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Modeling the effect of porosity and pore morphology
on the mechanical properties of titanium structures for osteosynthesis
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Abstract. In this study, numerical modeling of porous titanium structures intended for use in osteosynthesis systems was per-
formed using the finite element method. The main objective of the work was to evaluate the mechanical behavior of porous struc-
tures with different pore geometrical parameters and levels of porosity. For this purpose, representative volume elements (RVE)
were constructed, representing fragments of the porous structure. These elements were analyzed under uniaxial loading in order to
determine the distribution of stresses and strains within the material. During the simulations, several structural variants with dif-
ferent porosity levels and pore sizes were examined. The obtained results demonstrated that porosity is a key parameter that sig-
nificantly influences the mechanical behavior of the material. With increasing porosity, a rise in stress concentration in the struts
between pores was observed, along with increased heterogeneity of stress and strain fields. This effect is associated with the re-
duction of the effective load-bearing cross-sectional area of the material and the redistribution of loads within the structure. Anal-
ysis of the stress—strain curves for models with pore sizes of 200, 400, and 600 um showed that, at a fixed level of porosity, varia-
tion in pore size has a relatively minor effect on the effective elastic modulus of the material. At the same time, it was established
that the geometrical shape of the pores has a more significant impact on the mechanical properties of the structure, including stiff-
ness and stress distribution. The obtained results confirm that optimization of pore geometry is an important factor in the design of
porous titanium implants aimed at improving their biomechanical compatibility with bone tissue.
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1. Introduction The porous architecture of implants plays a key role in
determining their mechanical and biological properties. It has
been established that increasing porosity promotes improved
osseointegration and bone tissue ingrowth; however, it sim-
ultaneously leads to a reduction in the strength and stiffness
of the material. Therefore, optimization of the parameters of
porous structures, including the level of porosity, pore size,
and pore morphology, represents an important task in the
design of implants for osteosynthesis [12].

Porous materials used for implants in the treatment of
bone injuries and defects typically require a porosity ranging
from approximately 30% to 85%. In such materials, the pores
should preferably be interconnected and uniformly distribut-
ed; alternatively, depending on specific requirements, a por-
tion of the pores may be interconnected while still maintain-
ing a uniform distribution. This structural configuration facil-
itates effective integration of the material with human bone
tissue [9, 11].

Currently, a number of technologies have been developed
that enable the fabrication of porous titanium structures with
different morphologies, pore sizes, and levels of mechanical
strengths. Figure 1 illustrates porous titanium structures used
in orthopedic applications.

In modern orthopedics, metallic and biodegradable materi-
als are primarily used for the internal fixation of limb frac-
tures. However, the elastic modulus of metallic materials (such
as stainless steel, titanium, and its alloys) differs significantly
from that of human bone tissue [1-3]. The elastic modulus of
cast titanium is approximately 100 GPa, while that of the
widely used titanium alloy Ti6Al4V is about 110 GPa [4-6].

In contrast, the elastic modulus of human bone ranges from
15 to 30 GPa and depends on factors such as sex, age, and
overall health condition [7-9]. The difference in elastic modu-
lus between human bone and titanium implants leads to the so-
called stress shielding effect, which may necessitate revision
surgery [10, 11]. The mismatch between the high elastic mod-
ulus of implants and the biomechanical properties of bone
negatively affects callus formation and fracture healing, poten-
tially requiring additional surgical intervention [4, 5].

Therefore, the development of internal fixation systems
that do not require secondary surgery for removal has re-
mained an important research topic in the orthopedic com-
munity for many years [7, 8]. To reduce the elastic modulus
of metallic materials, researchers have investigated porous
materials for use in medical metallic implants [9].

© 2026. M. Isametova, E. lliyasov, A. Tursynbayeva, A. Duisengali, G. Smailova

isametova69@mail.ru; yeszhan.ilyassov@gmail.com; nurtassovna.igo@mail.ru; Akaeva_akbota@mail.ru; g.smailova@satbayev.university
Engineering Journal of Satbayev University. elSSN 2959-2348. Published by Satbayev University

This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http:/creativecommons.org/licenses/by/4.0/),
which permits unrestricted reuse, distribution, and reproduction in any medium, provided the original work is properly cited.

9



mailto:isametova69@mail.ru
mailto:nurtassovna.iqo@mail.ru
mailto:Akaeva_akbota@mail.ru
mailto:g.smailova@satbayev.university
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.51301/ejsu.2026.i2.02
mailto:nurtassovna.iqo@mail.ru

M. Isametova et al. (2026). Engineering Journal of Satbayev University, 148(2), 9-14

o |
ANIUM
' NTED

Figure 1. Orthopedic devices made of porous titanium

Porous titanium can be produced using additive manufac-
turing technologies such as Selective Laser Melting (SLM)
and Electron Beam Melting (EBM), powder metallurgy meth-
ods, space-holder techniques, Binder Jetting, as well as tech-
nologies for producing metallic foams and combined gradient
structures [13-15]. In addition, porous structures can be fabri-
cated using Spark Plasma Sintering and open-cell architec-
tures. However, the aforementioned porous materials often
exhibit characteristics such as small pore sizes, non-uniform
pore distribution, poor permeability, or the presence of numer-
ous micropores within the pore wall structure, which may
hinder their application as biomaterials [16-18].

When developing modern implant materials, particular
attention is given to their elastic modulus, compressive
strength, and biocompatibility [19-20].

In recent years, the development of porous metallic struc-
tures has become one of the most promising directions in
biomedical engineering and orthopedics. In this context, nu-
merical modeling of porous structures using the Finite Element
Method has gained particular importance. Nevertheless, many
porous materials produced by the aforementioned methods still
possess limitations, including small pore sizes, non-uniform
pore distribution, low permeability, or the presence of numer-
ous micropores in the pore wall structure [21-23].

Such structural features can significantly limit their applica-
tion as biomaterials. Moreover, they may negatively affect both
the mechanical properties of the material and the processes of
osseointegration, since insufficient pore interconnectivity and
improper pore geometry hinder bone tissue ingrowth and reduce
the transport of nutrients and cells within the implant [24].

In this context, optimization of the porous architecture
becomes particularly important, including the control of pore
size, shape, distribution, and the overall level of porosity.
Experimental investigation of all possible pore geometry
variations is a complex, time-consuming, and costly process.
Therefore, in recent years numerical modeling of porous
structures using computer simulation and the Finite Element
Method has become increasingly widespread (Design, Mod-
eling, Additive Manufacturing, and Polishing of Stiff-
ness-Modulated Porous Nitinol Bone Fixation Plates Fol-
lowed by Thermomechanical and Composition Analysis).

Modeling makes it possible to analyze in detail the influ-
ence of porous architecture parameters on the stress—strain
state of the material, evaluate the distribution of stresses and
strains within the structure, and predict the effective mechan-
ical properties of porous constructions. The application of
such approaches significantly accelerates the design process
of biomedical implants and allows the determination of op-
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timal parameters of porous structures that provide the re-
quired combination of strength, stiffness, and biological
compatibility (Novel Clinical Applications of 3D-Printed
Highly Porous Titanium for Off-the-Shelf Cementless Joint
Replacement Prostheses).

Based on the relevance of the studies mentioned above,
this work conducts computational experiments using the
DIGIMAT software in order to identify the relationships
between porosity, pore size, and pore shape and their influ-
ence on the elastic modulus of titanium.

2. Materials and methods

The numerical investigation of the effects of porosity,
pore size, and pore morphology on the mechanical properties
of titanium material was performed using the DIGIMAT
MF/FE software, designed for multiscale modeling of heter-
ogeneous media. In the study, a micromechanical model of a
Representative Volume Element (RVE) was employed, ena-
bling consideration of the influence of the material’s internal
structure on its effective mechanical properties.

The matrix material was the titanium alloy Ti-6Al-4V,
whose mechanical properties were defined using a linear-
elastic isotropic model. The parameters used in the simula-
tions were: elastic modulus E =110 GPa, Poisson’s ratio
v = 0.33, and density p = 4430 kg/m?®. Pores were modeled as
inclusions with zero stiffness and zero density, correspond-
ing to the idealized case of a completely void volume.

Porosity was varied within a specified range to assess its
effect on the material’s effective elastic properties. Pore size
was defined using a characteristic linear parameter of the
inclusions at a fixed volume fraction, while pore shape was
modeled as spherical, ellipsoidal, and cellular (architected)
structures. Figure 2 illustrates the pore parameters and their
orientations.

(d)

Figure 2. Representative volume element of a titanium matrix
filled with pores: (a) spherical pores with 30% porosity; (b) spher-
ical pores with 50% porosity; (c) ellipsoidal pores with 30% poros-
ity; (d) ellipsoidal pores with 50% porosity
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During modeling, three main structural parameters were
varied: the volume fraction of pores (porosity), pore size, and
pore shape. Table 1 presents the parameter variations used in
the computational experiments.

Table 1. Parameters of the computational experiment

Ne Porosity, % Pore size Pore shape

1 30 200/300/400 Sphere / Ellipsoid
2 40 200/300/400 Sphere / Ellipsoid
3 50 200/300/400 Sphere / Ellipsoid
4 60 200/300/400 Sphere / Ellipsoid

The calculations were performed using the finite element
method in combination with a homogenization procedure
[25, 26]. Boundary conditions were applied as uniform de-
formation of the representative volume element, ensuring the
accurate determination of averaged stresses and strains. The
simulations yielded the effective elastic modulus, Poisson’s
ratio, and stress distribution within the porous structure, and
the influence of pore morphology on the material’s mechani-
cal behavior was analyzed. The obtained results were further
used to assess the effect of pore morphology on the mechani-
cal performance of porous titanium and to compare them
with theoretical models such as the Gibson-Ashby model.

3. Results and discussion

First, the numerical experiment was conducted using the
DIGIMAT MF module, modeling structures with different
pore sizes while maintaining a constant solid-phase volume
fraction. The calculations were performed under uniaxial
tensile loading with a prescribed deformation, enabling as-
sessment of the effect of pore morphology on the stress-
strain response and the effective elastic modulus of the mate-
rial. The results are presented in Figure 3.
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Figure 3. Stress-strain diagram for pore sizes of 200 um, 400
pum, and 600 um

All stress-strain curves exhibit nearly identical slopes, in-
dicating that the elastic modulus is similar regardless of pore
diameter. Next, calculations were performed in the
DIGIMAT MF module for different pore shapes, ellipsoidal
and spherical, at varying porosity levels as specified in Ta-
ble 2. The results are presented in Figure 4

Table 2. Stress values (u = 0.01) and elastic modulus for dif-
ferent porosity levels and pore shapes

Ellipsoidal aspect ratio 6 Spherical aspect ratio 1

Porosity, %

o, MPa E, GPa o, MPa E, GPa
30 700 58.5 600 59
40 600 47 450 47.1
50 500 36.8 380 36.6
60 400 27.94 280 275
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Figure 4. Tensile stress-strain diagram (u = 0.01) with pore
diameter 200 um; (a) spherical pores, (b) ellipsoidal pores

Apparent differences in the slopes of the stress-strain
curves are observed for the two pore shapes.

Despite differences in pore geometry, the effective elas-
tic modulus of porous titanium with ellipsoidal and spherical
pores at the same porosity is similar. This can be explained
by the fact that the elastic modulus is an integral material
property, primarily determined by the volume fraction of the
solid phase rather than the local pore shape. According to
the Gibson-Ashby model, the effective elastic modulus of
porous and cellular materials is described by the following
expression [27]:

E=Es(l-¢) . ©)

where Es is the elastic modulus of the dense material; ¢ is
the porosity; n is the exponent determined by the type of
cellular structure and the deformation mechanism.

At a fixed porosity, the influence of pore shape on the
global stiffness of the material is secondary. However, pore
geometry has a significant effect on the local stress distribu-
tion: ellipsoidal pores exhibit higher stress concentrations
due to their smaller radius of curvature and pronounced ani-
sotropy, leading to higher equivalent stresses than spherical
pores. Thus, for the same effective elastic modulus, differ-
ences in the stress state are primarily attributed to stress
concentration effects rather than changes in the bulk elastic
properties of the material [28, 29].

Third, finite element modeling was performed using the
DIGIMAT FE module. Figure 5 shows the distribution of
equivalent stresses obtained from the finite element analy-
sis of a porous titanium structure in DIGIMAT FE. The
calculations were carried out for a representative volume
element with specified porosity and pore size under uniaxi-
al loading. The visualization enables analysis of stress dis-
tribution within the material volume and identification of
stress concentration zones resulting from the porous struc-
ture's geometry.
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Figure 5. Distribution of equivalent stresses in a porous tita-
nium structure under uniaxial loading (porosity 30%, pore size
200 um): (a) with a spherical pore, (b) with an ellipsoidal pore

The numerical modeling of stress distribution in the rep-
resentative volume of porous titanium revealed that the local
components of the stress tensor reach 2405 MPa for spherical
pores and 4059 MPa for ellipsoidal pores, due to stress con-
centration in the ligaments between pores. At the same time,
the volume-averaged stresses remain significantly lower than
the local maxima, confirming the validity of the homogeniza-
tion approach.

Physically, stresses in the material concentrate in regions
with abrupt changes in geometry or small radii of curvature.
For spherical pores, the radius of curvature is uniform in all
directions, resulting in a more even stress distribution. In
contrast, ellipsoidal pores have sharp regions (small radius of
curvature at the ends of the ellipse), leading to substantial
stress concentrations.

4, Conclusions

In finite element modeling, titanium models with varying
porosity and pore diameter were used. According to our calcu-
lations, the most significant variable affecting stress concentra-
tion and the heterogeneity of the stress-strain field is matrix
porosity. Analysis of the stress-strain response for different
pore sizes (200, 400, and 600 pum) showed that, at a fixed
porosity, changes in pore size have a negligible effect on the
effective elastic modulus of the material. Further analysis of
the modeling results indicated that, while pore size has little
influence on mechanical properties at a fixed porosity, pore
shape, as reflected in the aspect ratio, is the key factor. It was
found that as the deviation from spherical pore shape increases
(i.e., higher aspect ratio), the effective mechanical properties,
particularly the elastic modulus, decrease.

To achieve optimal properties for titanium implants, a
new design of porous titanium with gradient porosity is
proposed. Future work will focus on the development and
testing of advanced materials intended for biomedical ap-
plications.
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anemeHTTep — Representative Volume Element (RVE) kanbintacTeIpbuibil, MaTepHal iMliHACri KepHEeyaep MeH aedopmarius-
JapABIH TapalyblH aHBIKTAay YIIiH ojiap OipOChTIK JKYKTeMe XaFmalblHIa TajamaHabl. Mopaenbaey OapbhIChIHAA KeYeKTUTIKTIH
OpPTYpJIi JeHreiaepi MeH Keyek eimemjepi 0ap KypbUIbIMAAp/bIH OipHelle HYCKAachl KapaCThIPhUIIBI. AJIBIHFAH HOTHXKEJEp
KEYeKTUTIK MaTepHaNgblH MEXaHWKANbIK MiHe3-KYJKbIHA INeNIyIIi dcep eTETiH Heri3ri mapaMeTp eKEHIITiH KOepCeTTi.
Keyekrinik apTKaH cailblH KeyeKTep apachbHJIarbl OaillaHblc aiiMaKTapbIHIa KEpHEYJIEep/IiH LIOFbIPIaHybl ©CETiHi, COHai-aK
KepHEey MeH aedopmanms epicTepiHiH Oipkenki emecTiri KymiederiHi Oaiikamgsl. Byn KyOBUTBIC MaTepHalIBIH THIMII KYK
KOTEPETIH KHUMACBIHBIH a3alObIMEH QHE KYpPBUIBIM INIHZEr! JXYKTeMeJepHiH Kalrta OeminyimMeH TtyciHmipineni. Keyek
emmemaepi 200, 400 xoHe 600 MKM OOJATBHIH MOIENBACP YHIIH KepHEy—xehopMamus TOYESNIUIri KUCHIKTapBIH Talaay
HOTWKECIHJIE KEYEKTUIIK JeHreii TypakThl OOJFaH jKarjaiga Keyek eJIIeMiHIH e3repyi MaTepHajJblH THIMII CepIiMIiIiK
MOJIYJIiHE CaIBICTRIPMANBI TYpPAE a3 ocep erTeTiHi aHbIKTanasl. COHBIMEH Karap KEYeKTepAiH T'€OMETPISUIBIK IIiIIiHi
KYPBUIBIMHBIH MEXaHUKAJIBIK KAaCHETTEpiHE, COHBIH IIIiHAE KaTThUIBIFbIHA JKOHE KEepHEYJIEpAIH TapalyblHa €oyip BIKHam
eTETiHI aHBIKTAJIBl. AJBIHFAaH HOTIDKENEp KEyeKTi THTAaH WMIUIAHTATTaphIH >KoOanay Ke3iHIE OJapAbIH CYHeK TiHIMEeH
OMOMEeXaHWKANBIK YWIECIMIUINIH apTThIpy MakcaThblHJIa KeyeK IIIIiHIH OHTaiIaHIBIpy MaHb3Ibl  (QakTop OOoJbII
TaObUIATHIHBIH pacTali bl

Hezizei co30ep: keyekmi mumar KYpoliblMOapbl, OCMeEOCUHme3, KeYeKMmiliK, COHzbl daeMenmmep 20ici, MeXaHUKaIblK
Kacuemmep.

MopaeaupoBanue BiIMsiHUE OPUCTOCTH U MOP(OJIOrUM MOP HA
MEXaHUYEeCKUe CBOMCTBA TUTAHOBBIX CTPYKTYP AJIA OCTCOCUHTE3a

M. HUcamerosa, E. Unbscos, A. Typceiabaesa”, A. lyiicenramy, I'. Cmannosa
Satbayev University, Arvamei, Kazaxcman
*Aemop ons koppecnondenyuu: NUrtassovna.igo@mail.ru

AHHOTanus. B nanHoMm mccnenoBanuy ObUIO IPOBEAECHO YNCICHHOE MOAEINPOBAHUE MOPUCTHIX TUTAHOBBIX KOHCTPYKIIHH,
NpefHa3HAYeHHBIX U NPUMEHECHMS B CHCTEMaX OCTEOCHHTE3a, C MCIIOIb30BaHNEM METOJa KOHEYHBIX 3JIeMeHTOB. OCHOBHOM
eTIbI0 paboTHI SABIISIACH OLEHKAa MEXaHNYECKOTO MOBEICHHS MOPUCTHIX CTPYKTYP MPH PA3IMUHBIX T€OMETPHUUECKHX ITapaMeT-
pax mop W ypoBHAX mHopuctocTh. s 3Toro GbuM cOpMHPOBaHBI XapakTepHble oObeMHble 3meMeHTHl (Representative
Volume Element, RVE), npencrapmnstomue co60it ¢pparMeHThl MOPUCTOH CTPYKTYPHI, KOTOPBIE aHATH3UPOBAIHICH IPH OHO-
OCHOM Harpyske ¢ LeJIBIO ONPEASNICHUs PAaCIpeAeIeHNs HapsHKeHUH U Aedopmaiuii B Matepuane. B xone MonenupoBanus
OBUTH PaCCMOTPEHBI HECKOJIBKO BAPHAHTOB CTPYKTYPHI C PAa3IMYHBIMHU YPOBHIMHM IOPUCTOCTH U pazMepamu nop. [lomydenHsie
pe3yabTaThl MOKA3ald, YTO HOPHCTOCTh SABJSIETCS KIIFOYEBBIM [TapaMEeTPOM, OKA3bIBAIOIIUM OTIPE/IeIIAoIIee BIUSHIE Ha MeXa-
HHYECKOE MoBeieHHe MaTtepuaia. [Ipu yBeInueHnn MOpUCTOCTH HAOIIOAAeTCsl POCT KOHLIEHTPALIMHU HANPSDKEHUH B ITepeMbId-
KaxX MEeXIy HOpaMH, a TaKKe MOBBIIAETCS HEOJAHOPOJAHOCTD IMOJIeH HANpsDKEeHUH U teopManuii. OTO CBSI3aHO C YMEHbBILCHH-
eM 3(QQEeKTUBHOI IUIOMaAN HECYIIEro CeueHHs MaTephaia M IepepacipeseiieHHeM Harpy30K BHYTPH CTPYKTYpbl. AHanu3
KPHUBBIX 3aBHCHMOCTH HAIPsDKEHHS OT Jedopmanuu Uit Monenei ¢ pazmepamu mop 200, 400 u 600 MKM MoKa3ali, 4To MpH
(PMKCHPOBaHHOM YpOBHE IMOPUCTOCTH M3MEHEHHE pa3Mepa MOp OKa3blBAaeT CPABHUTENHHO HE3HAYUTENILHOE BIMSHHE Ha 3¢-
(heKTHBHBIN MOAYJIb YIIPYTrOCTH MaTepHuaia. B To ke BpeMmsi yCTaHOBJIEHO, YTO reoMeTpuueckas popma 1mop okasbIBaeT Ooiiee
CYIIECTBEHHOE BIIMSIHAE HA MEXaHMYECKHE CBOWCTBA CTPYKTYPHI, BKIIOUAsk JKECTKOCTh M pacmpeseneHne HanpsokeHui. [lomy-
YEeHHBIE PE3YJIbTAThI MOJTBEPKAAIOT, YTO ONTUMH3ALUs (POPMBI MOP SBJISCTCS BAXKHBIM (DAKTOPOM IIPU NMPOEKTUPOBAHUH T10-
PHCTBIX THTAHOBBIX MMIUIAHTATOB JUISl YIIyYIICHHUS NX OMOMEXaHUYECKOH COBMECTUMOCTH C KOCTHOI TKaHbIO.

Kniouegvie cnosa: nopucmoie mumarnogsie KOHCMPYKYUu, OCMeOCUHme3, NOPUCmoCcmb, Memoo KOHEUHbIX JJIEMEHIO08, Me-
XaHuueckue ceolicmea.
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