non-physiological loading condition 
is created. The pressure will primarily be directed at the acetabular rim, which means 
the bone surrounding the cup, especially the medial wall, will be unloaded, eventually 
leading to bone resorption (the Wolff’s law) [18]. This phenomenon is known as stress 
shielding and may ultimately lead to implant loosening [19-21]. Furthermore, patient-
specific design of such implants increases the costs.
 To address both abovementioned shortcomings (i.e., functionality and cost), 
we designed AM acetabular cups furnished with a deformable porous outer layer. The 
latter will plastically deform into the defects upon implantation (Figure 9.1b). Filling 
up these defects will improve the initial stability of the implant at the bone-implant 
interface, by continuously and homogeneously stimulating the bone surrounding the 
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implant (the Wolff’s law) [18]. Moreover, the porous outer layer enables bony ingrowth 
[22], thereby enhancing the secondary fixation of the implant. Finally, given that the 
outer layer deforms to fill the defect space, there is no need for a patient-specific design 
and the high costs that are associated with that.
 We started by studying the space-filling behaviors of AM lattices based on 
six different types of non-auxetic unit cells (Figure 9.2a). Given that high levels of 
ductility are needed to achieve such space-filling behaviors, we used commercially 
pure titanium (CP-Ti) powder [23]. Compression tests were performed to obtain the 
stress-strain curves for each of the non-auxetic meta-biomaterials, which were used to 
calculate their quasi-static mechanical properties. Full-field strain measurements were 
also performed using digital image correlation (DIC) [24], to determine the Poisson’s 
ratio of the structures, which is expected to be correlated with their space-filling 
behavior. Based on the results of the first step, three unit cell types were chosen for the 

A

B

Figure 9.1: (a) Current implant designs and the defects that may grow over time. (b) The design proposed in this 

study can be deformed to fill up the defects and restore the physiological loading conditions. 



ADDITIVELY MANUFACTURED SPACE-FILLING META-IMPLANTS  

233

design of the porous outer layer with three different profiles of relative density, namely 
maximum (MAX), functionally graded (FG), and minimum (MIN) (Figure 9.2b). Then, 
a total of 27 deformable meta-implants were compressed in bone-mimicking molds 
with several replicated acetabular defects (Figure 9.2c). The space-filling behavior 
of the meta-implants was evaluated using the load-displacement curves, micro-CT 
images, and 3D reconstructions.

9.2. Materials and methods

9.2.1. Design and manufacturing

9.2.1.1. Non-auxetic meta-biomaterials

Six different unit cell types were used to design 5 × 5 × 5 unit cell arrays using the 
additive manufacturing software 3DXpert 13.0 (3D Systems, Leuven, Belgium). They 
included the diamond (D), rhombic dodecahedron (RD), cube (C), truncated cube 
(TC), truncated cuboctahedron (TCO), and body-centered cubic (BCC) unit cells 
(Figure 8.1C). All unit cells were chosen because of their positive (and relatively 
large) Poisson’s ratios and previous consideration in meta-biomaterials [3, 5, 25]. 
The targeted unit cell size was 5 × 5 × 5 mm, and given the abovementioned cell array 
this resulted in cubical specimens of 25 × 25 × 25 mm. The rhombic dodecahedron 
has a deviating cell length in one direction, which resulted in cubes measuring 25 × 
17 × 17 mm (RD-X) and 17 × 25 × 17 mm (RD-YZ). The designed relative density of the 
structures varied between 2% and 20%, by changing the diameter of the circular struts 
constituting the porous structures. The final designs were exported as .STL files. All 
designs were additively manufactured at 3D Systems (Leuven, Belgium) using a DMP 
320 machine (currently known as DMP Flex 350) and CP-Ti powder whose chemical 
composition complied with ASTM F67, ASTM B265, ASTM B348, ISO 5832-2, and ISO 
13782 standards (Figure 9.3a). This material type was chosen for its ductility and the 
ability to continuously deform without mechanical failure [23, 26]. Moreover, CP-Ti has 
some other advantages over the more commonly used Ti-6Al-4V alloy, including the 
absence of hazardous alloying elements [23, 27]. After printing, the parts were removed 
from the build plate using wire electrical discharge machining (EDM). In total, four 
specimens were printed for each design group, resulting in 140 specimens.
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9.2.1.2. Deformable meta-implants

Three of the unit cell types were chosen for the design of deformable meta-implants 
based on their relatively high Poisson’s ratios and low elastic moduli. They included 
the diamond, the body-centered cubic, and the rhombic dodecahedron (Figure 9.3b-c). 
To enhance the deformability of the porous outer layer, a functionally graded structure 
was proposed. A unit cell size of 3 × 3 × 3 mm was used to ensure a gradually changing 
relative density in the 13.75 mm outer layer. The relative density was graded in three 
steps from 10% on the inside, to the minimum printable density at the bone-implant 
interface. The minimum printable relative density is determined by the minimum 

10% 2%2%
5%
10%
solid

abc def

a = 25.5 mm            b = 3 mm           c = 13.75 mm           d = 3.25 mm           e = 4 mm           f = 6.5 mm           g = 59 mm

g

A

B

C

MAX FG MIN

Figure 9.2: Study outline showing the (a) six non-auxetic unit cells (cube, truncated cube, truncated cuboctahe-

dron, diamond, body-centered cubic, and rhombic dodecahedron). (b) Three unit cells were chosen for the design 

of the meta-implants, which come in three different types of relative density (MAX, FG, and MIN). (c) Their 

deformability was assessed in a compression test using bone-mimicking molds. 
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printable strut diameter, which is about 200 μm [28]. As a result, the minimum relative 
density slightly differs between the unit cell types (D/BCC = 2%, RD = 4%). The thickness 
of the three layers was made to decrease with the relative density to further increase 
the deformability at the bone-implant interface. This also mimics the hierarchical 
structure found in bone and matches its elasticity at the bone-implant interface [29, 
30]. For each of the unit cell types, two control cups were designed and were fully filled 
with either a 10% relative density structure (MAX) or with the minimum printable 
relative density (MIN). The exact dimensions can be found in Figure 9.2b. For each of 
the designs, three specimens were printed, resulting in a total of 27 specimens.

9.2.1.3. Experimental setup

To assess the space-filing behavior of the proposed meta-implants, replicas of the 
common types of acetabular defects were made from a bone-mimicking material, 
namely cellular, rigid, polyurethane foam (20PCF, #1522-12, Sawbones Europe AB, 
Malmö, Sweden) (Figure 9.2c). Sawbones delivered 27 solid cylinders (Ø 80 mm, 
h = 80 mm), in which a Ø 60 mm semi-hemisphere was removed to mimic some of 
shape features of the acetabulum. Several holes and grooves were made using a milling 
machine, to simulate the Paprosky Type 2B defect found in the acetabulum after 
the removal of a primary implant [31]. The same procedure was repeated for all 27 
molds. The defects were made to accommodate the deformation of the meta-implant 
throughout the entire range of the imposed displacements.

9.2.2. Morphological characterization

The relative density of the non-auxetic meta-biomaterials was determined by dry-
weighing. The outer dimensions were measured using a caliper, while their weight was 
determined on a laboratory scale (Sartorius AG, Göttingen, Germany, accuracy = 0.1 
mg). According to the dry-weighing technique, the relative density of a specimen can 
be calculated by dividing the weight of the specimen by the weight of a solid CP-Ti 
specimen with similar dimensions and a density of 4.51 g/cm3 [32].
 To study the morphology of the deformable meta-implants, two micro-CT 
scans were made using a Quantum FX micro CT scanner (Perkin Elmer, Waltham, 
United States), once before and once after compression into the mold. Subsequently, 
the micro-CT images could be used to assess the space-filling behavior of the meta-
implants after compression. Tape was used to secure the cups inside the mold. The 
scans were performed with a voltage of 90 kV and a tube current of 200 μA. A 60 
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Figure 9.3: An overview of the design choices presented through the as-manufactured specimens. (a) The six 

different types of non-auxetic meta-biomaterials (rhombic dodecahedron visualized in the y-/z-orientation). (b) 

Three non-auxetic meta-biomaterials (diamond, body-centered cubic, and rhombic dodecahedron) were chosen 

to be incorporated in the deformable meta-implants (c-d). 
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× 60 mm field of view (FOV) was used to visualize the overall deformation, using a 
voxel size of 1203 μm3. The sliced TIFF stacks were, then, imported into the image 
analysis software Fiji [33]. The histograms were equalized, a threshold was applied, 
and an additional Bernsen local thresholding was used to create binary images. A 
region of interest (ROI) was selected, in which the morphological characteristics were 
determined using the BoneJ plugin [34]. A 3D reconstruction of the images was created 
using the 3D viewer plugin to evaluate the location and degree of deformation of the 
meta-implants inside the molds. In addition to this visual inspection, the deformation 
was quantitatively evaluated using the degree of anisotropy (DA) calculated with the 
BoneJ plugin. Additional scans were therefore made with a 40 × 40 mm FOV and a 
voxel size of 803 μm3. The mean intercept length was used to estimate the degree to 
which substructures are preferentially oriented within a volume. The obtained values 
range between 0 and 1, from fully isotropic to fully anisotropic, respectively. The molds 
were eventually cut open to evaluate the extent to which they had been affected by the 
compression tests.

9.2.3. Mechanical testing

All non-auxetic meta-biomaterials were axially compressed using a mechanical testing 
machine (Zwick GmbH & Co. KG, Ulm, Germany) with a constant rate of 1 mm/min up 
until 40% strain. A 10, 20, or 250 kN load cell was used to match the load cell availability 
with the specifications of the experiments. The stress-strain curves were then used to 
acquire the quasi-static mechanical properties of the porous structures according to 
the ISO standard 13314:2011 [35]. The data were corrected for the machine compliance 
according to the ‘direct technique’ presented by Kalidindi et al. [36]. As a result, the 
maximum applied strain decreased. The “quasi-elastic gradient”, from now on referred 
to as the elastic modulus, was calculated in the linear region between 20% and 70% of 
the first maximum compressive strength (FMCS). The ISO 13314:2011 standard also 
introduces the concept of “compressive offset stress”, which was measured at 0.2% 
plastic compressive strain. This property will from now on be referred to as the yield 
strength.
 The DIC technique was used to measure the full-field strains experienced 
during the compression of the non-auxetic meta-biomaterials [24]. DIC calculates the 
strain field by comparing the images of a specimen at different stages of deformation, 
while tracking an array of pixels. The specimens in this study do not have an intrinsic 
pixel pattern. Therefore, they had to undergo surface preparation: all specimens were 
painted black after which their front surface was stamped in white. A black, random, 
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and unique pixel pattern was then added using an airbrush. Two 4 MP digital cameras 
(Limess, Krefeld, Germany) were used to capture the front surface of the specimens 
with a frequency of 1 Hz. The system was calibrated using the VicSnap software 
(Correlated Solutions Inc., Irmo, USA). The obtained images were analyzed using Vic-
3D 8 (Correlated Solutions Inc., Irmo, USA) to calculate the values of directional strains 
(i.e., εxx and εyy). For each of the lattice structures, a 3 × 3 cell array was selected as the 
region of interest, for which the strain values of the vertices were used to calculate the 
Poisson’s ratio, ν (= -εxx/εyy). This was done for the images captured within the elastic 
region of the stress-strain curve using MATLAB 2017b (MathWorks, Natick, United 
States).
 To test the deformability of the meta-implants, compression tests were 
performed on a static test machine (Zwick GmbH & Co. KG, Ulm, Germany) with a 
20 kN load cell using the setup depicted in Figure 9.2c. A 25 mm steel ball was used to 
apply a constant displacement of 0.5 mm/min to the inner hemisphere of the cup until 
a maximum displacement of 5 mm was achieved.

9.2.4. Statistical analyses

A two-way ANOVA was conducted to analyze the interaction between the effects of 
the relative density and unit cell type on each of the mechanical properties mentioned 
above. This statistical analysis was performed in SPSS 25.0 (IBM, Armonk, United 
States) and significance was assumed at p < 0.05. If a significant effect was found, an 
analysis of simple main effects was performed using a Sidak correction. The results have 
been presented according to the APA (American Psychological Association) standards, 
using the F-score (df, df error), as a measure of the ratio of variances, and the p-value.

9.3. Results

9.3.1. Non-auxetic meta-biomaterials

The as-manufactured relative density values, determined using the dry-weighing 
technique, varied between 20.0% and 2.4% (Table 9.1). The 20% CAD designs had a 
slightly lower relative density once manufactured, whereas almost all other designs 
gained some density during the printing process (Table 9.1). These deviations differed 
per unit cell type, although non-significantly. In all cases, the differences were < 5%.
 The stress-strain curves of the non-auxetic meta-biomaterials (Figure 9.4) 
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and the derived mechanical properties (Figure 9.5a-b) were consistent between the 
specimens of each group. The cube and truncated cube exhibited a clear layer-by-
layer collapse, whereas all specimens of the remaining four designs did not exhibit 
strut failure (Figure 9.4). The diamond and rhombic dodecahedron (RD-YZ) exhibited 
a diagonal ‘folding’ line, while the body-centered cubic formed a flower-like shape 
around its center. A uniform deformation was observed in the rhombic dodecahedron 
(RD-X) specimens, showing a folding pattern in all of its layers. All data were normally 
distributed (p > 0.05). While the assumption of the homogeneity of the variances was 
violated (p < 0.01), the two-way ANOVA could still be performed due to the equal 
sample sizes and a variance ratio smaller than 3.
 A statistically significant interaction was found between the effects of the unit 
cell type and relative density on the elastic modulus (F(24, 104) = 61.147, p < 0.001) 
(Figure 9.5a). Subsequently, the main effect for the unit cell type yielded an F-score 
of F(6, 104) = 890.102, p < 0.001, indicating significant differences. The only unit cell 
types that did not exhibit significantly different elastic moduli were the diamond and 
the rhombic dodecahedron (both orientations). The differences were most apparent at 
a relative density of 20% (F(6, 104) = 381.284, p < 0.001), and least apparent at a relative 
density of 2% (F(6, 104) = 5.610, p < 0.001). The main effect of the relative density on 
the elastic moduli yielded an even bigger F-score of F(4, 104) = 1023.682, p < 0.001, 
highly affecting the cube specimens (F(4, 104) = 626.978, p < 0.001) and least affecting 
the body-centered cubic specimens (F(4, 104) = 15.881, p < 0.001).

Table 9.1: The as-manufactured relative density of the non-auxetic meta-biomaterials.

Type

CAD

20
15
10
5
2 (4)

mean

20.00

15 .37

10.97

5 .96

2.75

std.

0.10

0.07

0.09

0.07

0.05

mean

19 .99

15 .38

10.91

6.06

2.84

std.

0.18

0.05

0.10

0.01

0.05

mean

19 .61

15 .86

10.86

6.14

3 .37

std.

0.11

0.03

0.03

0.08

0.09

mean

18 .50

14.66

10.06

5.84

3 .32

std.

0.21

0.11

0.10

0.04

0.13

mean

19 .21

15 .20

10.62

6.15

3 .32

std.

0.18

0.08

0.11

0.06

0.13

mean

16 .75

12 .95

8.79

5 .12

2 .41

std.

0.10

0.03

0.03

0.08

0.08

mean

16 .19

12 .83

9.18

5 .19

2.64

std.

0.27

0.07

0.07

0.03

0.03
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The type of unit cell also significantly affected the yield strength (F(6, 104) = 329.814, 
p < 0.001) (Figure 9.5a). Non-significant differences were found between the diamond 
and both orientations of the rhombic dodecahedron. Again, the biggest differences 
were found at a relative density of 20% (F(6, 104) = 253.403, p < 0.001), while values 
only slightly differed at a relative density of 2% (F(6, 104) = 0.913, p < 0.001). The 
relative density yielded a significant main effect as well (F(4, 104) = 2193.557, p < 
0.001), especially in the truncated cube specimens (F(4, 104) = 646.540, p < 0.001). The 
interaction effects of the unit cell type and relative density was also significant (F(24, 
104) = 40.274, p < 0.001).
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Figure 9.4: The average stress-strain curves of the non-auxetic meta-biomaterials with the deformation of the 

designs with a relative density of 2% and 20%. (a) Cube, (b) truncated cube, (c) truncated cuboctahedron,  (d) 

diamond, (e) body-centered cubic, (f) rhombic dodecahedron (RD-YZ), and (g) rhombic dodecahedron (RD-X)
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Figure 9.5: The experimental mechanical properties of the non-auxetic meta-biomaterials as a function of their 

relative density ± SD. (a) The elastic modulus, yield strength, and first maximum compressive stress. (b) Poisson's 

ratio. (c-f) Some examples of the 3 × 3 cell arrays used to calculate the Poisson's ratio of the (LTR) cube, diamond, 

truncated cuboctahedron, and rhombic dodecahedron (RD-YZ) structures including the obtained horizontal 

strain values.
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The FMCS was significantly affected by the type of the unit cell (F(6, 104) = 308.446, p < 
0.001), the relative density (F(6, 104) = 2238.606, p < 0.001), as well as their interaction 
(F(24, 104) = 46.493, p < 0.001) (Figure 9.5a). The differences in the FMCS between the 
diamond and the rhombic dodecahedron orientations were non-significant, as well as 
between the cube and truncated cube specimens. In general, the biggest differences 
were found at a relative density of 20% (F(6, 104) = 295.612, p < 0.001) and the smallest 
at a relative density of 2% (F(6, 104) = 0.688, p < 0.001). Significant differences, as a 
result of the relative density, were the greatest for the truncated cube specimens (F(4, 
104) = 776.631, p < 0.001).
 The values of the Poisson’s ratio (Figure 9.5b) calculated using the DIC images 
(Figure 9.5c-f) were significantly affected by the interaction of the effects of the unit 
cell type and relative density (F(24, 90) = 13.957, p < 0.001). The unit cell type alone was 
also found to significantly affect the Poisson’s ratio (F(6, 90) = 331.987, p < 0.001), but 
non-significant differences were also found. The Poisson’s ratio of the cube lattices was 
not found to be significantly different from the truncated cube lattices. The diamond 
lattices actually showed resemblance with the rhombic dodecahedron (RD-X) and the 
body-centered cubic lattices, in terms of their Poisson’s ratio. The same held for the 
truncated cuboctahedron and the rhombic dodecahedron (RD-X). These similarities 
were the clearest at a relative density of 2% (F(5, 90) = 18.289, p <.001), while the 
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Figure 9.6: The load displacement curves of the meta-implants upon compression into the mold. 
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Type
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D

RD

largest differences were found at a relative density of 5% (F(6, 90) = 146.838, p < 0.001). 
The relative density itself also significantly affected the Poisson’s ratio (F(4, 90) = 
41.028, p < 0.001), especially in the rhombic dodecahedron (RD-YZ) specimens (F (4, 
90) = 64.205, p < 0.001).

9.3.2. Deformable meta-implants

The highest push-in forces (14.3 kN) were measured during the compression of the 
cups with the highest relative density (MAX), while the lowest maximum forces (3.3 
kN) were observed during the compression of the cups with the lowest relative density 
(MIN) (Figure 9.6). The functionally graded (FG) designs performed in between 
these two densities. For all three design types (MAX, MIN, FG), the lowest push-in 
forces were measured for the body-centered cubic cups, followed by the diamond and 
rhombic dodecahedron, respectively.
 Based on the 2D and 3D representations of the deformations (Figure 9.7a-c) 
and the measured values of DA (Table 9.2), the smallest deformations were found in 
the MAX designs. Cutting the molds revealed that most of the deformation took place 
in the mold itself, instead of the cup. The molds did not show any signs of failure. 

Table 9.2: The degree of anisotropy found in the acetabular implants before and after compression in the mold.

BEFORE

0.173

0.184

0.124

0.153

0.138

0.118

0.389

0.537

0.493

std.

0.012

0.066

0.013

0.007

0.014

0.029

0.038

0.045

0.058

AFTER

0.152

0.137

0.100

0.159

0.064

0.080

0.362

0.506

0.383

std. 

0.009

0.008

0.009

0.004

0.035

0.029

0.047

0.010

0.047

Degree of Anisotropy

 

19.35

25.90

19.35

-3.70

53.38

31.76

7.11

5.83

22.25

Difference (%)

MAX
MIN
FG

MAX
MIN
FG

MAX
MIN 
FG
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The biggest deformations were found in the MIN designs, but visual inspection 
showed that the unit cells surrounding the solid hemisphere started bulging upwards 
during the compression tests (Figure 9.7a-c). The micro-CT images showed that the 
deformations had mainly occurred in the struts connected to the solid hemisphere. 
After the mold was cut open, one could see that the porous outer layer had not been 
fully deformed into the defects. The rhombic dodecahedron cups were an exception, 
in which the DA values showed relatively small deformations in the MIN design. The 
FG designs were found to show the biggest deformation at the mold-implant interface, 
filling the defects, without any visual collapse surrounding the solid hemisphere.

9.4. Discussion

9.4.1. Geometry-property relationships

The as-manufactured relative density of the non-auxetic meta-biomaterials determined 
using the dry-weighing technique were generally higher than their designed values 
(with some exceptions). The observed difference decreased with the relative density. 
These deviations may have been caused by geometrical imperfections (e.g., powder 
adhesion, strut thickness heterogeneity, and over-melting) inherent to all metal 
powder bed fusion processes [28, 37-41]. This explanation is especially consistent 
with the assumption that the size of these imperfections is more or less constant 
across the entire strut thickness spectrum [42], resulting in a stronger effect in the 
designs with smaller struts diameters and, thus, lower relative densities. Moreover, 
the differences between the designed and as-manufactured values of the relative 
density differed depending on the type of the unit cell. The diamond lattices showed 
the biggest deviations from their CAD file (mean absolute difference = 1.4%), while the 
cube lattices were almost a one-to-one match (mean absolute difference = 0.6%). The 
oblique struts, which are dominant in unit cells like the diamond, are generally built by 
the stacking of melt pools across multiple layers [28, 38]. Additionally, printing of these 
struts forces the laser to make frequent acute turns, thereby enlarging the melt pool 
[28, 37, 38]. In the end, both events contribute to an increase in strut thickness. Oblique 
struts are usually of lower quality as well, compared to vertically oriented struts, which 
could influence the below-mentioned mechanical properties [43].
 The mechanical properties of the non-auxetic meta-biomaterials were 
determined according to terms and descriptions presented in the ISO 13314:2011 
standard [35]. A typical stress-strain curve of porous structures starts with a linear 
region, which is followed by fluctuations in the plateau region and finally ends in a 
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sharp increase towards densification [44]. The obtained stress-strain curves showed 
similar, but also different behaviors. The deformation mechanism of lattices is 
usually a combination of bending and stretching [45, 46]. The dominant deformation 
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DMAX DFG DMIN

5 mm
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Figure 9.7: Micro-CT images and the 3D reconstructions of the (a) diamond, (b) body-centered cubic, and (c) 

rhombic dodecahedron cups after their deformation in the mold. The initial shape of the cup has been higlighted  

with a dashed line. 
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mechanism depends on the connectivity of the unit cells as well as the orientation of 
the struts with respect to the loading direction [45, 46]. With the main strut orientation 
aligned along the loading direction, structures like the cube and truncated cube are 
more stretch-dominated. Their stress-strain curve shows a sharp increase in stress up 
until very high loads, followed by a layer-by-layer collapse, typical for brittle structures 
[47]. Lattices like the diamond, body-centered cubic, and rhombic dodecahedron 
(both orientations) exhibit an inclined main strut orientation and thus, mainly 
deform through bending. Their stress-strain curve shows a gradual increase in stress 
followed by a plateau. The truncated cuboctahedron was found to perform in between 
those two categories, showing a behavior similar to those of the stretch-dominated 
structures for the higher values of the relative density while resembling the behavior 
of the bending-dominated structures for the lower values of the relative density. For 
the lower values of the relative density, the rhombic dodecahedron (RD-YZ) structures 
showed fluctuations without a clear plateau. The final densification phase cannot be 
seen in these stress-strain curves but are expected to appear for some higher values of 
the applied strain [44].
 According to the Gibson and Ashby model [48], the elastic modulus, yield 
strength, and FMCS all increase with the relative density. Deviations from this trend 
were found in the cube and truncated cube lattices. Whereas all other groups were 
tested with a 250 kN load cell (high relative density specimens) or 10/20 kN load cells 
(low relative density specimens), the load cell selection was less consistent for those 
designs due to machine availability. Together with the machine compliance correction 
applied afterwards, this might have led to a non-continuous trend line.
 Based on the quasi-static properties, and the accompanying stress-strain 
curves, two groups could be distinguished. The first group consists of the lattice 
structures with high values of the elastic modulus, including the cube, truncated cube, 
and truncated cuboctahedron unit cells. The latter approaches the second group for 
the lower values of the relative density. The second group includes the diamond, body-
centered cubic, and rhombic dodecahedron (both orientations) unit cells, exhibiting 
lower values of the elastic modulus. In general, the cubic lattices exhibited the highest 
elastic moduli, while the body-centered cubic lattices were found to have the lowest 
stiffness. The obtained values followed the same order as reported in the literature 
[3, 49]. The rhombic dodecahedron lattices are, however, an exception. Whereas 
other studies show that the rhombic dodecahedron unit cell performs in between the 
truncated cube and diamond unit cells, the lattices in our study only outperform the 
body-centered cubic lattices [3, 49]. The rhombic dodecahedron (RD-YZ) lattices did 
exhibit a higher stiffness than their counterparts in the x-orientation, which is in line 
with the literature [3, 49-51]. As compared to their Ti-6Al-4V counterparts, the lattices 



ADDITIVELY MANUFACTURED SPACE-FILLING META-IMPLANTS  

247

in this study exhibited slightly lower elastic moduli and strength [3]. This is expected 
given the difference in the bulk properties of Ti-6Al-4V and CP-Ti [32, 52].
 All unit cell types showed decreasing values of the Poisson’s ratio with the 
relative density, which is expected given the theoretical predictions of such structures 
[3, 49]. The truncated cube lattices exhibited an auxetic behavior for the relative 
densities between 5% and 15%, which is unexpected given that this unit cell is generally 
considered to be non-auxetic [3, 53]. The rhombic dodecahedron (RD-YZ) lattices 
exhibited Poisson’s ratios as high as 1.56, reflecting their anisotropy while showing an 
abrupt drop at a relative density of 2%. This probably relates to the decreased reliability 
of the DIC method for the very low values of the relative density where, due to the 
small strut thickness, the number of traceable pixels is limited. Additionally, these 
specimens quickly reach their yield point. Since the Poisson’s ratio is calculated in 
the elastic region, the number of the data points available for calculating the Poisson’s 
ratio is limited. Consequently, the values of the Poisson’s ratio measured for such 
highly porous structures tend to be less accurate and may deviate from theoretical 
predictions [3, 49]. The rhombic dodecahedron (RD-X) lattices on the other hand, 
exhibited values between 0.46 and 0.76. The significant difference between these two 
rhombic dodecahedron orientations has been reported in the literature [3, 50, 51], but 
the absolute values differ. Babaee et al. reported values of ± 0.5 for RD-X and ± 1.0 for 
RD-YZ [50], while other computational and numerical data pointed at values ranging 
between 0.00 and 0.40 for RD-X and between 0.42 and 1.0 for RD-YZ [3, 49, 51]. Given 
that the Poisson’s ratio of porous structures is a function of their relative density, the 
exact values of the Poisson’s ratio reported in different studies are also dependent 
on the range of the relative densities considered within each study. The values of the 
Poisson’s ratios obtained in this study, while not exactly matching the data in the 
literature, are in line with the findings of previous studies [3, 50, 51]. They also follow 
the same main trend in which bending-dominated unit cells exhibit a greater lateral 
expansion in response to axial compression than the stretch-dominated designs [3, 
49]. The values measured here do seem to be overestimating the Poisson’s effect, 
which can be explained by the use of DIC. This technique generally overestimates 
small-magnitude homogeneous strain-fields by about 3-4% [54]. Overall, the highest 
Poisson’s ratio values were found for the rhombic dodecahedron (RD-YZ) lattices 
followed by the body-centered cubic, diamond, rhombic dodecahedron (RD-X), and 
truncated cuboctahedron lattices, respectively. The truncated cube lattices exhibited 
the smallest space-filling potential, due to their extraordinary auxetic response.
 Based on all of the aforementioned properties (i.e., a low elastic modulus and 
high values of the Poisson’s ratio), the diamond, body-centered cubic, and rhombic 
dodecahedron unit cells were chosen to be implemented in the deformable meta-
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implants. The relatively high values of their Poisson’s ratios suggest that these unit 
cells have the ability to increase their volume in directions perpendicular to the load. 
Together with their high strength, low stiffness, and the ability to deform without 
failure, they were expected to perform the best in the design of space-filling, deformable 
meta-implants.

9.4.2. Space-filling behavior

The load-displacement curves showed a clear distinction between the designs, with the 
lowest push-in forces measured in the designs based on the body-centered cubic unit 
cell, while the highest push-in forces were recorded for the rhombic dodecahedron 
group. The deformable meta-implants, therefore, do not follow the same order as found 
in the first part of this study regarding the non-auxetic meta-biomaterials. Despite 
their similar mechanical properties, the diamond and rhombic dodecahedron unit cells 
exhibited a substantial difference in their push-in force, especially in the FG and MIN 
designs. The slightly higher minimum relative density in the rhombic dodecahedron 
designs (4%) may be the reason for this. Additionally, the rhombic dodecahedron 
unit cell is highly anisotropic and may, therefore, behave very differently in this 
hemispherical configuration. This does, however, reflect the mechanical properties of 
the rhombic dodecahedron found in the literature, which are generally higher than 
those found for the diamond unit cell [3, 49]. Regarding the three relative density 
profiles (i.e., MAX, FG, MIN), the lowest push-in forces were found for the designs 
with the smallest strut thickness, and, thus, the lowest relative density (MIN).  
Due to the small thickness to length ratios, the struts in these designs have a lower 
bending stiffness. Together with the tendency to buckle as a result of the increased 
slenderness ratio, these structures will more easily deform. The ease of deformation 
will, therefore, decrease with the relative density.
 Due to the absence of comparable literature, a new approach had to be found 
to quantify the meta-implant’s deformation. The DA was determined before and 
after the deformation and showed that the substructures were more isotropic after 
compression into the mold. This can be explained by the fact that the struts start to 
align during compression, whereas the initial design includes various strut orientations. 
In general, the biggest change in the preferential orientation was found in the MIN 
designs. However, differences with the other two relative density types were not always 
significant and a deviation from this trend was found for the rhombic dodecahedron 
unit cell. The reliability of this method should, therefore, be evaluated. Nevertheless, 
the values show that the biggest deformation took place in the cups designed using 
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the diamond unit cell, followed by the body-centered cubic and finally the rhombic 
dodecahedron unit cell.

The micro-CT images indicated where the deformation exactly took place. The 
deformation of the MIN designs primarily took place in the struts directly connected 
to the solid hemisphere. Due to this failure, the solid hemisphere was compressed 
through the porous outer layer and a bulging effect occurred at the bottom. Due to 
the low relative density, the outer layer was simply not strong enough to transfer the 
forces from the solid hemisphere to the mold-implant interface. The MAX designs, 
on the other hand, were too stiff to deform in the relatively ‘soft’ mold. Their visual 
deformation supported the low DA values that were measured. The FG designs seem to 
provide the desired deformation pattern. The struts surrounding the solid hemisphere 
remained intact, while the unit cells directly in contact with the mold deformed into 
the defects. Despite being detectable, this deformation was limited. This was, however, 
expected given the relatively small compression that was applied. Due to the small 
differences in the Poisson’s ratios, we could not observe a significant correlation 
between this property and the space-filling behavior of the meta-implants. However, 
according to both visual and quantifiable data, the diamond-FG cup exhibited the most 
promising deformability and space-filling properties.

9.4.3. Challenges and limitations

Due to the explorative nature of this study, it was quite challenging to find suitable and 
reliable methods to assess the performance of the specimens. DIC has been used before 
to determine the strain distributions of lattices [55-57], but only a few studies actually 
calculated the Poisson’s ratio [7, 58, 59]. Furthermore, it never involved structures with 
very low values of the relative density. Some of the non-auxetic meta-biomaterials in 
this study have very thin struts and, thus, a limited number of traceable pixels. Together 
with the relatively small elastic region, this resulted in large intra-specimen variability. 
For the cubic lattices with a relative density of 2%, it was even impossible to retrieve 
a sufficient number of data points to calculate the Poisson’s ratio. By increasing the 
strut thickness, and, thus, the surface of traceable pixels, the reliability of the results 
improved with smaller intra-specimen differences.
 Furthermore, the non-auxetic meta-biomaterials were compressed in the 
build direction. This may not be a problem considering the isotropic nature of most 
of the unit cell types, but the printing process itself has also been found to introduce a 
certain level of anisotropy [5, 43]. The inferior print quality of horizontally built struts 
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will affect the overall quality of the constructs, and, thus, their direction-dependent 
mechanical properties [38, 43, 60]. The non-auxetic meta-biomaterials should, 
therefore, be tested in multiple directions to obtain a clear overview of their behavior.
This study can be regarded as the first attempt to additively manufacture and 
experimentally assess a deformable (FG) space-filling meta-implant. First, decisions 
had to be made to effectively assess the deformability of the implants while mimicking 
the correct anatomical situation. A bone-mimicking foam was chosen over cadaveric 
bone for testing the performance of the developed meta-implants, because it offers a 
higher level of reproducibility and a lower degree of inter-specimen variability (both 
geometrical and in terms of the mechanical properties). With a Young’s modulus 
of 0.137 GPa, the elastic modulus of the bone-mimicking material falls in the range 
of the values reported for the healthy trabecular bone [61]. However, the patients 
in need of a hip replacement often have significant acetabular bone deficiencies 
and poor (osteoporotic) bone quality. The use of this material may, therefore, not 
exactly represent the mechanical properties of (all) patients. Patel et al. argued that 
bone-mimicking foams with a lower density (10PCF) may better represent the bone 
properties of this group of patients [62]. In general, it is possible to design different 
classes of such implants with different mechanical properties of the porous outer layer. 
The appropriate class of deformable implants can be chosen based on the quality of the 
patient’s bones.
 Another limitation involves the high push-in forces that were needed to 
compress and deform the meta-implants into the mold. For a surgeon, it will be difficult, 
if not impossible, to apply such forces using a constant deformation rate. Currently, 
acetabular cups are implanted using impact forces with a mean magnitude of 16.8 kN. A 
successful implantation may take up to five impacts with peak forces reaching 27.5 kN 
[63]. However, such a procedure may lead to unpredictable deformations in the case 
of deformable implants. Additionally, peak forces may cause strut failure, which could 
induce an inflammatory reaction at the bone-implant interface [64]. Even though the 
force magnitudes are not directly comparable due to their different nature (i.e., impact 
forces vs. quasi-statically applied), this comparison does serve the intention of showing 
the relatively high forces required for the deformation of our implants.
 One could think of two possible scenarios to ensure implant stability and 
integrity: a new surgical procedure or an optimized implant designed for increased 
deformability (or a combination thereof). Screw fixtures along the rim of the implant 
could be used to apply a more uniform deformation, but the removal of the screws 
after the implantation will be crucial to prevent stress shielding. The optimization of 
the implant design can be achieved by increasing the unit cell size to decrease the 
overall bending stiffness or by decreasing the strut thickness, provided that the printing 
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tolerances improve. It should, however, be noted that the thickness of the porous layer 
does not change. As a result, the number of stacked unit cell layers decreases, and the 
relative density may need to be changed within the same unit cell.

9.4.4. Potential applications and future research

The mechanical properties that have been obtained in this study for a number of 
non-auxetic meta-biomaterials add to the growing library of geometry-property 
relationships available for lattice structures. With this library, we can facilitate the 
selection of non-auxetic meta-biomaterials for specific implant applications.
 The use of a more ductile material, such as CP-Ti, contributes to the overall 
deformability of the meta-implants proposed here. Although the space-filling 
behavior of the implants is not yet optimal, there are some clear paths towards 
design optimization potentially with the help of computational models to achieve 
the space-filling behavior that is required for the intended orthopedic applications. 
Besides strut-based unit cells, one could also think of using sheet-based constructs. 
The curvature of triply periodic minimal surfaces (TPMS) is believed to mimic the 
trabecular morphology, and is, therefore, a promising alternative [65]. These curved 
surfaces result in enhanced tissue regeneration. Given their positive Poisson’s ratios 
[66], TPMS may also exhibit promising space-filling properties [4].
 The use of a functionally graded relative density improved the performance 
of the space-filling deformable meta-implants while simultaneously mimicking the 
hierarchical structure of bone [29]. A previous study by Wang et al. showed that the 
use of a functionally graded relative density could provide many advantages over 
existing acetabular cup designs [30]. The other two designs (MAX, MIN) showed 
the undesirable effects of using a single relative density and helped in putting the 
added value of a functionally graded design in perspective. After optimization, the FG 
cup may be used to treat acetabular defects with large bone deficiencies. The areas 
of application include not only the Paprosky type 2 defects but also cases in which 
the medial wall is no longer intact [31]. The induced plastic deformation makes sure 
that the implant settles in the bone defect, enhancing the force distribution at the 
bone-implant interface. Mimicking the physiological loading situation is important for 
stimulating bony ingrowth and is, therefore, expected to contribute to the secondary 
fixation of the meta-implant. A dual mobility cup could then be cemented in place, 
similar to the custom-made triflange implants [17]. When done properly, this concept 
could become the next standard in the treatment of both primary and secondary hip 
replacements.
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Before the idea of space-filling deformable meta-implants can be put into practice, 
one has to assess the mechanical and biological properties of such implants over time. 
During their lifetime, acetabular implants are subjected to millions of loading cycles 
[67]. The fatigue performance of such implants is, therefore, an important aspect 
that needs to be carefully evaluated. For some of the non-auxetic meta-biomaterials 
the fatigue performance has already been studied [5, 23, 68-71]. Those studies have 
shown the importance of material type, printing imperfections, and geometrical 
design in determining the fatigue behavior of porous biomaterials [72]. CP-Ti has been 
proposed as the material of choice in cyclically loaded applications [23], as its plasticity 
decreases the crack initiation and propagation. However, future research should assess 
the fatigue performance of the porous structures used in the design of a space-filling 
meta-implant.
 The effects of the pore size are also worth mentioning. The deformation of 
the porous outer layer will decrease the pore size within the porous structure and may 
potentially lead to the closure of some pores. This could have substantial biological 
consequences [73]. Other time-dependent phenomena, such as tissue ingrowth, 
should, therefore, be evaluated before pursuing the proposed concept further.
 Based on the obtained properties of the non-auxetic meta-biomaterials 
considered here, one could think of many possible applications. Load-bearing locations 
like the acetabulum are an example, but any type of bone defect could benefit from the 
deformability of CP-Ti lattices. In the locations where the mechanical performance 
is solely based on the quasi-static properties of the biomaterial, one could instantly 
benefit from the meta-biomaterials designed here. With the additional ‘plastic’ benefits 
when manufactured in CP-Ti, these non-auxetic meta-biomaterials could potentially 
serve other industries too.
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9.5. Conclusions

We assessed the mechanical properties of additively manufactured architected materials 
made from six different non-auxetic unit cells and evaluated their performance in 
the design of a deformable meta-implant. With the aim of restoring the physiological 
loading conditions in critically sized acetabular defects, the meta-implants were given 
a highly porous outer layer with enhanced space-filling properties. The diamond, body-
centered cubic, and rhombic dodecahedron lattices were found to exhibit the most ideal 
combination of properties including a low stiffness and a high positive Poisson’s ratio. 
They were, therefore, implemented in the design of deformable meta-implants with 
three types of density distributions. The meta-implants were compressed in a bone-
mimicking mold mimicking the Paprosky Type 2B defects. Micro-CT images revealed 
that the most promising deformation pattern was found in the functionally graded 
meta-implants based on the diamond unit cell. Despite a satisfactory deformation at 
the mold-implant-interface, the push-in forces were too high (3.3–14.3 kN). Design 
optimization should, therefore, be an important part of future research to optimize the 
space-filling behavior of the meta-implants and to facilitate the implantation process 
for orthopedic surgeons. Taking this into consideration, this deformable implant 
design has the potential to improve the biological fixation and decrease stress shielding 
in the acetabular component of a THR.
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10.1. Main findings of this thesis

The aim of this thesis was to explore the Poisson effect in AM metallic meta-biomaterials 
to effect changes in the material’s shape that could improve bone-implant contact. The 
following paragraphs will summarize the main findings of this thesis according to the 
aforementioned research objectives. 

To study the quasi-static and fatigue performance of AM, metallic auxetic  
meta-biomaterials with different values of the Poisson’s ratio. (Act i)

By studying the three main classes of auxetic metamaterials, we found that it is often 
difficult to design a structure that can simultaneously exhibit a highly negative Poisson’s 
ratio (NPR) and a high stiffness (Chapter 2). The re-entrant hexagonal honeycomb 
was found to exhibit a wide range of Poisson’s ratios at relatively high stiffness. This 
geometry could easily be translated to a three-dimensional strut-based lattice, which 
due to its interconnected pore spaces, could function as a promising bone substitute. 
 The geometric complexity of the auxetic meta-biomaterials pushed the 
limits of the laser powder-bed fusion process, resulting in slight deviations between 
the as-manufactured parts and their CAD files (Chapter 4). The morphology of such 
meta-biomaterials is expected to support bone regeneration, while their quasi-static 
properties were found to largely overlap with the bone tissue properties reported in 
the literature. Both the stiffness and the strength were found to decrease with the 
re-entrant angle and increase with the aspect ratio. The NPR was found to increase 
with the re-entrant angle and decrease with the aspect ratio, while unlike all other 
properties, it also decreased with the relative density. Hinging of the cell ribs becomes 
more difficult once the struts and their vertices gain volume, resulting in a non-auxetic 
response. To guarantee a lateral contraction in response to axial compression, the 
relative density should stay below 40%, which is also the range of the relative density 
required for enabling significant bony ingrowth. The negative correlation between the 
elastic modulus and the NPR once more confirmed the difficulty of simultaneously 
optimizing both properties. To optimize the stiffness of a structure given a certain 
NPR, increasing the aspect ratios may be beneficial. 
 Despite being substantially lower than the mechanical properties of their 
alloyed counterparts, the CP-Ti specimens still exhibit properties that are in the range 
of those reported for bone (Chapter 5). Superficial pores were found on the surface of 
the struts, whereas high-density specimens also exhibited a significant micro-porosity. 
For most of the specimens, the strain vs. cycles graphs showed the typical three-
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stage fatigue behavior of porous metals, but some exhibited multiple strain jumps. 
An average design stress of 0.47 σy (range: 0.35 σy - 0.82 σy) was found at 106 loading 
cycles, which in some cases even surpassed the maximum design stresses reported for 
stretch-dominated unit cells. The maximum design stress at 106 loading cycles was 
found to increase with the aspect ratio and re-entrant angle, because of an increase 
in the compressive stress component in the diagonal struts. It was, nevertheless, not 
possible to fit a collective power law to the S-N datapoints, which limits the predictive 
power of the generated S-N curves. 
 To study the fatigue performance at the microscale, DIC measurements and 
micro-CT images were made at the different stages of the fatigue cycle (Chapter 6). 
Structural weak spots were found around the inverted nodes and in the vertical struts 
located along the outer rim of the specimens. Cracks were mainly found around these 
locations, originating from the internal void spaces. Many specimens maintained their 
structural integrity, not exhibiting a strain jump, even though some of their struts 
fractured. Future research should, therefore, always include a micro-architectural 
assessment to check for the incurred damages that could jeopardize the success of 
these meta-biomaterials in-vivo. 

To rationally design and evaluate the performance of hybrid meta-biomaterials 
in the design of meta-implants (Act i)

In our first effort to exploit the Poisson effect, we rationally distributed auxetic and 
conventional (i.e., non-auxetic) meta-biomaterials in the design of an off-axially loaded 
meta-implant (i.e., hip stem). The design that exhibited the most consistent bilateral 
compression profile was designed with an internal angle of 65° and 115° for the auxetic 
and conventional sides, respectively. A solid wall in between the two meta-biomaterials 
was found to improve the overall bending stiffness and bilateral expansion of the 
hybrid meta-biomaterials upon loading. A solid core was found to further amplify this 
expansion. All the above-mentioned design choices were incorporated in the design of 
a meta-implant, using a 50/50 cell division. A desirable deformation profile was created 
along both lines defining the bone-implant interface. This does not only enhance bone-
implant contact but also reduces the chances of bone-implant interface failure.
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To study the quasi-static mechanical properties of various AM, metallic 
non-auxetic meta-biomaterials based on different types of unit cells. (Act ii)

The mechanical properties of various non-auxetic meta-biomaterials were reviewed 
in the available literature (Chapter 8). The geometry of the unit cell often guides the 
deformation mechanism and, thus, its properties. Geometries in which the struts are 
mostly oriented along the loading direction (e.g., cube) are stretch-dominated and 
usually possess a higher load-bearing capacity. Once the struts are oriented at an angle 
with respect to the loading direction, the structure primarily deforms through bending. 
Bending-dominated lattice structures (e.g., diamond) tend to be more ductile.    
 The stress-strain curves of the stretch-dominated meta-biomaterials (cube, 
truncated cube, truncated cuboctahedron) showed a sharp increase in the stress, 
followed by a layer-by-layer collapse (Chapter 9). The bending-dominated structures 
(diamond, body-centered cubic, rhombic dodecahedron) exhibited a more gradual 
increase in the stress, followed by a plateau. Both the stiffness and the strength of 
the structures were found to decrease according to the deformation mechanism. 
Here too, the positive Poisson’s ratio (PPR) decreased with the relative density. The 
bending-dominated structures exhibited a greater lateral expansion in response to 
axial compression, as compared to their stretch-dominated counterparts. The largest 
PPR was found for the rhombic dodecahedron (RD-YZ) followed by the body-centered 
cubic, diamond, rhombic dodecahedron (RD-X), truncated cuboctahedron, cube, and 
truncated cube. 

To rationally design and evaluate the performance of space-filling  
meta-implants. (Act ii)

To make an implant fit a certain geometry upon deformation, we exploited the Poisson 
effect. Based on their relatively high PPRs and low elastic moduli, the diamond, body-
centered cubic, and rhombic dodecahedron unit cells were applied in the design of 
space-filling deformable meta-implants (i.e., acetabular cups) (Chapter 9). The lowest 
push-in forces were measured for the meta-implants filled with the body-centered 
cubic unit cell followed by those filled with diamond and rhombic dodecahedron unit 
cells. The low-density cups failed to deform into the defects while the high-density 
cups failed to deform at all. The FG designs provided the desired deformation pattern 
in which the unit cells that were in direct contact with the mold deformed into the 
defects. From the three types of unit cells, the diamond was found to exhibit the most 
promising space-filling properties. Thanks to this plastic deformation, the implant 
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settled in the bone defect, thereby enhancing the force distribution at the bone-
implant interface. Despite these satisfactory results, the push-in forces were too high, 
and the designs should be further optimized to facilitate the implantation process for 
the surgeon. 

10.2. General discussion

The main findings of this thesis are centered around the mechanical properties (in 
general) and the Poisson’s ratio (in particular) of auxetic and non-auxetic meta-
biomaterials. Here, we will reflect on the relevance of our findings considering a few 
other aspects involved in the development of bone implants.  

On the manufacturability of strut-based meta-biomaterials 

The structures in this thesis were manufactured using the laser powder-bed fusion 
process selective laser melting (SLM), which is also known as direct metal printing. As 
its name suggests, a high-power laser beam is used to selectively melt metal powder 
particles by scanning cross-sections on the surface of a powder bed. SLM is highly 
suitable for the production of precise, geometrically complex parts, but there are also 
some downsides that affected the work presented in this thesis. 
   The struts in bending-dominated structures, like the ones studied here, are 
usually not oriented along the three orthogonal axes. Most of the struts are positioned 
at an angle. As long as this angle with the horizontal is larger than ≈ 35°, the structure 
is self-supporting. In all other cases, the overhanging parts should be supported or the 
structure itself should be built at an angle to guarantee a successful build. Horizontal 
oriented struts should be avoided, since the bulk density of the struts decreases as the 
angle with the build direction increases [1]. The load-bearing vertical struts in the re-
entrant hexagonal honeycomb will now be printed at an angle, decreasing their quality. 
Additionally, their quality is negatively affected by the staircase affect, introducing an 
undesirable surface roughness that may cause stress concentrations [2, 3]. Furthermore, 
most specimens gained volume during the printing process, especially around the 
vertices. This did not only increase the density, but also hindered the deformation 
mechanism responsible for the Poisson effect. 
 Due to the geometrical and topographical implications of manufacturing 
these bending-dominated meta-biomaterials, there are relatively large variations in 
the measured mechanical properties. This is especially the case when studying the 
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performance of these materials under dynamic loading conditions where cracks often 
initiate in the regions with high surface roughness and substantial microporosity. It 
is worth noting that most of our specimens were tested without the utilization of 
post-processing treatments and/or the optimization of the printing parameters that 
could minimize these topographical defects and, therefore, optimize their mechanical 
performance [4]. 
 Until recently, additive manufacturing techniques were limited to macro- and 
mesoscale fabrication, which restricted the morphology of our specimens. To ensure a 
successful print, the smallest feature had to be equal to or bigger than ≈ 200 μm. This 
immediately affected the minimum unit cell size, thus limiting the pore sizes that could 
be achieved. The pore sizes of our auxetic meta-biomaterials, therefore, only covered 
the higher end of the bone regenerative spectrum and should ideally be smaller to 
promote osseointegration. The advances in micro-scale additive manufacturing will 
enable the miniaturization of our structures, since features as small as 10 μm may now 
be printed [5]. 

On the load-bearing capacity of bone-replacing implants

Our bones are designed to support our body weight and assist with movement. Bone-
replacing implants should ideally mimic these properties to reduce stress shielding. 
Healthy human cortical bone has an elastic modulus of 5 – 26 GPa and a yield strength 
of 2 – 2278 MPa [6, 7]. Trabecular bone, which has a porosity similar to our structures, 
exhibits an elastic modulus of 10 – 3000 MPa and a yield strength of 0.1 – 30 MPa [6]. 
The properties of the different bone types can vary by a few orders of magnitude, while 
remarkably similar values have been found at the tissue level [8]. The presented range 
is generally the result of the apparent density and mineralization, which highly depend 
on the patient’s attributes (e.g., age, gender, health, and activity) and the anatomical 
location [9, 10]. The quality, and, thus, mechanical properties of bone usually decrease 
in patients suffering from degenerative bone diseases [11]. The optimal mechanical 
characteristics of a total joint replacement may, therefore, be substantially different 
from those of a bone scaffold used in trauma patients.
 The elastic moduli of the auxetic meta-biomaterials did not only cover 
the trabecular bone spectrum, but also the lower end of the cortical bone stiffness 
(Chapter 4). The yield strength values were found to be sufficient for trabecular bone 
replacements. The CP-Ti specimens covered a smaller range of properties, because 
of a reduction in the bulk material properties and their relatively low relative density 
values (Chapter 5). The latter also holds for the CP-Ti non-auxetic meta-biomaterials 
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(Chapter 9). Their elastic moduli were found to vary between 7 MPa for the low-density 
body-centered cubic and 2842 MPa for the high-density cube specimens. Their yield 
strength values also mimicked the trabecular bone strengths found in the literature. 
 The meta-biomaterials presented in this thesis already cover a large part of 
the design space, but they perfectly lend themselves to further optimization. If needed, 
their mechanical properties can also be increased using higher values of the relative 
density. This would, however, also affect their deformability and, thus, the Poisson 
effect. In this thesis, we have been trying to optimize the structures to attain the highest 
possible values of the absolute Poisson’s ratios. Even though the space-filling meta-
implants would benefit from this property (Chapter 9), not all applications require a 
large lateral expansion or contraction. Perhaps it is much more important to look at 
the sign of the Poisson’s ratio, rather than the magnitude (Chapter 3). One should, 
therefore, choose the right geometry for the desired “sign” of deformation.
 Controversy exists over whether the initial implant properties should exactly 
match the characteristics of the host bone it replaces, since the bone-implant complex 
will soon gain strength as tissue regeneration progresses [12]. That said, the low-
density structures may be too vulnerable to carry the loads in the first few weeks after 
implantation. In that case, they could be used as a volume-porous layer added to a 
solid core (Chapter 3). The highly porous outer layer would herewith enhance bone 
tissue integration, while the solid core will effectively carry the load. The properties 
of the highly porous outer layer in the space-filling meta-implants will change upon 
deformation (Chapter 9). Not only the pores may close upon deformation, but the 
compaction of the material will most likely increase the stiffness as well. More research 
is, therefore, needed to evaluate the load-bearing capacity and bone regenerative 
performance of such materials.
 Despite their promising performance under static loading, orthopedic 
implants should often perform under cyclically loaded conditions. The extraordinary, 
normalized fatigue strengths of the auxetic meta-biomaterials (Chapter 5) should be 
evaluated considering the fact that microstructural damages may be present (Chapter 
6). While bone has the natural ability to repair these micro-damages, here they could 
be determinantal to the implant’s longevity. The relatively low absolute stress levels 
suggest that the (unit cell) design and/or the AM process should be optimized to 
guarantee their performance in orthopedic implants. This may also ease the process 
of combining auxetic and non-auxetic meta-biomaterials (Chapter 3), since the latter 
generally have a higher absolute fatigue strength. 
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On the challenges towards optimal bone tissue regeneration

The work in this thesis is mainly focused on the mechanical stimuli guiding the bone 
regenerative process, although the actual biological response to either a positive or 
a negative Poisson’s ratio has not been evaluated. Given the limited availability of 
experimental data, it is unclear how auxetic meta-biomaterials may affect the bone tissue 
regeneration process [13, 14]. Preliminary studies indicate higher cell proliferation in 
NPR scaffolds. Nonetheless, more research is needed to fully understand the interplay 
between bone-forming cells and their “shape-shifting” environment. 
 Other cues, such as the morphology, could potentially be optimized if micro-
scale AM techniques are utilized. Miniaturizing the structures would automatically 
reduce the pore size, which should ideally vary between 300 μm and 800 μm to facilitate 
the diffusion of nutrients and enable the formation of de novo tissue [15, 16]. This would 
also create the possibility of printing thinner struts to increase their deformability in 
space-filling meta-implants (Chapter 9). As a direct result, the relative density may be 
decreased (RD < 1%), which would automatically reduce all other mechanical properties 
too. 
 In addition to the mechanical and morphological stimuli, mass-transport 
properties (e.g., permeability, diffusivity) affect the activity of bone cells [17, 18]. 
Strut-based meta-biomaterials, such as the ones studied here, generally have a very 
high permeability but limited flow path complexity (i.e., tortuosity) [19]. A higher 
tortuosity is expected to enhance osseointegration, since it will improve the flow paths 
responsible for the delivery of oxygen and nutrients [19, 20]. We, therefore, proposed 
a strategy to tune the permeability and tortuosity of the meta-biomaterials through 
the rational introduction of minimal surface patches (Chapter 7). This strategy may be 
applied to any kind of lattice, to locally adjust the mass-transport and morphological 
properties for optimal cell seeding. 
 These are just some of the aspects involved in bone tissue engineering, which 
is why the bone regenerative performance of the auxetic meta-biomaterials in-vitro and 
the behavior of our conceptual meta-implants in-vivo should be thoroughly studied 
before providing more detailed recommendations for the design of clinically applicable 
implants. 

10.3. Recommendations for future research  

The work in this thesis contributed to several new perspectives on biomaterial design, 
metal additive manufacturing for bone implant applications, and the mechanical 
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performance of both auxetic and non-auxetic meta-biomaterials. The Poisson effect 
is the common topic throughout the chapters of the thesis and we have managed to 
exploit it to introduce two highly novel concepts (Chapter 3 and 9). The novelty of 
these concepts naturally means that these designs are far from ready to be implanted 
in patients, but the potential benefits are indisputable. Based upon the insights we have 
gathered in this thesis, we present a few research directions that could be followed in 
the pursuit of their clinical adoption. 
 The hybrid meta-biomaterials were based on the re-entrant hexagonal 
honeycomb and its non-auxetic counterpart (i.e., the hexagonal honeycomb). In terms 
of the mechanical properties, the re-entrant hexagonal honeycomb probably forms 
a more suiting pair with the rhombic dodecahedron or diamond unit cells. All the 
aforementioned optimization steps could be incorporated in a new hip stem to fully 
assess their performance both in vitro and in vivo. In that case, various other loading 
regimes should be considered, given that compression is only one of the loading modes 
that an implant may be subjected to. 
 The space-filling meta-implants completely change shape once they are 
deformed into the defects, making their mechanical performance unpredictable. 
Moreover, design changes should be made to reduce the push-in forces. Once these 
aspects have been addressed, the implants should be subjected to various cyclic loading 
regimes to study their structural integrity. 
 In silico studies could complement the data presented in this thesis, to quickly 
assess the performance of the optimized designs. Unfortunately, there can be quite 
some variation in the mechanical properties of additively manufactured constructs 
that are not always reflected in the overall shape of these structures. For the in silico 
models to be in good agreement with the experimental observations, manufacturing 
irregularities should be implemented [21]. 
 After their mechanical characterization ex vivo, it will be important to study 
the biological performance of the meta-implant in vitro, especially under dynamic 
loading. For example, how do bone cells react to a scaffold that contracts in response 
to compression or expands in response to tension? More importantly, it is unclear 
whether there is a difference between auxetic or non-auxetic structures in terms of 
guiding the proliferation and differentiation of bone cells. 
 The porous outer layer of the space-filling meta-implants is subjected to 
significant compaction once it deforms into the defects. This seriously decreases the 
permeability and may negatively affect osseointegration. The morphological properties 
of this compacted mass should, therefore, be more closely studied, including the 
consequences of these properties on bone tissue regeneration.  
 Strut failure may occur upon the loading of meta-implants. Even though the 
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structural integrity of the implant may be preserved, the release of metal powder 
particles could lead to adverse biological effects (e.g., an inflammatory response). The 
size and number of the released powder particles should, therefore, be investigated, as 
well as their impact on the in vivo biological processes. 
 Developing Class III medical devices is a lengthy and time-consuming 
process. The discussion points that were raised over the course of this project do 
not include some other aspects, such as extensive animal testing, clinical trials, and 
the various regulatory aspects that need to be addressed before such implants can be 
commercialized and clinically adopted. The findings of this thesis have shed a new 
light on the Poisson effect and its significance in bone implant design. We hope this 
work will inspire others to continue our quest for life-lasting bone implants through 
the “magical” world of geometry, hence the reference to Escher, and extrinsic material 
features, hence the reference to Poisson. 
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