
1

Vol.:(0123456789)

Scientific Reports |        (2022) 12:17968  | https://doi.org/10.1038/s41598-022-22888-5

www.nature.com/scientificreports

Taguchi grey relational 
optimization of sol–gel derived 
hydroxyapatite from a novel 
mix of two natural biowastes 
for biomedical applications
Obinna Anayo Osuchukwu1,4*, Abdu Salihi1, Ibrahim Abdullahi1 & David Olubiyi Obada2,3,4

The comparative study of natural hydroxyapatite (NHAp) from bovine (B) and catfish (C) bones using 
different fabrication parameters has been extensively researched through traditional investigation. 
However, the quantitative effect optimization of a novel mix proportion of hydroxyapatite from these 
bones, and fabrication parameters have not been examined. Hence, this study presents the effect 
of the powder mixture, compaction pressure, and sintering temperature (as production parameters) 
on the experimental mechanical properties of naturally derived HAp. The bovine bone and catfish 
bone biowastes were used in mixed proportions to produce hydroxyapatite via the sol–gel synthesis 
protocol. The powders were calcined separately at 900 °C to convert the deproteinized biowaste. 
Next, the powders were combined chemically (sol–gel) in the appropriate ratios (i.e. 45 g of B: 15 g of C 
(B75/C25), 30 g of B: 30 g of C (B50/C50), and 15 g of B; 45 g of C (B25/C75)). Taguchi design supported 
by grey relational analysis was employed with an L9 orthogonal array. The Minitab 16 software was 
employed to analyze the Taguchi design. The result revealed an inconsistency in the powder mixture 
as the optimum state for individual mechanical properties, but the grey relational analysis (GRA) 
showed better mechanical properties with a powder mix of B50/C50, 500 Pa compaction pressure, and 
900 °C sintering temperature. The obtained result further showed that the novel mix of these powders 
is a good and promising material for high-strength biomedical applications, having a contribution of 
97.79% on hardness and 94.39% on compressive strength of HAp. The obtained experimental grey 
relational grade of 0.7958 is within the 95% confidence interval, according to confirmation analysis 
(CA). The optimum powder parameter was examined using X-ray diffraction (XRD), and its structure, 
size, and elemental makeup were examined using scanning electron microscopy (SEM) and energy 
dispersive spectroscopy (EDS) analysis. The sample had a higher degree of crystallinity and mean 
crystallite size of 80.42% and 27.3 nm, respectively. The SEM images showed big, gritty grains that are 
not tightly packed.

Hydroxyapatite (HAp) is a biocompatible calcium phosphate (Ca/P) that has a wide range of uses in both industry 
and medicine. The primary justifications for adopting hydroxyapatite in bone replacement and tissue engineering 
are its bioactive and osteoconductive capabilities as well as its similarity to a bone mineral  component1,2. With 
increased mechanical properties, HAp is a feasible material for drug administration, bone defect fillers, bone 
cement, and other biomedical engineering applications in dentistry and  orthopedics3. Also, it is generally known 
in tissue engineering that HAp is the most stable form of calcium phosphate and that it is one of the materials 
utilized the most frequently in bone regeneration, mostly due to its affinity for bone tissues. Recent works contain 
HAp that was produced using a variety of processing techniques and both natural and synthetic  source4–10. It has 

OPEN

1Department of Mechanical Engineering, Bayero University, Kano 700241, Kano State, Nigeria. 2Department of 
Mechanical Engineering, Ahmadu Bello University, Zaria, Samaru Zaria 810212, Kaduna State, Nigeria. 3Africa 
Centre of Excellence on New Pedagogies in Engineering Education, Ahmadu Bello University, Zaria, Samaru 
Zaria 810212, Kaduna State, Nigeria. 4Multifunctional Materials Laboratory, Shell Chair Office in Mechanical 
Engineering, Ahmadu Bello University, Zaria, Samaru Zaria 810212, Kaduna State, Nigeria. *email: 
oao1800004.pme@buk.edu.ng

http://crossmark.crossref.org/dialog/?doi=10.1038/s41598-022-22888-5&domain=pdf


2

Vol:.(1234567890)

Scientific Reports |        (2022) 12:17968  | https://doi.org/10.1038/s41598-022-22888-5

www.nature.com/scientificreports/

been widely shown that HAp shares chemical components with the inorganic component in animal bones, which 
has led to its desired biocompatibility qualities, such as harmlessness and a lack of inflammatory  effects4,11,12.

Some scientists have been engaged in the development of HAp from natural sources. Bovine  bones5,8,11, fish 
 bones13–15, porcine  bones8,16,  eggshells10,17, and  seashells18,19 are a few of the natural sources now being examined. 
From their results, some of these precursors have their weaknesses, also their availability and ease of processing 
are other challenges. Sol–gel process, chemical precipitation, hydrothermal reaction, and solid-state reaction 
are a few of the methods that can be utilized to manufacture hydroxyapatite  powder3. The macrostructure of the 
HAp extracted from corals is similar to that of human cancellous bone. Through meticulous procedures, this 
is possible. Due to its poor mechanical strength and potential failure to promote the dimensional reduction of 
defective areas before bone regeneration, the HAp produced by hydrothermal treatment of corals is limited in 
its therapeutic  applications20. The HAp made from algae similarly resembles biological apatite found in bone in 
several ways. This is made by heating calcium carbonate from calcareous red algae to a temperature of roughly 
700 °C. The porosity of the algae is preserved by this technique, but with low mechanical  strength21. The HAp 
from bone sources using heat treatment preserves the typical bone morphological structure with 70% porosity 
and enables its use as a bone substitute product. Heat treatment is an effective alternative for acquiring depro-
teinized bone  tissue22,23. When bone is heated at a high temperature, it turns into high crystallinity, organic-free 
HAp. The heat treatment also has the benefit of lowering the possibility of biological contamination and implant 
rejection while enhancing some mechanical qualities in the case of additional products made from animal  bone24.

According to Sobczak et al.25, the method for creating HAp powders from waste is intriguing because of its 
economic worth and environmental benefits. They also noted that the HAp is resistant to being readily overwrit-
ten by human tissues because of its inherent resemblance to human bone. For the research of hydroxyapatite 
scaffolds for tissue engineering, Pan et al.26 improved and assessed HAp synthesized from catfish bones to achieve 
ideal handling situations and practical teaching ways. To create a porous scaffold utilizing the space holder 
method, Gross et al.27 combined titanium oxide (TiO2) nanoparticles with nanoclay (NC) made with NaCl 
microparticles. According to their findings, the scaffold should also have an organized permeable structure in 
addition to its large porosity (> 80%) to promote better cell seeding and tissue growth. Aghdam et al. used the 
space holder (SH) approach to create HAp scaffold (6 mm × 10 mm) using sodium bicarbonate  (NaHCO3) as a 
porous agent. For use as a bone substitute, HAp was reinforced with 0, 5, 10, and 15 wt% alumina nanoparticles 
(ALN: 40–80 nm)28. Using the sol–gel technique, Obada et al.29 reinforced hydroxyapatite from animal bone with 
15 wt% of kaolin (K-HAp). The pellets were formed under a pressure of 1 MPa in preparation for compressive 
and hardness tests. At 1100 °C, the K-HAp matrix produced compressive strength of 7.66 MPa as opposed to 
0.89 MPa for the unreinforced HAp matrix. Uskoković et al.30 doped HAp with germanium to produce a new 
apatite and the germanates substituted the phosphates in stoichiometric HAp. Their result showed that the lattice 
expanded in parallel to the basal plane and along the screw axis of the calcium ion hexagons.

The Taguchi methodology is an optimization technique that directs a small number of experiments to simul-
taneously examine the noise of various constraints. This technique aids in selecting the most effective set of 
control constraints to guarantee the procedure is noise-resistant. The most popular Design of Experiment (DOE) 
is the Taguchi method, which employs many orthogonal arrays to compare and analyze various strata of each 
control  characteristic31. The many acts and properties of hydroxyapatite can be changed using the Taguchi Grey 
Relational Analysis (GRA) design. When one of the many DOE study instruments has incomplete or ambiguous 
data, one of the primary strategic methods used is Grey Relational Analysis (GRA)32. The GRA converts complex 
reactions into a single response that optimization algorithms can predict (Minitab)33.  Abifarin34 maximized the 
mechanical characteristics of hydroxyapatite (HAp) made from cow bones using the Taguchi GRA method. 
Bovine femur bone was employed by Ahmed et al.35 to manufacture HAp. Regression analysis was then applied 
to improve the mechanical and physical properties. The L16 orthogonal array, Taguchi, and ANOVA analysis 
methods were utilized by Googerdchian et al.36 to identify the best parameter mixes with the fewest possible tri-
als. For the treatment of osteomyelitis, Kumar et al.37 created and enhanced hydroxyapatite-ofloxacin implants. 
An easy method of optimization (Box Benhken) was employed by Akpan et al.38 to prepare and improve the 
mechanical properties of HAp from fish bones.

To extract HAp from bovine and catfish bones, various techniques such as heat decomposition, calcina-
tion, or its combination with one or more additional techniques have been  used21,39. The bones are heated up 
to 1400 °C in the furnace during the calcination process to eliminate some organic elements such as proteins, 
lipids, fat, pathogens, etc.21. These techniques resulted in the creation of HAp powder with various morphologies, 
stoichiometric compositions, grain sizes, and crystallinity  levels25. In the previous  works13,15, the authors studied 
the synthesis, characterization, and experimental data of natural hydroxyapatite produced from a new blend of 
animal bones. The bovine and catfish bones were used as their apatite is similar to human bone. This new HAp 
was produced to improve its mechanical properties.

According to the brief open literature study stated above, HAp has been produced from bovine and catfish 
bones, demonstrating the reliability of these sources as natural ones. It also shows that the Taguchi method of 
optimization can produce the best optimum parameters for enhancing the mechanical properties of NHAp. 
To the best of the authors’ knowledge, however, none of the literature mentioned the optimization of naturally 
occurring HAp produced from animal matrix found in bovine and catfish bones using a sol–gel protocol. These 
bones are used because they are readily available and hence reduce the cost of producing HAp, which is essential 
in tissue engineering. In the present study, the Taguchi Grey Relational Analysis was employed to establish the 
optimum production parameters (powder ratio, sintering temperature, and compaction load) for the robust 
production of a novel mix of naturally derived HAp from biowastes. The bovine bones (B) came from an abattoir 
in the Nigerian city of Zaria, while the bones for the catfish bones (C) came from nearby eateries. After being 
deproteinized in an oven, the bones were independently processed. Following heat treatment, the two sources’ 
generated powders were weighed and combined with a spatula in various ratios, yielding 100 g. (scale-down 
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measures were applied). The as-mixed powders were then further homogenized using the sol–gel method in the 
designated ratios (B75/C25, B50/C50, and B25/C75). The as-produced HAp scaffolds (45:15 g (B75/C25), 15:45 g 
(B25/C75), and 30:30 g (B50/C50) were sintered at 700, 800, and 900 °C for 2 h with compaction loads of 300, 
400, and 500 Pa. The scaffolds were subjected to hardness and compressive testing to capture the data required 
for the Taguchi design and grey relational analysis (TDGRA). The S/N ratio is used as a performance character-
istic (PC) in the Taguchi technique to measure the process’s strength and measure the degree of deviations from 
expected norms. The Grey Relational Generation was used to standardize the unique location arrangements to 
the equivalent array of 0 and 1. The correctness of the created model was assessed and compared using the Grey 
Relational Coefficients of determination and Grades. Additionally, hypothesis testing was done to determine 
the model’s goodness of fit.

An overview of Taguchi grey relational analysis. The Taguchi methodology is an optimization tech-
nique that directs a small number of experiments to simultaneously examine the noise of various  constraints40. 
This technique aids in selecting the most effective set of control constraints to guarantee the procedure is noise-
resistant. The most popular DOE is the Taguchi method, which employs many orthogonal arrays to compare 
and analyze various strata of each control  characteristic31. Researchers have confirmed that it is the best way to 
get standardized items at effective  costs41–43. More research is needed on the Taguchi  approach44 for managing a 
variety of performance parameters. Using Minitab 12, GRA simplifies complicated replies into a single response 
that optimization algorithms can  forecast33. To achieve this, the following steps are employed:

Experimental design. This includes the input parameters and their corresponding levels. Next is the Taguchi 
orthogonal array (OA) with the number of runs for the trial assessment.

Signal–noise (S/N) ratios (R) in the Taguchi design technique. The Taguchi approach can utilize by the OA to 
reduce variance and optimize process parameters. The S/N ratio is used as a performance characteristic (PC) 
in the Taguchi technique to measure the process’s strength and quantify the degree of deviation from expected 
 models45. A logarithmic function is produced by assessing the percentage of signal (mean) to noise (standard 
deviation) to estimate the S/N46. Higher S/N is suitable for reducing noise and the effects of overwhelming ele-
ments, resulting in improved HAp (product)  quality47. When a higher hardness and compressive strength are 
 expected48, the larger-the-better S/N type Eq. (1) can be adopted.

The response rate of the ith trial in the OA for an experimental combination is  ai, where n is the number of 
trials.

Multi‑mechanical characteristics optimization with grey relational analysis. The Taguchi DOE method is suita-
ble for a single mechanical feature. However, multi-mechanical characteristic optimization with Grey Relational 
Analysis (GRA) is the ideal approach when there are two or more mechanical qualities with distinct excellent 
characteristics. If it appears that the fixed data is unequal, the grey analysis might be applied to the  data49.

The grey relational generation. Before being converted into a grey relational design, any values connected to a 
specific technique must be put to the test. This tactic is known as the grey relational  generation50,51. The elements’ 
roles are disregarded once the regular data and location arrangement is significantly more extensive. When the 
targets and the order of the components are altered, Grey’s Relational Analysis could potentially produce inac-
curate findings. The unique location arrangements are then standardized to the comparable array of 0 and 1 
using data pre-developing51. Larger-is-better and slighter-is-better are two superior qualities that can be used to 
categorize the desire for value conversion via GRA and the contribution of converted orders. To standardize the 
ranking for the slighter, the better features, apply Eq. (2):

where  xi(k) denotes the normalized figure for the number of trials and  yi(k) is the preliminary order of the aver-
age responses.

The grey relational coefficient and grade. After the order has been standardized, the deviation sequence of the 
location order is calculated using Eq. (3)48,52.

Given: �oi(k) = deviationsequence ; xo(k) = Location sequence and xi(k) = Comparability sequence. The next 
step is the computation of the grey relational coefficient (GRC) via Eq. (4)48:
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where, ξi(k) indicates the GRC of distinct response variable quantity estimated as a role of ∆min and ∆max, the 
smallest and biggest deviations of the individual response variable (RV). The unique coefficient represented by 
ζ, defined in the series ζ ∈ [0, 1], is usually established at 0.5 to assign alike bulks to each parameter. Just as given 
in Eq. (5), the grey relational grade is then calculated by averaging each RV’s GRC.

Given that γi signifies the worth of GRG gotten for the ith trial, n is the total sum of presentation features. 
After the optimum level of the factors is evaluated via GRG, the last stage is to envisage and confirm the eminence 
characteristics via Eq. (6)34,53:

where γo signifies the highest average GRG at the optimum level of factors, and γm signifies the mean GRG. The 
quantity p designates the number of factors that affect the RVs.

Analysis of variance (ANOVA). Which variable level balance has the greatest influence on the overall demon-
stration characteristics is determined using the ANOVA. This can be accomplished by first reducing the overall 
inaccuracy of the grey relational grade, which is calculated as the sum of the squared deviations from the abso-
lute mean of the grey relational grade, and then dissecting contributions by individual factor and mistake. Start 
by using Eq. (7) to determine the precise number of squared deviations (SST) from the overall grey relational 
grade  mean34.

The mean of the GRG for the jth trial is j, and the number of trials in the orthogonal array is p. Similarly, the 
Fisher,28 F test can be used to figure out which factor significantly balances the presentation features. The shift 
in the factor combination usually marks the presenting aspects when the F rate is  large34,54.

Confirmation test. The T-test compares a group’s means. Confidence interval (CI) is a study of how close 
an experimental outcome is to the expected outcome, which may be calculated using Eq. (8)52,53:

F∝(1, fe) = F ratio essential for α; α = risk; fe = DOF of error;  Ve = variance of error; ηeff = effective number of 
repetitions, which is the Eq. (9) below:

X = number of repetitions for trial confirmation; S = Sum of trials.

Materials and methods
Sample preparation. Raw bone samples of bovine (B) and catfish (C) were obtained from a local abattoir 
and a nearby eateries respectively, both in Kaduna state, Nigeria. The fish bones were first washed in hot water 
before being rinsed under running water. As described by Obada et al.55, raw bovine (B) and catfish (C) bones 
were collected and meticulously cleansed with a considerable volume of running water to remove any debris. 
Before calcination, the bones were dehydrated and decomposed in a carbonizing oven for one (1) hour. The car-
bonized bones were calcined at 900 °C for two (2) hours under ambient circumstances in an electric furnace with 
a 5 °C/min ramp and two (2) hours of holding time, then allowed to cool in the furnace. Before solution gelation 
(Sol–gel) treatment, the calcined samples were crushed with a metallic mortar and pestle and sieved through a 
100 µm sieve to obtain a fine powder. The powders were prepared separately before the sol–gel mixture.

Next, 45 g of B powder was weighed and poured into a beaker, then mixed with 150 ml of distilled water and 
strongly swirled on a hot plate with a magnetic stirrer for one (1) hour, followed by 15 g of C powder for another 
one (1) hour of vigorous swirling. The hot plate was heated to 50 °C for 30 min before being elevated to 100 °C 
to generate a gel solution and the sample was tagged B75/C25. The step was repeated for 45 g of C powder with 
15 g of B powder and also for 30 g of B powder and 30 g of C powder and the samples were tagged B25/C75 and 
B50/C50 respectively. The resultant gel solutions were dried in the oven before being crushed to a fine nano-HAp 
with a ceramic mortar and pestle. The compaction pressure (CP) of 300 Pa, 400 Pa, and 500 Pa was used to pel-
letize the samples (25 mm × 25 mm) to improve the mechanical properties due to decreased stress during HAp 
powder  compaction56. To sinter the pelletized samples, temperatures of 700 °C, 800 °C, and 900 °C were chosen.
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Mechanical examination. An MHV10002 micro-hardness tester was used to determine the micro-hard-
ness (HV) of the sintered scaffolds using the Vickers indentation. A 300 g applied load was placed on the scaf-
folds for a dwell time of 10 s. Each scaffold had a total of 5 indentations, yielding 5 accurate hardness readings. A 
5 kN load cell-equipped universal testing machine (UTM) was used to assess the scaffolds’ compressive strength. 
For accuracy, 5 scaffolds were examined for each circumstance.

Characterization of the optimum sample. The X-ray diffraction (XRD) patterns of the produced pow-
ders were collected on a Rigaku Miniflex diffractometer with a copper tube ( � = 1.5418 A) at a voltage of 40 kV 
and a current of 30 mA in the range between 20° ≤ 2θ ≤ 80°, and the crystallinity and crystallite sizes were com-
puted with expressions as adopted  by57. Scanning electron microscopy (SEM) operated at 15 kV was used to 
analyze the morphology of the optimum sample (Phenom ProX Desktop) equipped with Electron dispersive 
X-ray analysis (EDX) for elemental mapping. Low magnifications of 300 × and 500 × to analyze each sample. The 
porosity, apparent density, crystallinity, and crystallite size of the optimum production parameters were calcu-
lated using the formulae used by Obada et al.55.

Design of experiment. The factors and their relative levels were developed using the Taguchi design tech-
nique and are displayed in Table 1 based on the design considerations. L9 was the appropriate orthogonal array 
to use, according to Minitab 16 software, and it is shown in Table  2. On Minitab, the Taguchi method was 
used to examine the matching experimental hardness, compressive strength, and resulting grey relational grade. 
According to Abifarin et al. and Awodi et al.33,34, the procedures for creating the final grey relational grade for 
the experimental properties are shown in Sect. 2.5. Using Minitab 16, all of the plotted graphs were created. The 
summary of the Taguchi-Grey relational optimization analysis is shown in Fig. 1.

Grey relational analysis. The efficiency of the Taguchi method for optimization can be increased by 
incorporating GRA 58. Experimental hardness and compressive strength cannot be averaged directly, hence grey 
relational analysis was used to address this problem 32,59. First, employing the larger-is-better principle Eq. (1), 
sub-Sect. Signal-Noise (S/N) ratios (R) in the Taguchi design technique), the values for hardness and compres-
sive strength were transformed to grey relational generation (normalizing the sequence). Due to the desire for 
high compressive strength and hardness, the larger-the-better approach was used. After sequence normalization, 
Eq. (2) (Sub-Sect. The grey relational generation) was used to calculate the deviation sequence of the reference 
sequence. Equation 3 was then used to create the grey relational coefficient, and Eq. (4) was used to average the 
resulting hardness and compressive strength grey relational coefficients to create the grey relational grade (GRG) 
(see Sub-Sect. Analysis of Variance (ANOVA) for Eqs. 3 and 4). Figure 2 displays a schematic of the synthesis, 
optimization, and characterization processes.

Results and discussions
Taguchi orthogonal array (OA) of the mechanical characteristics result. Tables 3 and 4 display 
the OA of the mechanical properties and corresponding Taguchi S/N ratios of the treated HAp under stated 
conditions. Minitab 16 was used for the S/N ratios calculation and the data analysis.

Table 1.  Processing parameters and their levels.

Processing parameters Sintering temperature (ST) (°C) Compaction pressure (CP) (Pa) Powder mixture (PM) (% wt)

Level 1 700 300 B75/C25

Level 2 800 400 B25/C75

Level 3 900 500 B50/C50

Table 2.  Experimental design strategy.

Experimental runs Sintering temperature (°C) Compaction pressure (Pa) Powder mixture (% wt)

1 700 300 B75/C25

2 700 400 B50/C50

3 700 500 B25/C75

4 800 300 B50/C50

5 800 400 B25/C75

6 800 500 B75/C25

7 900 300 B25/C75

8 900 400 B75/C25

9 900 500 B50/C50
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Effect of the powder mixture and production parameters on hardness. As shown in Table 5, the 
S/N ratios response was computed utilizing the hardness value analysis. The processing parameters were identi-
fied and ranked by employing the delta value in Table 560. The value 1 denotes the highest rank. From the table, 
the sintering temperature has a delta value of 0.61, while compaction pressure and powder mixture have an 
equal delta value of 0.06. These values are less than the ones obtained by  Abifarin12,14, but can be attributed to the 
processing method on the parameters. However, for sintering temperature, compaction pressure, and powder 
mixture the rankings are 1, 2, and 3, respectively.

Figure 3 shows the effect of powder mixture (PM), compaction pressure (CP), and sintering temperature (ST) 
on HAp hardness value. The plot shapes for sintering temperature, compaction pressure, and powder mixture 
point demonstrate how changes in these variables have a significant impact on hardness. The plot reveals the 
following:

• Increasing sintering temperature, compaction load, and powder mixture (more bovine bone) increased SNR’s 
hardness, which is in line with other  studies34,60. Akpan et al.11, stated that bovine bone has more calcium 
content than catfish bone and claimed that sintering of HAp at 900 °C with a compaction load of 500 Pa 
would lead to an increase in hardness value.

• While employing a compaction load of 500 Pa with more bovine bone by weight is both safe and economical, 
raising the sintering temperature lowers the stress created on the pellets’ surface during compaction.

• That sintering temperature of 900 °C, compaction pressure of 500 Pa, and powder mixture of B50/C50 is the 
optimal parameter distribution levels for producing HAp scaffolds with good hardness qualities (see the data 
presented in Table 5).

• That the hardness S/N ratios significantly decrease at a sintering temperature of 700 °C, compaction pressure 
of 300 Pa, and powder mixture of B25/C75. This is because, at this temperature, pressure could release the 
residual tension produced  there34.

Quantitative impact of production factors and powder mixture on HAp hardness. To establish the best parameter 
levels, an Analysis of Variance (ANOVA) (See Table 6) was done to know the best percentage of contribution (% 
of C) or the effect of the individual processing parameter effect on the hardness value. The result revealed that:

• The sintering temperature contributing 97.79% is the extreme influencing parameter affecting the HAp hard-
ness value.

• The compaction pressure, powder mixture, and error have insignificant percentage contributions of 0.92, 
0.89, and 0.40, respectively. The compaction pressure, powder mixture, and residual error percentages are 
less than 0.05, hence, they are insignificant on the HAp hardness  value30,48.

• Also, the values of  R2 and  R2
adj are very large 99.6% and 98.4% respectively and confirms the validity of this 

model.

Experimental Properties 
(Hardness, Compressive strength 

and powder mixtures

  Taguchi technique design 

  Grey Relational Generation 

Reference Sequence

Computation of Deviation 

Computation
of Grey 

Relational

Computation
of Grey 

Relational

Computation
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Relational

Minitab Taguchi Optimization 

Figure 1.  The Optimization steps.
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Figure 2.  Synthesis, optimization, and characterization processes.

Table 3.  The highlights of the hardness experimental result (HS). Hardness 1–5 = Number scaffolds used for 
Hardness tests.

Number of runs Hardness 1 Hardness 2 Hardness 3 Hardness 4 Hardness 5 Mean S/N Ratios

1 31.7 43.5 50.7 51.7 49.0 31.7 30.0212

2 31.7 43.3 48.0 51.7 49.0 31.8 30.0212

3 31.8 43.5 50.1 51.8 49.1 31.8 30.0485

4 31.8 37.1 47.6 56.8 44.2 31.8 30.0485

5 32.0 37.1 46.7 56.7 44.2 32.0 30.1030

6 32.4 37.5 44.0 56.8 44.2 32.4 30.2109

7 34.0 41.2 45.0 55.7 50.0 34.0 30.6296

8 34.1 41.2 45.0 55.9 51.9 34.1 30.6551

9 34.0 41.0 45.1 55.9 51.7 34.0 30.6296

Table 4.  The highlights of the compressive trial result (CS). Compressive 1–5 = Number of scaffolds used for 
Compressive strength.

Number of runs
Compressive 
strength 1

Compressive 
strength 2

Compressive 
strength 3

Compressive 
strength 4

Compressive 
strength 5 Mean S/N ratios

1 600 500 900 900 600 600 55.5630

2 650 500 900 900 650 650 55.5630

3 650 200 900 500 1100 650 55.5630

4 650 400 1000 600 700 650 55.5630

5 700 400 1000 500 700 700 56.9020

6 700 500 900 500 600 700 56.9020

7 700 500 750 400 700 700 59.0849

8 750 800 750 500 800 750 59.0849

9 900 800 900 400 800 900 59.0849
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Table 5.  Responses for hardness data Signal to Noise Ratios (Larger is better).

Processing parameters Sintering temperature (°C) Compaction pressure (Pa) Powder mixture (%wt)

Level 1 30.03 30.23 30.30

Level 2 30.12 30.26 30.23

Level 3 30.64 30.30 30.26

Delta 0.61 0.06 0.06

Rank 1 2 3

Figure 3.  Plots showing the main effects of S/N ratios of hardness.

Table 6.  ANOVA for S/N Ratio of hardness.

Source DF Adj SS Adj MS F p Contribution (%) Remarks

ST 2 0.645151 0.322575 245.68 0.004 97.79 Significant

CP 2 0.006048 0.003024 2.30 0.303 0.92 Insignificant

PM 2 0.005915 0.002957 2.25 0.307 0.89 Insignificant

Error 2 0.002626 0.001313 0.40 Insignificant

Total 8 S = 0.03623 R2 = 99.6% R2
adj = 98.4%

Table 7.  Response for compressive data Signal to Noise Ratios (Larger is better).

Processing parameters Sintering temperature (°C) Compaction PRESSURE (Pa) Powder mixture (%wt)

Level 1 55.56 56.74 57.18

Level 2 56.46 57.18 56.74

Level 3 59.08 57.18 57.18

Delta 3.52 0.45 0.45

Rank 1 2.5 2.5
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Effect of the powder mixture and production parameters on hardness. As shown in Table  7, 
the S/N ratios response for compressive strength was also computed utilizing the compressive value analysis 
(Table 4)61. From the Table, the sintering temperature has the highest rank, with a delta value of 3.52, which is 
higher than the figure reported by Abifarin et al.34. The compaction pressure and powder mixture both have a 
rank of 2.5 and a delta value of 0.45.

Figure 4 shows the effect of powder mixture (PM), compaction pressure (CP), and sintering temperature (ST) 
on HAp hardness value. The plot shapes for sintering temperature, compaction pressure, and powder mixture 
point demonstrate how changes in these variables have a significant impact on the compressive strength. The 
plot reveals the following:

• That increase in sintering temperature, compaction pressure, and equal HAp powder improved the compres-
sive strength S/N Ratio of HAp scaffolds (i.e. the pellets).

• That higher sintering temperature, compaction pressure and equal powder mixture or greater bovine can be 
used to produce HAp scaffold with an increased compressive strength (That is, 900 °C, 500 Pa, and B50/C50 
or B75/C25 are the expected processing parameter levels for improved compressive strength HAp scaffold).

Quantitative impact of production factors and powder mixture on HAp compressive 
strength
An ANOVA was done to establish the percentage contribution of each processing parameter’s effect on HAp 
compressive strength (See Table 8). The result revealed that:

• The sintering temperature is the most influential parameter affecting the compressive strength of the as-
produced-HAp scaffold, with a percentage contribution of 94.39%.

• The compaction pressure, powder mixture, and error have insignificant percentage contributions of 1.87.

Figure 4.  Plots illustrating the main effects of S/N ratios of compressive.

Table 8.  ANOVA for SNR of compressive.

Source DF Adj SS Adj MS F p Contribution (%) Remarks

ST 2 20.11270 10.05640 50.49 0.019 94.39 Significant

CP 2 0.398400 0.199200 1.00 0.500 1.87 Insignificant

PM 2 0.398400 0.199200 1.00 0.500 1.87 Insignificant

Error 2 0.398400 0.199200 1.87 Insignificant

Total 8 S = 0.4463 R2 = 98.1% R2
adj = 92.5%
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• Also, the values of  R2 and  R2
adj are very large 98.1% and 92.5% respectively and the difference is more than 

5%. This demonstrates that the model is well-fitting.

Grey relational analysis (GRA) for the multiple performance characteristics. For the produc-
tion of a novel mix of HAp scaffolds from biowastes with improved hardness and compressive strength values, 
it is important to establish the appropriate processing parameter levels. The results of the effect of processing 
parameters on HAp hardness and compressive strength values revealed that a sintering temperature of 900 °C is 
necessary to fabricate mechanically improved HAp, but compaction pressure of 500 Pa (0.5 KN) and a powder 
mixture of B50/C50 or B75/C25 are required for these parameters. Since only one parameter level is to be moni-
tored, it is, therefore, necessary to use grey relational analysis (GRA) to predict the best processing parameters. 
GRA is most commonly used to solve problems involving a statistically controlled strategy. The experimental 
mechanical properties of the responses in Tables 3 and 4, in particular hardness and compressive strength, were 
pre-processed with grey relational generation. The data were normalized using Eq. (2). The deviation sequences 
were then computed using Eq. (3). The reference and deviation sequences obtained following data pre-process-
ing are shown in Table 9. The Grey Relational Coefficient (GRC) was then calculated using Eq. (4). The grey rela-
tional grade (GRG) was calculated using the average of the GRCs. The corresponding S/N Ratios were calculated 
from the GRGs, as shown in Table 10. A greater S/N ratio percentage value is acceptable and confirms that the 
investigated mechanical parameters are close to desired normalized GRG  value62.

From Table 10, experimental run 1 has the highest significant S/N Ratio. Similarly, the major rank was 
assigned to experimental run 9. Figure 5 depicts the relationship between GRG and S/N ratios, which attest to 
the significance of the GRG 34. The GRG of the relevant factor at the specific level was selected, and an average 
value was approximated to establish the GRG mean for specific elements. In experimental runs 7, 8, and 9, the 
processing parameter (sintering temperature), was set to level 1. For the calculation, the corresponding GRG 
values from Table 10 were employed, as given in Eq. (5).

Following the steps indicated above, mean of the selected GRGs was calculated (See Table 11). It was discov-
ered to be 0.5128, which is close to the value found in  Ref34. The percentage of the link between the reference 
sequences and the GRA correspondence sequence is represented by the grades. A good relationship is indicated 
by higher GRG mean  values62. From Table 11, it is possible to predict the best processing parameters for the 
production a novel mix HAp scaffold from biowastes. Sintering temperature at level 3, compaction pressure at 

Table 9.  Reference and deviation sequence after pre-processing of data.

Experimental run

Reference sequence, x*i Deviation sequence, �oi

Mean, hardness Mean, compressive strength Mean, hardness Mean, compressive strength

1 0 0 1 1

2 0.142857 0.166667 0.958333 0.833333

3 0.285714 0.25 0.958333 0.75

4 0.428571 0.166667 0.958333 0.833333

5 0.571429 0.5 0.875 0.5

6 0.714286 0.333333 0.708333 0.666667

7 0.857143 0.75 0.041667 0.25

8 1 0.875 0 0.125

9 1.142857 1 0.041667 0

Table 10.  Rank of grey relational grade (GRG) with S/N Ratio.

Exp. run Mean, hardness

Grey relational coefficient, εi(k)

Mean, compressive strength GRG, γ i S/N Ratio of GRG Rank

1 0.333333 0.333333 0.333333 − 9.54243 9

2 0.342857 0.375 0.358929 − 8.89984 8

3 0.342857 0.375 0.358929 − 8.89984 8

4 0.342857 0.375 0.358929 − 8.89984 8

5 0.363636 0.428571 0.396104 − 8.04382 5

6 0.413793 0.428571 0.421182 − 7.5106 4

7 0.923077 0.428571 0.675824 − 3.40333 3

8 1 0.5 0.75 − 2.49877 2

9 0.923077 1 0.961538 − 0.34067 1
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level 3, and powder mixture at level 2 are the peak grey relational grades in Table 11. As a result, the sintering 
temperature of 900 °C, the compaction pressure of 500 Pa, and the powder mixture of B50/C50 are the ideal 
processing parameters for the production of a mechanically enhanced novel mix HAp scaffold from biowastes. 
As confirmed by Abifarin et al.34, an increase in sintering temperature improves the mechanical property of HAp.

Analysis of variance (ANOVA) for grey relational grade (GRG). An ANOVA was performed for the 
grey relational grade at a 95% confidence level to determine the relevance and percentage contribution of each 
processing parameter on the novel mix of HAp scaffolds. Based on the two responses (hardness and compressive 
strength), Table 12 revealed that:

• The sintering temperature (ST) has the highest notable influence on the GRG (88.68%).
• The compaction pressure (CP) is next, with a contribution of 5.82%.
• The powder mixture (PM) and residual error, with contributions of 2.65% and 2.85%, respectively, are insig-

nificant.
• The high R values indicate that the constructed model is well-fitting.

Sintering Temperature (level3) =
0.6758+ 0.7500+ 0.9615

3
= 0.7958

Figure 5.  Relationship between GRG and S/N Ratios.

Table 11.  Response Table for Means (Larger is better). Mean of GRG = 0.5128.

Processing parameters Sintering Temperature (oC) Compaction Pressure (Pa) Powder Mixture (%wt)

Level 1 0.3504 0.4560 0.5015

Level 2 0.3921 0.5017 0.5598

Level 3 0.7958 0.5805 0.4770

Delta 0.4454 0.1245 0.0828

Rank 1 2 3

Table 12.  ANOVA for Grey Relational Grade.

Source DF Adj SS Adj MS F P Contribution (%) Remarks

ST 2 0.36310 0.181548 31.07 0.031 88.68 Significant

CP 2 0.02381 0.011905 2.04 0.329 5.82 Significant

PM 2 0.01086 0.005432 0.93 0.518 2.65 Insignificant

Error 2 0.01169 0.005843 2.85 Insignificant

Total 8 S = 0.07644 R2 = 97.1% R2
adj = 88.6%
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Confirmation analysis. After observing the optimal processing parameter levels for the production of the 
novel mix HAp scaffold, the response was predicted as given in Eq. (6)33,34:

Hence, from Eq. (6) and Table 11;

Also,

From the calculations, it is clear that the predicted GRG (0.9105) is greater than the experimental GRG 
(0.7958).

Applying Eq. (8), Confidence Interval (CI) was calculated as follows:
Thus:

F∝(1, fe) = F ratio essential for α = F∝(1, 2) = 18.51 (From F tables); α = risk; fe = DOF of error (DF) = 2;  Ve = var-
iance of error = 0.005843; ηeff = effective number of repetitions = 1.3, which is the Eq. (9):

X = number of repetitions for trial confirmation = 1; S = Sum of trials = 9 and Total DOF of control factors = 6

Hence, CI =
√

18.51× 0.005843
[

1
1.3

+
1
1

]

=

√

18.51× 0.005843
[

1
1.3

+
1
1

]

= ±0.4374.
According to  Abifarin12: γpredicted − CI < γExperimental ˂ γpredicted + CI i.e. 0.4374 ˂ 0.7958 ˂ 1.3479.
The experimental grey relational grade was 0.7958, which is within the 95% confidence interval of the pro-

jected optimal grey relational  grade34. The confidence interval shows that this value is close to the projected 
ideal grey relational grade, indicating that the optimal processing parameter levels are effective in producing an 
improved mechanically novel mix HAp scaffold from biowastes (bovine and catfish bones).

Characterization of the optimum sample. SEM/EDX results. Figure 6 displays the surface morphol-
ogy of the optimum parameter (B50/C50) at low magnifications of (300 × and 500 ×. On nanometric scales, 

γpredicted = 0.5128+ (0.7958− 0.5128)+ (0.5805− 0.5128)+ (0.5598− 0.5128)

γpredicted = 0.5128+ 0.2830+ 0.0677+ 0.0470 = 0.9105

γExperimental =
0.6758+ 0.7500+ 0.9615

3
= 0.7958

Confidence Interval =

√

Fα
(

1, fe
)

Ve

[

1

neff
+

1

X

]

neff =
S

1+
(

Total DOF of control factors
)

∴ neff =
9

1+ 6
=

9

7
= 1.3

Figure 6.  SEM result of the optimum parameter.
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aggregations can be observed. The image shows big, gritty grains that are not tightly packed. Presumably, these 
big grains include embedded porosities. To know the samples’ compositional makeup, SEM–EDX analysis was 
done. Table 13 shows that the EDX results are consistent with those earlier  published14. The sample contained 
calcium (Ca), phosphorous (P), and oxygen (O), with minor elements such as magnesium (Mg), strontium (Sr), 
and potassium (K) also present. In in vitro and in vivo analysis, the attendance of these components can increase 
and speed up bone growth and new bone creation. The presence of Mg in particular is critical for bone metabo-
lism and the creation of artificial  bones61. Using a simple Microsoft Excel software, from Table 13, the Ca/P ratio 
of 2.86 was found for the optimum parameter. One explanation for this variation is the presence of a foreign 
crystal, which might be any of the calcium-rich compounds CaO, Ca(OH),  CaCO3, or a combination of the 
three. When employed as scaffolding materials for bone remodeling, a high Ca/P ratio has been recommended 
to assure the HAp’s best biocompatibility and chemical stability in the implanted  area63.

XRD result. The phase and purity of the resultant powders were identified using XRD analysis. All of the sam-
ples’ reflections were in good agreement with the ICDD standard card files for HAp (JCPDS File No. 09-0432), 
which suggests that pure phase HAp was formed (See Fig. 7). The B50/C50 had a higher degree of crystallinity 
and mean crystallite size of 80.42% and 27.3 nm, respectively. A higher crystallinity shows crystallite develop-
ment and a decrease in the system’s free energy. Notably, as the reaction kinetics depends on the surface area, 
crystallite sizes are crucial for applications involving bone regeneration. More reactivity is present when the par-
ticle size is smaller. The sample has a porosity of 49.02% and an apparent density of 1.61 g/cm3 which is within the 
permitted range for HAp. Porosities ranging from 40 to 90% have been shown to improve  osteointegration14,64. 
The calculated porosities confirmed that the matrix of the sample is suitable for biomedical purposes. It is impor-
tant to note that B50/C50 (hydroxyapatite) has a hexagonal shape and space group of p63/m.

Conclusion
The quantitative effect of the powder mixture, compaction pressure, and sintering temperature has been studied 
with the help of the Taguchi orthogonal array technique assisted by grey relational analysis (GRA).

The result revealed an inconsistency in the powder mixture as the optimum state for individual mechanical 
properties, but the grey relational analysis (GRA) showed better mechanical properties with a powder mix of 
B50/C50, 500 Pa compaction pressure, and 900 °C sintering temperature as the best production parameters 
for the fabrication of mechanically enhanced novel mix HAp from biowastes for biomedical use. The obtained 
result further showed that the novel mix of these powders is a good and promising material for high-strength 
biomedical applications, having a contribution of 97.79% on hardness and 94.39% on compressive strength of 
HAp. The obtained experimental grey relational grade of 0.7958 is within the 95% confidence interval, accord-
ing to confirmation analysis (CA). These results are expedient in the field of biomedical engineering for the 
production of a novel mix of HAp powder from other natural sources for the orthopedics industry to fabricate 
a mechanically fitted HAp for load-bearing clinical application. The sample had a higher degree of crystallinity 
and mean crystallite size of 80.42% and 27.3 nm, respectively. The SEM images showed big, gritty grains that 
are not tightly packed.

Table 13.  EDX result of the produced hydroxyapatite optimum parameter (B50/C50) at 900 °C and 500 Pa.

Elements

Sample
(B50/C50)

O Mg Al Si P K Ca Fe Sr

Concentration (wt%) 37.041 1.154 1.119 0.884 12.153 0.073 45.503 0.313 0.118



14

Vol:.(1234567890)

Scientific Reports |        (2022) 12:17968  | https://doi.org/10.1038/s41598-022-22888-5

www.nature.com/scientificreports/

Data availability
All data generated or analyzed during this study are included in this published article.
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Figure 7.  XRD result of the optimum sample (a) Origin Pro plot (b) Match analysis.



15

Vol.:(0123456789)

Scientific Reports |        (2022) 12:17968  | https://doi.org/10.1038/s41598-022-22888-5

www.nature.com/scientificreports/

References
 1. Maidaniuc, A. et al. Induced wettability and surface-volume correlation of composition for bovine bone derived hydroxyapatite 

particles. Appl. Surf. Sci. 438, 158–166. https:// doi. org/ 10. 1016/j. apsusc. 2017. 07. 074 (2018).
 2. Szcześ, A., Hołysz, L. & Chibowski, E. Synthesis of hydroxyapatite for biomedical applications. Adv. Colloid Interface. Sci. 249, 

321–330. https:// doi. org/ 10. 1016/j. cis. 2017. 04. 007 (2017).
 3. Osuchukwu, O. A., Salihi, A., Abdullahi, I., Abdulkareem, B. & Nwannenna, C. S. Synthesis techniques, characterization and 

mechanical properties of natural derived hydroxyapatite scaffolds for bone implants: A review. SN Appl. Sci. 3(10), 1–23. https:// 
doi. org/ 10. 1007/ s42452- 021- 04795-y (2021).

 4. Ramesh, S. et al. Characterization of biogenic hydroxyapatite derived from animal bones for biomedical applications. Ceram. Int. 
44(9), 10525–10530. https:// doi. org/ 10. 1016/j. ceram int. 2018. 03. 072 (2018).

 5. Brzezińska-Miecznik, J., Haberko, K., Sitarz, M., Bućko, M. M. & Macherzyńska, B. Hydroxyapatite from animal bones–Extraction 
and properties. Ceram. Int. 41(3), 4841–4846. https:// doi. org/ 10. 1016/j. ceram int. 2014. 12. 041 (2015).

 6. Niakan, A., Ramesh, S., Naveen, S. V., Mohan, S. & Kamarul, T. Osteogenic priming potential of bovine hydroxyapatite sintered 
at different temperatures for tissue engineering applications. Mater. Lett. 197, 83–86. https:// doi. org/ 10. 1016/j. matlet. 2017. 03. 057 
(2017).

 7. Ramesh, S. et al. Sintering properties of hydroxyapatite powders prepared using different methods. Ceram. Int. 39(1), 111–119. 
https:// doi. org/ 10. 1016/j. ceram int. 2012. 05. 103 (2013).

 8. Figueiredo, M. J. D. F. M. D. et al. Effect of the calcination temperature on the composition and microstructure of hydroxyapatite 
derived from human and animal bone. Ceram. Int. 36(8), 2383–2393. https:// doi. org/ 10. 1016/j. ceram int. 2010. 07. 016 (2010).

 9. Ramesh, S. et al. Sintering behavior of nanocrystalline hydroxyapatite produced by wet chemical method. Curr. Nanosci. 7(6), 
845–849. https:// doi. org/ 10. 2174/ 15734 13117 98220 538 (2011).

 10. Kamalanathan, P. et al. Synthesis and sintering of hydroxyapatite derived from eggshells as a calcium precursor. Ceram. Int. 40(10), 
16349–16359. https:// doi. org/ 10. 1016/j. ceram int. 2014. 07. 074 (2014).

 11. Sopyan, I., Mel, M., Ramesh, S. & Khalid, K. A. Porous hydroxyapatite for artificial bone applications. Sci. Technol. Adv. Mater. 
8(1–2), 116 (2007).

 12. Ramesh, S., Tan, C. Y., Bhaduri, S. B. & Teng, W. D. Rapid densification of nanocrystalline hydroxyapatite for biomedical applica-
tions. Ceram. Int. 33(7), 1363–1367. https:// doi. org/ 10. 1016/j. ceram int. 2006. 05. 009 (2007).

 13. Osuchukwu, O. A., Salihi, A., Abdullahi, I. & Obada, D. O. Synthesis and characterization of sol–gel derived hydroxyapatite from 
a novel mix of two natural biowastes and their potentials for biomedical applications. Mater. Today Proc. https:// doi. org/ 10. 1016/j. 
matpr. 2022. 04. 696 (2022).

 14. Akpan, E. S., Dauda, M., Kuburi, L. S., Obada, D. O. & Dodoo-Arhin, D. A comparative study of the mechanical integrity of natural 
hydroxyapatite scaffolds prepared from two biogenic sources using a low compaction pressure method. Res. Phys. 17, 103051. 
https:// doi. org/ 10. 1016/j. rinp. 2020. 103051 (2020).

 15. Osuchukwu, O. A., Salihi, A., Abdullahi, I. & Obada, D. O. Experimental data on the characterization of hydroxyapatite produced 
from a novel mixture of biowastes. Data Brief https:// doi. org/ 10. 1016/j. dib. 2022. 108305 (2022).

 16. Ramirez-Gutierrez, C. F., Londoño-Restrepo, S. M., Del Real, A., Mondragón, M. A. & Rodriguez-García, M. E. Effect of the 
temperature and sintering time on the thermal, structural, morphological, and vibrational properties of hydroxyapatite derived 
from pig bone. Ceram. Int. 43(10), 7552–7559. https:// doi. org/ 10. 1016/j. ceram int. 2017. 03. 046 (2017).

 17. Ramesh, S. et al. Direct conversion of eggshell to hydroxyapatite ceramic by a sintering method. Ceram. Int. 42(6), 7824–7829. 
https:// doi. org/ 10. 1016/j. ceram int. 2016. 02. 015 (2016).

 18. Wu, S. C., Hsu, H. C., Hsu, S. K., Tseng, C. P. & Ho, W. F. Preparation and characterization of hydroxyapatite synthesized from 
oyster shell powders. Adv. Powder Technol. 28(4), 1154–1158. https:// doi. org/ 10. 1016/j. apt. 2017. 02. 001 (2017).

 19. Edralin, E. J. M., Garcia, J. L., dela Rosa, F. M. & Punzalan, E. R. Sonochemical synthesis, characterization and photocatalytic 
properties of hydroxyapatite nano-rods derived from mussel shells. Mater. Lett. 196, 33–36. https:// doi. org/ 10. 1016/j. matlet. 2017. 
03. 016 (2017).

 20. Arcos, D. Calcium phosphate bioceramics. Bio‑Ceram. Clin. Appl. https:// doi. org/ 10. 1002/ 97811 18406 748. ch3 (2014).
 21. Akram, M., Ahmed, R., Shakir, I., Ibrahim, W. A. W. & Hussain, R. Extracting hydroxyapatite and its precursors from natural 

resources. J. Mater. Sci. 49(4), 1461–1475. https:// doi. org/ 10. 1007/ s10853- 013- 7864-x (2014).
 22. Murugan, R., Rao, K. P. & Kumar, T. S. Heat-deproteinated xenogeneic bone from slaughterhouse waste: Physico-chemical proper-

ties. Bull. Mater. Sci. 26(5), 523–528. https:// doi. org/ 10. 1007/ BF027 07351 (2003).
 23. Johnson, G. S., Mucalo, M. R. & Lorier, M. A. The processing and characterization of animal-derived bone to yield materials with 

biomedical applications Part 1: Modifiable porous implants from bovine condyle cancellous bone and characterization of bone 
materials as a function of processing. J. Mater. Sci. Mater. Med. 11(7), 427–441. https:// doi. org/ 10. 1023/A: 10089 87908 917 (2000).

 24. Lau, M. L., Lau, K. T., Ku, H., Cardona, F. & Lee, J. H. Analysis of heat-treated bovine cortical bone by thermal gravimetric and 
nanoindentation. Compos. B Eng. 55, 447–452. https:// doi. org/ 10. 1016/j. compo sitesb. 2013. 06. 027 (2013).

 25. Sobczak, A., Kida, A., Kowalski, Z. & Wzorek, Z. Evaluation of the biomedical properties of hydroxyapatite obtained from bone 
waste. Pol. J. Chem. Technol. 11(1), 37–43. https:// doi. org/ 10. 2478/ v10026- 009- 0010-5 (2009).

 26. Li, L. et al. Repair of enamel by using hydroxyapatite nanoparticles as the building blocks. J. Mater. Chem. 18(34), 4079–4084 
(2008).

 27. Gross, K. A., Saber-Samandari, S. & Heemann, K. S. Evaluation of commercial implants with nanoindentation defines future devel-
opment needs for hydroxyapatite coatings. J. Biomed. Mater. Res. Part B Appl. Biomater. Off. J. Soc. Biomater. Jpn. Soc. Biomater. 
Aust. Soc. Biomater. Korean Soc. Biomater. 93(1), 1–8. https:// doi. org/ 10. 1002/ jbm.b. 31537 (2010).

 28. Aghdam, H. A. et al. Effect of calcium silicate nanoparticle on surface feature of calcium phosphates hybrid bio-nanocomposite 
using for bone substitute application. Powder Technol. 361, 917–929. https:// doi. org/ 10. 1016/j. powtec. 2019. 10. 111 (2020).

 29. Obada, D. O. et al. Fabrication of novel kaolin-reinforced hydroxyapatite scaffolds with robust compressive strengths for bone 
regeneration. Appl. Clay Sci. 215, 106298. https:// doi. org/ 10. 1016/j. clay. 2021. 106298 (2021).

 30. Uskoković, V., Ignjatović, N., Škapin, S. & Uskoković, D. P. Germanium-doped hydroxyapatite: Synthesis and characterization of 
a new substituted apatite. Ceram. Int. 48(19), 27693–27702. https:// doi. org/ 10. 1016/j. ceram int. 2022. 06. 068 (2022).

 31. Varghese, B. & Philip, N. A review: Taguchi experiment design for investigation of properties of concrete. Int. J. Civ. Eng. (IJCE) 
5(6), 11–16 (2016).

 32. Julong, D. Introduction to grey system theory. J. Grey Syst. 1(1), 1–24 (1989).
 33. Abifarin, J. K. et al. Fabrication of mechanically enhanced hydroxyapatite scaffold with the assistance of numerical analysis. Int. J. 

Adv. Manuf. Technol. 118(9), 3331–3344. https:// doi. org/ 10. 1007/ s00170- 021- 08184-y (2022).
 34. Abifarin, J. K. Taguchi grey relational analysis on the mechanical properties of natural hydroxyapatite: Effect of sintering param-

eters. Int. J. Adv. Manuf. Technol. 117(21), 49–57. https:// doi. org/ 10. 1007/ s00170- 021- 07288-9 (2021).
 35. Ahmed, M. A., Abbas, M. & Ibrahim, M. Preparation and characterization of hydroxyapatite and optimizing its properties using 

regression model. In Journal of Physics: Conference Series, p. 012141 (IOP Publishing, 2021)
 36. Googerdchian, F., Moheb, A., Emadi, R. & Asgari, M. Optimization of Pb (II) ions adsorption on nanohydroxyapatite adsorbents 

by applying Taguchi method. J. Hazard. Mater. 349, 186–194. https:// doi. org/ 10. 1016/j. jhazm at. 2018. 01. 056 (2018).

https://doi.org/10.1016/j.apsusc.2017.07.074
https://doi.org/10.1016/j.cis.2017.04.007
https://doi.org/10.1007/s42452-021-04795-y
https://doi.org/10.1007/s42452-021-04795-y
https://doi.org/10.1016/j.ceramint.2018.03.072
https://doi.org/10.1016/j.ceramint.2014.12.041
https://doi.org/10.1016/j.matlet.2017.03.057
https://doi.org/10.1016/j.ceramint.2012.05.103
https://doi.org/10.1016/j.ceramint.2010.07.016
https://doi.org/10.2174/157341311798220538
https://doi.org/10.1016/j.ceramint.2014.07.074
https://doi.org/10.1016/j.ceramint.2006.05.009
https://doi.org/10.1016/j.matpr.2022.04.696
https://doi.org/10.1016/j.matpr.2022.04.696
https://doi.org/10.1016/j.rinp.2020.103051
https://doi.org/10.1016/j.dib.2022.108305
https://doi.org/10.1016/j.ceramint.2017.03.046
https://doi.org/10.1016/j.ceramint.2016.02.015
https://doi.org/10.1016/j.apt.2017.02.001
https://doi.org/10.1016/j.matlet.2017.03.016
https://doi.org/10.1016/j.matlet.2017.03.016
https://doi.org/10.1002/9781118406748.ch3
https://doi.org/10.1007/s10853-013-7864-x
https://doi.org/10.1007/BF02707351
https://doi.org/10.1023/A:1008987908917
https://doi.org/10.1016/j.compositesb.2013.06.027
https://doi.org/10.2478/v10026-009-0010-5
https://doi.org/10.1002/jbm.b.31537
https://doi.org/10.1016/j.powtec.2019.10.111
https://doi.org/10.1016/j.clay.2021.106298
https://doi.org/10.1016/j.ceramint.2022.06.068
https://doi.org/10.1007/s00170-021-08184-y
https://doi.org/10.1007/s00170-021-07288-9
https://doi.org/10.1016/j.jhazmat.2018.01.056


16

Vol:.(1234567890)

Scientific Reports |        (2022) 12:17968  | https://doi.org/10.1038/s41598-022-22888-5

www.nature.com/scientificreports/

 37. Kumar Nayak, A., SaquibHasnain, M. & Malakar, J. Development and optimization of hydroxyapatite-ofloxacin implants for pos-
sible bone delivery in osteomyelitis treatment. Curr. Drug Deliv. 10(2), 241–250 (2013).

 38. Akpan, E. S., Dauda, M., Kuburi, L. S. & Obada, D. O. Box-Behnken experimental design for the process optimization of catfish 
bones derived hydroxyapatite: a pedagogical approach. Mater. Chem. Phys. 272, 124916. https:// doi. org/ 10. 1016/j. match emphys. 
2021. 124916 (2021).

 39. Abifarin, J. K., Obada, D. O., Dauda, E. T. & Dodoo-Arhin, D. Experimental data on the characterization of hydroxyapatite syn-
thesized from biowastes. Data Brief 26, 104485. https:// doi. org/ 10. 1016/j. dib. 2019. 104485 (2019).

 40. Logothetis, N. & Haigh, A. Characterizing and optimizing multi-response processes by the taguchi method. Qual. Reliab. Eng. Int. 
4(2), 159–169. https:// doi. org/ 10. 1002/ qre. 46800 40211 (1988).

 41. Vining, G. G. & Myers, R. H. Combining Taguchi and response surface philosophies: A dual response approach. J. Qual. Technol. 
22(1), 38–45. https:// doi. org/ 10. 1080/ 00224 065. 1990. 11979 204 (1990).

 42. Ross, P. J. Taguchi techniques for quality engineering: Loss function, orthogonal experiments, parameter and tolerance design. 
(1996).

 43. Phadke, M. S. Quality engineering using design of experiments. In Quality Control, Robust Design, and the Taguchi Method 31–50 
(Springer, Boston, MA, 1989).

 44. Elsayed, E. A. & Chen, A. Optimal levels of process parameters for products with multiple characteristics. Int. J. Prod. Res. 31(5), 
1117–1132. https:// doi. org/ 10. 1080/ 00207 54930 89567 78 (1993).

 45. Puh, F., Jurkovic, Z., Perinic, M., Brezocnik, M. & Buljan, S. Optimization of machining parameters for turning operation with 
multiple quality characteristics using Grey relational analysis. Tehnički Vjesnik 23(2), 377–382. https:// doi. org/ 10. 17559/ TV- 20150 
52613 1717 (2016).

 46. Pervez, M., Shafiq, F., Sarwar, Z., Jilani, M. M. & Cai, Y. Multi-response optimization of resin finishing by using a taguchi-based 
grey relational analysis. Materials 11(3), 426. https:// doi. org/ 10. 3390/ ma110 30426 (2018).

 47. Prasanth, A. S. & Ramesh, R. Investigation of surface roughness and tool wear in end milling of Al7075-SiC Co-continuous com-
posite. In Materials Design and Applications 315–327 (Springer, Cham, 2017).

 48. AchuthamenonSylajakumari, P., Ramakrishnasamy, R. & Palaniappan, G. Taguchi grey relational analysis for multi-response 
optimization of wear in co-continuous composite. Materials 11(9), 1743. https:// doi. org/ 10. 3390/ ma110 91743 (2018).

 49. Zhang, D., Chen, M., Wu, S., Liu, J. & Amirkhanian, S. Analysis of the relationships between waste cooking oil qualities and 
rejuvenated asphalt properties. Materials 10(5), 508. https:// doi. org/ 10. 3390/ ma100 50508 (2017).

 50. Khan, Z. A., Kamaruddin, S. & Siddiquee, A. N. Feasibility study of use of recycled high density polyethylene and multi response 
optimization of injection moulding parameters using combined grey relational and principal component analyses. Mater. Des. 
31(6), 2925–2931. https:// doi. org/ 10. 1016/j. matdes. 2009. 12. 028 (2010).

 51. Manoharan, S., Vijayan, K., Vijay, R., Singaravelu, D. L. & Bheemappa, S. Green Composites: Materials. Manufacturing and Engi‑
neering 69–114 (Walter de Gruyter Gmbh, Berlin, 2017).

 52. Lin, C. L. Use of the Taguchi method and grey relational analysis to optimize turning operations with multiple performance 
characteristics. Mater. Manuf. Process. 19(2), 209–220. https:// doi. org/ 10. 1081/ AMP- 12002 9852 (2004).

 53. Abifarin, J. K. et al. Fabrication of mechanically enhanced hydroxyapatite scaffold with the assistance of numerical analysis. Int. J. 
Adv. Manuf. Technol. 118(9), 3331–3344. https:// doi. org/ 10. 21203/ rs.3. rs- 591200/ v1 (2022).

 54. Fisher, R. A. Theory of statistical estimation. In Mathematical Proceedings of the Cambridge Philosophical Society 700–725 (Cam-
bridge University Press, Cambridge, 1925).

 55. Obada, D. O., Dauda, E. T., Abifarin, J. K., Dodoo-Arhin, D. & Bansod, N. D. Mechanical properties of natural hydroxyapatite 
using low cold compaction pressure: Effect of sintering temperature. Mater. Chem. Phys. 239, 122099. https:// doi. org/ 10. 1016/j. 
rinp. 2020. 103051 (2020).

 56. Pu’ad, N. M., Koshy, P., Abdullah, H. Z., Idris, M. I. & Lee, T. C. Syntheses of hydroxyapatite from natural sources. Heliyon 5(5), 
e01588. https:// doi. org/ 10. 1016/j. heliy on. 2019. e01588 (2019).

 57. Obada, D. O. et al. Physico-mechanical and gas permeability characteristics of kaolin based ceramic membranes prepared with a 
new pore-forming agent. Appl. Clay Sci. 150, 175–183. https:// doi. org/ 10. 1016/j. clay. 2017. 09. 014 (2017).

 58. Chang, S. H., Hwang, J. R. & Doong, J. L. Optimization of the injection molding process of short glass fiber reinforced polycarbon-
ate composites using grey relational analysis. J. Mater. Process. Technol. 97(1–3), 186–193. https:// doi. org/ 10. 1016/ S0924- 0136(99) 
00375-1 (2000).

 59. Javed, S. A., Khan, A. M., Dong, W., Raza, A. & Liu, S. Systems evaluation through new grey relational analysis approach: An 
application on thermal conductivity—petrophysical parameters’ relationships. Processes 7(6), 348. https:// doi. org/ 10. 3390/ pr706 
0348 (2019).

 60. Abifarin, J. K., Olubiyi, D. O., Dauda, E. T. & Oyedeji, E. O. Taguchi grey relational optimization of the multi-mechanical char-
acteristics of kaolin reinforced hydroxyapatite: Effect of fabrication parameters. Int. J. Grey Syst. 1(2), 20–32. https:// doi. org/ 10. 
52812/ ijgs. 30 (2021).

 61. Hoppe, A., Güldal, N. S. & Boccaccini, A. R. A review of the biological response to ionic dissolution products from bioactive glasses 
and glass-ceramics. Biomaterials 32(11), 2757–2774. https:// doi. org/ 10. 1016/j. bioma teria ls. 2011. 01. 004 (2011).

 62. Kasemsiri, P., Dulsang, N., Pongsa, U., Hiziroglu, S. & Chindaprasirt, P. Optimization of biodegradable foam composites from 
cassava starch, oil palm fiber, chitosan and palm oil using Taguchi method and grey relational analysis. J. Polym. Environ. 25(2), 
378–390. https:// doi. org/ 10. 1007/ s10924- 016- 0818-z (2017).

 63. Oliveira, I. R., Andrade, T. L., Araujo, K. C. M. L., Luz, A. P. & Pandolfelli, V. C. Hydroxyapatite synthesis and the benefits of its 
blend with calcium aluminate cement. Ceram. Int. 42(2), 2542–2549. https:// doi. org/ 10. 1016/j. ceram int. 2015. 10. 056 (2016).

 64. Karageorgiou, V. & Kaplan, D. Porosity of 3D biomaterial scaffolds and osteogenesis. Biomaterials 26(27), 5474–5491. https:// doi. 
org/ 10. 1016/j. bioma teria ls. 2005. 02. 002 (2005).

Acknowledgements
The authors acknowledge the Multifunctional Materials Laboratory, Shell Office in Mechanical Engineering, 
Ahmadu Bello University, Nigeria, the Department of Metallurgical and Materials Engineering, Ahmadu Bello 
University, Zaria, and the Department of Mechanical Engineering, Bayero University, Nigeria, for providing 
facilities to carry out this study. In addition, the authors acknowledge the support of the Research Assistants and 
the Industrial Training Students in the Multifunctional Materials Laboratory.

Author contributions
O.A.O.: Conceptualization, Methodology, Investigation, Writing- Original draft; A.S.: Supervision. A.I.: Review-
ing and Supervision; D.O.O.: Conceptualization, Visualization, Investigation, Supervision.

https://doi.org/10.1016/j.matchemphys.2021.124916
https://doi.org/10.1016/j.matchemphys.2021.124916
https://doi.org/10.1016/j.dib.2019.104485
https://doi.org/10.1002/qre.4680040211
https://doi.org/10.1080/00224065.1990.11979204
https://doi.org/10.1080/00207549308956778
https://doi.org/10.17559/TV-20150526131717
https://doi.org/10.17559/TV-20150526131717
https://doi.org/10.3390/ma11030426
https://doi.org/10.3390/ma11091743
https://doi.org/10.3390/ma10050508
https://doi.org/10.1016/j.matdes.2009.12.028
https://doi.org/10.1081/AMP-120029852
https://doi.org/10.21203/rs.3.rs-591200/v1
https://doi.org/10.1016/j.rinp.2020.103051
https://doi.org/10.1016/j.rinp.2020.103051
https://doi.org/10.1016/j.heliyon.2019.e01588
https://doi.org/10.1016/j.clay.2017.09.014
https://doi.org/10.1016/S0924-0136(99)00375-1
https://doi.org/10.1016/S0924-0136(99)00375-1
https://doi.org/10.3390/pr7060348
https://doi.org/10.3390/pr7060348
https://doi.org/10.52812/ijgs.30
https://doi.org/10.52812/ijgs.30
https://doi.org/10.1016/j.biomaterials.2011.01.004
https://doi.org/10.1007/s10924-016-0818-z
https://doi.org/10.1016/j.ceramint.2015.10.056
https://doi.org/10.1016/j.biomaterials.2005.02.002
https://doi.org/10.1016/j.biomaterials.2005.02.002


17

Vol.:(0123456789)

Scientific Reports |        (2022) 12:17968  | https://doi.org/10.1038/s41598-022-22888-5

www.nature.com/scientificreports/

Funding
This research did not receive any specific grant from funding agencies in the public, commercial, or not-for-
profit sectors.

Competing interests 
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to O.A.O.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

© The Author(s) 2022

www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Taguchi grey relational optimization of sol–gel derived hydroxyapatite from a novel mix of two natural biowastes for biomedical applications
	An overview of Taguchi grey relational analysis. 
	Experimental design. 
	Signal–noise (SN) ratios (R) in the Taguchi design technique. 
	Multi-mechanical characteristics optimization with grey relational analysis. 
	The grey relational generation. 
	The grey relational coefficient and grade. 
	Analysis of variance (ANOVA). 

	Confirmation test. 
	Materials and methods
	Sample preparation. 
	Mechanical examination. 
	Characterization of the optimum sample. 
	Design of experiment. 
	Grey relational analysis. 

	Results and discussions
	Taguchi orthogonal array (OA) of the mechanical characteristics result. 
	Effect of the powder mixture and production parameters on hardness. 
	Quantitative impact of production factors and powder mixture on HAp hardness. 

	Effect of the powder mixture and production parameters on hardness. 

	Quantitative impact of production factors and powder mixture on HAp compressive strength
	Grey relational analysis (GRA) for the multiple performance characteristics. 
	Analysis of variance (ANOVA) for grey relational grade (GRG). 
	Confirmation analysis. 
	Characterization of the optimum sample. 
	SEMEDX results. 
	XRD result. 


	Conclusion
	References
	Acknowledgements


