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a b s t r a c t

The production of scaffolds for bone tissue applications is requiring a combination of

physical and biological properties, which are depending on the materials morphology and

pro-cessing conditions during the production process. The aim of the paper is the inves-

tigation of rheological behaviour of polymer and composite blends regularly used for the

production of scaffolds for bone tissue applications with the use of additive manufacturing.

Poly-ε-caprolactone (PCL), hydroxyapatite (HA), b-tri-calcium phosphate (TCP) and Bioglass

45S5 blends containing different ceramic concentrations (10 wt%, 15 wt% and 20 wt%) were

prepared with the use of melt blending procedure and investigated with the use of oscil-

lation and rotational rheology tests. Results are showing that all blends are presenting

viscoelastic behaviour with higher viscous modulus, compared with elastic modulus for

low frequencies, with this difference reducing while the frequency is increasing. All blends

are presenting shear-thinning behaviour suitable for use with additive manufacturing

methods. Viscous and elastic modulus are increasing by adding ceramic particles. Results

are presenting that PCL/HA blends of the same material concentration are presenting

higher elastic modulus properties compared with the other blends, while PCL/Bioglass

blends are presenting lower loss factor, lower relaxation time and lower shear viscosity

making them easier to handle during the printing procedure.

© 2023 The Authors. Published by Elsevier B.V. This is an open access article under the CC

BY license (http://creativecommons.org/licenses/by/4.0/).
nical, Aerospace and Civil Engineering, University of Manchester, Manchester, M13 9PL,

for 3D Printing, School of Mechanical and Aerospace Engineering, Nanyang Technological

manchester.ac.uk (E. Daskalakis), mohamed.hassan@manchester.ac.uk (M.H. Hassan),
mar), glen.cooper@manchester.ac.uk (G. Cooper), weightman@manchester.ac.uk
tolo).

by Elsevier B.V. This is an open access article under the CC BY license (http://

http://creativecommons.org/licenses/by/4.0/
mailto:evangelos.daskalakis@manchester.ac.uk
mailto:mohamed.hassan@manchester.ac.uk
mailto:abdalla.omar@manchester.ac.uk
mailto:glen.cooper@manchester.ac.uk
mailto:weightman@manchester.ac.uk
mailto:pbartolo@ntu.edu.sg
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jmrt.2023.03.231&domain=pdf
www.sciencedirect.com/science/journal/22387854
http://www.elsevier.com/locate/jmrt
https://doi.org/10.1016/j.jmrt.2023.03.231
https://doi.org/10.1016/j.jmrt.2023.03.231
https://doi.org/10.1016/j.jmrt.2023.03.231
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/


Table 1 e Composition of the different material blends
(values are in wt%).

Material
/Configuration

PCL PCL/HA PCL/TCP PCL/Bioglass

0 wt% 100 e e e

10 wt% e 90/10 90/10 90/10

15 wt% e 85/15 85/15 85/15

20 wt% e 80/20 80/20 80/20

j o u r n a l o f m a t e r i a l s r e s e a r c h and t e c hno l o g y 2 0 2 3 ; 2 4 : 3 6 7 0e3 6 8 2 3671
1. Introduction

Additive manufactured scaffolds represent the most suitable

approach for tissue engineering applications [1e6]. Different

additive manufacturing techniques such as vat-

photopolymerization, binder jetting, powder bed fusion and

extrusion-based systems have been used to create scaffolds

with well-defined architecture, pore shape, pore size, pore

distribution, pore interconnectivity and porosity [7e14].

Among these techniques extrusion-based processes are the

most commonly used additive manufacturing for the fabri-

cation of bone scaffolds [15e19]. Extrusion-based additive

manufacturing is based on melting a polymer-based material

and printing the molten material in a moveable platform

where the material will cool down. During this heating a

cooling process there is an inherent morphological develop-

ment process that will determine the final properties of the

printed scaffolds [20e26]. The kinetics of the cooling process

also determine the crystalline structure formation (e.g., de-

gree of crystallinity and crystal size) and volumetric changes

of the printed filaments [27e31]. The heating process, which

depends on the material to be printed, determines the vis-

cosity of the printedmaterial, how easy is thematerial printed

and the shape fidelity of the printed part upon cooling. To

guarantee good printability, materials must present a shear

thinning behaviour that describes a material in which the

viscosity decreases by increasing the shear rate [31e36].

Materials for extrusion-based additive manufacturing can

be in the form of pellets, processed through screw-assisted

extrusion systems, or in the form of filaments, processed

through filament-based extrusion systems also known as

Fused Deposition Modelling (FDM) systems [37,38]. Most

studies on bone scaffolds are based on the use of screw-

assisted extrusion additive manufacturing [39,40].

Scaffolds can bemade with bioceramic materials, but such

scaffolds are usually brittle, or using biodegradable and

biocompatible polymers, but usually these scaffolds present

limited bioactivity [41e43] 412e414]. These limitations can be

addressed through the use of polymer/ceramic composite

blends. PCL is one of the most commonly used polymeric

material for bone tissue engineering applications [44,45] 415,

416]. It is biocompatible, biodegradable, easy to process, but

presents limited mechanical properties, low bioactivity and

long degradation times [46,47]. To overcome these limitations,

PCL is usually combined with bioactive ceramics such as HA,

TCP and Bioglass [48e52]. These reinforcements have the

potential to increase the overall mechanical properties of the

3D printed composite scaffolds and also cell attachment,

proliferation and differentiation. However, the addition of

bioceramic particles have also a strong effect on the rheo-

logical properties of the blends compromising their print-

ability and eventually clogging the printing head.

This Chapter investigates the effect of different re-

inforcements (hydroxyapatite, b-tricalcium phosphate and

Bioglass 45S5) and level of reinforcement (0 wt%, 10wt%, 15wt

% and 20wt%) on the rheological and viscoelastic properties of

the materials.
2. Materials and methods

2.1. Materials and methods

Poly-ε-caprolactone (PCL) (melting point ¼ 60 �C, glass tran-

sition temperature ¼ �60 �C, molecular weight ¼ 50000Da,

CAPA 6500, Perstorp Caprolactones, Cheshire, UK) in pellet

shape. Hydroxyapatite (HA) (molecular weight ¼ 502.31 gr/

mol, melting point¼ 1100 �C, Sigma-Aldrich, St. Louis, USA) in

nanopowder shape (<20 nm particle size), b-tricalcium phos-

phate (TCP) (molecular weight ¼ 310.18 gr/mol, melting

point ¼ 1391 �C, Sigma-Aldrich, St. Louis, USA) in powder

shape (ranging between 20 mm and 30 mm) and Bioglass 45S5

(6 wt% P2O5, 45 wt% SiO2, 24.5 wt% Na2O and 24.5 wt% CaO,

CeraDynamics Ltd. James Kent Group, Stoke, UK), in powder

shape (<10 mm particles size) (Table 1).

2.2. Morphological analysis

Scanning electron microscopy (SEM) images were taken using

FEI Quanta 200 (FEI ESEM Quanta 200, FEI Company, Hillsboro,

Orlando, USA) to investigate the morphology of HA, TCP and

Bioglass 45S5 particles in powder form. EMITECH K550X

sputter coater (Quorum Technologies, Laughton, East Sussex,

UK) was used to coat the powder particles (platinum coating).

2.3. Rheology analysis

Rheological analysis including oscillation and rotational

studies were investigated with the use of DHR-3 TA Instru-

ment (TA Instruments, New Castle, UK). The materials were

tested using a 20 mm (diameter) steel parallel plate with a gap

distance of 450 mm. Three samples of each blend were used,

and three different temperatures were considered for the

rheology tests: 80 �C, 90 �C and 100 �C, which are within a

typical printing temperature range for screw-assisted extru-

sion-based 3D printing of PCL scaffolds. To simulate the

molten state during the printing process, the materials were

preheated for 15 min. For the oscillation test a constant strain

rate of 1% was considered, while the frequency of logarithmic

sweep was between 10 HZ and 0.01 Hz. For the rotational test

the shear rate of the logarithmic sweep was between 0.01s�1

and 100s1. The results presented in this research are the

average values of the three samples of each blend.

The measurement of the storage modulus (G0) and loss

modulus (G00), which describes the elastic and viscous

https://doi.org/10.1016/j.jmrt.2023.03.231
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Fig. 1 e SEM images of A) and B) HA nanoparticles, C) and D) TCP microparticles and E) and F) Bioglass microparticles.
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behaviour of the material respectively, allows to evaluate the

viscoelastic characteristics of the considered blends. Storage

modulus and loss modulus are given by the following equa-

tions [53]:

G΄¼ðso =goÞcos d (1)

G΄΄¼ðso =goÞsin d (2)

where sο is the stress amplitude, gο is the strain amplitude and

d is the phase angle between 0� and 90�.
To investigate the average the ratio of energy dissipated to

the maximum energy stored it is important to determine the

ratio of the average power loss to the peak load loss by

calculating the loss factor (tand) [53]:

tan d¼G΄=G΄΄ (3)

Accelerated degradation studies were conducted using

sodium hydroxide (NaOH) of 5 mol/l (5 N) in aqueous solution

(VWR, Pennsylvania, USA), with a density of 1.185 gr/cm3
(20 �C), solubility of 20 �C and 14 pH (H2O, 20 �C). The degra-

dation period took place for 5 days. On each day, 5 samples

were used from each considered case and measured using a

high precision balance. At each time point, the samples were

removed from the NaOH and washed three times with the use

of deionised water and left to dry overnight. Once completely

dried the samples were measured to determine the weight

reduction. The amount of NaOH used for 5 rectangular scaf-

folds was 15 ml and for 5 the anatomically designed bone

bricks was 50 ml (due to their size). The pH was monitoring

throughout the experimental work and no changes were

observed (pH of 14).

t¼h _gn (4)

where t is the shear stress (Pa), h is the flow consistency or

coefficient (Pa.sn), "_g" is the shear rate (s�1) and n is the power

law index that defines the material behaviour [54].

n < 1: shear-thinning material

n ¼ 1: Newtonian material

https://doi.org/10.1016/j.jmrt.2023.03.231
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Fig. 2 e Frequency as a function of storage modulus and loss modulus for the same material concentration at different

temperatures of A) PCL, B) PCL/HA (90/10 wt%), C) PCL/HA (85/15 wt%), D) PCL/HA (80/20 wt%), E) PCL/TCP (90/10 wt%), F) PCL/

TCP (85/15 wt%), G) PCL/TCP (80/20 wt%), H) PCL/Bioglass (90/10 wt%), I) PCL/Bioglass (85/15 wt%) and J) PCL/Bioglass (80/

20 wt%).

j o u r n a l o f m a t e r i a l s r e s e a r c h and t e c hno l o g y 2 0 2 3 ; 2 4 : 3 6 7 0e3 6 8 2 3673
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Fig. 3 e Frequency as a function of Loss factor for the same material concentration at different temperatures of A) PCL, B)

PCL/HA (90/10 wt%), C) PCL/HA (85/15 wt%), D) PCL/HA (80/20 wt%), E) PCL/TCP (90/10 wt%), F) PCL/TCP (85/15 wt%), G) PCL/

TCP (80/20 wt%), H) PCL/Bioglass (90/10 wt%), I) PCL/Bioglass (85/15 wt%) and J) PCL/Bioglass (80/20 wt%).

j o u r n a l o f ma t e r i a l s r e s e a r c h a nd t e c hno l o g y 2 0 2 3 ; 2 4 : 3 6 7 0e3 6 8 23674
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Fig. 4 e Frequency as a function of Loss factor for the samematerial content of A) PCL/HA (90/10 wt%), B) PCL/HA (85/15 wt%),

C) PCL/HA (80/20 wt%), D) PCL/TCP (90/10 wt%), E) PCL/TCP (85/15 wt%), F) PCL/TCP (80/20 wt%), G) PCL/Bioglass (90/10 wt%),

H) PCL/Bioglass (85/15 wt%) and I) PCL/Bioglass (80/20 wt%).

j o u r n a l o f m a t e r i a l s r e s e a r c h and t e c hno l o g y 2 0 2 3 ; 2 4 : 3 6 7 0e3 6 8 2 3675
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Fig. 5 e Cole-Cole plot of real viscosity as a function of imaginary viscosity for all material contents of A) 80 �C, B) 90 �C and

C) 100 �C.
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n > 1: shear-thickening material.

Moreover, to investigate the homogeneity dispersion of the

materials in the blends, the Cole-Cole plot was used consid-

ering both the imaginary viscosity and the real viscosity [54]:

h΄΄¼G΄=w (5)

h΄¼G΄΄=w (6)

where h΄0 is the imaginary viscosity, h0 the real viscosity andw

is the oscillation frequency.
Table 2 e Zero shear viscosity (Pa.s) results of polymer
blends at different temperatures.

Temperature/Material
Composition

80 �C 90 �C 100 �C

PCL 2922.4 2335.4 1766

PCL/HA (90/10 wt%) 3671.4 2699.1 2140.6

PCL/HA (85/15 wt%) 4174 2895.9 2462.7

PCL/HA (80/20 wt%) 4250.4 3038.4 2438.6

PCL/TCP (90/10 wt%) 3113.1 2473.3 2034.8

PCL/TCP (85/15 wt%) 3610.8 2617.1 2183.1

PCL/TCP (80/20 wt%) 3908.6 3165.3 2538.7

PCL/Bioglass (90/10 wt%) 3267.3 2438.1 1970.8

PCL/Bioglass (85/15 wt%) 3362.9 2480.2 1843.9

PCL/Bioglass (80/20 wt%) 3445.5 2950 1975
3. Results and discussion

3.1. Morphological analysis

Fig. 1 presents the ceramic materials used for the production

of PCL/HA, PCL/TCP and PCL/Bioglass blends for the rheolog-

ical tests.

3.2. Oscillation analysis

Fig. 2 shows both the storage and the loss modulus for all

considered material compositions at different temperatures
(80 �C, 90 �C and 100 �C) as a function of frequency. As

observed, both storagemodulus and loss modulus increase by

increasing the frequency from 0.01 Hz to 10 Hz. This can be

due to a sufficient relaxation time of polymer chains at low

frequency allowing the self-disentanglement [55e64]. More-

over, it can be observed that, for all material compositions, the

loss modulus is higher than the storage modulus, indicating

that the viscous behaviour is the dominant effect within this

https://doi.org/10.1016/j.jmrt.2023.03.231
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Table 3 e Relaxation time (s) results of polymer blends at
different temperatures.

Temperature/Material
Composition

80 �C 90 �C 100 �C

PCL 0.0011 0.0005 0.0003

PCL/HA (90/10 wt%) 0.0022 0.0021 0.001

PCL/HA (85/15 wt%) 0.0026 0.0023 0.0014

PCL/HA (80/20 wt%) 0.0045 0.0036 0.0016

PCL/TCP (90/10 wt%) 0.0011 0.0004 0.0002

PCL/TCP (85/15 wt%) 0.0011 0.0006 0.0003

PCL/TCP (80/20 wt%) 0.0012 0.0009 0.0003

PCL/Bioglass (90/10 wt%) 0.0008 0.0006 0.0004

PCL/Bioglass (85/15 wt%) 0.0012 0.0006 0.0004

PCL/Bioglass (80/20 wt%) 0.0013 0.0007 0.0007
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temperature range, indicating that 3D printing is a suitable

technique to process these blends. Additionally, by increasing

the frequency it is possible to observe that the difference be-

tween storage modulus and loss modulus decreases, sug-

gesting that composite materials present a more solid-like

behaviour at a high deformation rate, which may hinder the

flowability of the materials during the printing process.

Furthermore, results show that the addition of ceramics into

the PCLmatrix decreases the storagemodulus compared with

pure PCL, while loss modulus does not show any significant

differences. On the other hand, blends containing PCL/HA (80/

20 wt%) and PCL/Bioglass (80/20 wt%) exhibit higher storage

modulus in comparison to pure PCL for frequencies between

0.01 Hz and 0.1 Hz.

Figs. 3 and 4 show the loss factor (tand) as a function of

frequency for all blends at different temperatures. In all

cases, results show that the loss factor decreases by

increasing frequency indicating enhanced viscous behaviour

or weakened elastic behaviour. Moreover, for all considered

cases, it can be observed that the loss modulus decreases by

increasing the deformation rate, which suggests that the

elastic effect of the materials is becoming more important

than their viscous effect, meaning that during the printing

process the materials are becoming more viscous making

them difficult to extrude through the nozzle. Furthermore,

results show that for the same level of reinforcement the loss

factor increases by increasing the temperature from 80 �C to

100 �C, as this temperature raise promotes a fluid-like

behaviour making the materials easier to print. Addition-

ally, for low frequencies and the same material content the

loss factor decreases by increasing the material concentra-

tion, while by increasing the frequency rate this trend seems

to disappear, suggesting that at high frequencies the material

concentration effect is dominant compared to the deforma-

tion rate. For the same reinforcement concentration and

temperature, PCL/TCP blends present higher loss factor value

than PCL/HA and PCL/Bioglass blends, while PCL presents the

higher loss factor. These results suggest that for the same

level of reinforcement and processing parameters, PCL/TCP

blends can be easily printed than PCL/HA and PCL/Bioglass

blends.
3.3. Cole-Cole plot analysis

The Cole-Cole plot can be used to define the dispersion of a

non-homogeneous material and the dielectric relaxation of

polymer blends [65,66]. Moreover, through a Cole-Cole plot it

is able to detect the relaxation time (tc) and zero shear vis-

cosity (h0) and the compatibility of the different materials in

the blends [65e68]. Fig. 5 presents the semi quarter-circle plots

for considered blends. Results show that the arc created from

PCL/HA, PCL/TCP and PCL/Bioglass blends is larger compared

to PCL, indicating that the relaxation time and zero shear

viscosity of composite blends are higher, leading to longer re-

orientation times and higher stresses during the printing

process. Additionally, for the same bioceramic material by

increasing the fillers concentration the elastic behaviour of

the blends increases leading to the reduction of material flow

during the printing process. In addition, results show that for

the same material content, an increase in temperature re-

duces the arc, which becomes flatter, reducing the elasticity of

the materials, indicating that the printing process is strongly

determined by the viscous characteristics of the blends.

Tables 2 and 3 present the zero-shear viscosity and relaxation

time for the different blends at different temperatures. As

observed the zero-shear viscosity increases by increasing the

bioceramic content and decreases by increasing the temper-

ature. The relaxation time depicts a similar trend. In addition,

results show that for the same ceramic content and temper-

ature, PCL/Bioglass blends present lower zero-shear viscosity,

while PCL/TCP blends present lower relaxation time. In both

cases PCL exhibits lower zero-shear viscosity and relaxation

times than the polymer-ceramic blends.

3.4. Rotational analysis

Figs. 6 and 7 present the variation of the dynamic viscosity as a

function of the shear rate for the different blends and different

temperatures as a function of the shear rate. Based on these

results it was possible to calculate the power law index (n)

(Equation (4)) as shown in Table 4, which indicates that all

blends exhibit a shear thinning behaviour being suitable for

extrusion printing. Results show that at low shear rate values,

PCL/HA, PCL/TCP and PCL/Bioglass blends present higher

viscosity values than PCL. However, by increasing the shear

rate up to a certain threshold value, the addition of ceramics

and their concentration seems to have no major impact and a

clear shear-thinning behaviour is observed for all considered

samples [60e63,65,66,69,70]. Moreover, it is possible to observe

that, for the same bioceramic content, the viscosity of the

composite material increases with the concentration of the

inorganic reinforcements. In the Newtonian region (flat

plateau) the viscosity of the different blends decreases by

increasing temperature, which can be attributed to an in-

crease on the polymer chains movement [65,66,69,70]. Addi-

tionally, for the same ceramic material and the same

temperature by increasing its concentration the dynamic

viscosity is increasing. For the same material concentration

and temperature, PCL/HA blends exhibit higher dynamic

https://doi.org/10.1016/j.jmrt.2023.03.231
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Fig. 6 e Shear rate as a function of dynamic viscosity for the same material concentration at different temperatures of A)

PCL, B) PCL/HA (90/10 wt%), C) PCL/HA (85/15 wt%), D) PCL/HA (80/20 wt%), E) PCL/TCP (90/10 wt%), F) PCL/TCP (85/15 wt%), G)

PCL/TCP (80/20 wt%), H) PCL/Bioglass (90/10 wt%), I) PCL/Bioglass (85/15 wt%) and J) PCL/Bioglass (80/20 wt%).

j o u r n a l o f ma t e r i a l s r e s e a r c h a nd t e c hno l o g y 2 0 2 3 ; 2 4 : 3 6 7 0e3 6 8 23678
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Fig. 7 e Shear rate as a function of dynamic viscosity for the same material content of A) PCL/HA (90/10 wt%), B) PCL/HA (85/

15 wt%), C) PCL/HA (80/20 wt%), D) PCL/TCP (90/10 wt%), E) PCL/TCP (85/15 wt%), F) PCL/TCP (80/20 wt%), G) PCL/Bioglass (90/

10 wt%), H) PCL/Bioglass (85/15 wt%) and I) PCL/Bioglass (80/20 wt%).

j o u r n a l o f m a t e r i a l s r e s e a r c h and t e c hno l o g y 2 0 2 3 ; 2 4 : 3 6 7 0e3 6 8 2 3679
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Table 4 e Power law index (n) and Adjusted (R2) results of
polymer blends.

Temperature/Material
Composition

80 �C 90 �C 100 �C

PCL 0.452 0.534 0.561

PCL/HA (90/10 wt%) 0.376 0.31 0.425

PCL/HA (85/15 wt%) 0.408 0.348 0.39

PCL/HA (80/20 wt%) 0.289 0.276 0.37

PCL/TCP (90/10 wt%) 0.455 0.452 0.617

PCL/TCP (85/15 wt%) 0.494 0.528 0.626

PCL/TCP (80/20 wt%) 0.508 0.629 0.681

PCL/Bioglass (90/10 wt%) 0.539 0.42 0.57

PCL/Bioglass (85/15 wt%) 0.413 0.258 0.478

PCL/Bioglass (80/20 wt%) 0.523 0.478 0.546

j o u r n a l o f ma t e r i a l s r e s e a r c h a nd t e c hno l o g y 2 0 2 3 ; 2 4 : 3 6 7 0e3 6 8 23680
viscosity than PCL/TCP and PCL/Bioglass blends, while the

lowest dynamic viscosity, between blends with the same

ceramic concentration, was observed for PCL/Bioglass.
4. Conclusions

The viscoelastic properties of PCL and PCL-based composite

blends (PCL/HA, PCL/TCP and PCL/Bioglass) containing

different levels of reinforcements (10 wt%, 15 wt% and 20wt%)

was investigated to determine the suitability of these blends

for screw-assisted extrusion-based additive manufacturing.

At low frequencies all blends present higher viscous modulus

than elastic modulus, but these differences tend to reduce by

increasing the frequency values. Moreover, the addition of

ceramic materials increases both viscous modulus and elastic

modulus. Moreover, PCL/HA present higher elastic modulus

than PCL/TCP and PCL/Bioglass ones. Composite blends also

exhibit longer relaxation times compared with PCL. Overall,

for the same material concentration and temperature, blends

containing Bioglass particles present slightly lower elastic

modulus than PCL/HA blends, and lower loss factor, relaxa-

tion times and shear viscosities than PCL, PCL/HA and PCL/

TCP, indicating that PCL/Bioglass blends aremore suitable and

easier to handle during the printing process.
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