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1 Introduction

FDM deals with additive manufacturing (AM) rule of setting out the material in type
of layers/cuts on a fixtureless stage [1–3]. There are few distinct strategies for 3D
printing; however, the most generally utilized is a procedure known as FDM. The
FDM printers utilize a thermoplastic fiber, which is warmed to its dissolving point
and afterward expelled, layer by layer, to make a three dimensional product
[4]. FDM is one of the AM processes that build a part of any geometry by ordered
deposition of polymeric material in form of feed stock filament on a layer-by-layer
basis. The method uses heated thermoplastic filaments which square measure
extruded from the tip of the nozzle in an exceedingly prescribed manner in an
exceedingly semi-molten state and solidify at chamber temperature. The properties
of engineered elements depend upon the setting of various method parameters
mounted at the time of fabrication [5]. Feedstock filament is one of the mostly
effected input parameters for 3D printing by using FDM [6].

Bone repair or recovery is a typical yet entangled clinical issue in orthopaedic
surgery. Despite the fact that autografts what is more, allografts have been generally
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utilized as a part of clinical treatment and look into, they both have particular issues.
Autografts require auxiliary surgery to get giver bone from the patient’s claim body;
however the measure of contributor bone is constrained [7, 8]. Bone tissue engi-
neering substitutes are another alternative for treating bone imperfections, and have
been proclaimed as an elective system to recover bone [9]. The improvement of
biomimetic materials has for some time been a noteworthy objective in the field of
bone tissue engineering. Natural bone is a complex organic-inorganic nano-com-
posite material, in which HAp nano-crystallites and collagen fibers are efficient in a
various levelled engineering more than a few length scales [10, 11]. Normal poly-
mers and their subordinates have been progressively utilized as a contrasting option
to synthetic polymers due to their biodegradability and organic action [12–15].The
CS, a characteristic biodegradable polymer, is a low acetyl substituted type of chitin.
Inferable from its one of kind properties, including biodegradability, non-poisonous
quality, antibacterial impact and bio-similarity, much consideration has been paid to
CS-based biomedical materials [16–19]. However, the absence of bone-bonding
bioactivity, low mechanical properties and extricating of auxiliary respectability
under wet conditions constrain its utilization in bone tissue building. In this way,
it is attractive to build up a composite material with the positive properties of both
CS and HAp. The outlined composites are relied upon to indicate expanded osteo-
conductivity and biodegradation together with adequate mechanical properties,
which will be of incredible significance for bone renovating [20–22]. It has been
accounted for that Hap and CS composites indicate best biocompatibility and good
holding capacity with encompassing host tissues inalienable from HAp [23, 24]. It
has additionally been demonstrated that HAp and CS composites can additionally
upgrade tissue regenerative adequacy and osteo-conductivity. The methodologies as
of now used to get HAp composite materials depend on mechanical blending,
co-precipitation [25, 26].

PLA is a nontoxic, biodegradable material with high mechanical strength that is
generally utilized as a part of surgery [27–32].With a specific end goal to build the
mechanical quality of CS-HAp composite platforms; in this study effort has been
made to use PLA into the CS-HAp framework. An advantage of PLA-based bio-
materials has been their ability to be fabricated into a variety of structures with the
appropriate mechanical properties, topography, geometry, and architecture as
required for diverse biomedical applications. One of the oldest methods to fabricate
PLA based products has been fiber-spinning from either polymer solution or melt.
As PLA is soluble in a wide array of solvents, solution spinning processes has also
been widely utilized to fabricate fibers for biomedical applications [33]. Historically,
mono and multi filament sutures have been prepared fromPLA-based fibers by
spinning; but due to their longer degradation times, other aliphatic polyesters such
as poly-glycolic acid (PGA) have now replaced PLA [34]. In addition, woven,
knitted, and braided structures produced from spun fibers have found orthopedic
applications in bone, ligament, and cartilage regeneration [35, 36]. Further the HAp
has stoichiometric Ca/P ratio of 1.67, which is identical to bone apatite [37–41],
hence PLA reinforced with Hap can be one of the solution for human implants. But
hitherto very less has been reported for preparation of in-house biocompatible and

326 N. Ranjan et al.



biodegradable feedstock filament comprising of PLA reinforced with CS, HAp for
commercial FDM setup. In this study rheological, tensile, thermal and microscopic
properties have been ascertained and regression model has been developed to
determine the best setting of TSE for drawing the feedstock filament for further
printing of functional prototypes. These functional prototypes will act as osteo-
conductive and osteo-inductive osteo-allograft by providing attractive surface for
new bone cells (osteoblasts).

2 Melt Flow Index

Melt flow index (MFI) of any thermoplastic material is defines as a deposition in
g/10 min through melt flow tester at certain standard temperature i.e. 210 degree
centigrade. The MFI is a determination of glass transition temperature as well as
flow-ability of the thermoplastic materials. This is a well-known melting property of
thermoplastic material checked by equipment called melt flow tester. Figure 1 shows
a schematic of melt flow tester.

The above shown construction (Fig. 1) of melt flow tester is consist of cylindrical
barrel which is wrapped and surrounded by a heater coil, heater have an outer

Weight
e.g.2.16kg

Piston

Piston
head

Test
sample
Die
(8mm long)

Heated
barrel

Fig. 1 Basic construction
of melt flow tester
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periphery of insulation material to restrict the losses of heat and this heater is
controlled automatically by process control box. This set-up is also consisting of a
standard weight applied through the piston, a piston head and dies to deposit the
materials.

2.1 Procedure to Determine Melt Flow Index

• To determine MFI of certain composition, mixture is poured to the cylinder and a
temperature condition is to be set.

• Then left the machine sometime to achieve the predefined temperature.
• After establishing a predefined temperature, pressure is applied with the piston

bar into the cylinder by certain weight (according to ASTM D1238) above to the
piston bar.

• After placement of plunger, melted plastic come out of the barrel.
• When the time cycle on the digital timer completes, the cutter will automatically

cut the sample from the barrel.
• Weigh the melted sample using a digital balance. This weight will be used for

calculating the MFI of the sample.

Formula to calculate MFI:-

MFI ¼ Weight of sample ing=10min:

3 Extrusion

Extrusion is a manufacturing process in which metal or plastic materials are forced/
pushed through a fixed cross-sectional profile or die to produce a continuous ribbon
of the formed product or, Extrusion is a manufacturing process in which raw
materials (plastic/metal) are melted and made into continual profile.

Extrusion process is starting by feeding of material (plastic/metal) in the form of
granules, pellets, powders or flakes from a hopper into the zone of barrel of the
extruder. After that, materials are gradually melting by heat, which was produced by
the mechanical energy (generating by screw turning) and by the heaters which is
positioned along the barrel. The molten materials (plastic/metal) are pushed/forced
into a die, which structure the materials into a pipe hard during cooling process.
Figure 2 shows cross-section view of single and TSE.
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3.1 Twin Screw Extrusion

TSE is used extensively for mixing, compounding or reacting polymeric materials.
The flexibility of TSE equipment allows this operation to be designed specifically for
the formulation being processed. For example, the two screw may be co-rotating or
counter-rotating, intermeshing or non-intermeshing. In addition, the configurations
of the screws themselves may be varied using forward conveying elements, reverse
conveying elements, kneading blocks, and other designs in order to achieve partic-
ular mixing characteristics. In the TSE process, the raw materials may be solids
(granules, powders & flours), slurries, liquids, and possibly gases.

4 Fused Deposition Modeling (FDM)

FDM is an AM technology commonly used for modeling, prototyping, and produc-
tion applications.

4.1 The Technology

The FDM process constructs three-dimensional objects directly from 3D CAD data.
A temperature-controlled head extrudes thermoplastic material layer by layer.

The FDM process starts with importing an STL file of a model into a
pre-processing software. This model is oriented and mathematically sliced into
horizontal layers varying from +/� 0.127 to 0.254 mm thickness. A support structure
is created where needed, based on the part’s position and geometry. After reviewing
the path data and generating the tool-paths, the data is downloaded to the FDM
machine. The system operates in X, Y and Z axes, drawing the model one layer at a
time. This process is similar to how a hot glue gun extrudes melted beads of glue.
The temperature-controlled extrusion head is fed with thermoplastic modeling

Single Screw Extruder

Solids
conveying Solids

conveying

Melt
pumping Melt

pumping
Melt

Melt

Twin Screw Extruder

Fig. 2 Cross-section view of single and twin-screw extruder
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material that is heated to a semi-liquid state. The head extrudes and directs the
material with precision in ultrathin layers onto a fixtureless base. The result of the
solidified material laminating to the preceding layer is a plastic 3D model built up
one strand at a time. Once the part is completed the support columns are removed
and the surface is finished.

4.2 Process

FDM begins with a software process, developed by Stratasys, which processes an
STL file (stereo-lithography file format) in minutes, mathematically slicing and
orienting the model for the build process. If required, support structures are auto-
matically generated. The machine dispenses two materials – one for the model and
one for a disposable support structure. The thermoplastics are liquefied and depos-
ited by an extrusion head, which follows a tool-path defined by the CAD file. The
materials are deposited in layers as fine as 0.04 mm (0.0016”) thick, and the part is
built from the bottom up – one layer at a time. FDMworks on an “additive” principle
by laying down material in layers. A plastic filament or metal wire is unwound from
a coil and supplies material to an extrusion nozzle which can turn the flow on and off.
The nozzle is heated to melt the material and can be moved in both horizontal and
vertical directions by a numerically controlled mechanism, directly controlled by a
computer-aided manufacturing(CAM) software package. The model or part is pro-
duced by extruding small beads of thermoplastic material to form layers as the
material hardens immediately after extrusion from the nozzle. Stepper motors or
servo-motor are typically employed to move the extrusion head. Several materials
are available with different trade-offs between strength and temperature properties.
FDM setup shows in Fig. 3.

A “water-soluble” material can be used for making temporary supports while
manufacturing is in progress, this soluble support material is quickly dissolved with
specialized mechanical agitation equipment utilizing a precisely heated sodium
hydroxide solution.

5 Differential Scanning Calorimetry (DSC)

5.1 Techniqe

DSC is used to measure melting temperature, heat of fusion, latent heat of melting,
reaction energy and temperature, glass transition temperature, crystalline phase
transition temperature and energy, precipitation energy and temperature,
de-naturization temperatures, oxidation induction times, and specific heat or heat
capacity. DSC measures the amount of energy absorbed or released by a sample
when it is heated or cooled, providing quantitative and qualitative data on endother-
mic (heat absorption) and exothermic (heat evolution) processes.
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The sample is placed in a suitable pan and sits upon a constantan disc on a
platform in the DSC cell with a chromel wafer immediately underneath. A chromel-
alumel thermocouple under the constantan disc measures the sample temperature.
An empty reference pan sits on a symmetric platform with its own underlying
chromel wafer and chromel-alumel thermocouple. Heat flow is measured by com-
paring the difference in temperature across the sample and the reference chromel
wafers. Pans of Al, Cu, Au, Pt, alumina, and graphite are available and need to be
chosen to avoid reactions with samples. Figure 4 shows schematic of commercial
METTLER TOLEDO DSC.

Atmospheres Nitrogen, air, oxygen, argon, vacuum, controlled mixed gases.

Liquifier head
(X and Y direction) Z

Y X

Extrusion nozzles

Supports

Foam slab

Build material spool

Support
material
spool

Build platform
(Z-direction)

PART

Fig. 3 Fused deposition
modeling process

Fig. 4 Schematic of METTLER TOLEDO DSC
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6 Materials and It’s Prepration

6.1 Materials

An injection grade of PLA is available from commercial manufacturer, Nature
Works (United State), IngeoTM 3052D, density1.24 g/cm3, melting temperature
173–178 �C, glass transition temperature 55–60 �C, melt flow rate 14 g/10 min
(at 210 �C, 2.16 Kg) has been selected as a polymer matrix [42] was bought from
Nature Works, Chennai. Chitosan (CS, degree of deacetylation>90%), HAp (color-
less& brittle) (Size:- 20–100 μm) available from local manufacturer at Ludhiana
(India) has been used in this study.

6.1.1 Preparation of Materials (PLA, HAp and CS)

PLA pellets were pre-dried at 80 �C in a vacuum oven overnight (8–10 h), while
HAp powder and CS were dried at 40 �C for 2 h [43, 44] in vacuum oven so as to
remove moisture content. The mixtures of various proportions were added with
2–3 ml of coconut oil and mixed using ball mill at 40 rpm for 4 h.

7 Preparation of Feed Stock Filament On TSE for FDM

In pilot experimentation, an effort has been made to prepare the feed stock filament
of biocompatible/biodegradable grade of PLA. The first step was to check the
possibility of preparation of feed stock filament of PLA reinforced with HAp and
CS with varying input parameters. Taking random selection of different composi-
tion/ proportions of polymer materials and fillers first check the flowability after that
thermal, tensile and microscopic test are to be done. Suitable composition of PLA-
HAp-CS for fabrication of feed stock filament on TSE and also making of scaffolds
on FDMare to be selected. The feed stock filament has been prepared as per Taguchi
L9 (3^3) orthogonal array. For this study commercial, make: HAAKE Mini CTW,
Germany has been used.

7.1 Rehological Behavior

The feasibility to ascertain the fabrication of feedstock filament of PLA-HAp-CS of
varying proportion started with pilot experimentation to access Melt Flow Index
(MFI) in accordance with ASTM-D1238. The mixtures of various proportions were
added with 2–3 ml of coconut oil and mixed using ball mill at 40 rpm for 4 h. Table 1
show the different composition of PLA-HAp-CS (by weight %age) MFI (g/10 min).
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As observed from Table 1 the composition/proportion at S. No. 2 (84-4-12),
3 (80-8-12), 5 (91-8-1) and 6 (90-8-2) were selected for further fabrication of feed
stock filament. The remaining compositions were not selected, as the flow was not
continuous. Sample 1 has been not selected because of in this composition no fillers
are to be reinforced. The four compositions/proportions of PLA-HAp-CS as derived
from MFI test were extruded on the TSE.

7.2 Tensile Behavior

Four compositions/proportions of PLA-HAp-CS, which derived fromMFI tester, are
to be drawn by TSE, make: HAAKEMini CTW, Germany has been used. As shown
in Table 2, different combinations of input factors were tried during pilot study. The
successful results arrived from the experimentations are listed in Table 2.

According to Table 2, flow continuity of all four compositions/proportions were
found suitable and it is expected that the filament will not break at the time of part
printing. The experiment was repeated three times in order to reduce the experimen-
tal error. It has been observed that peak strength of 91-8-1 and 90-8-2 are maximum
and very close to each other while remaining compositions/ proportions have lower

Table 1 Melt flow index results

S. No.
Proportions (PLA-HAp-CS)
(by weight %)

Observed MFI
(g/10 min)

Flow from
nozzle Remarks

1 100-0-0 13.52 Continuous Satisfactory

2 84-4-12 10.512 Continuous Satisfactory

3 80-8-12 9.015 Continuous Satisfactory

4 76-12-12 3.125 Discontinuous Not
Satisfactory

5 91-8-1 12.352 Continuous Satisfactory

6 90-8-2 11.575 Continuous Satisfactory

7 89-8-3 7.474 Discontinuous Not
Satisfactory

8 88-8-4 4.465 Discontinuous Not
Satisfactory

Table 2 Results of fabricated feed stock filament on TSE

S. No Composition

Output parameters

Flow
continuity

Average outside diameter
(mm)

Peak strength
(MPa)

1 84-4-12 Yes 1.85 2.10

2 80-8-12 Yes 1.78 2.43

3 91-8-1 Yes 1.86 3.27

4 90-8-2 Yes 1.87 3.23
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peak strength. According to Table 2, it has been concluded that for fabrication of
biocompatible/biodegradable feedstock filament best suitable compositions are
91-8-1 and 90-8-2.

7.3 Thermal Behavior

Thermal behaviour of the material is one of the major constraints for the use of
developed filament in clinical dentistry. For thermal testing of the material in the
present study DSC has been used. DSC comprises of glass transition, melting point,
enthalpy change, and decomposition of the material with respect to the rising of
temperature. Common usage includes investigation, selection, comparison and
end-use performance evaluation of materials in research, quality control and pro-
duction applications.

For thermal analysis METTLER TOLEDO, Model DSC3, Swiss make with
STARe (SW 14.00) software was used in N2 gas environment. The typical DSC
setup determines the behaviour of applied samples by taking references from
standard sample, both enclosed in a metallic crucible (Al or platinum). As shown
in Fig. 5, DSC sensor uses two crucibles for heating and cooling, one for reference
and another for sample.

As shown in Fig. 6, for thermal analysis three heating-cooling cycles are
involved. In first cycle, initially heat the sample with comparison to reference from
30 �C to 220 �C at the rate of 10 K/min, after that in the presence of N2 gas (flow rate
is 50.0 ml/min) cooling process is done in which matter was cooled from 220 �C to
30 �C at the rate of 10 K/min. After that in the second and third cycle, same process
was repeated. The maximum temperature is taken 220 �C because of the material
was burnt near 240 �C and lower temperature is generally taken as near to room
temperature.

The first cycle of the test is generally not considered for assessment as the sample
may contain some foreign substances and may deviate from actual result. The
average of second and third cycle was considered for final results. The same are
tabulated in Table 3.

Based on Table 3, it has been observed that glass transition temperature lies
between 56.5 �C and 57.37 �C, crystallinity of the compositions fall in between 1.20
and 10.50% and the melting point temperature in between 152.46 and 159.87 �C. For
fabrication of feedstock filament on TSE and working on FDM glass transition
temperature and melting temperature are best suitable range, but for biomedical
applications/implants crystallization of material must be low. According to Table 3,
it has been concluded that best composition for fabrication of feedstock filament
based on crystallization are 91-8-1 and 80-8-12 for further experimentation work.
Based on Thermal, Tensile and rheological behaviour it was concluded that two
compositions 91-8-1 and 90-8-2 are SEM view performed for selection of best
composition.
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7.4 Scanning Electron Microscopic Behavior

After successful runs of feed stock filament, all samples were subject to SEM
analysis (Model no. JEOL JSM-6510LV SEM, Japan) Figs. 7 and 8 shows the
cross sectional view of different composition (PLA91-HAp8-CS1 & PLA90-HAp8-
CS2) feedstock filament with �200 magnification, where feedstock filament was
broken during the tensile testing. These images show that lots of cavities are present
in the cross-section, in whole wire.

Fig. 5 Differential scanning calorimetery test
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For better understanding higher magnifications images were taken. Figures 9 and
10 shows that the cross sectional view of composition PLA91-HAp8-CS1 with
�400 magnification and PLA90-HAp8-CS2 with �1600 magnification. As
observed from Figs. 7, 8, 9, and 10, the feedstock filament grain structure is similar
to open porous structure, which is very useful for cell growth.

7.5 Design of Experiment (DOE)

The feed stock filament has been prepared as per Taguchi L9 (3^3) orthogonal array.
Table 4 shows the control log of experimentation based upon Taguchi L9 (3^3)
orthogonal array which was 9 runs of experimentation. A total of 9 sets of specimen

Fig. 6 Thermal analysis (DSC) curve of feed stock filament

Table 3 Thermal properties of the specimens

Compositions
Glass transition temperature
(�C)

Crystallization
(%)

Melting temperature
(�C)

91-8-1 56.50 3.13 153.17

90-8-2 57.19 10.50 159.87

84-4-12 56.90 7.37 152.46

80-8-12 57.37 1.20 153.95
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(feedstock filament) has been prepared by using different controllable parameters
(namely; Temperature, Revolution and Dead weight) and total of 27 (9 � 3) exper-
iments were conducted to reduce the effect of environmental, human variations etc.
According to previous analysis of compositions/ proportion of material it has been
concluded that 91-8-1 (PLA-HAp-CS) are mostly/best suitable for fabrication of
biocompatible/biodegradable feedstock filament also development of scaffolds on
FDM.

Fig. 7 Fabricated feedstock
filament of composition
91-8-1(�200)

Fig. 8 Fabricated feedstock
filament of composition
90-8-2 (�200)
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7.6 Fabrication of Feedstock Filament Based on DOE

Tensile tests measure the force required to break a materials (polymers/metals)
sample specimen and the extent to which the specimen stretches or elongates to
that breaking point. Tensile test is the most adoptable test regarding analyse for

Fig. 9 Fabricated feedstock
filament of composition
91-8-1 (�400)

Fig. 10 Fabricated
feedstock filament of
composition 90-8-2
(�1600)
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strength of feedstock filament. Tensile testing is to be done on Universal Tensile
Tester (UTT) to check the tensile results at break as well as at peak of feedstock
filament. Figure 11 shows the universal tensile tester having capacity up to 5000 N,
used only for the plastics/polymers material. Polymerfeedstock filament, polymers
strip or flat of any size can be measures by this UTT.

According to Table 4 (DOE), 9 sets of biocompatible/biodegradable feedstock
filament wire has been prepared. Further Table 5 shows outputs of tensile test:
Strength at peak (PS), Peak load (PL) and Strength at break (BS) and their Signal

Table 4 Control log for processing of PLA91-HAp8-CS1

Experiment run no.

Input parameters

Temperature (�C) Revolution (rpm) Dead weight (Kg)

1 170 100 8

2 170 140 10

3 170 180 12

4 180 100 10

5 180 140 12

6 180 180 8

7 190 100 12

8 190 140 8

9 190 180 10

Fig. 11 Tensile test using Universal Testing Machine
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to Noise (SN) ratio. Based upon Tables 5, 6 and 7 shows percentage contribution of
input parameters and their rankings.

As shown in Table 6, percentage error was found to be 0.99%. It shows that
model has higher degree of accuracy. Table 7 shows that, dead weight has maximum
impact for contributions in SN ratios whereas temperature has minimum
contributions.

Further based upon Tables 5, 6, and 7, regression equation for strength at peak has
been obtained by using MINITAB software as under:

Table 5 Tensile outputs of composition PLA91-HAp8-CS1

Experiment
run no.

Output parameters

Strength at
peak (MPa)

Peak
load (N)

Strength at
break (MPa)

SNRA
1 (PS)

SNRA2
(PL)

SNRA3
(BS)

1 3.14 6.40 2.83 9.9386 16.1236 9.0357

2 3.64 7.80 3.28 11.2220 17.8419 10.3175

3 4.12 9.00 3.71 12.2979 19.0849 11.3875

4 3.62 7.70 3.22 11.1742 17.7298 10.1571

5 4.25 9.20 3.80 12.5678 19.2758 11.5957

6 3.10 6.30 2.73 9.8272 15.9868 8.7233

7 4.85 10.10 4.38 13.7148 20.0864 12.8295

8 3.76 7.90 3.38 11.5038 17.9525 10.5783

9 4.54 9.50 4.10 13.1411 19.5545 12.2557

Table 6 Analysis of variance for SNRA 1

Source DF Adj SS Adj MS F-value P-value % age contribution

Temperature 2 5.2203 2.61014 36.81 0.026 36.25

Revolution 2 0.0456 0.02280 0.32 0.757 0.32

Dead Weight 2 8.9917 4.49584 63.41 0.016 62.44

Error 2 0.1418 0.07091 0.99

Total 8 14.399

Table 7 Response table for Signal to Noise Ratios larger is better for SNRA 1

Level Temperature (T) Revolution (R) Dead weight (DW)

1 11.15 11.61 10.42

2 11.19 11.76 11.85

3 12.79 11.76 12.86

Delta 1.63 0.16 2.44

Rank 2 3 1
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Regression Equation for Strength at Peak:-

SNRA1 ¼ 11:7097� 0:557∗SNRA T170� 0:52∗SNRA T180
þ1:077∗SNRA T190� 0:101∗SNRA R100þ 0:055∗SNRA R140
þ0:046∗SNRA R180� 1:287∗SNRA DW8þ 0:136∗SNRA DW10
þ1:15∗SNRA DW12

Here, SNRA_T170, SNRA_T180, SNRA_T190, SNRA_R100, SNRA_R140,
SNRA_R180, SNRA_DW8, SNRA_DW10, SNRA_DW12 has been taken from
the Table 7, Obtained from Taguchi analysis. After putting the values form the
Table 7 in Regression equation final maximized value has been obtained.

SNRA1 ¼ 11:7097� 0:557∗11:15ð Þ � 0:520∗11:19ð Þ þ 1:077∗12:79ð Þ�
0:101∗11:61ð Þ þ 0:055∗11:76ð Þ þ 0:046∗11:76ð Þ � 1:287∗10:42ð Þþ
0:136∗11:85ð Þ þ 1:150∗12:86ð Þ ¼ 16:620 Predicted valueð Þ

Similarly, for SN ration of strength at peak, final maximized value of the property
has been predicted with the help of the following relations.

SNratio ¼ �10 logX standard equation for findingSNratioð Þ
16:620 ¼ �10 logX

X ¼ 10�1:6620
ð1Þ

X ¼ 2:1777∗10�2 nowputvalue of thex in next equation
X ¼ 1=n

P
1=y2

2:1777∗10�2 ¼ 1=y2 heren ¼ 1ð Þ
Y2 ¼ 1=2:1777∗10�2

Y ¼ 6:776 maximized value of the StrengthatPeakð Þ

ð2Þ

Where, Y is the value of the property.
Similarly, according to SNRA1 calculate value of SNRA2 and SNRA3.
Regression Equation for Peak Load:-

SNRA2 ¼ 18:182� 0:498∗17:68ð Þ � 0:518∗17:66ð Þ þ 1:016∗19:20ð Þ�
0:202∗17:98ð Þ þ 0:175∗18:36ð Þ þ 0:027∗18:21ð Þ � 1:494∗16:69ð Þþ
0:194∗18:38ð Þ þ 1:301∗19:48ð Þ ¼ 23:780 Predicted valueð Þ

Y ¼ 15.432 (maximized value of the Peak Load).
Regression Equation for Strength at Break:-

SNRA3 ¼ 10:764� 0:518∗10:247ð Þ � 0:606∗10:159ð Þþ
1:123∗11:888ð Þ � 0:090∗10:674ð Þ þ 0:066∗10:830ð Þ þ 0:024∗10:789ð Þ
� 1:319∗9:446ð Þ þ 0:146∗10:910ð Þ þ 1:173∗11:938ð Þ ¼ 15:80 Predicted valueð Þ
Y ¼ 6.166 (maximized value of the Strength at Break)

Based upon Tables 5, 6, 7, 8, and 9 respectively shows the response optimization
and best settings predicted from multi factor optimization point of view. The same
has been reflected in Fig. 12 as optimization plot, which clearly states that temper-
ature at 190 �C, RPM 140 and dead weight 12 kg are the optimized settings.
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8 Summary

In this study, PLA, HAp and CS based composite material has been used for
fabrication of biocompatible and biodegradable feedstock filament. Following are
the conclusions from the present study:

Table 8 Response optimization: SNRA3, SNRA2, and SNRA1

Response Goal Lower Target Upper weight Importance

SNRA3 Maximum 8.7233 12.8295 1 1

SNRA2 Maximum 15.9868 20.0864 1 1

SNRA1 Maximum 9.8272 13.7148 1 1

Table 9 Best setting obtained with best Signal to Noise Ratios

Solution Temperature Revolution
Dead
weight

SNRA3
fit

SNRA2
fit

SNRA1
fit

Composite
desirability

1 190 140 12 13.1269 20.6733 13.9918 1

Fig. 12 Optimization plot of tensile test using UTT
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(a) In MFI testing (according to Table 1) of different compositions it was found that
only four composition (84%–4%–12%, 80%–8%–12%, 91%–8%–1%, 90%–

8%–2%) flow rate is continuous which is suitable for drawing the feedstock
filament.

(b) The peak strength according to Table 2, two compositions/proportion (91%–

8%–1%, 90%–8%–2%) is high which is highly suitable to work on FDM for
preparation of scaffolds.

(c) In thermal analysis it was concluded that; according to Fig. 6 and Table 3 two
compositions (91%–8%–1% and 80%–8%–12%) are less crystallization, which
is best suitable for using biomedical applications/implants other compositions
are more crystalline.

(d) Based upon SEM analysis (Figs. 7, 8, 9, and 10) concluded that both the
compositions/ proportions (91%–8%–1% & 90%–8%–2%) of feedstock fila-
ment grain structure is similar to open porous structure. Hence can be gainfully
employed for cell growth.

(e) Overall, based on rheological, Thermal and Tensile experimentation it has to
conclude that best composition for working on TSE, FDM and for biomedical
applications/ implants is “PLA91%-HAp8%-CS1%” because it has continuous
and good flowablity, high tensile strength (Peak strength), suitable glass transi-
tion and melting temperature and also low crystalline; which has suitable for
biomedical applications.

(f) Finally based upon Taguchi analysis and regression model for PLA91%-
HAp8%-CS1% based feed stock filament, temperature at 190 �C, RPM
140 and dead weight 12 kg are the recommended optimized settings on TSE.
The functional prototypes developed at proposed settings will have better scaf-
folding which will provides attractive surfaces for new bone cells.
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