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Abstract 

Biocomposite filaments for material extrusion (MEX) additive manufacturing, particularly those derived from agricul-
tural biomass, have attracted significant research and industrial interest. Biochar is a well-documented reinforcement 
agent that is used in several polymeric matrices. However, systematic research efforts regarding the quality scores 
of parts built with MEX 3D printing with biochar-based filaments are marginal. Herein, the impact of biochar loading 
on the quality metrics of the five most popular polymers for MEX 3D printing (ABS, HDPE, PETG, PP, and PLA) is quanti-
tatively examined in depth. Sophisticated and massive Non-Destructive Tests (NDTs) were conducted, and the impact 
of biochar loading on the critical quality indicators (CQIs), including porosity, dimensional conformity, and surface 
roughness, was documented. The quality scores for the biochar filler loading, also five in total, were statistically 
correlated with the corresponding reinforcement metrics for the five polymeric matrices. A statistically significant 
antagonistic interaction between the tensile strength course and porosity/dimensional deviation metrics, particu-
larly for PETG, was observed. It can be concluded that the lowest porosity and dimensional deviation are associated 
with the highest strength. The 4 wt% biocomposite exhibited optimal quality performance in most polymers studied.

Highlights 

•	 Comparison of the effects of biochar on five polymeric matrices in additive manufacturing: Acrylonitrile Butadi-
ene Styrene (ABS), High Density Polyethylene (HDPE), Polyethylene Terephthalate Glycol (PETG), Polypropylene 
(PP), and Polylactic Acid (PLA).

•	 Quality metrics (surface roughness, porosity, and  dimensional accuracy) were compared and  correlated 
with mechanical response.

•	 Low porosities and  dimensional deviations were detected in  the  4 wt% polymer/biochar composites, having 
the highest tensile strength among the composites tested.

Keywords  3D printing, Biochar, Polymers, Material extrusion (MEX), Micro-computed tomography (µ-CT), Atomic 
force microscopy (AFM)
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1  Introduction
Additive manufacturing (AM) technology is used to build 
structures of various shapes by placing one layer of mate-
rial on top of the other (Ngo et al. 2018). Every potential 
application of AM requires distinct properties that can 
be obtained by selecting appropriate material and print-
ing parameters (Mayakrishnan et  al. 2023). AM is one 
of the most promising and rapidly growing technologies 
for fabricating polymeric composite structures (Nikzad 
et  al. 2011; Serra et  al. 2013; Tekinalp et  al. 2014; Wei 
et  al. 2015; Postiglione et  al. 2015; Kalsoom et  al. 2016; 
Mohamed et al. 2016; Tian et al. 2016; Miller et al. 2017; 
Idrees et  al. 2018). Different matrix materials, such as 
polypropylene (PP) (Michailidis et al. 2024), acrylonitrile 
butadiene styrene (ABS) (Vidakis et  al. 2023c), polyam-
ide 12 (Nasikas et al. 2024), polylactic acid (Vidakis et al. 
2024a), polyethylene terephthalate glycol (PETG)  (Pet-
ousis et al. 2024b), and high-density polyethylene (HDPE) 
(Petousis et  al. 2024c)  have been investigated for their 
efficacy in the AM technology. A wide variety of addi-
tives such as copper (Vidakis et al. 2024b), carbon (Vida-
kis et al. 2023d), and ceramics (Vidakis et al. 2023e) have 
also been examined. The quality of 3D-printed items was 
studied with the aim of improving it by finding the opti-
mum 3D printing settings (Vidakis et al. 2023a; 2024C).

The use of biochar-based polymer composites offers 
the opportunity to utilize environmentally-friendly and 
sustainable materials (Ahmetli et al. 2013; Snowdon et al. 
2014; Das et  al. 2015; Anerao et  al. 2023), potentially 

replacing conventional non-biodegradable polymer 
composites (George et  al. 2023). According to the lit-
erature, environmentally-friendly materials are designed 
to minimize the environmental impact of human activi-
ties (Elfaleh et  al. 2023). These materials are typically 
sustainable, renewable, and biodegradable and reduce 
energy consumption, waste, and pollution. Biochar (Fal-
liano et  al. 2020) is a carbon-rich by-product known 
for its non-toxicity, sustainability, renewability, positive 
environmental impact, and unique inherent proper-
ties (Shanmugam et al. 2022; Mayakrishnan et al. 2023). 
Owing to its porous nature and highly functionalized 
surface, this material provides nucleation sites for chemi-
cal reactions and is compatible with cement, asphalt, and 
other polymers (Zhang et al. 2022). The Biochar Market 
Size is valued at USD 515.9 Mn in 2022 and is predicted 
to reach USD 1,385.2 Mn by the year 2031 at an 11.7% 
CAGR during the forecast period for 2023–2031 (Insight 
ace analytic 2024).

There are three different methods of biochar pro-
duction: pyrolysis, gasification, and hydrothermal car-
bonization. Biochar can possess different physical and 
chemical properties depending on the fabrication con-
ditions, such as the heating rate, pyrolysis temperature, 
time of residence, gas pressure, pyrolytic atmosphere, 
and types of biomass waste (Leng and Huang 2018; Mal-
jaee et al. 2021; He et al. 2022). It can be produced by the 
pyrolysis of different waste materials, such as food, wood, 
manure, and agricultural waste, as well as municipal and 
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industrial sludge (Zhang et  al. 2022), at temperatures 
between 400 °C and 700 °C in an oxygen-free atmosphere 
(Li et  al. 2020). Waste materials are carbonized at high 
temperatures and combined as fillers to provide a high 
surface area and hardness, as well as competent behavior 
for thermal loading (Das et al. 2021).

Biochar has gained attention because of its environ-
mental benefits and potential as a component of build-
ing materials, soil improvement, and water filtration. 
The physical performance of biochar-based materials 
varies depending on the biomass source, pyrolysis condi-
tions, and intended applications (Cosentino et al. 2019). 
In resins, an increase of up to 63% in the ultimate ten-
sile strength had been reported (Giorcelli et al. 2019). The 
thermal properties of epoxy resins were also improved 
by biochar addition (Minugu et al. 2021). Biochar is also 
used in concrete composites, achieving an almost 20% 
improvement n flexural strength (Akhtar and Sarmah 
2018). These findings demonstrate that biochar can be a 
valuable eco-friendly filler for various materials. Appli-
cations of biochar include agriculture, particularly to 
enhance soil structure, improve fertility in degraded soils, 
and increase soil water retention (Hagemann et al. 2017). 
Additionally, other emerging applications such as addi-
tives and raw materials in construction can be developed 
by adjusting the surface functionality, porous structure, 
and aromatic/graphitic carbon composition with designs 
for specific usage (Sajjadi et al. 2019; Maljaee et al. 2021; 
Chen et al. 2022).

Growing environmental awareness is driving the search 
for alternatives to nonrenewable materials. Consequently, 
numerous biodegradable materials are being continu-
ally developed (Ho et al. 2015). In this study, and for the 
first time, to the best of our knowledge, we compared the 
impact of biochar on five different polymers, acrylonitrile 
butadiene styrene (ABS) (Lee et  al.  2005; Ziemian et  al. 
2015), polyethylene terephthalate glycol, high-density 
polyethylene (HDPE), polylactic acid (Afrose et al. 2016; 
Chacón et al. 2017; Laureto and Pearce 2018) and Poly-
propylene (PP) (Joseph et al. 2002; Wambua et al. 2003; 
Pervaiz and Sain 2003; Sain et  al. 2005; Shubhra et  al. 
2011; Carneiro et al. 2015) on the quality of 3D-printed 
parts and correlated the findings with the mechani-
cal performance of the parts. These five polymers were 
selected for this study because they possess a high mar-
ket share among the polymers used for 3D printing 
(Almuallim et al. 2022).

ABS has been widely used in 3D printing for several 
years because of its low cost and excellent mechani-
cal properties, (Dhakal et  al. 2023) such as toughness, 
impact resistance, and elevated glass transition tempera-
ture (Torrado Perez et al. 2014). HDPE is a thermoplas-
tic that is exceptionally resistant to heat and cold and is 

chemically stable, mechanically strong, and electrically 
insulating (Musa et  al. 2017). Moreover, it exhibited 
dimensional stability and flame resistance (Zhang et  al. 
2020). Some of its characteristics are low density (in the 
range of 950 and 970 kg m–3), high tensile strength of high 
levels (in the range of 20 and 32 MPa), flexibility (Lukkas-
sen and Meidell 2003; Andersen et al. 2015; Geyer et al. 
2017), melting point, and ignition temperature of 130 °C 
and 487 °C, respectively (Alauddin et al. 1995). HDPE can 
be applied in diverse fields such as manufacturing, agri-
culture, and automotive industries (Dusunceli and Colak 
2008). They can be found in the form of films, wire insu-
lation, wires, containers, sheets, and pipelines (Yasmin 
and Daniel 2004). In addition, it is recyclable and afford-
able (Achilias et al. 2007; Autoeuropa 2017). Polyethylene 
terephthalate glycol (PETG) is a copolyester-based poly-
mer (Guessasma et  al. 2019) derived from polyethylene 
terephthalate (PET). Unlike PET, the added glycol did not 
exhibit strain-induced crystallization(Dupaix and Boyce 
2005). They are highly transparent (Guessasma et  al. 
2019; Yuan et al. 2019), and have high toughness (Petrov 
et  al. 2021), adequate mechanical and chemical proper-
ties (Li et al. 2009; Badia et al. 2012), heat resistance, and 
high ductility (Bichu et al. 2023). It is considered a bioma-
terial owing to its cost-effectiveness and biocompatibility 
(Yan et  al. 2024). PETG has applications in industries 
related to medicine (Yan et  al. 2024), food, clamshells, 
blister packs, cosmetic packing, hot-fill containers, and 
display cases (Paszkiewicz et al. 2017; Habel et al. 2018; 
Durgashyam et  al. 2019; Bałdowska-Witos et  al. 2020), 
and engineering (Szykiedans et al. 2017). Polylactic acid 
(PLA) is a linear aliphatic polyester (Ho et al. 2015).

It is a biodegradable material (Taib et  al. 2023) that 
can be produced using renewable sources. Biodegrad-
able thermoplastics are the ones that reduce the environ-
mental impact of petroleum-based polymers, which also 
contributes to the eco-friendliness of a material and PLA 
complies with this definition. Based on the definition of 
environmentally-friendly materials provided above, PLA 
is often mentioned in the literature as an eco-friendly 
material because of its nature (Hussain et al. 2015), as it 
is usually sourced from nature-based resources. Its range 
of applications varies among biomedicals, textile fib-
ers, packaging, and technical items (Couture et al. 2016; 
Murariu and Dubois 2016). In addition to its character-
istic of being biodegradability, it is eco-friendly, recycla-
ble (Drumright et al. 2000; Sawyer 2003), biocompatible 
(Gupta et al. 2007; Rasal et al. 2010), processable (Auras 
et al. 2004), and energy-efficient (Rasal et al. 2010). Poly-
propylene (PP) is a thermoplastic polymeric material that 
results from propylene molecule polymerization. The 
crystallinity level of PP was between the amplitudes of 
40% and 60% (Joseph et al. 2002), and the melting point 
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ranged between 60°C and 166  °C (Somani et  al. 2002). 
Some of its properties include transparency, high heat-
distortion temperature, dimensional stability, and flame 
resistance (Shubhra et al. 2013).

The abovementioned polymers were combined indi-
vidually with biochar particles as additives in five com-
posites of 2.0–10.0 wt% filler percentages each (a 2 
wt% step was set for the content increase between the 
compounds). The exact filler content was used in each 
polymer and composites were prepared with the exact 
same process to have as reliable as possible comparable 
results. The composite mixtures were extruded into fila-
ments, and filaments of pure polymeric materials were 
produced as control samples. Subsequently, specimens 
from each filament type were 3D-printed, providing a 
total of three hundred (300) samples tested during the 
entire study. The fabricated samples were subjected to a 
series of measurements related to porosity, A2N dimen-
sional deviation, and surface roughness. The porosity 
is due to the 3D printing structure of the samples. Even 
with 100% infill density, the 3D printing structure by its 
nature has internal pores. This is a well-known and stud-
ied issue in 3D-printed parts and can vary depending on 
various parameters, such as the material and 3D printing 
settings. This porosity has an impact on the mechanical 
properties of 3D-printed parts (Wang et al. 2019). In this 
study, the effect of the biochar content of the composites 
on the porosity of 3D-printed parts was investigated and 
presented. These findings correlate with the mechani-
cal properties of the samples. Optical profilometry was 
used to obtain Ra and Rz metrics (surface roughness). 
Five measurements were obtained for each specimen 
sample, which also occurred for the atomic force micros-
copy (AFM) Ra and Rz metrics for each filament sample. 
One thousand and fifty (1050) tests were conducted on 
specimens, and one seven hundred fifty (750) tests on 
filaments, making a total of one thousand eight hundred 
(1800) tests conducted during the entire study. The afore-
mentioned work constituted approximately 750 GB of 
the test results. The measured values were significantly 
higher. For example, two values were obtained for each 
AFM measurement (Ra and Rz). Following these tests, 
the quality of the 3D-printed examples was evaluated and 
correlated with their tensile strength to find possible con-
nections. The findings are expected to have high merit 
in industrial applications, as they can lead to 3D-printed 
parts with improved quality for composites with these 
five polymers as matrix materials (ABS, HDPE, PETG, PP, 
PLA) and biochar as the additive. Biochar complies with 
the definition of environmentally-friendly materials as it 
comes from nature-based waste (Vidakis et  al. 2023b). 
Therefore, an eco-friendly additive has been studied for 
the development of polymeric composites. The effect of 

biochar on different matrices was evaluated and com-
pared for the first time, as mentioned above, and the cor-
relation with the mechanical performance was explored.

2 � Materials and methods
Figure 1 describes the processes performed in this study 
in an image form. Initially, all the raw materials were 
placed in an industrial oven to dehydrate overnight 
(Fig.  1a). The melt extrusion of the filaments followed 
after material mixing in predefined quantities (Fig.  1b). 
The filaments were left overnight for dehydration 
(Fig. 1c). The filaments were used to supply the 3D print-
ing procedure of material extrusion (MEX) for the exam-
ples (Fig.  1d), which were later quality-controlled and 
inspected (Fig. 1e). The produced specimens underwent 
micro-CT scanning (Fig. 1f ) as part of their examination 
and were investigated using optical profilometry (Fig. 1g). 
Mechanical tests were then conducted on the samples 
and the outcomes were evaluated (Fig. 1h).

2.1 � Materials
This study used five different polymeric materials: ABS, 
HDPE, PETG, PLA, and PP. Biochar was used as the filler. 
The suppliers from which the polymeric materials were 
purchased are as follows:

•	 Acrylonitrile butadiene styrene (ABS) polymeric 
powder was obtained from INEOS Styrolution 
(Frankfurt, Germany) grade Terluran Hi-10 with 
a density of 1080  kg  m−3 and a tensile strength of 
38 MPa.

•	 Industrial grade High-Density Polyethylene (HDPE) 
Kritilen powder, from Plastika Kritis S.A., Heraklion, 
Greece, possessing 7.5  g 10  min−1 mass-flow rate, 
0.960 g cm−3 density, and 127 °C Vicat softening tem-
perature.

•	 Polyethylene Terephthalate Glycol (PETG) was pur-
chased from Felfil Srl (Torino, Italy).

•	 Polylactic Acid (PLA) 3052D grade, from Plastika 
Kritis SA, located in Heraklion, Greece, possesses 
116,000  g  mol−1 molecular weight, 62  MPa (ASTM 
D638) tensile strength at yield, 153  °C (ASTM D 
3418) melting temperature, 57.5  °C (ASTM E1356) 
glass transition temperature, and 4 g/10 min (ASTM 
D1238) melt flow index.

•	 Polypropylene (PP) in powder was obtained from 
Hellenic Petroleum S.A., located in Athens, Greece 
(Ecolen PP trademark), and had a melt volume flow 
rate of 34 cm3/10 min (ISO 1133:2005).

Regarding the biochar material, olive tree pruning 
was performed, and impurities were removed by wash-
ing and air-drying the prunings. Biochar was produced 
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by flame-curtain pyrolysis. Details of the pyrolysis kiln 
materials, design features, and dimensions required for 
this study can be found in the available literature (Tsub-
ota et al. 2021).

The process was initiated by dividing the prunings into 
three different batches and then conducting flame-cur-
tain pyrolysis in triplicate for approximately 1 h (each) at 
540 ± 50 °C. According to the literature, the temperature 
variation can be large in this type of reactor (Jayakumar 
et  al. 2023). Therefore, four thermocouples attached at 
four different locations on the external surface of the kiln 
were used to monitor the temperature. It should be noted 
that some temperature fluctuations occurred during the 
initial flame cap establishment period. Nevertheless, both 
the pruning feeding rate (layering process) and tempera-
ture (to a large extent) were stabilized.

Feedstock uniformity and optimum feeding rate are 
vital for the reduction of temperature fluctuations, for the 
most part, in flame cap pyrolysis. By the time the pyroly-
sis of the first pruning started, a heating source (external) 
was not necessary, and the procedure was self-sustained. 
Water quenching of each biochar batch was followed by a 
96 h air-drying and weighing. One sample was prepared 
from the three samples and homogenized. The same 
example is ground using a sepor-type rod mill. Further 
details can be found in the literature (Tsubota et al. 2021) 
and supplementary files of the study. The efficiency of 
pyrolysis of olive tree pruning was found to be 22% (Vid-
akis et al. 2023b), which is in agrement with the literature 

on the pyrolysis of woody waste (Jayakumar et al. 2023). 
The characteristics of the specific biochar used were pre-
sented in detail in a previous study by the research team 
(Tsubota et  al. 2021). The physical and chemical prop-
erties of the specific biochar from olive trees were also 
presented in a previous study by this research group 
(Nikolopoulos et al. 2023). Further details about the olive 
tree biochar preparation process have already been pre-
sented in the two aforementioned works and in one more 
work of our research group (Vidakis et al. 2023b).

2.2 � Biochar inspection
The biochar material was inspected by scanning elec-
tron microscopy (SEM), and the acquired images were 
illustrated in Fig. 2d and e, at 1000× and 10,000× magni-
fication, respectively. For the SEM analysis, a JEOL JSM 
6362LV (JEOL Ltd., Peabody, MA, USA) electron micro-
scope was used.

2.3 � Material extrusion filaments
The filament fabrication was performed using a mixture 
of multiple biochar-filler percentages. The extrusion was 
carried out using an extruder model named 3devo Com-
poser (single-screw, by the 3devo B.V. company, located 
in Utrecht, The Netherlands), which produced a fila-
ment of 1.75 mm diameter, which is considered suitable 
for the 3D printing process of MEX. The fabricated fila-
ments were quality-controlled, inspected using AFM, and 
mechanically tested.

Fig. 1  Summary of the procedures employed in the work herein: a the dehydration of raw materials, b melt extrusion of the filaments and c their 
dehydration, (4) ΜΕX 3D specimens’ fabrication, as well as e their inspection and quality control, f micro-CT scanning g optical profilometry 
investigation, and h examination of the samples’ mechanical behavior
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2.4 � Surface roughness
AFM and optical profilometry were employed to deter-
mine the Ra and Rz values of the topographies of the 
compounds. The methodology for the AFM measure-
ments (PPP-NCHR tip from Nanosensors, Neuchatel, 
Switzerland) (Vidakis et al. 2023b) and optical profilom-
etry (Bruker Contour GT-K 3D Optical Microscope, 
Bruker Nano Surfaces Division, Tucson, AZ, USA) was 
derived from the literature (Vidakis et  al. 2024c). Five 
measurements were taken for each sample, and the 
mean Ra and Rz were calculated. Overall, a laborious 
effort with 750 surfaces measured was performed for 
the two surface roughness metrics (five measurements 
in five examples per case, six recipes, and five materials: 
5 × 5 × 6 × 5 = 750, 1500 values in total for Ra and Rz). 
Please refer to the supplementary file for the study.

2.5 � MEX 3D‑Printing
After filament production and inspection, they were used 
for the MEX 3D-printing procedure. The apparatus used 
for this purpose was an Intamsys Funmat HT (Intamsys, 
Shanghai, China). As shown in Fig. 3a, the chosen print-
ing settings were ± 45° printing orientation (90 deg shift 
between successive layers to reduce anisotropy), 0.2 mm 
layer thickness, 2 perimeters (on the outside), 100% fill 
density, and 40  mm  s−1 travel speed. The manufactured 
specimens were dog-bone-shaped. Samples from the 

tensile-fabricated specimens are shown in Fig. 3c, along 
with an image captured during the tensile testing. More-
over, the σb mean values for ABS, HDPE, PP, PETG, and 
PLA for all biochar filler percentages (0.0, 2.0, 4.0, 6.0, 
8.0, and 10.0 wt%) are shown in Fig. 3b. The creation of 
the curves presented in Fig. 3b was based on five meas-
urements taken from each polymer’s six formulas, which 
were then considered to produce their average value and 
result in the curves.

It should be mentioned that the results related to ABS 
(Vidakis et al. 2024d), HDPE (Vidakis et al. 2024e), PLA 
(Vidakis et al. 2023b), and PP (Petousis et al. 2024a) were 
derived from corresponding studies that have already 
been conducted and can be found in the literature. The 
PLA/biochar study was expanded to include PLA/bio-
char 10.0 wt% composite, which was not included in the 
already published investigation. This information was 
acquired by further examination of the specific filler 
percentage following the same procedures, standards, 
and settings. PETG/biochar polymer data were obtained 
using the same series of procedures, tests, and examina-
tions for five different filler quantities (2.0, 4.0, 6.0, 8.0, 
and 10.0 wt%).

2.6 � Optical microscopy examination
The specimens were inspected for their structural and mor-
phological characteristics using optical microscopy, which 

Fig. 2  Examination of biochar particles: a picture of the raw material, b optical microscopy examination of the biochar powder and c the respective 
captured picture, d, e SEM images magnified respectively at 1000× and 10,000×
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was conducted using a microscope OKO 178 (by the com-
pany KERN & SOHN GmbH, Balingen, Germany). The 
pictures were captured with a digital camera featuring a 
5MP resolution, model ODC 832 ( KERN & SOHN GmbH, 
Balingen, Germany). Images of the 3D-printed examples 
were created by capturing multiple images, which were 
later compared with the derived µ-CT results.

2.7 � Micro‑computed tomography
The structures of the specimens were also investigated 
using micro-CT, and the results were evaluated. More 
specifically, the porosity and geometrical accuracy of the 
3D-printed examples were examined by scanning the 
respective 3D printing structure. The methodology was 
taken from the literature (Vidakis et  al. 2023a; 2024c). 
Please refer to the supplementary file for the study.

2.8 � Correlation of the results
The Pearson correlation coefficient (Pearson and Galton 
1997) was applied to determine the correlation between 
the quality metrics and the reinforcement capabilities of 
the five polymers (presented in other studies, ABS (Vida-
kis et  al. 2024d), HDPE (Vidakis et  al. 2024e), PP (Pet-
ousis et al. 2024a), PLA, (Vidakis et al. 2023b) which was 
expanded, and PETG, which has been studied but not pub-
lished yet). The equation is given by the formula (Lee Rodg-
ers and Nicewander 1988)

(1)
r =

∑

(xi−
−

x)(yi−
−

y)
√

∑

(xi−
−

x)
2
∑

(yi−
−

y)
2

where r is the correlation coefficient (linear rela-
tion between x and y); xi is the x variable value; yi is the 
respective y variable value; −x and 

−

y are the mean values 
of the variables. The r coefficient values were in the range 
of-1 < r < 1 (Asuero et al. 2006; Sedgwick 2012):

•	 Positive values show a positive relationship between 
the variables, that is, the increase in one parameter 
increases the other as well.

•	 The zero r-value shows no correlation between the 
variables.

•	 Negative r values indicate a negative correlation, that 
is, an increase in one parameter decreases the other.

3 � Results
3.1 � AFM characterization of the filaments
Figure  4 summarizes the results obtained from the 
AFM characterization of the filaments. Figure  4a shows 
the surface topology of the filaments made with all five 
compounds (of the five polymers) with 6 wt% biochar 
percentage. Figure  4b and c illustrate the mean val-
ues of the Rz and Ra metrics, respectively, measured for 
ABS, HDPE, PETG, PP, and PLA/biochar (0.0–10.0 wt%) 
composite filaments. In the PETG, ABS, and PP/biochar 
compounds, the lowest Ra and Rz roughness values were 
observed for the one with 10.0 wt% filler quantity, while 
the lowest Ra and Rz values for the HDPE and PLA/bio-
char composites were found in the neat polymers. In the 
ABS polymer, the addition of biochar had a low impact 
on surface quality, as determined by AFM. The increase 
in the surface roughness was more intense for the other 
polymers. For PP and PETG, the lowest value was found 

Fig. 3  a Presentation of the 3D tensile specimens’ printing parameters, accompanied by the respective values and units, b σb mean values, derived 
from the respective studies existing in the literature, regarding the ABS (Vidakis et al. 2024d), HDPE (Vidakis et al. 2024e), and PP (Petousis et al. 
2024a), as well as PLA (Vidakis et al. 2023b) (which was expanded) and PETG (which has been studied but not published yet) for all biochar filler 
percentages (0.0, 2.0, 4.0, 6.0, 8.0 and 10.0 wt%), c some randomly chosen fabricated tensile specimens and an image captured during the tensile 
testing procedure
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for the highest-loaded composite, whereas composites 
with lower concentrations showed higher surface rough-
ness values.

3.2 � CT scan characterization
Figure  5 shows the results from the CT scan, show-
ing the deviation in the dimensions and porosity of the 
3D-printed tensile specimens produced from ABS, 
HDPE, PETG, PP, and PLA/biochar 6.0 wt% compos-
ites. A virtual section from the material structure of the 
specimens was presented using color-coded technology. 
Specimens of polylactic acid (PLA and PP/biochar 6.0 
wt% revealed dimensional deviation values mostly close 
to zero. However, a large proportion of ABS/biochar 6.0 
wt% sample revealed values far from zero, which also 

happened in the case of HDPE and PETG/biochar sam-
ples, to a lesser extent. For the HDPE and PETG samples, 
the red-colored areas at the end of the samples indicate 
warping of the samples in these polymers, which are not 
present in the other three polymers. The respective color-
coded images showing the distribution of the 3D-printed 
structure voids were shown at the bottom of each graph. 
The examination revealed pores with a small size that 
were almost uniformly distributed in the 3D-printed 
structure. Variations are evident between the materials, 
which can be attributed to the 3D-printed settings used 
and the differences in the flow response of the polymers 
due to the introduction of biochar particles, among other 
factors. The µ-CT findings were further analyzed and 
were presented below.

Fig. 4  AFM characterization of the filaments: a 3D height images showing the surface topology of ABS, HDPE, PETG, PP, and PLA/biochar 6.0 wt% 
filaments, b bars of the Ra metric mean values, and c Rz metric regarding all the ABS/biochar, HDPE/biochar, PETG/biochar, PLA/biochar, and PP/
biochar filament composites of all the biochar percentages (0.0–10.0 wt%, with a 2.0 wt% step)
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Fig. 5  CT-scan dimensional deviation of a randomly chosen tensile specimen from each composite tested a ABS/biochar, b HDPE/biochar, 
c PETG/biochar, d PLA/biochar and e PP/biochar, presenting a virtual section of the tensile specimens’ material structure, through the color-coded 
technique

Fig. 6  Porosity characterization: a void compactness vs. diameter and void sphericity vs. diameter graphs for the ABS, HDPE, PETG, PP, and PLA/
biochar 6.0 wt% composite samples, b bars of the average porosity values measured for all ABS, HDPE, PETG, PP, and PLA/biochar (0.0, 2.0, 4.0, 6.0, 
8.0, and 10.0 wt%) composite samples, and highlight, in red, the best results observed for each case
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3.3 � Porosity characterization
In Fig.  6a, graphs of void compactness with respect 
to diameter and void sphericity with respect to diam-
eter were created for ABS, HDPE, PETG, PP, and PLA/
biochar 6.0 wt% composites. The HDPE and PP poly-
mers presented the highest number of voids (12223 and 
11639, respectively). Figure 6b shows the bars created by 
the mean porosity values of ABS, HDPE, PETG, PP, and 
PLA/biochar compounds. The compounds with HDPE as 
the matrix material and a biochar content of 6.0 wt% was 
the composite amongst all the HDPE/biochar compos-
ites that presented the lowest porosity. In ABS, PETG, PP, 
and PLA/biochar compounds, low levels were detected 
in the case of 4.0 wt%.

3.4 � Dimensional deviation
Figure 7a shows graphs of the related surface and points 
to dimensional deviation for ABS, HDPE, PETG, PP, and 
PLA/biochar 6.0 wt% composites. Notably, PLA/bio-
char showed the greatest dimensional deviation, closer 
to zero. Figure 7b presents the A2N mean values of the 
ABS, HDPE, PETG, PP, and PLA/BC composites. For 

the ABS/BC and HDPE/BC composites, those of 6.0 wt% 
were the compound of the lowest dimensional deviation. 
The respective results for PETG were detected in the case 
of the 8.0 wt% composite, while for the PLA and PP, it 
was 4.0 wt%.

3.5 � Optical profilometry results
Figure 8 shows the optical profilometry measurements of 
the composites investigated in this study. Figure 8a shows 
typical roughness maps of all compounds with a biochar 
content of 6.0 wt%. Figure 8b and c show the optical pro-
filometry Ra and Rz mean values, respectively, for ABS, 
HDPE, PETG, PP, and PLA/biochar (0.0, 2.0, 4.0, 6.0, 8.0, 
and 10.0 wt%) composite samples. In the case of the ABS/
biochar compounds, the 6.0  wt% and 10.0 wt% showed 
the smallest Rz and Ra roughness values detected, cor-
respondingly. Regarding the HDPE/BC composites, the 
HDPE/biochar 0.0 wt% presented the smallest Rz and Ra 
roughness measurements. Additionally, the lowest val-
ues for the rest of the polymers were detected for PETG 
neat (Ra), PETG with 10.0 wt% biochar (Rz), PLA with 

Fig. 7  A2N results: a related surface vs. dimensional deviation and deviating points vs. dimensional deviation graphs with regard to ABS, HDPE, 
PETG, PP, and PLA/biochar 6.0 wt% composite samples, b bars of the 95% values (5% of the most extreme values were disregarded) average A2N 
dimensional deviation, measured for all ABS, HDPE, PETG, PP, and PLA/biochar (0.0, 2.0, 4.0, 6.0, 8.0, and 10.0 wt%) composite samples, and highlight, 
in red, the best results observed for each case
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8.0 wt% biochar (Ra), PETG neat (Rz), PP with 2.0 wt% 
biochar (Ra) and PP with 10.0 wt% biochar (Rz).

3.6 � Response results aggregation and analysis 
of parameters

In Fig. 9, the AFM Ra (Fig. 9a), AFM Rz (Fig. 9b), porosity 
(Fig. 9c), A2N (Fig. 9d), optical profilometry Ra (Fig. 9e), 
and optical profilometry Rz (Fig.  9f ) values matched 
the corresponding σb measured values for all the ABS, 
HDPE, PETG, PP, and PLA/biochar composites. The cal-
culated correlation coefficient, r, is presented for each 
quality metric and polymer. The results vary, with other 
metrics having positive values (strong correlation) and 
others having negative values (opposite correlation). The 
variation in these results highlights the necessity of this 

investigation and demonstrates the diverse effects of the 
different quality metrics of biochar particles and various 
polymeric materials. On the other hand, the calculated r 
values for each quality metric had the same sign for all 
polymers. The calculated r values were shown in the fol-
lowing Fig. 10.

In Fig.  10, the r values of all polymer/biochar com-
posites derived from Fig.  9 are correlated. In particular, 
Fig.  10a and b present the correlation with Ra and Rz 
AFM values, Fig. 10c and d depict the porosity and A2N 
results, and Fig. 10e and f illustrate the optical profilom-
etry Ra and Rz values, respectively. It can be observed 
that the A2N and porosity metrics present the greatest 
competitiveness. The porosity of PLA reached its lowest 
value, which also occurred in the case of A2N in PETG. 

Fig. 8  Optical profilometry results: a typical roughness maps of the ABS, HDPE, PETG, PP, and PLA/biochar 6.0 wt% composite samples, b bars 
of the average surface roughness values Ra and c Rz, measured for all ABS, HDPE, PETG, PP, and PLA/biochar (0.0, 2.0, 4.0, 6.0, 8.0, and 10.0 wt%) 
composite samples, and highlight of the greatest results detected on each occasion
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The AFM Ra and Rz metrics were cooperative as they 
reached values over zero, which also occurred in the case 
of the optical profilometry Ra and Rz metrics. The poly-
mers that revealed values closer to zero but still above it 

were PLA for AFM Ra and PP for AFM Rz, as well as ABS 
and PETG for optical profilometry Ra. It should be men-
tioned that the A2N values of ABS and PP were very close 
to zero. AFM Ra and Rz had positive r values, with the 

Fig. 9  Regarding all of the polymers (ABS, HDPE, PETG, PLA, and PP) investigated in the study herein: matching of the measured a AFM Ra, 
b AFM Rz, c porosity, d A2N, e optical profilometry Ra and f optical profilometry Rz values with the respective σb calculated values. The correlation 
coefficient for each metric is shown in the respective figure
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differences between the polymers being rather low. PETG 
and HDPE had the highest r values for Ra and Rz, respec-
tively. Porosity and A2N both have negative r values for 
all polymers, indicating that an increase in porosity or 
dimensional deviation leads to samples with decreased 
tensile strength. The differences between the polymers in 
this case are significant, especially for the A2N metric, in 
which PETG has an r value close to −1, whereas ABS and 
PP are close to zero. Therefore, for these two polymers, 
A2N variation was not expected to significantly affect 
the tensile strength of the parts. For the porosity met-
ric, the values between the polymers are not very differ-
ent, with PLA having the highest r value in this case. The 
optical profilometry Ra and Rz measurements followed 
the same trend as the AFM measurements. However, in 
these measurements, the values showed higher differ-
ences. ABS and PETG had low r values for the Ra metric, 
whereas PP had a value close to 1. For the Rz metric, the 
differences between the polymers are smaller.

4 � Discussion
In this study, five of the most frequently used MEX 3D 
printing polymers were chosen to create composites 
with biochar as an additive at six weight concentrations. 

Initially, mixtures were prepared and extruded into a 
form compatible with MEX 3D printing filaments. These 
were used to produce and characterize the respective 
samples, aiming to evaluate the differences in their qual-
ity characteristics and correlate them to their tensile 
strength (taken from the literature). According to the 
results, the filaments tested by AFM presented their low-
est values of Ra and Rz roughness in the case of 0.0 wt% 
(no biochar present, for the HDPE, and PLA polymers) 
or in the case of 10.0 wt% (highest biochar content in the 
compounds tested, for the ABS, PETG, and PP polymers). 
Regarding porosity, the lowest values were obtained with 
4.0 wt% in the case of ABS, PETG, PLA, and PP, as well as 
6.0 wt% in the case of HDPE.

The quality metrics were correlated with the perfor-
mance of the samples in the tensile experiment. The 
experimental results were obtained from the literature 
(ABS) (Vidakis et al. 2024d), HDPE (Vidakis et al. 2024e), 
PP (Petousis et  al. 2024a), PLA (Vidakis et  al. 2023b), 
which was expanded, and PETG, which has been studied 
but not yet published). In these studies, the reinforce-
ment effect of biochar particles was analyzed and inter-
preted. The outcomes of the characterization process 
follow similar trends. For example, the melt flow index 

Fig. 10  Correlation of the a AFM Ra, b AFM Rz, c CT-scan porosity, d CT-scan A2N, e optical profilometry Ra and f optical profilometry Rz, versus σb 
results derived from the previous figure, of all of the polymeric materials (ABS, HDPE, PETG, PLA, and PP)



Page 14 of 18Vidakis et al. Biochar            (2025) 7:22 

(MFR) of polymers is reduced with the addition of bio-
char, and it is constantly reduced as the content of the 
particles increases. The reinforcement effect is higher for 
the HDPE polymer, among the five polymers, and lower 
for the PETG polymer, in which the improvement is 
approximately half of that of the HDPE. The compounds 
that achieved the highest tensile strength were 6 wt % 
biochar in the PETG and PP thermoplastics and 4 wt% on 
the remaining three polymers (ABS, PLA, HDPE). How-
ever, for the PETG and PP polymers, 4 wt% compounds 
showed high strength as well. Thus, the findings can be 
generalized for all polymers, with 4 wt% percentage being 
the optimum one.

As shown in Figs. 6 and 7, the introduction of biochar 
particles in the polymers initially, at lower biochar per-
centages, improved the porosity (lower percentage) and 
dimensional deviation (lower deviation). As the biochar 
content of the compounds increased, these two metrics 
worsened. However, the presence of biochar improved 
the porosity of the 3D-printed parts compared to that of 
the neat polymers. For all polymers, except HDPE, the 
lowest porosity was observed at 4 wt% biochar concen-
tration, which had the highest tensile strength. HDPE, 
which had the highest improvement in its strength in the 
tensile experiment when biochar particles were added, 
had the highest number of voids, while PLA had the low-
est number of voids. However, the porosity percentage in 
the HDPE thermoplastic was rather low among the five 
polymers, so the assumption that reduction of porosity 
contributes to higher mechanical strength stands here as 
well. Regarding the correlation coefficient, PLA had the 
highest (negative) r value, and ABS had the lowest value, 
about half that of PLA. Thus, PLA has a strong opposite 
correlation with the porosity metric. Fracture in the sam-
ples occurred as expected in a typical tensile test. A neck 
developed on the narrow part of the dogbone samples, 
and as the load increased, they failed. No surface delami-
nation was observed. Interfacial interactions between the 
polymer and biochar were not investigated in this study. 
In this study, a laborious effort with six tests was car-
ried out on biochar composites made with five different 
polymeric matrices at various concentrations. This study 
focuses on the effect of biochar on the quality metrics of 
different polymeric composites. Tensile tests were per-
formed for completeness and to correlate the findings 
with the quality metrics. Interfacial interactions between 
the polymer and biochar can be included in future work.

Regarding geometric accuracy, HDPE showed the low-
est values (the highest deviation among the five thermo-
plastics) because of the warping of the samples, which 
did not prevent it from having the highest reinforcement, 
as mentioned. Overall, the accuracy of the geometry 
had a similar effect on the differences in biochar content 

compounds and a similar effect on the five polymers. 
Only the PETG polymer showed a notable improvement 
in the geometrical accuracy (reduction of the dimen-
sional deviation) for compounds with a higher biochar 
content. The actual to nominal correlation coefficient was 
almost –1 for the PETG polymer, while it was almost zero 
for the PP polymer, indicating large differences in the 
effect of the geometrical accuracy on the tensile strength 
between these two polymers.

The surface roughness of the samples, which is a qual-
ity metric related to the functionality of the samples, was 
measured using two different methods: AFM and optical 
profilometry. The values acquired using the two methods 
were similar and followed a similar trend. Differences 
were expected because of the randomly selected areas 
used for acquiring the measurements. However, the cor-
relation between the values of the two methods and the 
tensile strength differs. The r values calculated for the Ra 
values measured with optical profilometry showed a low 
correlation for the ABS polymer, whereas the value for 
the PP was almost 1, showing a strong correlation. The 
respective values obtained with AFM, ABS, HDPE, and 
PETG had similar r values, and PLA and PP had lower 
r values (again close to each other). PP had the lowest r 
value (AFM measurements) for the Rz metric. These dif-
ferences are not that high overall and can be attributed to 
the randomly selected areas for measurement using the 
two methods.

Herein, through a laborious effort with numerous 
measurements taken, an attempt was made to provide 
a complete analysis of the effect on four quality char-
acteristics of the 3D-printed parts by the addition of 
biochar particles on five popular thermoplastics and 
a correlation with their tensile strength. In this study, 
testing was performed on 3D-printed samples manu-
factured with biochar composites developed within 
the context of the research. To ensure the replicability 
and reliability of the results, international standards 
were used for the mechanical and other tests. This is 
the standard scientific method commonly used in such 
studies. To determine the effect of biochar on the prop-
erties of the final items, the same procedure and stand-
ards were followed. Therefore, the results provided in 
the manuscript can also be safely applied to these items. 
A thermomechanical method was used to scale up the 
process, which was compatible with the MEX 3D print-
ing process. The main advantage of this method is that 
it does not use any chemicals, and chemical reactions 
are not required to produce composites. Therefore, 
they can be easily scaled up for industrial applications. 
The MEX 3D-printed parts have already been tested 
within the context of this study. The literature review 
did not reveal any studies on the effect of biochar on 
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the quality characteristics of MEX 3D-printed exam-
ples. Therefore, the findings cannot be compared with 
similar studies from the literature, as the quality of the 
3D-printed parts highly depends on the 3D printing 
process and the structure of the parts.

5 � Conclusions
This study investigated eco-friendly biochar derived from 
olive pruning as an additive in composites made with 
five of the most popular polymeric matrices in MEX 3D 
printing, that is, ABS, PLA, HDPE, PETG, and PP, for 
its effect on the build quality of the parts. Composites 
for all polymers were prepared using the same method 
and biochar contents to obtain comparable results. The 
quality metrics studied were surface roughness, poros-
ity, and geometrical accuracy. These were evaluated using 
AFM and optical profilometry for the Rz and Ra rough-
ness metrics and µ-CT scanning for porosity and geo-
metrical accuracy. The results obtained for the polymers 
were compared. Most importantly, the quality of the 
3D-printed examples was correlated with their mechani-
cal response in the tensile test by exploiting the results 
from the respective studies of this research group. The 
main findings were:

•	 The effects of the addition of biochar particles to the 
five polymers differed, justifying the need for such an 
analysis.

•	 Still, in all five polymeric matrices, the findings fol-
lowed a similar trend.

•	 The quality metrics were correlated with the tensile 
strength of the composites using a correlation coef-
ficient equation.

•	 Reduced porosity and better geometrical accuracy 
contributed to higher tensile strength.

•	 The 4 wt% composite in most polymers achieved bet-
ter results in terms of quality and strength.

These results encourage further research into poly-
meric materials combined with biochar fillers, as well as 
exploring other filler percentages. The interfacial inter-
actions between the polymer and biochar can be inves-
tigated, providing valuable information regarding the 
variations in the behavior of the different polymers stud-
ied. The 3D printing settings can be further optimized to 
achieve the highest mechanical performance. This can 
be done by considering the outcome of the characteriza-
tion methods implemented, such as the rheology results 
because proper rheology of the material significantly 
affects the quality of the 3D-printed part. Finally, a study 
on the requirements for industrialization of the process 
can be carried out in future work.
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