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Selective laser melting (SLM) is an additive manufacturing technique with the ability to produce metallic scaf-
folds with accurately controlled pore size, porosity, and interconnectivity for orthopedic applications. However,
the optimal pore structure of porous titaniummanufactured by SLM remains unclear. In this study, we evaluated
the effect of pore size with constant porosity on in vivo bone ingrowth in rabbits into porous titanium implants
manufactured by SLM. Three porous titanium implants (with an intended porosity of 65% and pore sizes of
300, 600, and 900 μm, designated the P300, P600, and P900 implants, respectively) were manufactured by
SLM. A diamond lattice was adapted as the basic structure. Their porous structures were evaluated and verified
using microfocus X-ray computed tomography. Their bone–implant fixation ability was evaluated by their im-
plantation as porous-surfaced titanium plates into the cortical bone of the rabbit tibia. Bone ingrowth was eval-
uated by their implantation as cylindrical porous titanium implants into the cancellous bone of the rabbit femur
for 2, 4, and 8 weeks. The average pore sizes of the P300, P600, and P900 implants were 309, 632, and 956 μm,
respectively. The P600 implant demonstrated a significantly higher fixation ability at 2 weeks than the other im-
plants. After 4 weeks, all models had sufficiently high fixation ability in a detaching test. Bone ingrowth into the
P300 implantwas lower than into the other implants at 4 weeks. Because of its appropriate mechanical strength,
highfixation ability, and rapid bone ingrowth, our results indicate that the pore structure of the P600 implant is a
suitable porous structure for orthopedic implants manufactured by SLM.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

Titanium and its alloys arewidely used in implants in the orthopedic
and dental fields because of their high fracture resistance and biocom-
patibility. However, titanium itself is bioinert, and polished or abraded
titanium has no bone-bonding ability [1]. Therefore, several techniques
have been developed to give titanium an irregular surface to improve its
fixation ability. For example, sintered bead-bonded, grit-blasted, and
fiber mesh-bonded titanium are in clinical use for hip prostheses
[2–5]. Besides conventional porous surface coatings on dense titanium,
various methods have been developed to produce a porous titanium
body [6]. These include sintering with powders [7,8], solid-state
foaming by expansion of argon-filled pores [9], compressing and
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sintering of titanium fibers [10], and polymeric sponge replication
[11]. However, thesemethods cannotmanufacture implants with a pre-
cisely controlled porosity and pore shape, size, and interconnectivity
suitable for inducing tissue ingrowth, which anchors the prosthesis to
the surrounding bone and prevents implant loosening.

Selective laser melting (SLM) [12–14] is a newly developed additive
manufacturing (AM) process, in which a product is created by melting
selected areas of powder layers using a computer-controlled laser
beam. Because of its ability to build complicated three-dimensional
(3D) shapes, AM has great potential to solve the problems of creating
a porous surface coating on a dense titanium and porous titanium
body. Recently, complicated shapes such as structures similar to
human cancellous bone [15] and implant shape of joint arthroplasty
[16] were manufactured by AM from metal powder. Moreover, bioac-
tive treatments such as hydroxyapatite coating [17] and NaOH, HCl,
and heat treatment [15] were verified to confer osteoconductivity on
metal implants manufactured by AM. Moreover, in a model of cervical
vertebral body replacement, porous metal implants manufactured by
AM were implanted into anterior cervical defects in sheep by Yang
et al. [18] and Wu et al. [19]. They reported that bone–implant stability
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was enhanced by bone ingrowth. Furthermore, Wu et al. [19] reported
that porous metal showed higher mechanical bone–implant stability
than a polyetheretherketone cage implanted with an autograft. These
studies indicated the utility of AM for manufacturing cervical implants.
However, the optimal pore structure for bone ingrowth into AM-
manufactured porous titanium implants remains unclear.

To date, many studies have been conducted to investigate the influ-
ence of the porosity and pore size of porous materials on biological be-
havior [20]. However, the majority of these studies were based on
experiments involving porous calcium phosphate. The biodegradability
of calcium phosphate varies depending on parameters such as porosity,
crystallinity, chemical purity, and surface roughness [21]. In particular,
the pore size was verified to affect the resorption rate by theoretical ap-
proach [22]. Therefore, it is difficult to ensure the characteristic unifor-
mity of experimental samples made from calcium phosphate and, in
turn, difficult to determine the true effect of porous structure through
experiments involving this material. In contrast, metal is unresorbable
and its characteristics remain constant at a range of geometries, which
confers experimental uniformity on a study. Therefore, from this per-
spective, porousmetal ismore suitable for investigating the effect of po-
rous structure on biological behavior. However, few studies have used
porousmetal to investigate the influence of porous structures on biolog-
ical behavior [6,23–25]. Using four types of porous titanium implant
manufactured using a powder-sintering method, our groups [23] dem-
onstrated that bone ingrowth is affected not only by porosity and pore
size but also by interconnected pore throat size. Our groups concluded
that poreswith narrow throats are disadvantageous for bone formation.
However, porous titaniummanufactured by powder-sinteringmethods
exhibits heterogeneity in terms of pore size and pore throat size [23].
Furthermore, conventional manufacturing techniques are incapable of
separately controlling geometrical parameters related to pore structure.
In this regard, AM is themost suitable method of producing samples for
use in investigations of the effect of pore structure on biological behav-
ior, because AM can manufacture well-interconnected porous metal
implants and allows separate control of parameters related to pore
structure.

Recently, two researchers began to take advantage of AM to study
the effect of porous structure on biological behavior in vitro [26] and
in vivo [27]. In an in-vitro study, Van Bael et al. [26] reported that the
use of porous titanium implants manufactured using SLM with a pore
size of 1000 μm yielded a significant increase in cell density and meta-
bolic activity than the use of implants with a pore size of 500 μm. How-
ever, the in vitro environment differs greatly from the in vivo
environment, in which the flow of nutrition and oxygen around the im-
plants is constant. In an in vivo study, Van Der Stok et al. [27] examined
the effect of inserting porous implants composed of the titanium alloy
Ti6Al4V, which has two different porosities (68% and 88%) with the
same pore size (490 μm), into cortical defects in rats. They observed
good bone formation, and there was no significant difference in bone
formation between the two porosities of the scaffold. On the other
hand, the pore sizes examined in the model of cervical vertebral body
replacement in sheep were 710 and 1100 μm for Wu et al. [19] and
Yang et al. [18], respectively. Although both studies did not compare
between different structures with respect to which porous structures
induced high stabilization in the point that their porous implants
induced enough bone for stabilization, consideration of their results is
useful in the investigation of optimal porous structure. Accordingly,
these four previous studies using AM demonstrate that AM-
manufactured porous titanium implants with a pore size of
490–1100 μm exhibit a reasonable performance in vivo. However, to
date, no reports have clarified the true effect of porous structure in
terms of pore size and pore throat size at a constant porosity. Further-
more, the effect on the biological behavior of a pore size of less than
490 μm,which porous titanium implantsmanufactured by conventional
methods often possesses [23,28], has yet to be examined in experiments
using AM-manufactured porous titanium implants in vivo.
In this study, we investigated the effect of pore size on bone in-
growth using samples manufactured by AM, which allows the separate
control of pore structure, to determine the optimal porous structure for
metal implants manufactured by this process. Therefore, porous im-
plants with three pore sizes (300, 600, and 900 μm) andwith a constant
porosity were manufactured using SLM. To characterize these implants,
we conducted 3D structural analysis [23] usingmicro-focus X-ray com-
puted tomography (micro-CT) and mechanical comprehension tests.
Moreover, to evaluate biological performance, we conducted two
in vivo experiments. First, we examined the fixation ability of each im-
plant to bone by implanting plate-type implants into the cortical bone
of the rabbit tibia. Second, we evaluated bone ingrowth into the pores
of each implant using cylinder-type implants implanted into cancellous
bone in the rabbit femur.

2. Materials and methods

2.1. Computer-aided design

The computer-aided design (CAD) was created using the software
Magics (Materialise HQ, Leuven, Belgium). A diamond crystal lattice,
in which each atom is tetrahedron-like and surrounded by four other
atoms [29], was adapted as the basic form of the porous structure for
the following two reasons. First, the diamond crystal lattice is composed
of only dull angles (109.5). This is suitable for manufacture using SLM
because sharp angles are often corrupted by adhesion to the nearby
shaft in the melting phase. Second, the diamond crystal lattice remains
stable undermultidirectional compressive forces, evenwith high poros-
ity; this confers high safety in clinical situations. A single unit of the di-
amond crystal lattice is shown in Fig. 1. As shown in Fig. 1, the cross-
section of the pore throat is hexagonal.

The manufactured porous titanium implants were designed to have
a porosity of 65%,with pore sizes of 300, 600, and 900 μm, andwere des-
ignated the P300, P600, and P900 implants, respectively. A representa-
tive model is shown in Fig. 1.

2.2. Materials

In this study, gas-atomized, commercially pure titanium powder
(Grade 2; Osaka Titanium Technologies Co., Ltd., Hyogo, Japan) with a
particle size of b45 μm was used as the starting powder.

2.3. Selective laser melting

An SLM system (EOSINT-M270; Electro Optical Systems GmbH,Mu-
nich, Germany) was used for AM. The machine was equipped with a
200 W Yb fiber laser with a spot size of 100 μm. Porous titanium was
manufactured using a laser power of 120 W and a laser scanning
speed of 200 mm/s. The thickness of the powder layer was 30 μm, and
the hatching distance was maintained at 120 μm. These parameters
were determined by our previous study [15]. After the SLM process,
the implants were heat-treated at 1300 °C for 1 h and allowed to cool
naturally in the furnace in an argon atmosphere. The heat treatment
was intended to sinter incompletely melted Ti particles at the surface
and to prevent these particles from falling off. The heat treatment was
detailed in previous reports [15,30].

According to the CAD, we manufactured porous titanium plates
(15 × 10 × 2mm; porous layer thickness: 1.8mm, solid layer thickness:
0.2 mm) or cylinders covered with a thin lateral wall (diameter: 6 mm;
length: 9 mm; lateral wall thickness: 0.2 mm) for animal experiments
(Fig. 2). The lateral wall has intended two reasons. The first was to ob-
serve the longest distance possible in the limited space available in rab-
bits. The second was to maintain the maximum possible uniformity in
experimental conditions at the bone–implant interface between im-
plants. Furthermore, cubes (10 × 10 × 10mm) for measurement of po-
rosity and 3D structural analysis using micro-CT, and cylinders



Fig. 1. Basic single unit and computer-aided design of porous-surfaced titanium plateswith different pore sizes. a) A single unit of diamond crystal lattice; b) P300; c) P600; d) P900 (size:
15 × 10 × 2 mm).
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(diameter: 12 mm; length: 12 mm) for mechanical testing were
manufactured. These four shapes of implants were manufactured
using the three different porous structures described above (P300,
P600, and P900) in sizes that were suitable to each analysis.

2.4. Characterization of the porous titanium implants

2.4.1. Porosity
The porosity of the samples was calculated from the weight and ap-

parent volume of porous cubes (10 × 10 × 10 mm). All measurements
were conducted at room temperature.

2.4.2. Microfocus X-ray computed tomography-based structural analysis
Micro-CT-based structural analysis was performed according to

our previous studies [23,31]. Using a micro-CT system (SMX-
100CT-SV3; Shimadzu Corporation, Kyoto, Japan, resolution
Fig. 2. Porous implants used in the in vivo animal experiments. a) P300, b) P600, and c) P900 po
cylinders covered with a thin lateral wall (size: diameter 6 mm, length 9 mm). Arrows indicat
threshold of 33 LP/mm; accelerating voltage of 90 kV; a beam current of
40 μA; filter of 0.5 mm Cu), we obtained reconstructed images consisting
of 512 × 512 × 431 voxels, with a voxel size of (12.7 μm)3. These images
were processed with a combination of freeware (ImageJ; National
Institutes of Health, Bethesda, MD, USA; http://rsb.info.nih.gov/ij/) and
commercially available software (VGStudio MAX 2.2; Volume Graphics
GmbH, Heidelberg, Germany). Before analysis, micro-CT images were
converted to images consisting of 646 × 646 × 490 voxels, yielding a
voxel size of (10 μm)3. Next, we performed a segmentation
process using the Adaptive 3D Threshold Plugin for ImageJ (C. Henden
and J. Bache-Wiig; http://www.pvv.org/~perchrh/imagej/), and each
image was converted to a binary image where the pixel population was
assigned to either the foreground (material) or the background (pore).
From these data, the pore size, pore throat size, material strut size, and
specific surface area of each implant were calculated. Details of the 3D
structural analysis are described in the following section.
rous-surfaced titanium plates (size: 15× 10× 2mm). d) P300, e) P600, and f) P900 porous
e the build orientation.

http://rsb.info.nih.gov/ij/
http://www.pvv.org/~perchrh/imagej/


Fig. 3. The detaching test and prior preparation. a) Insertion of the titanium plate into the
rabbit tibia. b) The bone–plate–bone construct after cutting the tibia at the proximal and
distal ends of the plate. c) Tensile load was applied while holding the anterior cortex
and the plate until detachment occurred.
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2.4.2.1. Analysis of pore size and material strut size distribution. Binarized
3D image stackswere subjected to the Local Thickness Plugin for ImageJ
(P. R. Dougherty and K-H. Kunzelmann; http://www.optinav.com/
imagej.html). This plugin computes the local thickness of the 3D
image stacks, defined as the diameter of the largest sphere that fits in-
side the pore and contains the voxel. The number of voxels with respec-
tive local thickness values and the corresponding pore diameter were
used to calculate pore volume. The cumulative pore volume fraction
was defined as the fraction of pores with a diameter larger than x μm
among all pores, and its distribution was computed and represented
as a line graph. The Local Thickness Pluginwas also applied to themate-
rial (foreground) and material strut size distribution was computed.

2.4.2.2. Analysis of pore throat size distribution. Pore throat size was de-
fined as the diameter of the largest sphere capable of reaching the
pore from the outer surface. Pores with the respective pore throat size
were detected by blocking the pore throats and tracing their intercon-
nection from the outer surface as follows [23]. First, binarized 3D
image stacks were subjected to the 3D Distance Map Plugin for ImageJ,
one of the functions of the Local Thickness Plugin. This plugin assigned
each background voxel a value representing the distance between the
voxel and the border of the foreground. Pore throats for the correspond-
ing radii were blocked by changing the background voxels of the corre-
sponding distance map value to foreground voxels, thus blocking the
pore throats. Subsequently, the volume of interconnected pores from
the outer surface was measured and regarded as the volume of the
pore for the corresponding pore throat size. The cumulative pore vol-
ume fraction distribution as a function of pore throat sizewas computed
for each implant and represented as a line graph.

2.4.3. Observation using scanning electron microscopy
The surface of the implantswas observed byfield-emission scanning

electron microscopy (SEM; Hitachi S-4300; Hitachi, Ltd., Tokyo, Japan).
To observe the cross-section of the inner struts, each porous titanium
plate was fractured using pliers. The cross-sectional area of the struts
was also observed using SEM.

2.4.4. Assessment of mechanical properties
In accordancewith ISO 13314:2011(E), mechanical testingwas con-

ducted. Porous cylinders (diameter: 12 mm; length: 12 mm, six cylin-
ders of each type) were used for mechanical testing. Compressive
testing was performed using a universal material testing machine
(Model EHF-LV020K1-010; Shimadzu Corporation, Kyoto, Japan) at a
crosshead speed of 1 mm/min. The elastic modulus was calculated
from the slope of the compressive stress–strain curve in the linear elas-
tic region, and the compressive yield strengthwas determined from the
stress–strain curve using the 0.2% offset method.

2.5. In vivo experiments involving new bone formation in white rabbits

Two types of animal experiments were conducted in rabbits using
porous-surfaced titanium plates or porous titanium cylinders. This ani-
mal study was approved by the Animal Research Committee of the
Graduate School of Medicine, Kyoto University, Kyoto, Japan (Med Kyo
13242).

Before implantation, implants were conventionally sterilized using
ethylene oxide gas. For detaching test, the porous titanium plates
were implanted into the metaphysis of the tibia in mature male
Japanese white rabbits weighing 2.8–3.2 kg. The surgical methods
used have been described previously [32,33]. Briefly, using a dental
burr, a 16 × 2 mm hole was made from the medial to the lateral cortex
running parallel to the longitudinal axis of the tibial metaphysis. The
plates were implanted in the frontal direction, perforating the tibia
and protruding from the medial to the lateral cortex. The porous-
surfaced side was placed at the front of the tibia. At 2, 4, or 8 weeks
after implantation, rabbits were euthanized with an overdose of
intravenously administered pentobarbital. A total of 36 rabbits were
used (eight plates of each type per implantation period). Eight samples
were randomly divided into two groups: six samples for the measure-
ment of detaching failure load and two samples for histological exami-
nation. The specimens for detaching tests were wrapped in wetted
gauze, which was moistened with saline water at room temperature.
Then, detaching tests were conducted as soon as possible after harvest-
ing specimens.

For histological evaluation of bone ingrowth, the porous cylinders
were implanted into the femoral condyle of mature male Japanese
white rabbits. The surgicalmethods used have been described previous-
ly [15,28]. Briefly, a 6-mm diameter drill hole was made in the lateral
femoral condyles. In this process, care was taken to avoid penetration
of the medial femoral condyle. A porous titanium cylinder was im-
planted in this hole. At 2, 4, or 8 weeks after implantation, rabbits
were euthanized. A total of 18 rabbits were used (four cylinders of
each type per implantation period).

2.5.1. Detaching test with plate implants
The preparations for the detaching test [32] are shown in Fig. 3. Bone

tissue surrounding the plates was removed with a dental bur so that no
anterior bone segment was directly connected to a posterior bone seg-
ment. Using an Instron-type autograph (Model 1011; Aikoh Engineer-
ing Co., Ltd., Nagoya, Japan), traction was applied through hooks
holding the anterior cortex and hooks holding the plate at a crosshead
speed of 35 mm/min (Fig. 3). Care was taken so that strain was applied
perpendicular to the surface of the implant. The load at which the plate
became detached from the bone was recorded as the failure load. Six
samples were analyzed for each type of implant for each implantation
period. The remaining two samples were used for histological
examination.

2.5.2. Histological examination
Two samples of plates and four samples of cylinders for each group

at each implantation periodwere prepared for histological examination.
Following euthanasia, the implant sites were harvested. The specimens
were fixed in 10% phosphate-buffered formalin (pH 7.25) for 7 days and
dehydrated in serial concentrations of ethanol (70, 80, 90, 99, 100, and
100% v/v) for 3 days per concentration. Specimenswere then embedded
in polyester resin. Thick sections (250 μm) were cut with a band saw
(BS-3000CP; EXACT Cutting Systems, Norderstedt, Germany) perpen-
dicular to the axis of the implant and ground to a thickness of
50–60 μm using a grinding–sliding machine (Microgrinding MG-4000;
EXACT Cutting Systems). Each section was then stained with Stevenel's
blue and Van Gieson's picrofuchsin [34], and purple, blue, and silver

http://www.optinav.com/imagej.html
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Table 1
Porosity andmicrofocus X-ray computed tomography-based three-dimensional structural
analysis.

Group Porosity
(%)a

Pore sizeb Pore throat
sizeb

Material
strut sizeb

Specific surface
area (/mm)c

P300 61.6 ± 0.4 309 ± 84 274 ± 67 220 ± 47 6.09
P600 66.4 ± 0.3 632 ± 171 573 ± 147 416 ± 134 4.38
P900 64 ± 0.9 956 ± 202 821 ± 170 577 ± 234 2

a Mean ± standard deviation (SD; %), calculated from the weight and the apparent
volume of the specimens.

b Mean ± SD (μm), calculated from the microfocus X-ray computed tomography
(micro-CT) data.

c Surface area and volume were calculated by micro-CT data of the specimens.
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indicate bone, soft tissue, and implants, respectively. Histological evalu-
ation was performed on the stained sections using a digital microscope
(DSX 500; Olympus Corporation, Tokyo, Japan).

2.5.3. Histomorphometry of porous cylinders
Using the frontal plane of porous cylinders, the depth of tissue in-

growth was measured. Fibrovascular tissue (FV), bone (B; woven or la-
mellar), and bone marrow-like tissue (BM) were distinguished
according to images in previous literature [35]. FV was distinguished
as tissue stained blue, which was composed of collagenous fibers, fibro-
blasts, blood vessels, and a few mononuclear cells. B was distinguished
as tissue stained red, and immature bonewith randomly oriented colla-
gen as woven bone, and mature bone with a regular parallel alignment
of collagen as lamellar bone. BM was distinguished as spongy tissue
stained with blue which contained the fat, the bone marrow stromal
cells, and blood systems cells.

Tissue differentiation in the pores of porous implants implanted in
cancellous bone occurred as follows [23,35]:

• first stage: FV;
• second stage: FV with B (mainly woven);
• third stage: less BM in the pore (b50%) with FV and B (woven and
lamellar);

• fourth stage: more BM in the pore (N50%) with B (mainly lamellar).

For each tissue differentiation stage (second: FV + B, third:
BM + FV + B, or fourth: BM + B), the depth from the contact surface
of the implant andmaximum lengthwithin the implant weremeasured
in each pore of the samples. Four samples were analyzed for each group
after each implantation period.

2.6. Statistical analysis

All data are expressed as means ± standard deviation (SD). All sta-
tistical analyses were performed using EZR (Saitama Medical Centre,
Jichi Medical University, Saitama, Japan) [36], a graphical user interface
for R (version 2.13.0; R Foundation for Statistical Computing, Vienna,
Austria). One-way analysis of variance followed by post-hoc tests
(Tukey–Kramer multiple comparison tests) were used to analyze
bone-bonding ability and total tissue penetration length (i.e., the
depth of FV + B from the surface of the implant) at each time point
(2, 4, and 8 weeks) for the three different pore sizes. Differences of
P b 0.05 were considered statistically significant.

3. Results

3.1. Porosity

We aimed for a porosity of 65% for the manufactured porous im-
plants. Because the detailed configurations of the equipment influence
the porosity of the manufactured implants, after several manufactures
and adjustments of CAD and configurations, the porous implants used
in this study were manufactured. Eventually, the porosity of the
manufactured implants was 61.6% (SD = 0.4) for the P300 implant,
66.4% (SD = 0.3) for the P600 implant, and 64% (SD = 0.9) for the
P900 implant (Table 1).

3.2. Microfocus X-ray computed tomography-based structural analysis

Images of the microstructures of the porous implants obtained via
micro-CT revealed that the intended large pores (300, 600, and
900 μm) were accompanied by small pores (mainly 50–100 μm) pro-
duced as a result of the incomplete melting of the titanium powder
(Fig. 4a–c). Following pore and pore throat size analysis, we were able
to assign a color to pores according to their size and throat size.
Representative figures are shown in Fig. 4d (pore size) and e (pore
throat size).

The average pore sizes, averagematerial strut sizes, and specific sur-
face areas of each implant are shown in Table 1. The cumulative pore
and interconnected pore volume fraction distributions are shown in
Fig. 5. Eighty percent of the pores had a pore size between 240 and
420 μm for the P300 implant, between 570 and 840 μm for the P600 im-
plant, and between 870 and 1200 μm for the P900 implant. Pore throat
size distributions had a narrower range than pore sizes distributions.
The pore size and pore throat size dissociations began at 240, 570, and
750 μm for the P300, P600, and P900 implants, respectively (arrows in
Fig. 5). This implies that pores with a pore size greater than these values
have narrower pore throats than their pore diameter; pore throat sizes
were at least greater than these values.

3.3. Scanning electron microscopy observations

Fig. 6 shows SEM images of the implant surfaces after heat treatment
at 1300 °C in an argon gas atmosphere. The surface appearances were
similar between implants with different pore sizes. The particles that
were loosely bonded to the surface after SLM were tightly bonded by
sintering to the core part and provided remarkable irregularities in the
surface. In terms of pore structure, in the P600 and P900 implants,
pore shape was well controlled and the hexagonal shape of the original
CADwas reproduced as a round shape in the two groups. Conversely, in
the P300 implant, the pores were partially collapsed and the hexagonal
shape of the CAD was reproduced as an ellipse.

Fig. 7 shows the fractured surface of the struts of the porous plate. It
is observed that the central zone of the strut is perfectly melted, where-
as the periphery is incompletely melted. It was difficult to measure the
thickness of the incompletely melted layer accurately; however, it
appeared similar in all specimens.

3.4. Results of mechanical testing

The elastic moduli of the P300, P600, and P900 implants were 557.4
(SD= 5.7), 648.9 (SD= 9.3), and 661.4 (SD= 13.2) MPa, respectively.
The compressive yield strengths of the P300, P600, and P900 implants
were 36.2 (SD = 1.3), 42 (SD = 1.4), and 51.4 (SD = 1) MPa, respec-
tively. The stress–strain curves are shown in Fig. 8.

3.5. Implantation into rabbits

All rabbits tolerated the surgical procedure well. We observed no in-
fection of the surgical site, dislocation of the implant, or adverse reac-
tions such as inflammation or foreign body reaction on or around the
implant.

3.5.1. Detaching test (failure load)
The detachment failure loads for each material at 2, 4, and 8 weeks

after implantation are summarized in Fig. 9. At 2 weeks, the P600 im-
plant demonstrated significantly highfixation strength (36.9N) relative



Fig. 4.Microfocus X-ray computed tomography images and structural analysis of each implant. a) P300, b) P600, and c) P900 implant designs. Pores in the P600 implant are colored in
accordance with their pore size (d) and pore throat size (e). d) Deep pores colored yellow or orange have a pore size of between 600 and 800 μm. e) Deep pores colored green or yellow
have a pore throat size between 500 and 600 μm.
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to P300 and P900. At 4 and 8 weeks, failure always occurred at the an-
terior cortexwhere the sampleswere held by the equipment and the in-
terface between bone and implant did not rupture. This indicates that
the fixation strength of the implants at 4 and 8 weeks was too strong
to be measured using this method.

3.5.2. Histological examination of plate implants
Histological images representative of each sample group are shown

in Fig. 10 (at 2, 4, and 8 weeks), and high-magnification images around
the bones and implants for each period are shown in Fig. 11.

At 2 weeks, new bone growth was observed in the peripheral pores
of each implant.

At 4 weeks, new bone had grown into the pores. However, this bone
tissue was mainly immature woven bone; well-remodeled lamellar
bone was not observed. As shown at high magnification (Fig. 11) in
the period from 2 to 4 weeks, new bone developed inside micropores
on the surface and soft tissue was not observed between the bone and
implant at 4 weeks. At 8 weeks, the new bone had been remodeled
Fig. 5. Three-dimensional pore size and pore throat size distributions in each implant.
into mature lamellar bone, and as a result, the continuity of the cortical
bone had recovered. Marrow-like tissue was evident inside the porous
implants.

3.5.3. Histological examination of porous cylinders
Histological images representative of each sample group are shown

in Fig. 12. Tissue and bone ingrowth was observed in all groups. At 2
weeks, tissue migration occurred into the peripheral pores of the im-
plants. At the front of the advanced tissuemigration, undifferentiatedfi-
brovascular tissue was observed and woven bone followed. At 4 and 8
weeks, following the advance of B (woven) containing FV, BMwas pres-
ent. The extent of tissue ingrowth is shown in Fig. 13. At 2 weeks, tissue
differentiation with the P600 and P900 implants was superior to that of
the P300 implants, although these differences were not statistically
significant. At 4 weeks, the total tissue penetration length of the P900
implant was significantly higher than that of the P300 implant (Fig. 12).

4. Discussion

In this study, using in-vivo experiments, we investigated the optimal
pore size of porous titanium implants manufactured by SLM. Three
types of porous titanium implant (intended porosity of 65% and pore
sizes of 300, 600, and 900 μm, designated the P300, P600, and P900
implants, respectively) were prepared. The porous structures of the im-
plantswere evaluated usingmicro-CT and confirmed to have an average
pore size of 309, 632, and 956 μm, with pore throat size of at least 240,
570, and 750 μm, respectively (Table 1, Fig. 5). The P600 implant exhib-
ited a significantly high bone–implant fixation ability at 2 weeks after
implantation (Fig. 9). At 4 and 8 weeks, all types of porous titanium
implant exhibited remarkably high fixation ability. In addition, after im-
plantation into cancellous bone, bone ingrowth inside the P300 implant
at 4 weeks was significantly lower than that of the P900 implant
(Fig. 13).

Many studies have examined the influence of porosity and pore
shape of porous materials on biological behavior using calcium phos-
phate. The majority of these studies focused on a pore size less than



Fig. 6. Scanning electron microscopy images of porous-surfaced titanium plates with different pore sizes. a) P300, b) P600, and c) P900. d–f) magnified images of a–c, respectively. These
views were observed from 35° oblique direction to the build orientation.
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200 μm [37,38]. This is mainly because porous calcium phosphate im-
plants with both high porosity and large pore size have proven difficult
to manufacture in the past. In addition, these studies recommend high
porosity and large pore size to achieve good bone ingrowth for reasons
related to vascularization and cell size. Similar results were obtained
using porous titanium produced by conventional methods. Porous tita-
nium produced by 3D fiber deposition (with pore sizes of 160, 400, and
680 μm and varying porosity) were examined in goats by Li et al. [24].
They concluded that increased pore size and porosity induces greater
bone formation. Likewise, in porous titanium produced using the pow-
der sintering method, big pores (500–1500 μm) were reported to
Fig. 7. Scanning electronmicroscopy images of the cross section of the inner strut of porous titan
representative appearance of the fractured surface. Square: area observed by scanning electron
melted area.
initiate greater bone formation than small pores (250–500 μm) in the
rabbit femur [23]. However, to accurately evaluate the effect of pore
size, other parameters, such as porosity, interconnectivity, mechanical
properties, and surface characteristics, must be kept identical. The scaf-
folds used in these studies had poorly controlled architecture and wide
pore size distribution. Therefore, it is difficult to discern the true effect of
pore size from these studies.

AM is suited to the manufacture of porous titanium implants with a
precisely controlled pore size, porosity, and interconnectivity. However,
no reports compare implants of different pore sizes with a constant po-
rosity manufactured using AM, and the effect of a small pore size of
ium-surfaced plateswith different pore sizes. Each plate was fractured using pliers. a) The
microscopy. b) P300, c) P600, d) P900. Circle: completedmelted area; arrow: incompletely



Fig. 8. Typical stress–strain curves of porous cylinders with different pore sizes.
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approximately 300 μmhas not yet been examined in vivo. In this regard,
our study is the first to demonstrate the independent effect of pore size
with a constant porosity; i.e., the superiority of a porous implant with a
pore size of 600 μm to implants with a pore size of 300 or 900 μm.

Bone ingrowth into the pores of cylindrical titanium implants
inserted into cancellous bone was lower in the P300 implant than in
the P600 and P900 implants. This can be explained by vascularization
that is essential for bone formation. Bai et al. [39] reported that an in-
crease in pore size resulted in an increase in the size of blood vessels
formed; however, there was no marked increase in extent of vasculari-
zation with a pore size above 400 μm. Based on these findings, the P600
and P900 implants are more advantageous in terms of vascularization
than the P300 implant. On the other hand, a higher average curvature
is reported to induce higher tissue amplification in vitro [40,41]. If the
same structure is used with a different pore size, the cross sectional
shape is the same, but the average curvature of the pore becomes higher
in inverse proportion to pore size [40,42]. With respect to curvature,
smaller pores offer an advantage. Considering these factors, the inferior-
ity of the P300 implant to the P600 and P900 implants in bone ingrowth
is mainly due to the greater negative effect of vascularization than the
positive effect of curvature. Our finding that bone ingrowth of the
P600 implant tends to be higher than that of the P900 implant at
2 weeks may be explained mainly by the positive effect of a higher
curvature.
Fig. 9. Failure load (N) in the detaching test of porous-surfaced titanium plateswith differ-
ent pore sizes after implantation for different periods. Error bar: standard deviation.
*P b 0.05.
In addition to vascularization and curvature, with respect to fixation
ability, specific surface area is another essential factor. Increased specific
surface area is considered to have a positive effect on bone–implant fix-
ation ability [43]. The specific surface area of the P300 implantwas larg-
er than that of the P600 and P900 implants (Table 1), although they
have the same surface characteristics. Therefore, if pore size had no ef-
fect on fixation ability, the P300 implant may have shown the highest
fixation ability. However, in this examination, the P600 implant exhibit-
ed a significantly higher bone–implant fixation strength than the P300
and P900 implants at 2 weeks (Fig. 9). The inferiority of the P300 im-
plant to the P600 implant in bone-bonding ability may be explained
by the greater effect of reduced vascularization than the positive effect
of increased surface area and curvature. The superiority of the P600 to
the P900 implant in bone-bonding ability may be due to the increased
surface area and favorable curvature for bone tissue amplification
discussed above. At 4 and 8 weeks, all types of porous titanium implant
exhibited a remarkably high fixation strength and there were no statis-
tical differences between them. Histologically, both bone ingrowth into
the deep pores of the implant and bone ingrowth very close to the im-
plant surface were observed (Figs. 10 and 11). These findings indicated
the tight mechanical interlocking of implant and bone.

Because the current detaching test is simple and the results are con-
sistent, we can compare the fixation strength observed in this study
with previously reported data on the modification of surface topogra-
phy. In recent work using the same model, Kawai et al. [44] evaluated
the arc-sprayed rough surface of titanium metal and reported that its
fixation strength is 65.4 N at 4 weeks [44]. Our data is superior to
these previously reported data and indicate that porous titanium
manufactured by SLM is advantageous for implants that demand high
fixation ability. In contrast, the high fixation ability of porous metal in
this study was too high to be measured using this method at 4 and 8
weeks. Other methods, such as the push-out test [45], should be
conducted.

At 8weeks, new bone in the pores of titaniumplates remodeled into
mature cortical bone and eventually cortical continuity was recovered
(Fig. 10). Furthermore, in porous cylinders, marrow-like tissue spread
deeply (Fig. 13). These findings indicate that the restoration of bone
and soft tissue was not prevented in the pores. Good interconnectivity
and well-controlled pore throat size is essential for vascular tissue in-
growth and bone conductivity, which led to the restoration of bone
and soft tissue [23,39]. Our porous implants have well-interconnected
pores and well-controlled pore throat size (Fig. 5, Table 1), confirmed
by 3D micro-CT-based analysis. Conventional methods to produce po-
rous implants risk scattering the interconnectivity, which can cause par-
tial deficits in bone ingrowth. Well-controlled interconnectivity is a
peculiarity of AM, and porous implants manufactured by AM have this
further advantage.

With respect to the basic structure, the diamond crystal lattice with
hexagonal pore throat shape was adopted because of its ease of
manufacturing and mechanical stability under multidirectional forces.
Under in vitro examination, tissue amplification was reported to be
greater for the hexagonal shape than for square and triangular shapes
[26,40]. This finding suggests that the diamond crystal lattice may
show a superior tissue amplification relative to other structures.

The porous titanium used here has compressive yield strength of
around 50 MPa, which is smaller than that of cortical bone
(80–120 MPa). The elastic modulus of each implant (557–661 MPa) is
much lower than that of cortical bone (17 GPa) [46] and close to that
of human trabecular bone (689 MPa) [47]. We conclude that the me-
chanical property used here is suited for use under load-bearing condi-
tions and for prevention of stress shielding. Mechanical properties of
porous scaffolds result in altered mechanical loading [48] and bone re-
generation under load-bearing conditions [42]. Because the animal
model used here was investigated under non-load-bearing conditions,
the difference in compressive yield strength may have exerted only a
small influence. However, load-bearing conditions may have yielded



Fig. 10.Non-decalcified histologic sections of porous-surfaced titanium plates implanted into rabbit tibia. Stain: Stevenel's blue and VanGieson's picrofuchsin. Purple indicates bone; silver
indicates the titanium implant. *: marrow-like tissue spreading into porous area. Scale bars: 1 mm.

698 N. Taniguchi et al. / Materials Science and Engineering C 59 (2016) 690–701
slightly different results. Further study under load-bearing conditions
will be necessary to confirm the results of this study.

To clarify why the compressive strength of the P300 implant was
low, we examined the cross-section of the inner strut of plates fractured
using pliers. As shown in Fig. 7, the complete melting area in the strut
was remarkably low in the P300 implant because the thickness of the
Fig. 11. High-magnification images of non-decalcified histologic sections of porous-surface
picrofuchsin.
incompletely melted area was almost identical in all implants. This
may explain the lower compressive strength of the P300 implants.
Compressive stress is strongly associated with the basic structure and
size of struts [49,50], and AM is advantageous in that it can change
these parameters. Therefore, the compressive strength of implants
manufactured by AM can be increased according to individual
d titanium plants implanted into rabbit tibia. Stain: Stevenel's blue and Van Gieson's



Fig. 12. Non-decalcified histologic sections of cylindrical porous titanium implants implanted into rabbit tibia. The reference for the scale cited at the left-hand edge of each image is the
interface between the porous structure and the bone. Stain: Stevenel's blue and Van Gieson's picrofuchsin. Arrow: bone. Ti: porous titanium. Purple indicates bone; silver indicates the
titanium implant. Scale bar: 1 mm.

Fig. 13. Schematic drawing of tissue ingrowth into cylindrical porous titanium implants implanted into rabbit femurs. FB+B:fibrous tissuewith bone (mainlywoven); FB+B+BM: less
bonemarrow-like tissue in the pore (b50%) with fibrous tissue and bone (woven and lamella); BM+ B:more bonemarrow-like tissue in the pore (N50%) and bone (mainly lamella). All
values shown are averages. Error bar: standard deviation of FB + B. *P b 0.05.
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situations. Moreover, porous titanium is unresorbable, which en-
sures its long-term stability even under load-bearing conditions in
contrast to conventional bone substitutes composed of calcium
phosphate.

With respect to the orthopedic load-bearing implant, one of the
most essential factors is sufficient mechanical strength to resist
handling during implantation and in-vivo loading. Thus, the porous
structure of P600 with a compressive yield strength of 42 MPa can be
applied to the surface of a cementless prosthesis or bone substitute for
load-bearing conditions. In certain conditions, such as spinal vertebral
body replacement, for which the compressive yield strength of
42MPa is insufficient [28], additional supportive structuresmay be nec-
essary. Nevertheless, the mechanical properties and the results of in-
vivo study encourage us to use the P600 structure as a basic structure
of such an orthopedic application. Moreover, using the P600 implant
as a template, both readymade implants, which have a seamless porous
surface and bulk, and implants with a customized shape based on indi-
vidual demands can be manufactured by AM.

Some limitations of this study should be acknowledged. The first
limitation relates to the restrictions of manufacture. The minimum
strut or wall size of objectsmanufactured by SLM is restricted by several
factors, including laser spot size, laser power, scanning speed, particle
size of Timetal, and the effect of thermal conductivity around themate-
rial [14,51,52]. Therefore, we are currently unable to investigate the ef-
fects of a pore size smaller than 300 μm. Moreover, the pore shape was
partially collapsed, and the porosity was not perfectly uniform. These
differences may have affected the results. Particularly, the fact that the
P600 implant has the highest porosity may account for its superiority.
However, compared with the difference in pore size (309–956 μm)
and surface area, the difference in porosity (61.6–66.4%) is relatively
small. Therefore, we believe that the difference in porosity had only a
small effect on the results of our animal experiments. Rather, we believe
that the differences in pore size and surface area had a much greater
influence on the results of our animal experiments. In future, with
advances in the equipment, it may be possible to manufacture and ex-
amine smaller-sized or more precise pores. Second, the examination
was conducted under restricted conditions. The basic structure was
diamond lattice. Using another basic structure, the optimal pore size
may be slightly different. Furthermore, electron beam melting (EBM),
another AM technique, produces a different surface roughness com-
pared with that produced by SLM [53]. When EBM is used, the optimal
structure may be slightly different. Third, this study was conducted in
animals under non-load-bearing conditions. The optimal pore size for
humans under load-bearing conditions may be slightly different; thus,
further study is warranted in future.
5. Conclusion

In this study, we manufactured a well-controlled scaffold using SLM
and investigated the effect of pore size on bone ingrowth in rabbits. Po-
rous titanium implants with a pore size of 600 μm (P600) showed sig-
nificantly higher fixation ability than those with a pore size of 300 μm
(P300) and 900 μm (P900), and the P300 implant exhibited inferior
bone ingrowth in cancellous bone compared with that of the P600 and
P900 implants. Because of the appropriate compressive strength, high
fixation ability in the early period, and deep bone ingrowth of the
P600 implant, it represents a good candidate for the surface structure
of joint prostheses, spinal fusion devices, and other custom-made
bone substitutes.
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