
CMT - Ceramics in Modern Technologies, 1 (2020), 38-49

Copyright © Techna Group S.r.l., Faenza, Italy

Ceramics in Modern Technologies

Influences of Vacancies on the 
Electrical Resistivity Size effect of Nanocrystalline Metal

Influences of Vacancies on the Electrical Resistivity Size effect of 
Nanocrystalline MetalTo maxim rehenihil inciur ma quo optatec toriat 
acera coratem nosam sequam resti bea conse nostior res il ipsaepuda 
debis seque dolor sitem velis am sit exerfer feribus sim facipie nisquia 
voluptium, ium et la voluptate sus alicipi tamus, sum a quae dita que 
et lias nonsendio occature venis des ex eum qui omnimpo ribere, sum 
facime maion rest et dion et re, occatur ibusam iur recum qui quatia 
nobitianis eium quos aborum conecti nvereic aestibus repudipsam 
fugia sunda dolorep ernatquam consendi sandae nullabo rectempore 
prat.
Bea dit quis alignis este consero eium laut estrum adi ipsusdae 
nonestium num res velita dolum eum dus nempore cusci blab 
imporrumet ut et et reperuntis essitatenim sumquatet aut re dis 
maxime nimi, audae. Luptios ad eossit ea dolenim que et eicid est, 
oditaep udiscit que vel et as simus id exeratium de aut eatecerum 
quisque natur as aut aut invella borest ad eum aut volla vitatur, 
quationsed experati optatusaped ut ommostis mo ium fugia audipis 
intemos dellum ad que corum nobitatenit hicabor ereictaepta inctur 
acessimus ipsam enderes totaten digniaeped eum dolupti sectureriam, 
sitae int laccus molorrupis im ea nus quis estium dunt am et exeris sit 
as quat eat oditate pe id enis perio et, verfererem sincienit doluptatus 
ea ditibus, odicilibus di quod quaerep tataspi derfercit quos que velles 
excestem eiumet exero blam, quas sitaque enducid untium volor aliqui 
te sita sum utem. Re, sim fugitatusam quam ium delitae rcieni quam 
audist oditate poriae. Nequas et parum quundusam et facient.
El et quam, ipid eicati comnit il magnis aspellit dolorit iberitatis res 
ipitio con re mosae offici quis am repudant evellupta isseque pe 
etur? Qui consedio odit ellenient quias debis re quamenihilis simo qui 
volo mil exerepe rferspi tatiorum consequ iandisquam ius, ut earum 
simendita quatem faccus.
Bus doloris nihillesci dolupitatem sincid ullantibust, consequia derrum 
et volum, nonsecabor auditia ipsum nonem. Restore hendipid ut ma 
cor sendus volo est, venita explita ectaernat moloressit et millab 
ilictiati ab ipienima cuptaturem nus voluptatem atibusa cupidel iquibus 
aeseruptate ventis ent doluptur, occuptas sam faccum hit a simus 

eum laboriorem. Nem que sim explibusam sit quaspelist, qui beatatis 
ne ipsaperatus.
Viti del magnam que officia eturios sunt.
Sinum none prae consed expero tem. Rovidus elia cone nullab inciur?
Estem. Riat ipienem adi tem labo. Ferum et aute pre se sum evenias 
aut quam fugiat et percidus rerum quo mod magnit lab inis eossumque 
oditium, endam et dolo ea dolupicid quo odipsan digendel il magnis 
dolum lament.
Umquodi orestib usaperovid ullupta ecatur as es ad que perspel 
ibeaturianis dolum nos re, tectassus et laborunt eum nem ipiciat 
iistotat.
Erovitiur, omnit, sumquia sitiorendis doluptas quaestiis con con peristi 
orataquati cum acerore mporum qui ipienime natquoditia doluptatenit 
exerehent fugiatem. Et inist dolorectecto eaquo eliquib erferi sam 
ditibus endant volo ipsunditiam quatempor as ut list latur sunt, coritio. 
Ehent estrumquid modis rescide rchillanda sit quam aut aditatistios 
et iderum et voluptatis si si conseruntet, ipsandi gnature net quia 
velignihil mo im fugit lam, cusanihilit volorestio volupta sum, solorerum 
fugiti ullorer itatem qui soluptaquo to te si a simaximpor ad quatius.
Cum quiam, voluptas erumque nis dolore molum et aut remodior 
sequidunt.
Unt facerspe atque cus ani nem il eosae de vit eum receseque 
denihitium est volore aut ationsequae velibus am dit maximpere, 
ipienimi, officta sperum nos qui non comni re isciae ex eaquiassunt, 
cullabo rrorum, nectorrum lab iminus ium quatur, que laut quatem 
volorio. Iquia es aut lam rescit omnieni dis ad mincius cipsand ucillant 
ullibus, iuntio blat enisquidi ut volupti re et adis quatem ex eaquam 
doloria speriae ligendant quo volor sita volorrovid qui sequod qui 
consed erferum que ipsam hilignimodit vent quam quaerum rehent ut 
aliqui sit magnissin cus dis eturionse doloritione quistio. Rume nonsed 
eaqui te occum, veribust, ut undenti untotae sit faccupta et et quatist 
iations equiae ommoluptius.
Hicimos erum nus ad utatios pres molor magnimus inimil ipid ut maios 
quas ma nulliquodis se dolupta estias sollaborum vellamCorepelicium 
ex et aut magnatur ad que pariatur?

Influences of Vacancies on the Electrical Resistivity Size effect of Nanocrystalline MetalTo maxim rehenihil inciur 
ma quo optatec toriat acera coratem nosam sequam resti bea conse nostior res il ipsaepuda debis seque dolor 
sitem velis am sit exerfer feribus sim facipie nisquia voluptium, ium et la voluptate sus alicipi tamus, sum a quae 
dita que et lias nonsendio occature venis des ex eum qui omnimpo ribere, sum facime maion rest et dion et re, 
occatur ibusam iur recum qui quatia nobitianis eium quos aborum conecti nvereic aestibus repudipsam fugia 
sunda dolorep ernatquam consendi sandae nullabo rectempore prat.
Bea dit quis alignis este consero eium laut estrum adi ipsusdae nonestium num res velita dolum eum dus nempore 
cusci blab imporrumet ut et et reperuntis essitatenim sumquatet aut re dis maxime nimi, audae. Luptios ad eossit 

CMT - Ceramics in Modern Technologies, Vol. 1, No 1, april 2019

Copyright © year Techna Group S.r.l., Faenza, Italy

Techna
Groupsrl

* Corresponding author
E-mail address: evis@metu.edu.tr

https://doi.org/10.29272/cmt.2019.0014
Received June 11, 2019; Received in revised form September 3, 2019; 
Accepted September 10, 2019

Global Scientific Research Trend on Hydroxyapatite and Scaffold During 
the Period of 1991-2019: A Bibliometric Analysis

Hossein Jodatia, Yusuf Kemal Erdeklib, c, Onur Behzat Tokdemirb, Zafer Evisa, d *
aMiddle East Technical University, Biomedical Engineering Department, Ankara, Turkey; bMiddle East Technical University, 

Civil Engineering Department, Ankara, Turkey; cBaskent University, Civil Engineering Department, Ankara, Turkey; 
dMiddle East Technical University, Department of Engineering Sciences, Ankara, Turkey

In this study, a bibliometric analysis of hydroxyapatite (HA) and scaffold research using the online version of Science 
Citation Index (SCI) databases of the Thomson Reuters’ Web of Science Core Collection from 1991 to 2019 was 
performed. The stages of the study included the analysis of the author’s keywords, annual scientific production, 
and contributions of countries, institutions, and publication sources. Analysis of 8752 publications showed an 
increase in using HA-based scaffolds as a promising strategy to treat tissue defects. Global trend inclined toward the 
application of additive manufacturing (AM) to fabricate scaffolds. AM techniques such as Stereolithography, direct 
inkjet 3D printing, selective laser sintering, and fused deposition modeling seem to have more applications in 
production of ceramic-based scaffolds and will see further advancement in the coming years. Among 90 countries, 
the USA and China were countries that provided the highest number of publications during the investigated 
period. The most productive three institutions in this research area were located in China. Throughout the past 29 
years, Journal of Biomedical Materials Research Part A, Materials Science, and Engineering: C, Journal of Materials 
Science: Materials in Medicine, Acta Biomaterialia and Biomaterials have the highest number of publications on 
HA and scaffold research.
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1. Introduction 

Bone is a highly organized natural ceramic composite that consists 
of the organic matrix (30%), inorganic nano-crystalline salts (60%) 
in the form of hydroxyapatite (HA), and water (10%) [1]. Collagen 
type I, triple helix with ~1.5 nm diameter and ~300 nm length, 
is a primary component (95%) of the organic matrix. HA crystals 
have a plate-like shape with a thickness of 1.5-4 nm and lengths 
of  50 × 25 nm [2-5]. Morphologically, bone is categorized into 
two forms: cortical (compact) and trabecular (spongy). Spongy 
bone is loosely arranged and has 50-90% porosity. However, 
densely packed cortical bone only contains 3-5% porous space 
for osteocytes and blood vessels. Osteons are considered as the 
building blocks of cortical bones, and their size is varying between 
10-500 nm. However, a porous network of trabeculae forms the 
structure of trabecular bone [6-8].  
The bone tissue experiences ongoing dynamic remodeling 
throughout life. This unique characteristic of bone is attributed to 
four different cell types, osteocytes, osteoblasts, osteoclasts, and 
bone lining cells, which gives the bone a potential to remodel itself 
and to sustain its healthy state or to restore the damage. However, 
in the recent years, an enormous require for bone substitutes or 
regeneration of bone tissue have been created due to increase in 
the number of bone tissue defects caused by trauma, diseases, 
and aging of the population [9-11]. Nearly 4 million operations 

using bone substitute materials and grafts have been reported 
annually [12,13]. 
In the last decades, tissue engineering and regenerative medicine 
have introduced as promising techniques for bone defect 
treatment[14,15].  In fact, a possible solution to overcome problems 
with traditional techniques is the generation of the engineered 
structure by a combination of scaffolds and living cells[16,17]. The 
main part of tissue engineering for bone is scaffold that serves as 
a structural template on which cells interact and form new tissue 
[18]. In other words, a scaffold is a 3D artificial structure that is 
used as support for new bone tissue formation.
Hydroxyapatite [Ca10(PO4)6(OH)2] is a potent bioceramic 
that resembles the inorganic part of human bone and tooth 
[19]. Hydroxyapatite (HA) has found numerous biomedical 
applications as bone tissue engineering scaffolds [9,20,21], bone 
fillers [3], bioactive implant coating [22,23], and drug or protein 
delivery systems [24-27]. The principal advantages of HAp are 
its wonderful biocompatibility, osteoconductivity, and bioactivity 
[28-30]. 
Scaffolds should have specific criteria in order to function properly, 
including mechanical properties same as bone, biocompatibility, 
appropriate biodegradability and porosity [31]. Scaffold with 
ideal design allows or even improves cell attachment, viability, 
proliferation, and osteogenic differentiation [32]. Fabrication 
method, structural features as well as biomaterial composition and 
biological requirements are four major modification that could 
be changed to achieve more successful bone tissue engineering. 
Porous 3D scaffolds, which have been synthesized by a variety of 
techniques and different materials, have been widely investigated 
in the literature [12,33,34]. The architecture of scaffold, including 
porosity, pore size as well as interconnectivity of pores is critical in 
bone tissue engineering. They are important for cell attachment, 
cell migration, cell-scaffold interaction, and mechanical properties 
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of the scaffold [35-37].
Various fabrication routes could affect the architecture of 
produced bioceramic scaffolds. Each processing technique 
produces a different range of porosity, pore size, pore shape, 
pore distribution, and interconnectivity. These structural features 
determine the final performance of the scaffold to a considerably 
high degree by promoting cells attachment, proliferation, 
migration, as well as nutrient and oxygen diffusion [12,38]. 
Classical manufacturing refers to techniques such as solvent 
casting and particle leaching, thermally induced phase separation, 
freeze-drying, gas foaming, and powder forming [33,39]. On the 
other hand, additive manufacturing (AM) is any technique by 
which the object is fabricated layer by layer by the assistance 
of a CAD (computer-aided design) file. Stereolithography (SLA), 
fused deposition modeling (FDM), selective laser sintering (SLS), 
and inkjet 3D printing, are few methods [40]. Moreover, using 
nanofibers, generated by electrospinning, to fabricate scaffolds is 
another method that has been categorized separately in this study 
[41].
The limitations of conventional techniques opened doors to 
latter AM processes to manufacture scaffolds suitable for tissue 
engineering. The main advantage of AM methods over classical 
ones is their ability to almost precise control over structural 
features and obtain complex morphologies and accurate 
geometries [42,43]. As well, fabrication costs are reducing, due 
to a decrease in waste materials [44]. In the following, some of 
the most commonly used conventional and AM techniques used 
for manufacturing of ceramic-based scaffolds, as well as their 
advantages and disadvantages have been explained briefly.  
Gas or direct foaming is one of the conventional methods to 
produce highly porous bioceramic scaffolds with wide pore size 
range between 20 µm to 2 mm [45]. Main problems of gas foaming 
method are low pore interconnectivity, no pore orientation, and 
poor control over pore size or even shape [46-48].  Solvent-casting 
and particle leaching is an alternative way to fabricate scaffolds, 
where salt particles leach out to achieve porous structure. The key 
advantage of this method is homogenous and at the same time 
controllable pore size, as well as high porosity. However, only low 
interconnected and simple shaped scaffolds could be generated 
using this process [49-51]. 
At the almost same way, some porous scaffolds were produced 
using polymeric particles that burnt out later in order to generate 
porosity. The space-holder method (organic phase burning-out) 
has advantages and disadvantages of salt leaching strategy [52,53]. 
Moreover, as a result of burning gases, cracks might be formed 
inside the structure, which should especially be considered in the 
fabrication of scaffolds with higher porosity [54]. Freeze-drying has 
been suggested by many researchers as another process to produce 
porous scaffolds [55]. Beside improved mechanical properties, 
controlled pore size/ distribution and even interconnectivity have 
been mentioned as benefits of freeze-drying route [56–58]. Weak 
points of freeze-drying such as long preparation time, formation 
of small pores with an irregular shape, existence of cytotoxic 
solvents, and high consumption of energy have been listed in 
literature [59,60]. Thermal induced phase separation was used 
as an alternative process to create microporous since 1978 [61]. 
By adding porogen and later leaching of it, the larger pore size 
can also be obtained, which result in better cell proliferation 
[62]. Achieving highly porous scaffolds with interconnected pores 
made this synthesis route appropriate for bone tissue engineering 
[63].  
To overcome the shortcomings of scaffold-producing conventional 
routs, AM has been applied since the early 1990s and developed 
during recent years for medical applications [64-67]. Despite 
differences in techniques, all AM (3D printing) procedures are 
fabricating a final structure through adding layer of materials over 
the previous layer automatically. This process is accomplished by 
defining the desired structure using computer-aided design (CAD) 
file before layer-by-layer fabrication. Various material forms, such 

as powders, filaments, solidifiable fluids, and thin sheets could be 
used as primary materials in different 3D printing technologies 
[68]. 
Direct inkjet printing as the first 3D printer, developed in MIT, 
became popular due to its accuracy. Inzana et al. reported 20-
50 µm range micropores in printed scaffolds [69]. This technique 
is based on dropping organic or water-based binder from the 
printer nozzle on powder layer to bind particles. Strong potential 
of direct inkjet 3D printing in the fabrication of geometrically well 
defined ceramic scaffolds for bone tissue engineering has been 
demonstrated in several studies [70-74]. However, this technique 
requires post-processing like heat treatment, considerable 
optimization, and high-priced instrumentation [64,75,76]. Also, 
some binders could be cytotoxic and should not be used in tissue 
regenerative applications. 
Fused deposition modeling (FDM) uses thermo-plastic filaments, 
which are melted and extruded out of moving nozzle onto 
specific sites according to CAD file on layer by layer sequences. 
Although this technique is generally applied to fabricate polymeric 
scaffolds, there are studies that employed it to produce ceramic 
or composite scaffolds [77,78]. Resolution of scaffolds was one of 
the main issues to discuss when FDM would be used. Scaffolds 
with pore sizes larger than 200µm could be printed successfully 
[79]. Recently, combining FDM with other techniques, such as 
gas foaming, has allowed researchers to create scaffolds with 
customized macropores larger than 100 µm and micropores less 
than 10 µm [80]. 
Stereolithography (SLA) uses UV laser to crosslink polymer resin 
and built one layer at a time. Resin storage tank elevates up and 
the next layer is solidified again using light source selectively. 
Compared to other AM routes, SLA provides smaller structural 
features. Because UV beam-width is a factor that restricts 
minimum feature size (resolution) [66]. Laser beam-width of many 
commercially available SLA devices is limited to 250 µm [81]. 
Therefore, micro-SL technology has been employed to fabricate 
micro-sized features in tissue engineering applications. In a study, 
conducted by Wang and colleagues, the resolution of 50 µm has 
been achieved successfully [82]. Making ceramic-based scaffolds 
utilizing SLA has been investigated in many studies [83,84]. 
Sometimes, mixture of ceramic powder and photopolymers have 
been used as resin [85]. Moreover, indirect printing is another 
approach to fabricate ceramic structures by making SLA-imprinted 
negative replica [86]. Good control over pore size, shape, and 
interconnectivity to manufacture complex architecture of scaffold 
and high resolution are the most remarkable advantages of SLA 
technique [87]. However, finding appropriate biodegradable 
photocurable polymer is great challenge for SLA users [88]. Table 
1 represents the summarized advantages and disadvantages of 
classical, additive manufacturing techniques, and electrospinning. 
In this study, a comparative bibliometric analysis was accomplished 
to detect the global tendency of HA used in scaffolds for bone tissue 
engineering from 1991-2019 for the first time. Manufacturing 
methods and materials used for the production of scaffolds, as 
well as the frequency of the publications using scaffolds, were 
analyzed in order to explore research patterns. Furthermore, 
research trends of scaffolds, especially hydroxyapatite base, in 
different periods and also different countries, institutions, and 
publication sources were inspected. Results of this study might 
play a role as a guide for future studies.

2. Methods

The methodology used in this bibliometric study was to trace 
publications using the online version of Science Citation Index 
databases of the Thomson Reuters’ Web of Science Core Collection 
which collects thousands of publications each year and provides 
various useful records for each of them. ”Hydroxyapatite” and 
“scaffold” were used as search phrases, and they were searched in 
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terms of the topic within the publication year limitation from 1991 
to 2019. Eight thousand seven hundred fifty-eight publications 
(8758) met the selection criteria. After the elimination of retracted 
publications, a total of eight thousand seven hundred fifty-two 
(8752) publications and their records were downloaded on 13 
April 2019, and they were used for further analysis. 
Downloaded records involved considerable information about 
the publications including title, abstract, year of publication, 
document types, names of authors, author affiliations, Web 
of Science categories of the publications, names of sources, 
and citations for each publication. Data were processed using 
spreadsheet software, and additional coding was performed 
manually. In order to estimate the contributions of different 
countries and institutions, author affiliations were analyzed. 
The term “single country publication” was assigned if addresses 
of all researchers’ institutions were from a single country. 
For those publications that were co-authored by researchers 
whose institutions were not from a single country, the term 
“internationally collaborative publication” was assigned. The term 
“single institution publication” was assigned if all researchers were 
from the same institution. For those publications that were co-
authored by researchers from more than one institution, the term 
“inter-institutionally collaborative publication” was assigned. 
Contribution of institutions was calculated by assigning one point for 
each author of the publication from the corresponding institution. 
Similarly, the contribution of countries was calculated by assigning 
one point for each author of the publication from institutions 
that are located in the corresponding country. Publications that 
originated from England, Northern Ireland, Scotland and Wales, 
were reclassified and grouped under the heading of the United 
Kingdom (UK). In the same way, publications that originated from 
Hong Kong were reclassified and grouped under the heading of 
China.       	  

To a better tracing of the research trends during nearly the last 
three decades, the publication patterns were dissected into 
more comprehensive data, including manufacturing methods of 
scaffolds, and materials used to fabricate scaffold or accompanied 
with HA to make composite scaffolds. Note that the words 
that refer to the same concept have been accumulated under 
one phrase. For example, terms hydroxyapatite, HA, HAp, 
hydroxyapatites, apatite, and hydroxy apatite were accumulated 
under one keyword “hydroxyapatite.” 
 
3. Results and Discussion 

Document types and their distribution at the Web of Science 
database have been analyzed for the research topic. Table 2 
shows the document types and a total number of publications 

Table 1. Different scaffold manufacturing methods and their advantages and disadvantages [12, 18, 51, 64-67, 88].

Manufacturing 
method

Advantage Disadvantage

Classical

Solvent casting/ 
particle leaching

• High regular porosity  
• Controllable pore size

• Poor mechanical properties
• Low  interconnectivity
• Limited to simple shapes

Gas foaming

• No chemical solvent
• Low cost

• Difficult to control pore size and shape
• Low interconnectivity
• Difficult to the inclusion of cells and bioactive 
   molecules to scaffold due to high pressure
• No pore orientation

Phase separation
• Capability to combine with other methods
• Removing porogen leaching step
• Highly porous and interconnected pores

• Using an organic solvent
• Not able to produce large pore

Freeze drying
• No need to solid porogen
• Improved mechanical properties
• Interconnected pores
• No harms for environment

• Long processing time
• Irregular porosity
• High energy consumption
• Cytotoxic solvents

Electrospinning • Scaffold with a large surface area
• Low cost and simple to use

• Scaffold with a large surface area
• Limited mechanical properties

Additive 
manufacturing

Direct inkjet 3D 
printing

• Mild condition of process lets living cells and
   biomolecules plotting
• Both ceramics and polymers
• Well defined geometry

• Post-processing needed for some materials
• Optimization
• Cytotoxic binders
• High-cost instrumentation

SLA
• Complex internal architecture can be produced
• Proteins and cell patterning is possible
• High resolution

• Only photopolymers can be used
• Finding biodegradable photopolymers

SLS • No support needed • Resolution limitation because of laser width

FDM
• No need for platform or support 
• Multiple nozzles for several materials 

• Resolution limitation because of the nozzle tip
• Limited materials because of the need for melted 
   phase

Table 2. Document types and citation outputs.

Document type TP % TC CPP

Article 7465 5.96 1,049 2.01

Proceedings paper 522 5.96 1,049 2.01

Review 353 4.03 27,682 78.42

Article, Proceedings paper 304 3.47 9,394 30.90

Meeting abstract 760 0.87 48 0.63

Others 32 0.37 48 1.50

Total 8752 100.000 215,230 24.59

TP: total number of publications; TC: total number of times cited since 
the paper was published; CPP: citations per publication (TC/TP)
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(TP) for each document type as well as the outputs of citation 
analysis. TC represents the total number of times the publication 
has been cited since it was published. Moreover, citations per 
publication (CPP=TC/TP) is another important scientific result.
It is not surprising that the journal article is the most commonly 
used document type in the materials science field. A total of 
7465 journal articles have been published since 1991, which 
correspond to 85.3% of the total publications. Journal articles are 
followed by proceeding papers with a total publication number 
of 522 and the corresponding percentage of 5.96%. Furthermore, 
document type of review has the highest CPP score of 78.42, 
which is followed by an article, proceedings paper (30.90) and 
journal article (23.71). Document types of proceeding papers, 
meetings abstract and others have relatively low CPP scores. In 
addition, it is necessary to indicate that the journal article is the 
most dominant document type in term of TP. However, when CPP 
is taken into consideration, it has the 3rd ranking. 
For further analysis of the performance of publications, an annual 
number of articles during 1991-2019 was investigated. Firstly, 
the mean of total citations (TC) per publication was obtained for 
each year. In order to obtain a reasonable comparison of citation 
outputs, citable years were taken into consideration because it 
was not rational to compare the citation output of publications 
that were published in different years. Generally, there is a direct 
correlation between the frequency of citation and length of time 
interval since publication. In this regard, newly published articles 
are undervalued. For example, when citation output of two 
articles published in 1999 and 2017 are compared, the first one 
has 20 citable years although the latter one has only two years. If 
they were cited 120 and 60 times respectively, the performance 
of the first one seems to be superior to the other one. However, 

when citable years are taken into consideration the first article was 
cited six times per year, whereas; the latter one was cited 30 times 
per year. Thus, the latter has much better citation performance.
In Figure 1, annual number publications and mean total citations 
per publication per year (TC/TP/citable years) were displayed. It 
can be seen from the figure that in 2001 there is a peak in citation 
output (TC/TP/citable years). Cause of this peak is a research 
article having the title of “Self-Assembly and Mineralization of 
Peptide-Amphiphile Nanofibers” [89]. This article was published 
in “Science” journal, and it was cited 2,535 times. Thus, this 
article becomes an extreme outliner because only 19 publications 
were published in 2001. When the other 18 publications are 
considered without the extreme outliner, citation output drops 
down to 5.43 from 12.55, which is very close to the output of 
following years.
Moreover, it can be observed from the figure that scientific 
production in the research field is relatively low until 2001. 
However, after 2001 the topic becomes more popular, and 
scientific production rapidly increases. In the first ten years of 
research from 1991 to 2000, the average number of publications 
was 3.9 per year, whereas in the last decade average yearly 
production exceeded 700 publications.
Table 3 shows the top 25 most productive countries that have 
contribution to more than 90% of total scientific production on 
hydroxyapatite and scaffold research between 1991 and 2019. For 
better comparison country scientific production was examined in 
3 time periods; 1991-2009, 2010-2014 and 2015-2019. Country 
scientific production was calculated by assigning one point for 
each author of the publication whose institution is located in 
the corresponding country. For example, for an article which is 
co authored by 3 authors whose institutions are not located in a 

Figure 1. Annual number of publications and citations per publication per year.
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single country, location of their institutions was scanned first. If 2 
authors’ institutions were located in China, then China’s country 
scientific production frequency was increased by two. If the third 
author’s institution was located in the USA, then USA’s country 
scientific production frequency was increased by one.   
It can be observed from Table 3 that China is by far the most 
productive country in hydroxyapatite and scaffold research 
although it was behind the USA in the first time period (1991-
2009). Moreover, it can be noticed that scientific production of 
Iran in this topic increased rapidly over time. It’s ranking jumped 
from 17 to 7 between the first and second time period, and from 
7 to 3 between the second and third time period. Consequently, 
Iran is located at sixth place on overall rating of country scientific 

production. This is due to the fact that Vice-Presidency for Science 
and Technology Department  of Islamic Republic of Iran, founded 
in 2006, has supported scientific researches with an annual 
budget of nearly 540 billion Iranian Rials (128 million USD) [90].
Furthermore, India, Brazil, Turkey and Poland can be shown as 
other countries whose country scientific production frequency 
rankings climb over time on this research area. On the other hand, 
Japan, the UK, France and Portugal can be shown as countries 
whose rankings fall over time on this research area.
Result of this bibliometric analysis on HA and scaffold research 
has revealed the fact that most of the scientific production in this 
research area consists of single country publications. Nevertheless, 
there exists a considerable amount of publications that were 

Table 3. Country scientific production.
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created by international collaboration. These international 
collaborative publications were further analyzed, and country 
collaboration was mapped in Table 4. Country collaboration map 
shows that China – USA collaboration has the highest frequency 
(221) which is followed by USA – South Korea (75), UK – Germany 
(56) and China – Japan (46).  It can be noticed that the top 10 
countries in country scientific frequency also appears in the top 
25 of country collaboration map. The USA is the most appeared 
country in country collaboration top 25 maps which are being 
followed by China, Germany and the UK. 
Totally, 8752 publications emerged from 90 countries and 4582 
institutions. As expected, several inter-institutionally collaborative 
publications were much higher than internationally collaborative 
publications. For publications that are co-authored by authors 
from different institutions, one point was given to each authors’ 
institution. For example, if an article was co-authored by three 
authors from the same institution and one author from a second 
institution, 3 points were given to the first institution, and 1 point 
was given to the second one. Top 25 most productive institutes 
on the research field from all over the world were listed in Table 
5. 8 institutes from China, 3 each from the USA, South Korea 
and Iran, 2 from Germany and 1 each from Singapore, Portugal, 
India, the UK, Malaysia and Japan shared the top 25 list. Indian 
Institute of Technology was ranked in the 9th position, but this 

does not worth anything. Because it was 
the integration of many institutes that 
are distributed all over the country. Not 
surprisingly, institutes from China were 
listed in the top 3. Sichuan University 
was the most productive institute for all 
three periods in this research field, which 
is followed by Central South University 
and Shanghai Jiao Tong University. With 
the exception of these three institutions 
Seoul National University from South 
Korea, the University of Michigan from 
the USA and the National University 
of Singapore from Singapore were the 
institutes having the highest scientific 
production. Furthermore, although Italy 
and Spain were ranked in fourth and 
10th position respectively in-country 
scientific production list, no institutes 
from these countries entered the top 25 
most productive institutes list.
In Table 6, published researches based 
on tissue engineering (TE) and bone 
tissue engineering (BTE), scaffold as an 
inseparable part of this technique, and 
porosity of scaffolds were given in three 
periods.  Focusing on TE as a promising 
strategy for fixing bone defects has 
increased during the last three decades. 
This increase has been accelerated 
extremely throughout the last ten 
years, especially from 2015 to 2019. 
The number of publications between 
2015and 2019 is 1055, which is almost 
twice of 539 published articles from 2010 
to 2014. From 1991 to 2009, only 395 
papers were published in TE/BTE filed. 
Whereas, in just five years these number 
has been increased by the rate of 36% 
to 540 articles. However, the highest 
increase rate was observed in the most 
recent period between 2015 and 2019. 
Research on Scaffolds has increased by 
the rate of 47% during only five years of 
the second period compared to 20 years 

of the first period, and published articles number with scaffold 
keywords has risen from 515 to 732. Nevertheless, only 8.5% 
increase rate has been observed in the third period compared to 
the years between 2010 and 2014.  Moreover, porosity, which is 
one of the main characteristics of scaffolds, follows the same trend 
as a scaffold with approximately 47% increase rate from the first 
period to second; but the rate of research on porosity has even 
decreased during last five years compared to five years from 2010 
to 2014.
The manufacturing methods used for the fabrication of scaffolds 
are summarized in Table 7. In the first period, which has last for 
19 years, the tendency to use classical or traditional fabrication 
methods and additive manufacturing (AM) processes were almost 
the same; whereas, there was less intention to use electrospinning 
method.  After 2009, prefer to use electrospinning has increased 
dramatically (more than three times) for the next five years. Rate 
of using AM has increased by 48% in the same period, while, the 
increase rate number was only 9% for classical scaffold fabrication 
methods. AM processes dominated the most recent period from 
2015 to 2019. During these five years, using AM methods have 
increased to 353 cases compared to the preceding period. This 
increase is about 2.5 times of 147 articles published from 2010 to 
2014. However, electrospinning and classical scaffold fabrication 
methods were implemented less than AM, especially traditional 

Table 4. Country collaboration map (Top 25).
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processes. The increasing rate of using these two methods was 
10.2% for electrospinning and less than 1% for classical methods.
Table 8 displays usage of hydroxyapatite (HA), calcium phosphate 
(CaP), and tri-calcium phosphate (TCP) as ceramic biomaterials 

in literature. Among different bioceramics, application of HA was 
drastically higher than others during all three decades. Between 
the years 1991 to 2009, researchers, who were interested in HA 
have published 702 articles. Whereas, the number of studies 

Table 5. Top 25 most productive institutes.
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using CaP and TCP it was only 192 and 84 respectively during the 
first 19 years period. A similar gap between usage of HA and two 

others also was observed in the second and third periods.
Further, it is clear from Table 8 that articles numbers, which 
introduced HA and TCP as biomaterials, were increasing by 
42% and 47% in years 2010-2014 compared to the previous 
period. However, publications with CaP base biomaterials only 
experienced a nearly 10% increase in number. Comparing last 
period with preceding one, HA stands on top of most used 
materials list with 1147 articles; while, CaP and TCP were in 
second and third ranks with 225 and 141 articles respectively. 
Moreover, the increasing rate of using HA and TCP dropped to 
15% and 14% respectively. Meanwhile, the CaP had the lowest 
increasing rate of 7% during the last five years. 
The polymer is a biomaterial, which has been used frequently 
in many composite HA scaffolds. Polymers are divided into two 
groups, natural and synthetic, because of their origin. Table 9 shows 
published articles that used different polymeric biomaterials, 
either natural or synthetic, as the second phase of HA composite 
scaffolds in three periods during years 1991 to 2019. The data 
of Table 8 reveals that preference to employ natural or synthetic 
polymers were almost the same in all three periods, especially in 
the second period from 2010 to 2014. However, the tendency 
to use natural polymers was slightly higher than synthetic ones 
before 2010 and after 2014. The increase rate in using natural 
polymers was about 60% and 52% in the second and third 
periods respectively.
Meanwhile, the rate of increase for synthetic polymers were 
98% and 36% in the same periods. Note that the first period was 
about 20 years while the second and third periods over five years. 
Therefore, there is a huge tendency to use polymer, both natural 
and synthetic, in HA composite scaffolds.
Eight thousand seven hundred fifty-two research items related to 
hydroxyapatite and scaffold were published in a wide range of 

1298 publication sources. One thousand one 
hundred fifty-seven publication sources out 
of 1298 contained less than ten publications 
throughout the period from 1991 to 2019. The 
top 25 most productive publication sources in 
this research area were illustrated in Figure 2. 
These 25 publication sources contained 3894 
research items which correspond to 44.49% of 
total scientific production. Journal of Biomedical 
Materials Research Part A, which internationally 
publish studies of the preparation, performance, 
and evaluation of biomaterials, was ranked as 
the most productive publication source with 
447 research items which corresponds to 
5.11% of total scientific production. Materials 
Science and Engineering: C which includes 
topics at the interface of materials engineering 
and biomedical science occupied the second 
rank of the most productive publication sources 
(408; 4.66%), which is followed by Journal of 
Materials Science: Materials in Medicine (329; 
3.76%), Acta Biomaterialia (298; 3.40%), and 
Biomaterials (283; 3.23%).
The top 10 publications that have the highest 
number of citations among 8752 were 
displayed in Figure 3. The top cited publication 
is Karageorgıou V., 2005, Biomaterials, and it 
was cited 2901 times in total. The following 
second and third publications are Hartgerink 
J.D., 2001, Science (2528 times) and Deville S., 
2006, Science (1015 times) respectively. It can 
be noticed from the figure that the top 10 most 
cited articles were published in 4 journals. These 
are Biomaterials Journal (5 articles), Science 
Journal (2 articles), Acta Biomaterialia Journal (2 

articles) and Clinical Orthopaedics and Related Research Journal 
(1 article). 

Table 6. Published articles with keywords tissue engineering, bone tissue 
engineering and porosity in three time periods from 1991 to 2019.

1991-2009 2010-2014 2015-2019

tissue engineering, bone 
tissue engineering

395 540 1055

scaffold 515 732 795

porosity 240 353 325

Table 7. Published articles classification according to fabrication method of 
scaffold in three time periods from 1991 to 2019.

1991-2009 2010-2014 2015-2019

Classical scaffold 
fabrication

98 107 109

Electrospinning 57 183 202

Additive manufacturing 99 147 353

Table 9. Published articles that used different natural or synthetic polymers in HA composite scaffolds 
in three time periods from 1991-2019.

Polymers 1991-
2009

2010-
2014

2015-
2019

Natural Polymers chitosan 121 178 244

 collagen 96 143 191

 gelatin 43 72 114

 alginate 17 29 60

 silk fibroin 24 50 96

 cellulose 9 24 48

 TOTAL 310 496 753

Synthetic polymers polycaprolactone (PCL) 51 119 140

 poly(lactic-co-glycolic) acid (PLGA) 79 84 65

 poly lactic acid, polylactide (PLA) 21 56 74

 poly l lactic acid (PLLA) 29 55 36

 hydrogel 20 45 108

 polyurethane 8 30 34

 polyvinyl alcohol (PVA) 9 18 35

 polyamide (PA) 9 14 10

 polyethylene glycol (PEG) 14 9 16

 hyaluronic acid 7 13 19

 graphene 2 51 133

 TOTAL 249 492 669

Table 8. Published articles classification according to bioceramic type in three 
time periods from 1991-2019.

1991-2009 2010-2014 2015-2019

Calcium phosphates 
(CaP)

192 211 225

Tri-calcium phosphates 
(TCP)

84 124 141

Hydroxyapatite (HA) 702 1000 1147
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4. Summary

This bibliometric study portrays the global trends in scientific 
researches related to HA-based scaffolds and contributes to 
highlighting some important points of this research field during 
the past 29 years from 1991 to 2019. First, the results revealed 
that the tendency to use HA-based scaffolds and TE to regenerate 
or restore defected tissues had been increased dramatically 
throughout the explored period due to shortcomings of autografts 
(harvest tissue from the patient’s body), allograft (harvest tissue 
from a donor’s body), or using sole biomaterials as traditional 
methods. Second, there is a significant rise in the number of 
articles, which used AM methods to develop scaffolds. The AM 

allows having better control over 
geometry, porosity, pore size, and 
interconnectivity of scaffolds. These 
features affect the performance 
of scaffolds in the growth and 
development of tissues. However, 
achieving the perfect control over 
geometrical and structural features of 
scaffolds is a matter of challenge up to 
present time because of the limitations 
of used devices, such as resolution or 
printable materials. Third, owing to 
desirable properties of HA, such as 
similarity to inorganic part of natural 
bone, biocompatibility, bioactivity, 
osteoconductivity, as well as high 
compressive strength,  application of  
HA in making scaffolds has increased 

during the last decade. Moreover, 
to overcome the weak features of 
HA scaffolds, like brittleness, they 

reinforced by natural or synthetic polymers to form composite 
scaffolds with higher toughness [9].
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