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1. Introduction 

 

The global situation regarding the overwhelming consumption of 

fossil fuel-based materials points out the need for a revolution in the 

utilization of raw materials in order to move towards a green and sus- 

tainable economy [1]. Thus, plant-based and other renewable resources 

obtained materials are the main mobilizers of changes within the 

manufacturing industry [2,3]. 

Along with the circular economy, the technological growth in the 

world alludes to a fourth industrial revolution or Industry 4.0 and to an 

interconnected world based on communication systems, sensor and 

actuator devices, enabling the Internet of Things (IoT) paradigm [4]. 

This technological revolution is accompanied by what is known as Ad- 

ditive Manufacturing (AM), alias 3D printing, which enables the 

fabrication of different products with desirable (potentially complex) 

three-dimensional shapes by the layer-by-layer deposition of materials 

according to a virtual model that is digitally sliced, i.e, it does not require 

moulds or machining [5,6]. Despite printing technologies being much 

improved over time, the materials that have commonly been used with 

them have not evolved significantly. Thus, the AM methods that are found 

nowadays are mostly based on non-renewable materials. In this way, to 

properly achieve both digitalization and sustainability, the 3D printing 

of sensors and actuators based on materials with natural or renewable 

origin becomes mandatory [7,8]. 

Among the different 3D printing technologies, those based on UV 

light curing or photopolymerization can be highlighted. Photo- 

polymerization is defined as the synthesis of polymers by chain reactions 

that are initiated upon the absorption of UV or visible light converting 
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thus liquid solventless formulations into solid materials [9] and presents 

advantages with respect to other printing technologies such as rapid 

solidification, room curing temperatures, small volumes of volatile 

organic compounds and high energy processing efficiency, among others [10]. 

However, currently available UV curing 3D printing technologies do not 

allow the use of directly obtained bio-based materials, that must be 

previously modified in order to adjust them to the optimal printing 

conditions in terms of reactivity and/or viscosity [11,12]. At this point, 

bio-based oils modified through epoxidation and/or acrylation highlight 

as widely used materials in 3D printing, including soybean, canola, 

sunflower, sesame and olive oils. It has been demonstrated that these 

five acrylated oils present good characteristics to be used in digital light 

processing (DLP) printing in terms of penetration depth and critical 

exposure. Further, their 3D printed parts present a quality comparable to 

commercially available inks. Furthermore, sunflower and canola oil-

based materials are identified as the most promising candidates in terms 

of price, curing behaviour, resolution, and mechanical properties, being 

thus able to be printed in complex geometries [13]. Particularly, soybean 

oil-based has been demonstrated to be suitable for Optical 3D printing 

in the scales from nano- to macro-dimensions, which can be processed 

even without the addition of photoinitiator [14]. 

Although the suitability of bio-based oils for photocurable 3D 

printing has been demonstrated with results very close to those obtained 

with materials of non-biorenewable origin, those polymers by them- 

selves do not have the necessary functional requirement to be used in 

many sensor and actuator applications. Therefore, polymer-based 

composites, in which a filler capable of adding a specific functionality 

to the system is used together with a polymer that provides specific 

physico-chemical properties and processability to the system, are 

commonly used [10]. In this sense, bio-based photopolymers have not 

been yet properly investigated while petroleum-based ones include 

conductive, piezoresistive, piezoelectric, thermochromic or photo- 

luminescent materials, among others, obtained by adding fillers such as 

multiwalled carbon nanotubes (MWCNT) [15], ZnO nanostructures 

[16], bis(1-butyl-3-methylimidazolium) tetrachloronickelate 

([Bmim]2[NiCl4]) ionic liquid [17] or [Cu4I4(PPh3)4] and 

[Cu4I4(PPh2(CH2)2CH3)4] copper iodide clusters [18]. 

Specifically, electrically conductive materials presenting anisotropy 

have great relevance in sensor application in areas such as smart ro- 

botics [19], human motion detection [20] and multidimensional wear- 

able electronics [21]. Further, the formation of directional electrically 

conductive pathways, allows increasing the electrical conductivity using 

a natural-based polymer composite. Acrylated epoxidized soybean oil 

(AESO) was used as a matrix together with MWCNT as functional filler. The 

obtained composites were characterized in terms of physico- chemical 

properties and electrical conductivity as a function of the filler content 

and printing conditions. Different 3D printed structures were obtained 

to demonstrate the suitability of the materials for applications. 

 

2. Materials and methods 

 

2.1. Materials and sample preparation 

 
Acrylated epoxidized soybean oil (AESO) that contains 4000 ppm of 

monomethyl ether hydroquinone as inhibitor and isobornyl methacry- 

late (IBOMA) of technical grade were purchased from Sigma Aldrich and used 

as received. Phenyl bis(2,4,6-trimethylbenzoyl) phosphine oxide, also 

named as Irgacure 819 or BAPO, was purchased from BASF and used 

as photoinitiator. Poly(ethylenglycol) diacrylate, PEGDA, with a 

molecular weight of 575 g mol-1 was purchased from Sigma Aldrich and 

used as sacrificial materials during 3D printing process, together with a 

1 phr of BAPO photoinitiator. Ethanol (EtOH), from Merck, with 96% of 

purity was used as solvent for sample cleaning. Multi-walled carbon 
nanotubes (MWCNT) with reference NC7000™, purity of ≈ 90%, 

average diameter ≈ 9.5 nm, and average length ≈ 1.5 µm were provided 

by Nanocyl, S.A, Belgium and used as conductive filler. 

In order to determine the best formulation for 3D printing, a batch of 

samples were prepared by mixing the AESO with IBOMA in different 

ratios form 100:0–50:50 (in wt%). Samples were mixed by magnetically 

stirring (AREC Heating Magnetic Stirrer from VELP SCIENTIFICA) at 

60ºC for 30 min. Then, 1 phr of Irgacure 819 photoinitiator was added to 

the formulation, which was stirred again for other 30 min at same 

temperature. In order to obtain a homogeneous solution, all formula- 

tions were degassed by ultrasonic bath for 30 min at 50ºC. Then, pho- 

tocured samples were prepared by placing the formulations on silicon 

molds to achieve rectangle samples of 20 × 7.5 mm2 and a thickness of 

500 µm after curing by illumination with a DYMAX ECE 5000-UV lamp 

during 60 s at 130 mw/cm2. 

The prepared samples are summarized in Table 1, where bio- 

renewable carbon (BRC) content was calculated considering the BRC 

contents of both biorenewable materials (AESO and IBOMA) and 

applying Eq. (1):[30]. 

Biosourced  Carbon 

less amount of conductive fillers and can favour the mechanical prop- 

erties [22]. This mentioned orientation and arrangement of the electri- 
BRC  (%) = Total  Carbon 

x100 (1)
 

cally conductive fillers is not easy to obtain and is controlled primarily 

by the process involved in the 3D printing technique or by an external 

stimulus that can induce filler orientation during printing [23] such as a 

magnetic or electric field, mechanical stretching or shear force [24]. 

This has been achieved in some studies in which different particles, 

including aluminium, titanium, copper, magnetite nanoparticles, and 

carbon nanofibers have been assembled with acoustic field during 

stereolithography 3D printing for the fabrication of embedded conduc- 

tive wires and other patterns within 3D structures [25,26]. Moreover, by 

the use of femtosecond pulsed laser beam (fs laser beam) within 

two-photon polymerization lithography, the 3D microfabrication of 

single-wall carbon nanotube/polymer composites can be achieved [27] 

as well as the assembly of aligned carbon nanotubes in three dimensions 

for multifunctional device fabrication [28]. This fs laser beam has been 

also employed for precise assembly and joining of silver nanowires in 

three dimensions for highly conductive composite structures presenting 

~200 nm resolution structures [29]. However, to our knowledge, elec- 

trical anisotropy has not been already obtained both from bio-renewable 

origin materials and by digital light processing (DLP) 3D printing 

technique, despite its environmental and technological interest. 

In this scope, the present work reports on the development of bio- 

renewable electrically conductive materials obtained by 3D printing of 
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For electrically conductive composite materials, the corresponding 

amount of carbonaceous filler was added to AESO:IBOMA formulations 

to obtain samples with a MWCNT concentration ranging from 0 to 

0.6 wt%. To promote a good dispersion and disentanglement of 

MWCNT, the samples were homogenized using magnetic stirring for 2 h 

at 60ºC and ultrasonic bath (GT sonic from ORMA-Eurotek) for 1.5 h at 

50ºC. After complete dissolution, photocured samples were prepared 

following the same procedure as for pristine materials obtaining here 

samples with dimensions of 20 × 7.5 × 0.25 mm3. 
In the case of sample 3D printed samples, they were obtained by 

 
Table 1 

Composition and biorenewable carbon (BRC) content of the prepared pristine 

polymer formulations. 
 

Name Amount of Amount of Amount of BRC 

 AESO (wt%) IBOMA (wt%) photoinitiator (phr) (%) 

A 100 0 1 85.1 

B 90 10 1 83.6 

C 80 20 1 82.1 

D 70 30 1 80.7 

E 60 40 1 79.2 

F 50 50 1 77.7 
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using the 0.6 wt% MWCNT containing formulation with 50:50 wt% of 

AESO:IBOMA. As a 3D printer the commercial DLP printer from ASIGA, 

model ASIGA PICO 2 HD with a nominal pixel resolution of 39 µm and a 

light emission at λ = 385 nm was employed. The layer thickness and UV 
light intensity were fixed at 50 µm and 35 mW/cm2, respectively, and 

the exposure time per layer was fixed at 8 s for all printed samples. The 

working temperature for the 3D printer was 40ºC and the approach 

velocity of the platform was minimal (1.5 mm/s). 

Finally, the printed objects were sonicated in ethanol for 5 min to 

remove the unreacted monomers and then post-cured under UV-light 

using a medium-pressure mercury lamp provided by Robot Factory 

(3 min, 12 mw/cm2). 

The evaluation of the precision of the printing process, i.e., the ac- 

curacy, was measured throughout the shape fidelity of the printed object 

to the reference CAD by means of a 3D scan of the samples and 

comparing the digital file and the scan of 3D printed object obtained at 

the CA Analyzer program of the 3Shape scanner model E3. 

Topographical analysis of 3D printed samples was performed by 

optical microscopy (Olympus BX53MRF-S) and profilometry (KLA 

Tencor D-100) at three different positions in three faces of the filled 

 

to 600 cm-1 at a resolution of 4 cm-1. 

Viscosity measurements were performed with an Anton PAAR 

Modular Compact Rheometer (Physica MCR 302, Graz, Austria) using a 

cone-plate geometry CP50–1 with a fixed gap of 1 mm. The cone pre- 

sented a diameter of 25 mm and cone-angle of 1º. All experiments were 

performed using a constant volume of each sample and at fixed tem- 

perature of 25ºC. The viscosity of the samples was recorded varying the 

shear rate from the lowest value of 0.01 s-1 to the highest value of 

1000 s-1. The averaged results of each sample after three measurements 

are presented. 

 

2.2.2. Characterization of the crosslinked materials 

Dynamic mechanical thermal analysis (DMTA) measurements were 

performed in all prepared photocured rectangular samples using a Tritec 

2000 DMA equipment from Triton Technology Ltd. The tests were car- 

ried out at a frequency of 1 Hz and with a total displacement of 20 µm 

varying the temperature from — 80ºC to 180ºC in a temperature ramp of 

2ºC/min. The apparent crosslinking density (νc) was calculated ac- 

cording to the Eq. (3):[32]. 

 E′R  

cube. For profilometry, a stylus force of 0.03 mg in a total distance of 

5 mm and at a scan velocity of 0.1 mm/s was employed. In addition, 
νc = 3RT 

(3) 

surface roughness of the 3D printed cube was calculated using atomic force 

microscopy (AFM). A NX10 AFM from Park Systems was operated in non-

contact mode using PPP-NCHR probes (nominal force constant of 42 N/m 

and resonance frequency of 330 kHz) from Nanosensors. The topography 

images obtained were processed using Gwyddion and cor- rected using a 

second order polynomial background correction. For each image, the root-

mean-square roughness (Rq) was calculated using Gwyddion. The Rq 

roughness is defined according to Eq. (2) as: 

√
√
√

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅ ̅̅̅̅̅ ̅̅̅̅̅ ̅̅̅̅̅
∑
̅̅̅̅̅̅̅̅̅̅
N

̅̅̅̅̅ ̅̅̅̅̅ ̅̅̅̅̅ ̅̅̅̅̅ ̅̅̅̅̅ ̅̅̅̅̅ ̅̅̅̅̅ ̅̅̅̅̅ ̅̅̅̅̅ ̅̅̅̅̅ ̅̅̅̅̅ ̅̅̅̅̅ ̅̅̅̅̅ ̅̅̅̅̅ ̅̅̅̅̅ ̅̅̅̅̅ ̅̅̅̅̅ ̅̅̅̅̅̅̅̅̅̅ 

where νc is the crosslinking density in number of moles of network 

chains per unit volume of the network, E’R is the storage modulus value 

at the rubbery plateau, R is the gas constant and T the absolute 

temperature. 

The quality of the 3D printed samples prepared with 0.6 wt% 

MWCNT and 50:50 wt% of AESO:IBOMA was characterized by 3D 

scanning of the printed objects with different shapes. 3D scanning was 

performed with a E3 3D scanner from 3Shape (Copenhagen, Denmark) 

and heat map of differences between the digital files and the digitali- 

1 
q = 

i=1 

(zi — z) (2) zation of the real objects created by 3D scanner was reported. 

The dispersion of MWCNT in the different composites was studied by 

Scanning Electron Microscopy (SEM) analysing the cross-section of the 

Where N is the total number of points of the image, zi the height of each 

point and z is the mean height. Then, the average value and standard 

deviation of the roughness was computed using the roughness calculated 

for each image. 

 

2.2. Sample characterization 

 

2.2.1. Characterization of the formulations 

The photocuring reaction of the prepared formulations was evalu- 

ated by real-time photorheology using an Anton PAAR Modular 

cold fractured samples using a Hitachi S-4800 microscope at an accel- 
erating voltage of 5 kV with a magnification range from 60 × to 

20000 × . In all cases, samples were previously coated with a 20 nm 

gold layer with a sputtering Polaron SC502 apparatus. 

The electrical conductivity (σ) of the composites was obtained with 

an automated Keithley 487 picoammeter/voltage source by measuring 

the voltage/current (I-V) curves applying voltages between — 10 to 

+ 10 V with a step of 1 V. The electrical conductivity was determined 
from the obtained resistance (R) and the geometrical characteristics of 

the samples, following Eq. (4):[31]. 

Compact Rheometer (Physica MCR 302, Graz, Austria) equipped with a 

Hamamatsu LC8 lamp that generates the UV light and irradiates the 
σ = 

 l  

RA 
(4) 

sample from the bottom part with an irradiance intensity of 30 mW/ cm2. 

The measurements were carried out in parallel-plate configuration with 

a glass bottom plate and an upper disk of 25 mm of diameter maintaining 

a distance between them of 0.3 mm (0.15 mm in case of composite 

samples). The tests were performed at constant frequency of 1 Hz and at 

temperature of 25 ºC. The UV light was switched on after 60 s to let the 

system stabilize before the onset of photopolymerization reaction. The 

obtained results were averaged after three measurements for each 

sample. 

The total double bond conversion of different AESO:IBOMA formu- 

lations and MWCNT/AESO:IBOMA composites was monitored using an 

ATR-FTIR equipment and by the disappearance of the acrylic double 

bond peak located at 1635 cm-1 [31]. For that, samples were firstly 

measured in liquid state (pre-cured) and then in solid state (post-cured) 

after being irradiated for 90 s at room temperature and under nitrogen 

atmosphere using a Dymax ECE 5000 UV lamp at an irradiance of 130 

mW/cm2. For each measurements the Thermo Scientific Nicolet iS50 

FTIR Spectrometer equipped with a diamond crystal ATR accessory was used 

and 32 spectra were obtained in the spectral range from 4000 
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where A is the area of electrodes and l is the thickness of the 

composites. In the case of photocured materials, the composites were 

previously gold-coated using sputtering Polaron SC502 with circular 

contacts of 5 mm of diameter deposited on both sides of the samples. 

In the case of 3D printed samples, copper wire electrodes were placed 

onto the spec- imens using a silver conductive paste to reduce contact 

resistance. The σ 
values are provided as the average values of 3 measurements. 

 

3. Results and discussion 

 

3.1. Optimization of the polymer matrix 

 

3.1.1. Study of the photocurable formulations 

Several formulations containing different ratio of acrylated epoxi- 

dized soybean oil (AESO) -the crosslinking agent- and isobornyl meth- 

acrylate (IBOMA) - the reactive diluent- were prepared as indicated in 

the experimental section. By changing the quantity of reactive diluent, it 

is possible to tailor both the physico-chemical properties of synthetized 
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materials as well as the viscosity and photoreactivity of the photocurable 

formulations, which are critical factors in terms of 3D printability. 

Initially, the photopolymerization processability of the different 

polymer formulations was evaluated using real-time photorheology, 

where the evolution of both storage (G’) and loss (G’’) modulus were 

measured while samples were illuminated under UV light of 405 nm. 

Fig. 1a represents the G’ values as a function of irradiation time for all 

prepared samples while Table 1 collects the values of curing rate (ΔG’/ 

Δt), measured as the slope of the curve in the initial irradiation times, 

and the gel time (tgel), which is the time needed to achieve the gelation 

of each sample and that is obtained as the crossover between G’ and G’’ 

moduli. 

The photorheology curves of all samples present a similar trend. 

Independently of the reactive diluent content, identified by a sharp in- 

crease of the G’ when light is switched on, followed by a plateau after 

several seconds of light illumination. When IBOMA is further increased, 

the tgel is maintained almost constant and at around 1.5 s, indicating the 

suitable photopolymerization reaction independently on the reactive 

diluent content. In addition, the curing rate of the samples slightly in- 

creases from 44.5 ± 1.1–54.3 ± 1.6 kPa/s. The increase in the photo- 

reactivity of the formulation with increasing IBOMA content is thus 

ascribed to the effect of the reactive diluent on the viscosity of formu- 

lations, particularly, the low in situ viscosity during the initial stages of 

the reaction [33]. Furthermore, the effect of IBOMA addition on the 

 

 

 
 

Fig. 1. a) Photorheology plots corresponding to the evolution of the storage modulus (G’) of formulations containing different AESO:IBOMA ratios. b) FTIR spectra for 

AESO:IBOMA 80:20 ratio sample before (pre) and after (post) irradiation with UV-light, showing the double bond conversion. c) Viscosity curves of formulations 

containing different AESO:IBOMA ratios (the area in green represents the viscosity range recommended for DLP inks and the estimated range of shearing during printing). 

d) Storage modulus and e) tan δ curves for photocured AESO:IBOMA samples at different ratios. f) Schematic diagram of the photocurable mechanism of the 

AESO:IBOMA resin. 
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initial viscosities of the formulations can be related to the decrease of the 

G’ values before the onset of photopolymerization [34] and will be later 

characterized. 

The photopolymerization process was also investigated by FTIR, 

where the acrylic double bond (C–C) conversion was measured 

following the decrease of the corresponding peak at 1635 cm-1 [31]. Fig. 

1b depicts all FTIR spectra of sample C (Table 1) as a representative 

example together with the magnification of the zone corresponding to 

the double bond peak for both pre-exposure and post-exposure mea- 

surements. Table 2 collects the obtained FTIR conversion values. 

The FTIR spectra of AESO displays the characteristic peaks ascribed 

to the main functional groups present in the triglyceride-based mole- 

cule. Thus, stretching vibrations of different groups such as -OH, C–O 

and C-O-C corresponding to the ester group of the acrylated epoxidized 

oil are shown at 3460, 1730 and 1160 cm-1, respectively. Further, the 

corresponding peaks of the backbone of triglyceride can be appreciated 

at 2920, 2850 and 1450 cm-1, directly related to the asymmetric 

stretching vibrations and deformations of the C-H bond in the -CH2- and 

-CH3- groups. In addition, the presence of the functionalized groups, i. e, 

the acrylic double bond groups, can be also observed by the bands 

located at 1635 and 810 cm-1 [35]. When samples are irradiated, the 

success of the photopolymerization was confirmed by the decrease of the 

double bond peak as it is clearly observed in magnified region of the 

spectra. This double bond conversion is maintained almost constant 

when IBOMA is added and all the investigated photocurable formula- 

tions present a final FTIR conversion values around 77%, which agrees 

with related studies based on the same AESO material [31]. 

The viscosity of the prepared formulations was then characterized as 

it is an important parameter to be evaluated in 3D printing process, the 

rheological behaviour notably affecting printing characteristics and 

performance [36]. Fig. 1c depicts the viscosity curves for all prepared 

formulations in the shear rate range from 0.1 to 1000 s-1 while Table 2 

summarizes the viscosity values of each sample obtained at a shear rate 

of 10. 

The AESO-based materials present a Newtonian behaviour charac- 

terized by a constant value of the viscosity in all the studied shear rate 

range. When IBOMA is added, AESO viscosity is strongly decreased of 2 

order of magnitude being 18.2 ± 1.1 Pa⋅s for pure AESO and as low as 

0.28 ± 0.01 PA⋅s for the sample containing higher IBOMA content. All 

the rest of the samples present intermediate values between them, 

showing a linear decrease of viscosity of the formulation by increasing 

IBOMA content. In fact, the effect of increasing reactive diluent has been also 

reported in literature for AESO resin in the presence of other reactive 

diluents such as methacrylated fatty acid or methacrylated eugenol [37]. 

The viscosity range recommended in the literature for DLP inks is 

between 0.2 and 10 Pa⋅s, while shear rates of 5 and 20 s-1 indicates the 

estimated range of shearing during the printing process [13]. Thus, the 

addition of just 10 wt% of IBOMA diluent to AESO is enough to achieve 

an appropriate viscosity value in all necessary shear rate range for DLP 

printing. Also, the addition of 50 wt% of IBOMA leads to a formulation 

capable to be DLP printable. However, considering the intention of 

adding fillers to the polymeric formulations, the sample B containing 10 

wt% IBOMA seems to be closer to the upper viscosity limit. In fact, 

reports on DLP printable composites indicate that the upper viscosity 

limit of the printable formulation is around 5 Pa⋅s [38,39]. Therefore, 

just samples C to F are considered suitable for DLP printing. 

 

3.1.2. Study of the photocured materials 

The photocured samples were evaluated by DMTA in order to assess 

the influence of IBOMA reactive diluent on the thermal and viscoelastic 

properties. Storage (E’) and tan δ curve (tan δ = E’’/E’, where E’’ is the 

loss modulus) were evaluated as function of temperature and plotted in 

Fig. 1d and e. Also, the corresponding glass transition temperature (Tg), 

defined as the peak of the tan δ curve, were evaluated. The apparent 

crosslinking density (νc), calculated according to Equation (3), and Tg 

values are summarized in Table 2. 

It is observed that all curves present similar shape, characterized by a 

decrease in E’ with increasing temperature, indicating the transition 

between glass and rubbery states, i.e. the glass transition [40]. In the 

case of AESO, E’ decreases from 0.8 × 109 Pa to 3.0 × 107 Pa, while for 

sample F, containing 50 wt% of IBOMA, E’ changes from 1.2 × 109 Pa to 

3.4 × 106 Pa. Thus, by increasing IBOMA content in the photocurable 

formulations, we could observe that the moduli in the glass state is 

maintaining almost constant while the moduli in the rubbery plateau 

decreases of 1 order of magnitude. The E’ in the rubbery plateau can be 

related to the crosslinking density (vc) and the obtained values of vc 

indicate a decrease of the crosslinking density when IBOMA content 

increases (from 2.84 down to 0.33 mmol/cm3). This is ascribed to the 

fact that a monofunctional reactive diluent has been added to the pho- 

topolymerization system with a consequent decrease of the crosslinking 

density [41]. Therefore, when IBOMA molecules react in the photo- 

polymerization process, the conversion of the double bonds can occur 

faster because of the mobility of the polymer chains (that is possible due 

to the lower viscosity of the material), agreeing with the results obtained 

for the photopolymerization process [42]. 

Interestingly, the addition of IBOMA to the AESO polymer, despite 

reducing the crosslinking density, induced an increase of the Tg of the 

photocured material, identified by the sharp increase of the maximum of 

the tan δ curves toward higher temperatures, from 38ºC of AESO pristine 

material to 107ºC for the sample containing 50 wt% of IBOMA reactive 

diluent. However, attending to the detail of the tan δ curves for the 

samples containing IBOMA, two domains of relaxation are detected: one 

slightly lower to the Tg of AESO pristine polymer network and almost 

constant for all samples, and second one at higher temperatures that 

increases in temperature with increasing IBOMA content. This can be 

attributed to a bi-phasic polymer network in which the IBOMA acts 

firstly as reactive diluent, reacting with the AESO molecule, and sec- 

ondly generating free poly(IBOMA). When IBOMA molecule reacts with 

AESO, it does as chain ends into the crosslinked network which will 

reduce the Tg of the AESO material (as it is observed in the first relax- 

ation), while when IBOMA homopolymerize it generates a second phase, a 

IBOMA-rich phase and/or free poly(IBOMA), which can present a Tg as 

high as 110 ◦C, according to [43]. Further, the intensity of the second 

peak observed in tan δ is higher when the IBOMA content increases. This 

fact can be associated with chains which are not strongly attached to the 

network and that hence can freely relax [44]. An schematic represen- 

tation of the photocurable mechanism of the AESO:IBOMA resin is 

presented in Fig. 1f. 

 

 

Table 2 

Main properties of the AESO:IBOMA formulations and photocured samples. 

Sample tgel (s) ΔG’/Δt (kPa/s) FTIR conversion (%) Viscosity at shear rate of 10 s-1 (Pa⋅s) Tg (ºC) E′ (MPa) νc (mmol/cm3) 
 

A 2.5 ± 1.3 44.5 ± 1.1 77 ± 1 18.2 ± 1.1 38 30 2.84 

B 1.6 ± 0.9 44.5 ± 1.2 79 ± 2 7.68 ± 0.02 50 25 2.37 

C 1.3 ± 0.6 46.8 ± 0.7 74 ± 2 3.16 ± 0.05 57 20 1.90 

D 1.2 ± 0.2 48.0 ± 1.3 76 ± 3 1.42 ± 0.03 76 16 1.52 

E 2.6 ± 1.1 50.1 ± 2.4 75 ± 1 0.56 ± 0.01 92 4.1 0.39 

F 2.5 ± 1.8 54.3 ± 1.6 77 ± 1 0.28 ± 0.01 107 3.5 0.33 
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3.2. Optimization of the electrically conductive composites 

 

3.2.1. Characterization of the composite photocured formulations 

Once the different formulations were prepared and characterized, 

three of them were selected based on their different characteristics and 

good capabilities for being printed by DLP. Multiwalled carbon nano- 

tubes (MWCNT) are characterized by large aspect ratio, high electrical 

conductivity and mechanical reinforcing properties within polymers that 

make them the most used carbonaceous material for the preparation of 

conductive and sensing composites [45,46]. Thus, different contents of 

MWCNT were dispersed in the three selected formulations and com- 

posites were obtained and characterized. 

First, the photopolymerization processability of the different com- 

posite formulations was evaluated using a real-time photorheology, 

following the same procedure explained in the section before. Here, 

similar curves as for the pristine formulations are obtained and the final 

values of ΔG’/Δt and tgel for all composite materials are presented in Fig. 

2a. 

It is found that the addition of MWCNT to the formulations induced 

an increase on the tgel and a decrease on the photopolymerization rate, 

independently on the diluent content. The tgel of sample C increases 

approximately 5 times from 1.2 ± 0.2 s to 8.3 ± 1.5 s when just 0.2 wt% 
MWCNT content is added and increases even more when MWCNT 

content further increases, being as high as 29.3 ± 7.5 s in the case of 

0.6 wt% MWCNT sample. Similar behaviour is obtained for the rest of 

the samples with the interesting fact that the lowest viscous formulation, 

the one containing 50 wt% of IBOMA reactive diluent (sample F), pre- 

sents the lowest increase of tgel when similar MWCTN content is added, 

being here 14.3 ± 2.1 s for 0.6 wt% MWCNT sample content. In 

addition, ΔG’/Δt is affected by the addition of MWCNT in a similar way 

for all formulations independently on the reactive diluent content. The 

ΔG’/Δt decreases more than a half in the case of sample D from 47.1 

± 3.2 kPa/s for the pristine sample to 18.1 ± 3.0 kPa/s when 0.2 wt% 
MWCNT is added. This decrease is even more pronounced when 0.6 wt% 

MWCNT content is added, leading to a final value of 2.3 ± 0.1 kPa/s. At 

this point, and in agreement with tgel results, the curing rate values 

obtained for sample F are the highest among all photocurable formu- 

lations prepared, showing a value of 2.9 ± 0.4 kPa/s. 

The negative effect of MWCNT over the UV curing can be ascribed to 

the UV shielding phenomena of the conductive carbonaceous material. 

MWCNT light absorption hinder the efficiency of the photoinitiator, 

delaying and slowing the photopolymerization of the filled formulations 

[34]. When the filler content increases, this unfavourable effect is even 

more pronounced and it is also magnified by the increase of viscosity 

[15]. Thus, when the viscosity of the initial pristine formulation is lower, 

the addition of the MWCNT affect in a lesser extent the photo- 

polymerization process, together with the fact that formulation con- 

taining 50 wt% IBOMA is more reactive than the C formulation. 

Attending to the FTIR results (Fig. 2b), the presence of MWCNT af- 

fects the conversion of double bonds, decreasing the total percentage of 

conversion when carbonaceous filler content increases, independently 

on the formulation investigated. The total conversion obtained de- 

creases from approximately 77% in the pristine sample down to 67% for 

the composites presenting C base formulation and 0.6 wt% MWCNT or 

even close to 50% when F base formulation is used for the same filler 

content. These results are in agreement with the photorheology data and 

are explained by the light absorption of MWCNTs [15], as reported for 

other carbonaceous fillers incorporated into AESO polymer [31]. 

 

 
 

Fig. 2. a) Comparison of photopolymerization rate (ΔG’/Δt) –columns- and gel time (tgel) –symbols- for formulations C, D and F with different MWCNT contents. b) 

Comparison of FTIR double bond conversions for the same samples. c) Viscosity curves of the F formulation and its composites with MWCNT as a function of shear 

rate. The area in green represents the viscosity range recommended for DLP inks and the estimated range of shearing during printing. d) Comparison of viscosity 

values at shear rate of 10 s-1for formulations C, D and F with different MWCNT contents. 
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Regarding viscosity results, the addition of MWNT increased the 

viscosity of the suspensions, especially at low shear rates, as presented in 

Fig. 2c. When MWCNT content increases, the viscosity increases in the 

whole shear rate range studied. Furthermore, the rheological behaviour 

of the formulations changed from Newtonian fluid to a non-Newtonian 

fluid with different viscosity at different shear rates [47]. Particularly, 

the formulations showed a shear thinning behaviour since the viscosity 

decreases when the shear rate increases as it has been observed in other 

MWCNT/polymer formulations [48]. This effect has been ascribed to the 

increasing interactions between the oligomeric chains and the nano- 

fillers [49]. 

In order to compare the different formulations and following the 

same procedure than for the pristine formulations (Section 3.1. Opti- 

mization of the polymer matrix), the viscosity values at a fixed shear rate 

of 10 are summarized in Table 2. When C formulation is employed, the 

addition of 0.2 wt% MWCNT doubles the viscosity values from 3.21 

± 0.07 Pa⋅s to 5.76 ± 0.04 Pa⋅s and increases almost 4 times when 

0.6 wt% content is used to a final value of 12.80 ± 0.45 Pa⋅s. A similar 

behaviour is observed for the other formulations D and F but with a 

lower viscosity values when a 0.6 wt% MWCNT content is used, being 

8.44 ± 0.54 Pa⋅s and 2.01 ± 0.08 Pa⋅s, respectively. Thus, considering 

the afore mentioned viscosity range for the printability of DLP com- 

posite formulations (maximum of 5 Pa⋅s) [38,39], C formulations con- 

taining 0.4 and 0.6 wt% MWCNT. together with the D formulation 

containing 0.6 wt% MWCNT, can be dismissed as usable formulations. 

Further, sample C containing 0.2 wt% MWCNT can be considered as a 

highly difficult printable material due to its viscosity close to the limit. 

In this sense, just F composite formulations and D material containing 

0.4 wt% MWCNT can be exploitable for 3D printing. 

3.2.2. Characterization of photocured composite samples 

Photocured films similar to the one presented in Fig. 3a were ob- 

tained  and  cut  with  a  rectangular  shape  and  dimensions  of 

20 × 7.5 × 0.25 mm3 for characterization. SEM, DMTA and electrical 
conductivity tests were used in order to characterized the MWCNT 

dispersion and to evaluate how the MWCNT affects the dynamic me- 

chanical properties and the electrical conductivity of the samples. 

The filler dispersion and wettability between MWCNT and the AESO: 

IBOMA polymer matrices are evaluated by the SEM images, the filler 

being identified as white dots and tubes [15]. Fig. 3b shows, as repre- 

sentative image for the rest of samples, the MWCNT dispersion within 

sample D containing 0.4 wt% MWCNT. For carbonaceous based com- 

posites, a suitable dispersion of the fillers is desirable as it has been 

demonstrated that the electrical conductivity of composites depends on 

MWCNT distribution within the polymer matrix [15]. Here, it is 

observed that MWCNTs are well dispersed along the material and that 

the polymer fully surrounds the fillers, not showing any voids or loose 

interfaces. Further, just a few small aggregates of several micrometres in 

diameter are observed, and those aggregates are well distributed within 

the polymer. In addition, it was demonstrated that a proper distribution 

of small agglomerates or clusters is more important than a good 

dispersion of individual fillers and can be beneficious to achieve higher 

electrical conductivity [50,51]. However, agglomerate distribution 

could affect other properties of composites, as is the case of the me- 

chanical properties [50]. 

When filler content increases, the presence of white spots in the SEM 

images increases (Fig. S1 of Supporting Information), indicating the 

successful addition of higher MWCNT quantities. Particularly, when a 

0.6 wt% MWCNT content is added, the viscosity of the different matrices 

promotes a different filler dispersion, being MWCNT better dispersed 

 

 
 

Fig. 3. a) Image of a photocured composite film obtained from sample D containing 0.4 wt% MWCNT. b) Representative SEM image of the same sample at magnification 

of 5000 × and c) of 20000 × . d) DMTA plots of photocured sample D and its composites. e) Electrical conductivity as a function of MWCNT content for all prepared 

composites up to 0.6 wt% filler content. 
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when less viscous polymer matrix is used. This is a typical behaviour for 

photocurable composites as it is reported in the literature [15,52]. 

The rectangular shape samples are then employed to characterized 

the dynamic mechanical properties of the prepared composites. As it can 

be observed in Fig. 3d for composites based on the polymer matrix D, the 

presence of MWCNT apparently does not affect the thermomechanical 

behaviour of the AESO:IBOMA material, presenting in all cases a single 

transition between the glassy and rubbery states (glass transition). The 

values of the E’ at the rubbery plateau can be correlated with the νc as 

indicated in Eq. (3). Here, the presence of MWCNT induce a decrease of 

E’R and hence in νc, whose values are indicated in Table 3. Thus, νc 

decrease from 1.90 to 1.65 mmol/cm3 when 0.6 wt% MWCNT content is 

added to C sample. Similarly, sample D shows a decrease of νc from 1.52 

to 0.36 mmol/cm3 at the maximum filler content and sample F presents 

the lowest νc values that change between 0.33 and 0.015 mmol/cm3 

depending the MWCNT content. 

The presence of MWCNT affects the photopolymerization process 

and the polymerization reaction due to the shielding effect of carbona- 

ceous filler, as previously discussed. The reaction is slower and it occurs 

in a lesser extent, as photorheology results reveal (Fig. 2). This can cause 

that during the initiation step, less initiation points are reacted and, 

therefore, the crosslinking density decreases [31,52]. This is also 

confirmed by FTIR results, where it is observed that the double bond 

conversion decreases when MWCNT content increases. Furthermore, the same 

trend is observed independently on the polymer matrix employed and 

the obtained νc values are in correlation with the DMA results of the neat 

polymer matrices (the higher the content of monofunctional reac- tive 

diluent, the lower the crosslinking density). 

Attending to the tan δ peak, its position and height are indicative of 

the structure and viscoelastic properties of a particular composite ma- 

terial. The presence of nanofillers, and particularly the MWCNT used in 

this work, can change the polymer chain mobility and deformability, 

being reflected in the behaviour of tan δ [53]. In the present case, for 

MWCNT content up to 0.4 wt%, the tan δ peak value shifts towards 

higher temperatures, indicating an increase of Tg from 76ºC to 87ºC for 

samples based on the polymer matrix D and an increase of the same 

order for the rest of polymer matrices. This can be attributed to the 

hindering of the polymeric chain mobility in the presence of the nano- 

filler. When the highest filler content is added, the large number of 

MWCNT agglomerates act as defects on the composite and can 

deteriorate the thermos-mechanical properties of the composites, with a 

decrease of the Tg of the final crosslinked material [15,52]. However, 

when the less viscous matrix is employed, the MWCNT dispersions is 

better as revealed the SEM images and Tg continuously increases in all 

filler content range studied. 

The Tg of MWCNT/polymer composites depends on the interaction 

between the MWCNT and the polymer matrix. If the adhesion between 

filler and matrix is poor, free volumes inside the polymer matrix will be 

generated and consequently the Tg will be decreased. In contrast, if adhesion 

between MWCNT and polymer is good, the MWCNT can constraint the 

polymer chain mobility and can increase the Tg of com- posite material 

[54,55]. In this way, AESO:IBOMA matrix allows a good MWCNT 

dispersion when filler contents are below a critical value of 

0.4 wt% as it is observed by the increase of Tg for all studied sample. 

However, for filler contents above that, polymer matrices that present 

high AESO content, i.e. the more viscous materials, cannot ensure good 

filler dispersion, as SEM results corroborate, and consequently, the Tg is 

decreased. Therefore, the AESO:IBOMA matrix presenting 50 wt% 

content of both components is the only matrix that demonstrates to be 

able to ensure good MWCNT dispersion in the all the filler content range 

studied. 

Finally, the electrical conductivity (σ) of the prepared composites is 

characterized. The voltage/current (I-V) curves are measured applying 

voltages between — 10 to + 10 V and σ is obtained using the Eq. (4). 

Table 3 shows the σ values for all samples and Fig. 3e depicts the evo- 

lution of σ as a function of MWCNT content for the different polymer 

matrices. 

The electrical conductivity of the pristine polymer samples is in the 

order of 7 × 10-11 S/m, characterizing insulator materials. The addition 

of 0.2 wt% MWCNT, does not lead to a significantly variation of σ (less 

than 1 order of magnitude), whereas for 0.4 wt% filler content, an in- 

crease of 5 orders in magnitude can be appreciated independently on the 

polymer matrix. Moreover, samples containing the highest filler content 

presented the highest σ values that are close to 1 × 10-4 S/m. This sharp 

increase of σ in several orders of magnitude corresponds to a percolative 

system [56]. However, attending to the shape of the curves and considering 

the results obtained for other photocured MWCNT/polymer composites 

[15,57], it seems that σ could eventually increase even more in case 

samples could be actually photocured, so the actual percolation threshold is 

difficult to be elucidated. 

 

Table 3 

Main evaluated physical-chemical and functional properties of formulations and photocured samples of AESO:IBOMA and their composites with MWCNT. 

Sample MWCNT content 

(wt%) 

tgel (s) ΔG’/Δt 

(kPa/s) 

FTIR conversion 

(%) 

Viscosity at shear rate of 

10 s-1 (Pa⋅s) 

Tg 

(ºC) 

′ 
R 

(MPa) 

νc (mmol/ 

cm3) 

Conductivity (S/ 

m) 

C 0 1.2 

± 0.2 

0.2 8.3 

± 1.5 

0.4 15.2 

± 2.8 

0.6 29.3 

± 7.5 

D 0 1.3 

± 0.3 

0.2 4.2 

± 1.0 

0.4 8.3 

± 0.6 

0.6 32.6 

± 3.2 

F 0 2.5 

± 0.5 

0.2 7.0 

± 2.6 

0.4 11.0 

± 5.6 

0.6 14.3 

± 2.1 

E 
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45.3 ± 3.3 74 ± 2

 3.21 ± 0.07

 57

 20

 1.90

 6.5 × 10-11 

12.8 ± 0.5 72 ± 2

 5.76 ± 0.04

 61

 19

 1.88

 1.4 × 10-10 

4.2 ± 0.6 68 ± 3

 10.63 ± 0.09

 66

 17

 1.81

 6.0 × 10-6 

0.7 ± 0.1 67 ± 5 12.80 ± 0.45 63 15 1.65 6.4 × 10-5 

47.1 ± 3.2 76 ± 3 1.43 ± 0.04 76 16 1.52 6.8 × 10-11 

18.1 ± 3.0 71 ± 3 2.49 ± 0.12 81 15 1.49 8.8 × 10-11 

8.8 ± 1.0 68 ± 3 3.93 ± 0.10 87 9.2 0.87 4.1 × 10-6 

2.3 ± 0.1 58 ± 1 8.44 ± 0.54 76 3.8 0.36 1.4 × 10-4 

47.9 ± 4.5 77 ± 1 0.28 ± 0.01 107 3.5 0.33 5.5 × 10-11 

19.5 ± 2.1 67 ± 4 0.68 ± 0.01 110 0.25 0.022 5.2 × 10-11 

10.0 ± 2.2 58 ± 4 1.19 ± 0.12 120 0.22 0.020 2.1 × 10-6 

2.9 ± 0.4 47 ± 5 2.01 ± 0.08 123 0.17 0.015 8.9 × 10-5 
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In the present case, the maximum amount of MWCNT allowed 

compatible with UV curing and viscoelastic properties has been added, 

so the obtained electrical conductivity is the maximum allowed for this 

MWCNT/AESO:IBOMA system. Interestingly, the σ values at a fixed 

MWCNT content apparently is not influenced by the viscoelastic prop- 

erties of the polymer matrix. Thus, all samples presenting 0.6 wt% 

MWCNT content are similar in terms of electrical conductivity. How- 

ever, considering the afore explained viscoelastic properties of photo- 

cured materials and the better processability in terms of 

photopolymerization and viscosity of the composite formulations, the 

sample containing 0.6 wt% MWCNT and AESO:IBOMA polymer matrix 

in 50:50 ratio is the best candidate to obtain 3D printable electrically 

conductive polymer composites. 

 

3.3. 3D printing of functional composites 

 
Once the optimal formulation has been selected, its processability 

through digital light processing (DLP) printing and the different func- 

tional properties of the printed parts are characterized. As it is concluded 

in the previous section, the formulation presenting 0.6 wt% MWCNT 

content and 50:50 wt% AESO:IBOMA polymer matrix is selected as 

being the most suitable formulation for 3D printing of electrically 

conductive composites. 

First, the printability by DLP of the sample containing 0.6 wt% 

MWCNT and AESO:IBOMA (50:50) polymer matrix, named merely as 

formulation hereafter, is tested. Considering the viscosity and photo- 

rheology results previously discussed, printing parameters are adjusted 

in order to be able to cure formulation during the printing process and to 

attach it to the printing platform without presenting over cure. As the 

viscosity of the formulation is around 2 Pa⋅s, the working temperature 

for the 3D printer is slightly increased from room temperature to 40ºC 

and the approach velocity of the platform is reduced to the minimum 

(1.5 mm/s) in order to facilitate the movement of the formulation dur- 

ing the layer-by-layer process. Other important parameters as exposure 

time and light intensity were also adjusted to obtain the highest printed 

sample quality in the shorter time. In this sense, an exposure time of 8 s, 

a light intensity of 35 mW/cm2 and layer thickness of 50 µm are the 

parameters used. Thus, considering all the printing parameters for this 

formulation, the 3D printing throughput is around 3 mm/h. 

In order to evaluate the resolution and the capabilities of the 

 

 
 

Fig. 4. a) CAD models for DLP printing of filled cube and cylinder, and hollow cylinder and cube. b) Photographs of the printed objects. c) 3D image obtained with 

the 3D scanner with the evaluation of the variations between the CAD project and the printed object. d) Analysis of the roughness: in the left the microscope image of 

filled cube face and in the right the AFM analysis of the same sample. 
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formulation to be 3D printed by DLP, different shapes are printed. On 

the one hand, simple parts presenting different types of edges are 

printed: a filled cube presenting flat surfaces and straight elements and a 

filled cylinder with rounded surfaces. Further, more complex structures 

presenting hollows, thin elements and overhangs are printed: a hollow 

cylinder and a hollow cube. All digital CAD models are depicted in 

Fig. 4a while the real images of the 3D printed objects are presented in 

Fig. 4b. It is observed that despite the high formulation viscosity and the 

strong light absorption by the MWCNT, all four samples are able to be 

3D-printed with a good appearance. In the case of cubic samples (both 

filled and hollow cubes), the printed objects are characterized by flat 

surfaces, straight elements, and clean and sharp edges while both cyl- 

inders present good smooth rounded surface and accurate dimensions. 

Then, to evaluate the precision of the printing process, that is, to 

measure the shape fidelity of the printed object to the reference CAD 

[58], a 3D scan of the samples is carried out. In this sense, the accuracy 

was proved by performing a comparison between the digital file and the 

scan of 3D printed object. This generates a three-dimensional model that 

presents an overlap heat map displaying the deviation between both the 

digital file and the scan of each printed sample, as represented in Fig. 4c. 

It results in an average variation from the CAD virtual project of around 

± 0.100 mm in the green zones and ± 0.135 mm in the yellow and light 
blue ones, indicating a good fabrication precision [18]. Particularly, in 

the case of both filled samples, some surface roughness can be appre- 

ciated at top parts and also at specific points of the lateral walls. This 

irregularities and divergences can be attributed to several factors, such 

as the printer resolution or printing errors, in addition to an irregular 

distribution of the talcum powder on the surface of the objects, which is 

used to improve scanning efficiency [58]. Regarding to the hollow 

structures, both cylinder and cube present the same good printing 

quality mentioned before and some irregularities at the hollow parts or 

at overhangs in the case of the cube. This can be ascribed to the same 

reasons explained, in addition to scanner precision and its difficulty to 

properly detect internal areas of the structures. 

In order to analyze the surface roughness of the 3D printed materials, 

initially, optical photographs have been obtained at the surface of the 

filled cube. Fig. 4d shows a representative image of the sample in which 

the disposition of the different successive layers obtained during the 3D 

printing process can be observed. Considering the scale, the thickness of 

each layer is demonstrated to be around 45–55 µm, which is in corre- 

lation with the layer height set to the printer during the printing process 

and what confirms that the printing process went well. However, as can 

be observed in the image, some defects were presented in form of small 

balls or cuts along some layer which was also observed by SEM analysis 

of the printed parts (see below) and that can be related to MWCNT ag- 

glomerations. The analysis of the profilometry allows to characterize 

how is the surface quality (by means of roughness) of the printed ma- 

terials. Thus, surface roughness of around 4.5 µm was obtained indi- 

cating a good surface finish despite the defects observed by microscopy. 

Going in deep with this analysis, AFM measurements allows the 

characterization of surface roughness at a lower level. Regarding to this 

analysis, five 10 × 10 µm2 images were obtained at five different loca- 

tions on one of the faces of the cube, two at each corner of the face and 

one in the middle. The 2D and 3D topography images of one of the 

scanned areas are presented in Fig. 4d. 

With this, we obtained a value for the roughness of Rq = 219 

± 113 nm (around 0.1–0.3 µm), indicating a good quality of the surface 

finish. Considering the surface dimensions analyzed, the 3D map ob- 

tained and the results obtained by microscopy images and profilometry, 

this roughness can be related with the same defects explained before 

 

 

 
 

Fig. 5. a) Rectangular shape 3D printed sample obtained with dimensions of 20 × 7.0 × 1.5 mm3. b) SEM image of the cross-section of the printed part obtained at 

magnification of 60 × . c) SEM image of one characteristic MWCNT agglomerations obtained at magnification of 400 × . d) SEM image of MWCNT presented in the 

3D printed sample obtained at magnification of 20000 × . From e) to g), voltage/current (I-V) curves obtained with the corresponding electrical conductivity (σ) 

value for each electrode position (measurement orientation). 
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ascribed to MWCNT agglomeration. 

When good printability has been confirmed, functional samples are 

3D printed using the same conditions previously detailed. For an easy 

data processing and clear understanding of the electrical conductivity, 

rectangular  shape  samples  are  printed  with  dimensions  of 

20 × 7.0 × 1.5 mm3 (Fig. 5a). It is to be noticed that the thickness is 
higher compared with the photocured samples employed in the previous 

characterization, fact that is possible because DLP printing is a layer-by- 

layer process in which thin layers of 50 µm are cured. Further, light can 

pass through the entire thickness and be easily absorbed by the material 

along the whole thickness. 

MWCNT dispersion within the 3D printed samples as well as elec- 

trical conductivity through the printed parts at different orientations is 

evaluated in order to detect possible internal imperfections or MWCNT 

agglomerations occurring during the printing process. As can be seen in 

the SEM images presented in Fig. 5b to d, MWCNTs can be identified as 

white spots and tubes along the materials. The cross-section image of the 

whole rectangular sample (Fig. 5b) shows different agglomeration areas 

that present both MWCNT aggregates and voids, better observed in the 

magnified images of Fig. 5c and d. It needs to be noticed that these 

agglomerations present one quasi-perfect linear edge perpendicular to 

the printing direction (i.e. parallel to each layer of the printed object) 

and thickness closed to 50 µm. This fact can be ascribed to specific 

MWCNT agglomerations that occur during the illumination of one layer 

that, after the photocuring process and the subsequently movement of 

the building platform, new liquid material is placed between the cured 

layer and thereafter the MWCNT agglomeration is moved or transferred 

to another point of the object. This could also explain why more MWCNT 

agglomerations with square shape and 50 µm thickness can be observed 

at other points of the 3D printed object and at different heights. 

Nevertheless, the printed objects presented good quality and 

MWCNT can be identified along all the rectangular printed material. 

Further, it is demonstrated that good distribution of filler agglomera- 

tions does not hinder significantly the mechanical properties and that a 

good distribution of agglomerates or clusters allows achieving higher 

electrical conductivity that individual filler dispersion [50,51]. 

After the filler dispersion of the printed samples were characterized, 

the influence of printing process on the electrical conductivity, σ, was 

studied. As it is demonstrated in the literature, the printing parameters 

such as printing orientation or printing infill density can change σ values 

in several orders of magnitude [59–61]. Thus, in this work, three 

different electrode positions were employed: position A, in which elec- 

trodes are placed in both faces of the rectangular sample, position B in 

which electrodes are placed in the shorter dimensions of the rectangle 

and position C where the electrodes are placed in the larger dimensions 

(Fig. 5e to g insets, respectively). 

Fig. 5e to g show that the σ values of the printed material depends on 

the electrodes position. When electrodes are placed in position A (both 

sample faces), the σ obtained is 5.2 × 10-9 S/m, while position B (along 

short sizes) presents a σ value of 8.7 × 10-6 S/m and the highest con- 

ductivity is achieved when position C (along large sizes) are used with 

an σ value of 6.6 × 10-3 S/m. These differences of almost 3 orders of 

magnitude between all them can be explained in terms of the printing 

process and the quality of filler dispersion. Previously shown SEM im- 

ages indicate that MWCNT agglomeration occurs at different points of 

the sample along the cross-section in form of small squares that present 

both MWCNT aggregates and voids. When electrical current is tried to be 

passed through the sample from one face to another, these micrometric 

pores act as insulator points and electrical conductivity compatible with 

an electrical conductor is not achieved. However, when current is 

applied at the edges of the sample (positions B and C), the whole sample 

can present a continuous electrical path for electrical current and σ 
values obtained in these orientations are higher. 

Regarding to the differences observed between positions B and C, it 

needs to be noticed two main factors. The first one is the electrodes 

distance. When position B is used, the distance through the electrical 

current needs to pass is higher than in position C. By increasing the 

distance, we can have an enhancement of void defects probability along 

the path, leading to a decrease of the electrical conductivity. The second 

one is the possible MWCNT orientation that could occur during the 

printing process [62]. The building platform has a rectangular shape in 

which the long side of the rectangle is parallel to the movement of the 

blade that spreads the resin between the different printed layers. Thus, 

the 3d printing process undergoes by the following steps: firstly, the 

platform goes down inside the vat with the resin, and the doctor blade or 

squeegee that is located under the vat is moved making some pressure 

between the bottom part of the FEP of the vat, the resin and the platform 

that is inside the resin and at a distance to the FEP of 50 µm. This spreads 

the resin in a uniform layer. This movement can mechanically orientate 

the MWCNT. Then, UV light is switched on during 8 s and the layer of 

50 µm is cured and attached to the platform (or to the previous layer in 

case of the rest of the layers except to the initial one). Then, the platform 

moves up and subsequently down leaving the resin to enter between the 

cured layer attached to the platform and the FEP. Then, the blade moves 

to spread again the resin to have a uniform layer of liquid resin (similar 

procedure explained above). During this movement, the MWCNT are 

again oriented in the same direction as the blade always moves from 

front to back making pressure and spreading the liquid resin of the vat. 

Therefore, layer by layer, the MWCNT are mechanically oriented by the 

movement of the blade and the material photocured by UV light irra- 

diation, “freezing” thus the oriented MWCNT in the 3D cured structure 

and generating a preferential orientation of MWCNT along the vat. In 

this sense, MWCNT could create a preferential direction for electrical 

conductivity and an electrical conductivity anisotropy for 3D printed 

composite samples. Therefore, considering the placement direction in 

which the rectangle samples are cured in the platform, this orientation 

of the MWCNT are consistent with the higher electrical conductivity 

measured for the position C than position B. 

Throughout, it can be concluded that functional composite materials 

based on bio-renewable polymer matrix and carbon nanotubes are ob- 

tained presenting good printability and electrical conductivity 

anisotropy. 

 

4. Conclusions 

 

In this work, acrylated epoxidized soybean oil (AESO) has been 

successfully combined with isobornyl acrylate (IBOMA) as reactive 

diluent to obtain 3D printable formulations with different physico- 

chemical properties. When higher contents of IBOMA are added, the 

viscosity of the photocurable formulation is reduced of two orders of 

magnitude from 18.2 ± 1.1–0.28 ± 0.01 Pa⋅s, whereas the photo- 

polymerization rate (ΔG’/Δt) increased from 44.5 ± 1.1–54.3 ± 1.6 

kPa/s. Advantageously, gel time (tgel) is maintained in all cases at around 

2 ± 1 s, as well as double bond conversion at 75%, with a bio- renewable 

carbon content of at least 77.7%. The addition of IBOMA 

demonstrated to generate a two-phasic polymeric network in which the 

IBOMA acts firstly as reactive diluent reacting together with the AESO 

molecule and secondly generating free poly(IBOMA), reducing the 

crosslinking density of the final material. 

When multiwalled carbon nanotubes (MWCNT) are added to the 

photocurable formulations, tgel is increased and ΔG’/Δt decreased 

independently on the IBOMA and filler contents. For higher MWCNT 

quantities (up to 0.6 wt%), both photocuring parameters are strongly 

affected and photopolymerization is hindered, with a final conversion 

that is reduced to a minimum around 50%. The viscosity in the printing 

shear rate range increases when MWCNT are added, being suitable for 

3D printing only the samples containing AESO:IBOMA in 50:50 ratio. In 

addition, the MWCNT dispersion of the photocured films obtained from 

these formulations is characterized by well dispersed fillers along the 

material, not showing any voids or loose interfaces. For the highest filler 

content, a few small aggregates of several micrometres in diameter well 

distributed along the material are observed, which are beneficious to 
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achieve electrical conductivities that increases from 5.5 × 10-11 S/m in 

pristine material to 8.9 × 10-5 S/m for 0.6 wt% MWCNT content sample. 
For the highest electrically conductive material (MWCNT/AESO: 

IBOMA 50:50 and 0.6 wt% filler content), the printability of the 

formulation was characterized by digital light processing 3D printing of 

complex bulk and hollow structures, obtaining good fabrication preci- 

sion with quality accuracy of ± 0.1 mm and surface roughness around 

0.1 – 0.3 µm. Analyzing the MWCNT dispersion within the 3D printed 

structure, isolated filler agglomerations together with voids were 

observed. These agglomerations were randomly dispersed on the 3D 

part. 

Finally, anisotropic electrical conductivity was obtained with con- 

ductivity values that can change in almost 6 orders of magnitude 

depending on the orientation with respect the to the printing patterns, 

being 6.6⋅10-3 S/m when electrical conductivity is measured parallel to 

the printing orientation and 5.2⋅10-9 S/m for perpendicular orientation 

with respect to the printed pattern. These differences were explained in 

terms of printing process and quality of filler dispersion that, in the one 

hand, can made the MWCNT to gain a preferential orientation during 

processing and, in the other hand, due to MWCNT agglomerations that 

can act as defects for electrical conductivity. 

In conclusion, electrically conducting functional composite materials 

based on bio-renewable polymer matrix and carbon nanotubes are ob- 

tained presenting good 3D printability and electrical conductivity 

anisotropy. 
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