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1. Introduction
Synthetic fiber reinforced composites have been, since 

the beginning of the last century, one of the fast growing 
group of materials with engineered combination of properties, 
which cannot be achieved by a conventional material1,2. 
This  is particularly the case of systems and components 
demanding superior performance in medical, sports, 
aerospace and automobile applications3,4. For instance, 
modern aircrafts demand lighter, stronger, tougher and stiffer 
structural parts that can only be made with carbon fiber 
reinforced pyrolized graphite matrix composites. Common 
and less expensive, glass fiber composites are also used as 
interior components of aircrafts in addition to an extensive 
application in many other products, from packaging to 
automobile components4. All synthetic composites like the 
aforementioned ones reinforced with carbon and glass fibers 
are, however, associated with environmental drawbacks. 
Their production is energy-intensive and they cannot be easily 
recycled. Glass fiber, in particular, is related to respiratory 
health problems5. Since recent years, natural fibers are 
being considered a convenient substitute for glass fiber in 
engineering composites6,7. Actually, natural fibers have already 
replaced the common glass fiber E, as the reinforced phase 
of polymeric composites in many engineering applications 
such as automobile interior components8-10, cyclist helmets, 
housing panels and windmill fins11. The natural lignocellulosic 
fibers obtained from vegetables offer societal, economical, 
environmental and technical benefits12. The main technical 
advantages of their composites are the low density and less 
wear to process equipments, especially by using natural 

fibers as reinforcement to suit the mechanical performance 
requirements13-20.

A less known lignocellulosic fiber, which is gaining 
attention as a potential reinforcement for engineering 
composites is the banana fibers21. Banana is worldwide known 
and a favorite fruit in many countries, comprising several 
species of the musacea family. India, Ecuador, Brazil and 
Central America are the largest producers and exporters of 
the banana fruit. The banana plant, illustrated in Figure 1a, 
with pseudo-stem (stem, for short) up to 9 m long and 0.4 m 
in diameter, produces just one bunch. For this reason, after 
harvest, the stem is cut, Figure 1b to allow new sprouts to 
grow for the production of another bunch of bananas. As a 
normal procedure, the old stem is thrown on the ground 
and used for mulching. A more profitable and technically 
feasible alternative for the discarded banana stem, Figure 1b, 
is to extract fibers, either manually or using a decorticator, 
for possible engineering uses including reinforcement of 
polymer composites21.

In fact, the banana fiber was reported to reach a tensile 
strength of 800 MPa as well as an elastic modulus of 
32 GPa and total elongation of 3.7%21. These mechanical 
properties, together with a lower density of 0.67-1.50 g/cm3, 
are comparable to those found for common lignocellulosic 
fibers already applied as engineering materials for composites 
reinforcement21. Actually, polymer composites reinforced with 
banana fibers are current being considered for automobile 
components, as illustrated in Figure 2.

In recent years, several research works have investigated 
the technical characteristics and mechanical properties 
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of the banana fiber and related composites22-33. Some of 
these works22,23,27-29 reported on thermal properties such 
as TG/DTG, DSC, and DMA. However, other thermal 
properties like the specific heat capacity, thermal diffusivity 
and thermal conductivity were not evaluated. These 
properties can be precisely determined by photoacoustic 
spectroscopy combined with photothermal techniques that 
are well established to characterize insulating materials34. 
These techniques are based on heat generation as a result 
of radiation absorption35-37 and were applied to polymeric 
materials35. Based on these assumptions, the present work 
carried out a preliminary photoacoustic and photothermal 
characterization of banana fiber.

2. Experimental Procedure
Fibers extracted from splints, Figure  3a, cut out of 

the stem of the banana plant of the scientific family Musa 
balbisiana, were supplied as a bundle, Figure 3b, by a group 
of artisans based in the State University Northern Rio de 
Janeiro, located in the city of Campos dos Goytacazes, Brazil. 
The as-supplied banana fibers were cleaned with water and 
dried in a stove for one hour at 60º C. No further treatment 
was applied to the fibers to avoid additional processing costs.

The photoacoustic analysis sample preparation consist in 
a painstaking process, in which pieces are manually removed 
from one splint, Figure 3a, which was then polished to a 
thickness of approximately 0.5mm, as seen in Figure 4a. Each 
one of these sample pieces was tested in an open cell using 
photoacoustic and photothermal techniques, schematically 
shown in Figure 4b. The photothermal method under normal 
continuous incidence of laser illumination was applied for 
light interaction with the sample. Both the photoacoustic 
and the photothermal techniques were used to determine the 
thermal diffusivity αs, and the specific heat capacity ρcp (ρ is 
the density and cp is the heat capacity at constant pressure). 
From these parameters, the thermal conductivity of banana 
fiber (k) was evaluated by the equation:

s pk  c= α ρ 	 (1)

The thermal diffusivity was measured by the photoacoustic 
technique, which considers heat loss in a sample due to a 
thermal relaxation process after light absorption. The open 
photoacoustic cell (OPC)37 has as its main purpose to 
assemble a sample, Figure 4b, directly into a cylindrical 
microphone. The air chamber of the front of microphone 
works as a conventional gas chamber, usually applied in 
others photoacoustic techniques36. The results interpretation 
is based on the fact that, during the OPC operation, the 
thermoelastic mechanism is dominant. The value of αs was 
then obtained by fitting of experimental phase data, ϕ by 
the equations16:

o
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where ℓs is the sample thickness and f the photoacoustic 
signal frequency. It is assumed that the sample is optically 
opaque, and the heat flow in the surrounding air is negligible. 

Figure 1. Banana plant (a) and stem cut after harvest (b).

Figure 2. Car mat of the Ford Lincoln made of banana fiber composite.
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Moreover, the specific heat capacity is determined by 
considering the following equations38:

to
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3
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where Io is the laser incident intensity on the sample and 
τ is known as the “temperature rise time”, H is called 
the transfer coefficient of radiated heat and consists 
of the Stefan‑Boltzmann constant, σ, and the ambient 
temperature To. Therefore, using a relatively simple but 
precise experiment, Figure 4b, it is possible to obtain three 
important thermal properties by mathematical adjustment 
of photoacoustic data.

Figure 3. Banana (a) splints cut out of the stem and (b) bundle of fibers extracted from the splints.

Figure 4. Photoacoustic sample (a) and schematic of the open cell for the thermal measurement (b).
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3. Results and Discussion
Figure 5 shows the typical phase data of the photoacoustic 

signal variation with its frequency f. It is important to 
remember that the phase is the difference between the 
generated signal and the detected one. The frequency f, used 
as the independent variable in Figure 5, is the modulation 
frequency of the laser. In this figure, the black dots represent 
the experimental data while the continuous line corresponds 
to the best mathematical fit, which represents the trajectory 
of the experimental points. Considering that the thickness 
of each sample is ℓs = 0.35mm, then the thermal diffusivity, 
based on Equation 3, was determined as:

( ) –6 2
s  0.82  0.05   10 m / sα = ± × 	 (7)

By taking into account the evolution with the time of the 
banana fiber thermocaoustic response, when laser illumination 
is turned off, experimental curves were constructed as 

illustrated in Figure 6. In this figure, black dots correspond to 
the experimentally obtained data. Moreover, the continuous 
line represents the best mathematical fit curve for the 
trajectory of the experimental dots. This continuous line 
was calculated considering Equation 4-6. Thus, by taking 
into account Equation 4-6 as well as the density of banana 
fiber as 1500 kg/m3 and using the τ value as an adjustable 
parameter on the curve of Figure 6, the value of the specific 
heat capacity of banana fiber was obtained as:

( ) 6 3 0.67  0.09   10 J / K.m= ± ×pcρ 	 (8)

To complete this characterization, the thermal conductivity 
of banana fiber was obtained by means of the values of 
thermal diffusivity, Equation 7, and the specific heat capacity, 
Equation 8, together in Equation 1 as:

( ) 0.55  0.11  W / m.K= ±k 	  (9)

This value is comparable to polymeric materials values39. 
Although the results obtained in this study are preliminary 
and consider only the average of three replicates, the value 
of thermal conductivity in Equation 9 indicates that the 
banana fiber has characteristics of a good thermal insulator. 
In principle, the banana fiber for its mechanical and thermal 
properties22-33 could be used as an environmentally correct 
thermal insulator in substitution for conventional synthetic 
ones. This is already occurring, as shown in Figure 2.

4. Conclusions

•	 Using the photoacoustic and photothermal fundamentals, 
by means of the open photoacoustic cell spectroscopy 
technique, basic thermal properties of banana fiber were 
evaluated. These properties were the thermal diffusivity, 
specific heat capacity and thermal conductivity.

•	 The thermal diffusivity was found as αs = 0.82 × 10–6 m2/s 
and the specific heat capacity as ρcp = 0.67 × 106 J/K.m3 
from mathematical adjustment of experimental data.

•	 The thermal conductivity, calculated from the 
product αs x ρcp, was obtained as k = 0.55 W/m.K, 
which indicates that the banana fiber is a promising 
environmentally friendly insulator and could replace 
conventional synthetic materials. Indeed, car parts are 
already being fabricated with banana fiber reinforced 
polymer composites.
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Figure 6. Temperature evolution with time on the back of the sample 
surface after switching off the illumination.

Figure 5. Phase variation of the photoacoustic signal with frequency 
f for the banana fiber.
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