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ABSTRACT

It was demonstrated that the macro- and micromechanical behaviors of electro-

spun composite scaffolds based on PLA and HA can be simultaneously studied

using 3D digital image correlation strain measurements coupled with an axial

tensile test. It was proven that the addition of a small quantity (2%) of HA particles

into PLA electrospun scaffolds decreased their mechanical properties by

approximately 40 and 60% at the micro- and macroscales, respectively; never-

theless, when this amount was increased beyond 2% of HA, the composites

recovered their stiffness, showing Young’s moduli ranging between 400 and 600

MPa. Hence, the mechanical responses of PLA–4% HA and PLA–6% HA elec-

trospun scaffolds were conveniently enhanced with the addition of hydroxyap-

atite nanoparticles. The micromechanical measurements were able to capture the

microstrain mechanism between electrospun nanofibers and the effect of HA

nanoparticles on their mechanical response. This methodology could be a pow-

erful tool for developing scaffolds for specific applications in tissue engineering.

Introduction

According to the organ procedure transplant network

(OPTN) and the Scientific Registry of Transplant Recip-

ients (SRTR) databases (USA, March 13, 2015), approxi-

mately 134,621 persons require a lifesaving organ

transplant [1]; some of them will die each day while

waiting for one. Although the number of donors has

increased [2], up to 30% of removed organs are discarded,

primarily due to their poor quality tissue; in addition to

this issue, the host often presents complications, such as

infections or even rejection of the tissue/organ after
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transplantation. To address this problem, tissue engi-

neering and materials science are focused on developing

new materials and techniques that allow for the satis-

factory replacement of native tissue [3–5].

A common strategy in tissue engineering is the use of

biodegradable biomaterials to mimic the basic functions

of native tissues; therefore, the scaffolds should be

viewed as an artificial extracellular matrix (biomimetic

structures) whose main objectives are as follows:

(a) define a space to mold a regenerative tissue,

(b) temporarily substitute tissue functions, (c) guide the

tissue ingrowth, and (d) promote cell growth and native

extracellular matrix generation [6, 7].

To produce appropriate scaffolds, several tech-

niques have been used, such as particulate leaching,

gas foaming, fiber networking, phase separation, melt

molding, emulsion freeze drying, solution casting,

freeze drying, electrospinning, 3D printing and, in

other cases, a combination of these techniques [5, 7, 8].

The electrospinning technique has been demon-

strated to be a promising technique for developing

scaffolds for different purposes, including tissue

engineering; this technique has also been used for

localized drug delivery and promoting wound heal-

ing, among others [9–17]. Despite the aforementioned

potential, the application of electrospun nanofibers has

been limited due to the difficulties in mass production

and the lack of knowledge of mechanical properties at

that scale. This is why there is a special interest in

knowing the structural, electrical, mechanical, and

thermal properties of electrospun PLA fibers [18].

Some efforts have been focused on understanding

the mechanical response of collagen fiber networks

considering theoretical aspects from a microme-

chanics perspective [19, 20]. Other authors have

focused their efforts on solutions for describing the

elastic behavior of a spherical particle or cylindrical

fibers with a homogeneous interphase [21–23]. More

recently, mathematical models based on homoge-

nization and on the differential replacement method

(DRM) have been developed to predict the elastic

response of poly(lactic acid) (PLA) electrospun

nanofiber scaffolds [24]. In the work of Gomez-Pa-

chon et al., experimental data and theoretical models

were used to obtain the elastic modulus of PLA

electrospun nanofibers, and they found a strong

correlation between the electrospinning parameters,

microstructure, and mechanical behavior; neverthe-

less, this work only reported the macromechanical

behavior, obtained experimentally, for the electro-

spun nanofiber mats [24].

To understand the mechanical behavior of nanofi-

bers, experimental devices and novel techniques have

been developed to conduct micro-/nanoscale tension

measurements in individual nanofibers [25]. The mea-

surements showed that nanofibers are highly suscepti-

ble to surface processes that regulate their load-bearing

capability and mechanics; this leads to particular

behaviors that are not encountered at macroscale levels.

Although there are several reports that attempt to

explain the mechanical response of electrospun nanofi-

bers, there is a lack of knowledge on the micromechanical

response of PLA–HA electrospun nanofiber composite

scaffolds. The aim of this work was to evaluate the macro-

and micromechanical behaviors of PLA and PLA–HA

electrospun nanofiber composite scaffolds under uniax-

ial tension using a 3D digital image correlation technique

coupled with the mechanical testing machine.

Hence, correlating the composition, structure, and

macro- and micromechanical responses of electrospun

nanofiber scaffolds will permit a better understanding of

these materials to manipulate their properties according

to the application in which the scaffold would be used.

Nevertheless, at this point, there are questions that have

to be answered. How do the HA particles work? Do they

work as a filler that improves the mechanical and bio-

logical responses or as an inclusion that improves the

biological response but decreases mechanical proper-

ties? To answer these questions, macro- and microme-

chanical analyses have to be conducted. In the case of

scaffolds or soft biological materials with reduced

thicknesses, it is not possible to hang a mechanical

extensometer or bond an electrical strain gage to obtain a

reliable strain measurement; furthermore, a non-contact

technique to measure strain has to be used. In this work,

3D digital image correlation (DIC) analysis was coupled

with the uniaxial tensile test to correlate the macro- and

micromechanical responses of PLA and PLA–HA elec-

trospun nanofiber composite scaffolds.

Experimental details

Materials and methods

Materials

Nanofiber composite scaffolds of poly(lactic acid)

and 2, 4, and 6 wt% of hydroxyapatite (HA) were
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obtained by electrospinning. PLA (Mw 230000, Nat-

ureWorks 2002D LLC, MN, USA) and the HA parti-

cles (diameter B200 nm, Sigma Aldrich) were used as

received. The PLA was dissolved in 2,2,2-trifluo-

roethanol (Sigma Aldrich) under magnetic stirring to

obtain a 16% (w/v) PLA solution. The HA particles

were added to the previous mixture and then mag-

netically stirred to obtain the PLA–HA solutions.

Both the PLA and PLA–HA solutions were separately

electrospun to obtain randomly oriented nanofiber

scaffolds of PLA and PLA–HA by using a 10-cm

square aluminum plate as a collector. The electro-

spinning process was performed at room tempera-

ture and pressure at a flow rate of 0.6 ml/h (using a

digitally controlled injector, KD Scientific, USA) with

an applied voltage of 15 kV (power supply, Spellman,

USA; the scheme in Fig. 1 depicts the electrospinning

setup).

Methods: structural, thermal,
and mechanical characterization

Scanning electron microscopy (SEM)

The morphology and distribution of the randomly

oriented nanofibers were observed using a JEOL JSM-

7600F microscope. The operating voltage of the elec-

tron beam was 20 kV. The samples were previously

coated by sputtering with gold using a current of 30

mA for 3 min to increase the conductivity of the

surface fibers. ImageJ software was used to measure

the average diameter of the nanofibers by digital

image processing. The diameters of the continuous

fibers located at the foreground plane of the micro-

graph were measured. For the statistical analysis,

several diameters of interest of nanofibers were

measured. From this, the average diameter and its

standard deviation are obtained. In addition, the SEM

images were also used to determine the foreground

porosities of the scaffolds through digital image

analysis performed using ImageJ software. The ima-

ges were binarized to distinguish the holes from the

fibers, and then the percentages of the image corre-

sponding to fibers and holes were calculated within

an area of 11.3 � 8.5 lm2.

Differential scanning calorimetry (DSC)

The thermal transitions in the nanofibers were

determined using DSC (2910, TA Instruments). The

scaffolds obtained by electrospinning were cut using

a circular jig to obtain samples with a diameter of 0.5

cm; the samples were encapsulated in an aluminum

standard pan. The samples were heated from 0 to 180

�C at a heating rate of 10 �C/min. The thermograms

were analyzed using TA Instruments Universal

Analysis 2000 software.

Fourier transform infrared (FTIR) spectroscopy

The electrospun scaffolds obtained as mats ( thick-

ness 90–200 lm) were characterized using FTIR

spectroscopy to find the polymer chemical groups

and the possible interactions of PLA–HA and PLA–

HA with the paint that is necessary for surface

preparation for further mechanical analysis by digital

image correlation. Attenuated total reflectance (ATR)

FTIR spectroscopy was performed using a Spectrum

GX spectrometer (Perkin-Elmer, USA). The FTIR

spectra were normalized, and the major vibrational

bands were identified and associated with their

chemical groups.

Macromechanical characterization

For the mechanical tensile tests, the samples were cut

using a die according to the ASTM D1708 standard

(see Fig. 2a). The thicknesses of the samples were

measured using a Mitutoyo digimatic micrometer,

model 293-67N. The width of the samples was 5 mm,
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Figure 1 Experimental setup for electrospinning process to

produce composite nanofiber scaffolds using polymeric solutions

of PLA and PLA–HA.
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as shown in Fig. 2b. Hence, knowing the sample

dimensions (width and thickness) and their porosi-

ties, the porous cross-sectional areas ðApÞ of the

samples were easily determined, as previously men-

tioned in the morphology section. The mechanical

tensile tests were conducted using a custom-designed

minitester that was developed previously [26]. This

micromechanical tester is based on a load frame

designed to apply uniaxial load on soft and thin

material samples, as shown in Fig. 2c. The uniaxial

tensile tests were conducted using a cross-head speed

of 0.16 mm/s; the sample dimensions were 38, 5, and

0.125 mm (length, width, and thickness, respectively),

and the equivalent length was l0 ¼ 22:2 mm.

The stress as a function of strain curve was

obtained considering the porous cross-sectional area

ðApÞ of the sample and the equivalent distance ðl0Þ
between grips; hence, the macromechanical response

based on the stress and strain engineering curve can

be determined using the following expressions: r ¼
F
Ap

and e ¼ Dl
l0

, where F is the registered force during

the tensile test and ðApÞ is calculated using the solid

cross-sectional area multiplied by the average

porosity value of the electrospun scaffold; Dl are the

increments of displacement registered during the

tensile test and l0 is the initial distance between the

grips. The constitutive model is the uniaxial case of

(a) (b)
5 mm

(d)(c)

Figure 2 Experimental setup for macro- and micromechanical

measurements of PLA and PLA–HA electrospun scaffolds.

a Tensile samples cut from electrospun scaffolds, b tensile sample

prepared for non-contact strain measurement, c custom-designed

minitester to determine the mechanical response of soft materials

and d complete experimental setup to correlate the macro- and

micromechanical responses of PLA and PLA–HA electrospun

scaffolds.
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Hooke’s law (r ¼ E � e), where E is the Young’s

modulus.

From the acquired data, it was possible to calculate

the curve of stress as a function of strain for the

electrospun nanofiber scaffolds. From these curves,

the Young’s modulus was determined for each sam-

ple, taking into account the slope of the stress vs.

strain curve in the linear region.

All relevant parameters for this test, such as time,

load, and displacement, were monitored via elec-

tronic sensors; in addition to the standard uniaxial

tensile experiment setup, a non-contact method for

full-field strain measurements was coupled to corre-

late the macro- and micromechanical responses of the

electrospun scaffolds.

Micromechanical characterization

The micromechanical characterization was per-

formed by coupling the uniaxial tensile minitester

with a 3D image acquisition ARAMIS 5L system

(Gom; Optical Measurements Techniques; Germany)

[27], as shown in Fig. 2d. The ARAMIS 5L system is a

non-contact optical 3D measuring system for regis-

tering, analyzing, and reporting material deformation

at the micromechanical level through a 2D or 3D

digital image correlation [27]. The ARAMIS 5L sys-

tem uses two CCD cameras and 35 mm family B

lenses to obtain a field of view of 35 � 29 mm. These

lenses require a measuring distance of 215 mm and

an adequate aperture, which will depend on the

illumination conditions and depth of field [27]. To

obtain a reliable strain measurement, the angle

between the cameras for this configuration must be

set at 25 degrees, according to the calibration protocol

[27]. To minimize the error during the correlation

process, the CCD cameras were calibrated following

the protocol established in the ARAMIS 5L user

manual (Gom, Optical Measurements Techniques).

Data acquisition and image capture (ARAMIS 5L

system) during the tensile test were conveniently

synchronized with a virtual instrument specially

programmed in LabVIEW software.

It is well known that some strain measurements

with DIC require random speckle patterns to improve

the correlation process [28]. Several works commonly

use sprayed black paint over a white-painted surface;

this offers a good contrast to improve the correlation

process. In our case, the fibers of the electrospun

scaffolds are white; therefore, black acrylic paint

Figure 3 Morphological changes of PLA scaffolds as a function of HA concentration evaluated by scanning electron microscopy: a Pure

PLA fibers, b PLA–2% HA particles completely embedded in the fiber, c PLA–4% HA, and d PLA–6% HA.
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(Politec; México) was randomly sprayed on the

electrospun fibers to obtain the adequate speckle

pattern (see Fig. 2b). The size and distribution of the

black dot pattern were selected according to the

sample preparation patterns reported in the ARA-

MIS 5L sample preparation manual [27]. Once the

random speckle pattern of acrylic paint was applied

on the surfaces of the samples, a new question

arose. Are there chemical interactions between the

black paint and PLA–HA scaffolds or are only van

der Waals forces present between the black paint

and scaffolds? This issue will be answered by FTIR

analysis.

As previously mentioned, our analysis was focused

on the linear region of the stress vs. strain curve;

therefore, time, force, and displacement data were

synchronized with the image acquisition system (3D

ARAMIS 5L) during the tensile test. The microstrain

measurements were calculated using the von Mises

criterion, which are available in the ARAMIS 5L

software [27]. Hence, the principal strains and their

directions were easily obtained. Finally, both the

macro- and micromechanical responses of the elec-

trospun nanofiber scaffolds can be correlated. This

analysis registered the evolution of the strain

concentration as a function of the position on the

working section of the sample for different stress

values.

Results and discussion

Morphology by scanning electron
microscopy (SEM)

SEM micrographs of the PLA and PLA–HA electro-

spun nanofibers scaffolds are shown in Fig. 3. These

four micrographs show the morphology of the PLA

randomly oriented electrospun fibers. Figure 3a cor-

responds to pure PLA; the next three micrographs

(Fig. 3b–d) correspond to PLA with 2, 4, and 6% by

weight of hydroxyapatite (HA) particles, respec-

tively. Note that all of the PLA electrospun scaffolds

were collected under the same conditions, as descri-

bed in ‘‘Materials’’ section; therefore, we assumed

that the addition of HA particles modified the mor-

phology of the fibers. Figure 3a shows the pure PLA

fibers with a smooth surface and homogeneous

diameters (0.79 � 0.2 lm ); the addition of 2% HA

particles to the PLA (Fig. 3b) caused several

(a) (b)

(d)(c)

2 m 2 m

2 m 2 m

Figure 4 Sprayed drops of black acrylic paint on PLA and PLA–HA electrospun scaffolds. a Pure PLA, b PLA–2% HA, c PLA–4% HA,

and d PLA–6% HA.
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irregularities in the shape of the fiber; the diameters

of the fibers were (0.89 � 0.2 lm). Increasing the HA

content to 4% (Fig. 3c) caused the fibers to recover

their homogeneity in shape with diameters of 0.65

� 0.3 lm. The HA particles saturated the interior of

the fiber and began to appear in the fiber surface as

bright spots; finally, Fig. 3d corresponds to PLA–6%

HA scaffold. Here, the shape uniformity of the fibers

was observed again; note that similar diameters for

pure PLA and PLA–6% HA scaffolds were obtained

(0.85 � 0.3 lm ).

Figure 4 presents the SEM images of the scaffolds

where the random speckle pattern with paint was

applied. In these images, black drops of paint pre-

sented high contact angles (124 � 10 �C), and curly

spherical surfaces are shown; this means that water

evaporation occurred during the polymerization

process of the acrylic paint. The high contact angles

of the paint drops suggest that only van der Waals

forces are present between the PLA fibers and acrylic

paint. Note that the porosity and the average diam-

eter of fibers of the scaffolds on the foreground were

determined from the SEM images using digital image

analysis.

The percentage of porosity and the diameter of the

fibers as a function of HA particle concentration are

presented in Fig. 5a, b. The porosity values ranged

between 20 and 50%, and the diameter of the fibers

ranged between 600 and 850 nm. Hence, increasing

the HA content modified the porosity of the scaffolds

until it was two times greater (see Fig. 5a); in the case

of the diameters, it was found that the HA content

increased the dispersion of average diameters, which

means that variability in the mechanical properties

will be expected.

Thermal transitions by differential scanning
calorimetry (DSC)

The thermal transitions of the PLA and PLA–HA

electrospun scaffolds were studied using DSC to

analyze any trends in crystallization; the thermal

transitions of the electrospun scaffolds are shown in

Fig. 6. The glass transition ðTg ¼ 60–63 �C) and

melting ðTm ¼ 142–147 �C) temperatures were

approximately equal in all cases, as previously
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Figure 5 Quantification of morphological parameters of the electrospun scaffolds as a function of HA content. a Porosity and b diameter.
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Figure 6 Thermal transition temperatures of PLA and PLA–HA

electrospun scaffolds as a function of HA content.
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reported [29]; nevertheless, the crystallization tem-

peratures (Tc) showed changes ranging from 81 to 91

�C. This result indicates that Tc decreases with the

increase in HA particles, which may be due to the HA

addition and the environmental/collection condi-

tions [24]. The thermal transition temperatures and

their associated enthalpy of PLA and PLA–HA are

summarized in Table 1.

All samples showed an enthalpic relaxation due to

the solidification rate during the electrospinning

process. This enthalpic relaxation temperature began

at approximately 64 �C (endothermic peak). The

degree of molecular disorder of the chains is associ-

ated with the enthalpy of this peak. From the

enthalpic relaxation values (Table 1), we can state

that the molecular disorder of the chains of these

electrospun scaffolds (both composed of pure PLA

and PLA–HA) is almost identical. As shown in Fig. 6,

the PLA and PLA–HA scaffolds exhibited exothermic

peaks between 81 and 91 �C. These peaks, with

enthalpy values ranging between 7.1 and 17.3 J/g,

show that the crystallization trend of the polymer

decreased when HA particles were added. The

energy released during crystallization was higher in

PLA than in the blends of PLA–HA. The melting

point was observed at approximately 138–142 �C.

Again, the melting peak of the PLA was more intense

than those of PLA–HA blends, with enthalpies

ranging between 18.4 and 20.8 J/g, indicating a

greater crystalline fraction in the pure PLA electro-

spun scaffolds.

Chemical analysis by Fourier transform
infrared (FTIR) spectroscopy

Once the random speckle pattern of acrylic paint was

applied onto the surfaces of the samples, a new

question arose. Are there chemical interactions

between the black paint and PLA–HA scaffolds or are

there only van der Waals forces present between the

black paint and scaffolds? To answer this question,

we have to consider that the electrospun scaffolds are

primarily composed of PLA; therefore, possible

chemical interactions might be present between PLA

and acrylic paint molecules, as shown in Fig. 7a. The

scheme in Fig. 7b depicts the electrospun PLA fibers

with HA and PLA fibers with HA and the acrylic

black paint sprayed on the fibers; this scheme shows

the evaporation process of the paint solvents: in stage

1, a drop of acrylic paint mixed with water is located

on the PLA–HA fiber; subsequently, water evapora-

tion occurs, producing a drop contraction. Stage 2

illustrates a dried drop of black paint adhered to the

fiber. Finally, when the solvents, mainly water,

evaporate, the random dots of paint are obtained.

After the evaporation of the solvents, the remaining

components of the acrylic paint become in direct

contact with the electrospun fibers. With this closer

contact emerges the possibility of chemical reactions

among the PLA of the electrospun fibers and the

poly(ethyl acrylate), PEA, of the acrylic resin of the

paint and with the HA particles, as well. However,

the required conditions for the chemical reactions

were not present, and this is discussed as follows: the

possible free radical reaction between PLA and PEA

requires a catalytic action; a possible source of free

radicals are those remaining from the polymerization

reaction to produce the PEA. Normally, they are

deactivated at the end of the reaction. On the other

side, fillers of paint may act like a photocatalyst when

they contain TiO2 and are exposed to sun light, par-

ticularly near-UV and Vis range [30]; however, a

photocatalytic action from the fillers of this black

paint is not expected according to its composition. An

X-ray analysis revealed the following constituents:

magnesite (46%), anthophyllite (38%), and nimite

(16%). The magnesite (MgCO3) is very stable at room

temperature, and its thermal modification begins at

approximately 640 �C [31]. Anthophyllite and nimite

are the aluminum silicates that are also very stable at

room temperature. Furthermore, there are currently

no reports in the literature of photocatalytic activity

for any of the three fillers, in contrast to TiO2. A

Table 1 Thermal transition

temperatures and their

associated enthalpies for PLA

and PLA–HA electrospun

scaffolds

Samples Tg ð�CÞ HTg
ðJ=gÞ Tc ð�CÞ HTc

ðJ=gÞ Tm ð�CÞ HTm
ðJ=gÞ

PLA 63.3 6.05 91.4 17.3 142.7 20.8

PLA–2% HA 61.6 5.74 85.8 10.7 147 18.7

PLA–4% HA 62.7 6.04 81.2 7.1 147.7 19.0

PLA–6% HA 61.9 5.03 82.2 12.2 146.7 18.4

3360 J Mater Sci (2017) 52:3353–3367



transesterification reaction between PLA and PEA

would require an alkoxide or a coordination catalyst

and a temperature above 100 �C. The grafting reac-

tion of PLA–HA onto PEA of the acrylic resin was

discarded because the required temperature to initi-

ate this reaction is 120 �C in the presence of an

appropriate catalyst [32]. Note that in our samples,

the acrylic paint was sprayed at room temperature.

Figure 7c shows the FTIR spectra for the electro-

spun fibers of pure PLA (bottom spectra) and pure

HA (top spectra). In the middle of them, the spectra

of PLA–HA blends containing 2, 4, and 6% of HA

particles are shown. Table 2 presents the peak

assignments for the raw materials and their blends.

The FTIR spectra for PLA were in excellent agree-

ment with those previously reported in the literature

[33, 34]. Some similarity between the FTIR spectra of

PLA and PAE [35] is expected because of the coin-

cidence in functional groups in both polymers that

can be observed from the infrared spectra: C=O, C–O,

CH3; and CH. The only structural difference between

both polymers is that PAE has two CH2 and PLA

does not contain this group. Therefore, the signals

from the analysis of the FTIR spectra for PLA and

PAE are quite similar and are reported in Table 2;

however, the PAE signals appear shifted to lower

wavelengths compared to the PLA signals. Most of

the spectra of the blends of PLA and HA painted

with the acrylic paint are the arithmetic sum of all the

components. Thus, infrared spectroscopy confirmed

that there is no chemical reaction between the elec-

trospun fibers and the sprayed acrylic black paint.

The entire signals for CH3 are assigned as follows: for

the asymmetric stretching, the characteristic bands

(a) (b)

(d)(c)

Figure 7 a Molecules of PLA

and acrylic paint that interact

during the sample preparation

for DIC, b scheme of black

paint drop formation on PLA

fibers, c interaction of

functional groups of PLA and

HA determined by FTIR and

d functional group interactions

among PLA, HA, and black

acrylic paint.
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are at 2994 and at 1451 cm-1, whereas the bands for

symmetric stretching are at 2932 and at 1372 cm-1.

The stretching band for C=O of the carbonyl group of

the polymers is at approximately 1748 cm-1. The C–

O–C presents a band at 1192 cm-1 because of asym-

metric stretching, whereas the symmetric stretching

of this group is at 1110 cm-1. The absorbance peak at

1073 is assigned to CH3–C in its symmetric defor-

mation. There is another band of symmetric defor-

mation at 845 cm-1 assigned to C–COO. The presence

of the HA in PLA fibers was first confirmed by SEM

images, and now it is confirmed by FTIR analysis.

The characteristic peaks for the HA [36] are for the

CO2�
3 group at 1415 and 1454 cm�1 . There is another

deformation band assigned to the the asymmetric

stretching, the characteristic bands CO2�
3 group at 874

cm�1 . The phosphorous and its links with oxygen

gives several bands, including two bending bands at

1085 and 1010 cm�1 assigned to P–O. For P–O–P,

there is a band of stretching deformation at 960 cm�1 .

Finally, two bands of bending are at 560 and 598

cm�1, both assigned to PO3�
4 . These results have also

been observed for HA by other authors [36]. From the

FTIR analyses, we can conclude that there are no

chemical reactions in the adhesion process of the

black paint and PLA with HA nanofibers when black

acrylic paint is used to obtain a random speckle

pattern. Furthermore, its use on PLA–HA scaffolds

does not affect their mechanical response. Thus,

typical sample preparation for the digital image

correlation (DIC) technique can conveniently be used

to evaluate the micromechanical behavior of PLA–

HA-based scaffolds.

Macromechanical characterization

The mechanical behaviors of the PLA and PLA–HA

electrospun scaffolds are presented in Fig. 8. This

figure shows the representative stress versus strain

curves where the macromechanical responses of the

Table 2 Functional groups of

PLA, HA, PLA?HA, and

acrylic paint (wavenumber

cm�1)

Functional groups PLA HA Acrylic paint (PLA–HA) ? acrylic paint

CH3 mas 2994 – 2973 2994

CH3 ms 2932 – 2911 2932

C=O ms 1748 – 1729 1708

CO2�
3

– 1454 – –

CO2�
3 mgroup – 1415 – –

CH3 mas 1451 – 1441 1451

CH3 ms 1372 – 1361 1361

O–C–O mas 1192 – 1167 1192

O–C–O ms 1110 – 1042 1110

P–O mbend – 1085 – –

CH3–C ms 1073 – 1042 1073

P–O mbend – 1010 – –

P–O–P ms – 960 – –

CO2�
3 mgroup – 874 – –

–CH= mas 845 – 752 845

O–P–O mbend – 598,569 – –

0.0 0.1 0.2 0.3 0.4
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Figure 8 Macromechanical response of PLA and PLA–HA

scaffolds showing the influence of the embedded HA particles.
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PLA and PLA–HA electrospun scaffolds are

observed; it is clear that these representative curves

show a linear behavior below a strain of 0.02. In

addition, it can be observed that the maximum stress

values before yielding for these representative

curves were 17, 6.5, 10, and 14 MPa for pure PLA,

PLA–2% HA, PLA–4% HA, and PLA–6% HA,

respectively. The macromechanical behavior sug-

gests that the HA particles acted as an inclusion that

rapidly decreased the mechanical response of the

PLA–2 % HA scaffolds. Moreover, increasing the HA

content beyond 2% in the PLA scaffold showed that

these particles acted as a reinforcement; furthermore,

better strength and Young’s moduli were observed

for PLA–4% HA and PLA–6% HA than for the PLA–

2 % HA scaffolds. The PLA–6% HA scaffold pre-

sented mechanical properties close to those of the

pure PLA; the main advantage of PLA–6% HA

might be that its biological compatibility could be

higher than that of pure PLA. To summarize, the

addition of small quantities, beyond 2 wt%, of HA

particles enhanced the mechanical properties of the

scaffold and also could promote better cellular

adhesion and proliferation.
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Figure 9 Micromechanical behavior of PLA before yielding

showing the evolution of the stress and microstrain concentration

of the PLA and PLA–HA electrospun scaffolds. a Pure PLA

showing an intense peak of strain, located at 12 mm away from the

fixed grip, between 6.8 and 8.6 MPa; b PLA–2% HA scaffold

showing a well-defined strain peak between 2.2 and 2.8 MPa,

which is located at 3 mm from the fixed grip; c PLA–4% HA

scaffold reveals that the addition of HA particles acts as a

reinforcement factor between 5 and 15 mm in section length; and

d the PLA–6% HA sample also shows the reinforcement effect at

the micromechanical level of HA particles embedded in the PLA

electrospun scaffolds.
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Micromechanical characterization

This section is concerned with the micromechanical

measurements of the PLA and PLA–HA scaffolds.

From the FTIR, SEM, and DSC results, we now have

evidence about the interaction level between PLA,

PLA–HA, and acrylic paint. It is clear that the acrylic

paint interaction does not affect the micromechanical

measurements with the DIC 3D technique or the

mechanical behavior of the scaffolds. Figure 9 shows

the evolution of strain concentration, while the load

applied to the scaffolds is increased. For this analysis,

we consider three cases: (i) the first only considers the

main strain values for one longitudinal line of 15 mm

in length located at the center of the sample; (ii) the

second case considers the main average strain value

of the three longitudinal lines, one line located at the

center of the sample and the others located at the

right and left sides of the central line; and (iii) the

third case takes into account five longitudinal lines:

one is located at the center of the sample, and the

other four lines are located in the sample (two at the

right side and two at left side of the central line; all of

them equidistantly separated). The evolution of the

strain concentration as a function of the position

(along the sample) for different stress values is pre-

sented in Fig. 9 case (i). Here, the strain concentration

effect can be observed for PLA, PLA–2% HA, PLA–

4% HA, and PLA–6% HA (Fig. 9a–d, respectively).

Similar curves were obtained for cases (ii) and (iii),

but they are not presented. Note that the microstrain

measurements revealed a heterogeneous nature of

the PLA and PLA–HA scaffolds for different stress

levels.

From these curves, the Young’s modulus at the

micromechanical level of each scaffold was calculated

according to Hooke’s law, where r is the mechanical

stress, e is the average of the strain along the section

length (determined by DIC analysis), and E is the

Young’s modulus. The Young’s moduli at the macro-

and micromechanical levels are summarized in

Table 3.

Comparing the macromechanical and microme-

chanical responses, a clear trend is shown in Fig. 10.

The average values of the maximum stress before

yielding as a function of HA content are presented in

Fig. 10a. Here, the macromechanical response of the

PLA–HA samples shows that the addition of 2% of

HA drastically diminished the value of the maximum

stress before yielding by 54%; nevertheless, similar

values of maximum stress for pure PLA (13.7 MPa)

Table 3 Elastic moduli (MPa) at the macro- and micromechanical

levels of PLA and PLA–HA considering the porosities of the

scaffolds

Samples Emicro ðMPaÞ Emacro ðMPaÞ

PLA 581 ± 150 473 ± 55

PLA–2% HA 355 ± 104 190 ± 84

PLA–4% HA 526 ± 156 384 ± 103

PLA–6% HA 625 ± 122 395 ± 115
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Figure 10 Macro- and micromechanical responses of PLA

electrospun composite scaffolds. a Average of maximum stress

before yielding for pure PLA and PLA–HA composites, and

b Young’s moduli at the macro- and micromechanical levels for

PLA and PLA–HA electrospun composite scaffolds.
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were recovered by increasing the HA% content, as

shown for samples PLA–4% of HA and PLA–6 % of

HA (10.5 and 11 MPa), respectively. Compared to the

results reported by Xu et al. [37], we found a different

trend in mechanical properties, which might due to

the use of different solvents, the grade of PLA, and

the electrospinning parameters when producing the

PLA and PLA–HA electrospun scaffolds.

The macro- and micromechanical responses fol-

lowed a similar trend, which is in good agreement

with the crystallization behavior of the scaffolds

detected by DSC; hence, scaffolds with a high crys-

talline fraction offer better mechanical properties

than those with low crystallinity. The Young’s mod-

ulus values at the macro- and micromechanical levels

are presented in Fig. 10b. The addition of 2, 4, and 6%

of HA reduced the Young’s modulus at the

macromechanical level as follows: 60, 18, and 16%,

respectively. A similar trend was observed at the

micromechanical level; the addition of 2 and 4% of

HA caused a reduction in the Young’s modulus as

follows: 39 and 9%, respectively; nevertheless, the

scaffold with 6 % of HA showed an increase of 7%.

Theoretical models such as asymptotic homoge-

nization, laminated (Eout), and hierarchical models

reported by Gomez-Pachon et al. [24] suggest that our

electrospun scaffolds could have a laminated bima-

terial periodic structure in which lamellar fractions

are approximately 0.25%; hence, its Young’s modulus

is approximately 500 MPa. This theoretical value is in

good agreement with our experimental values of

Young’s moduli reported in Table 3.

Conclusions

It was demonstrated that the macro- and microme-

chanical behaviors of electrospun composite scaffolds

composed of PLA and HA can be studied and cor-

related using 3D digital image correlation strain

measurements and uniaxial tensile tests. FTIR anal-

ysis demonstrated that the use of acrylic paint does

not produce chemical bonding with the PLA–HA

composite scaffolds or modify its mechanical behav-

ior; furthermore, 3D digital image correlation strain

measurements can be considered to be a powerful

tool for the micromechanical characterization of

scaffolds for tissue engineering. It was demonstrated

that the addition of a small quantity (2%) of HA

particles to the PLA electrospun scaffolds decreased

their mechanical properties by approximately 40 and

60% at the micro- and macroscales, respectively;

nevertheless, when increasing this amount beyond

2% of HA, the composites recovered their stiffness,

showing Young’s moduli ranging between 400 and

600 MPa, which is in good agreement with composite

scaffolds with a laminated bimaterial periodic struc-

ture reported in the literature. Hence, the mechanical

responses of the PLA–4% HA and PLA–6% HA

electrospun scaffolds were conveniently enhanced

with the addition of HA nanoparticles.
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