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Abstract 

The reinforcement of polymer composites using plant fibres has received vast and 

growing attention for investigation owing to their capability to serve as semi-structural 

materials, especially as a substitute for fiberglass. However, in this type of research, the 

structural complexity, due to geometrical mismatches and inherent variability to the 

properties of vegetable fibres and plant fibre composites would benefit from more 

effective non-invasive inspection techniques. In this work, a novel infrared-terahertz 

fused approach was proposed, and a new unsupervised deep residual fusion algorithm 

was developed in order to combine the outputs from two different physical mechanisms. 

Specifically, infrared imaging provided the details of the defects and the morphological 

information from the surface and subsurface, while terahertz imaging recorded the 

distribution of the fibres and the resin. Finally, the fused infrared-terahertz slices were 

reconstructed into a form of 3D exhibition for inspection and evaluation of two plant 
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fibre-reinforced polymer composites. 

Keywords: Jute fibre; kenaf fibre; non-destructive inspection; infrared; terahertz. 

1. Introduction 

In recent years, plant fibre-reinforced polymer (PFRP) composites have received 

vast and growing attention for investigation owing to the potential of serving as semi-

structural materials. PFRP has many advantages including the fact that it is 

environmentally friendly, lightweight and low cost, etc. Several investigations of PFRP 

such as coir, hemp, jute and bamboo have already been presented to reveal the 

mechanical properties and the possible role and use of non-destructive inspection (NDI) 

on manufactured composites [1]. However, internal manufacturing inspection is still a 

problem. Therefore, NDI needs to be conducted in order to broaden the field for the 

application of PFRP. 

Advances in NDT inspection on composite structures have been reviewed by 

several researchers [2–5]. In composite structure inspection, X-ray is widely adapted 

for computed tomography (CT) [6]. This technique has the ability to provide promising 

results with the 3D structure of the specimen. However, the ionizing radiation and high 

price of the equipment still restrict the application [7]. Ultrasonic scanning is another 

common approach for composite inspection when considering safety and low cost 

while the dependence on the coupling medium such as water limits the application of 

this inspection technique to waterproof materials [8]. In the last few decades, infrared 

thermography (IRT) has been developed as a non-invasive and non-contact inspection 

method [9,10]. Several techniques such as optical excitation thermography (OET) 
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[11,12], laser excitation thermography [13], ultrasonic excitation thermography [14] 

and eddy current excitation thermography (ECT) [15] have been applied in the 

evaluation of composites. Nevertheless, IRT is not ideal for transparent and semi-

transparent materials like glass fibre reinforced composites [8]. In addition, limited 

penetration capability restricts the inspection depth of IRT [16], which actually provides 

the surface and the sub-surface information for evaluation. Terahertz time-domain 

spectroscopy (THz-TDS) has attracted more attention for composite evaluation in 

recent years, since it is safer than X-rays and offers a stronger capability of penetration 

than IRT [17–19]. 

As is widely recognized, neither a single sensor nor an individual measurement 

system can fully characterize object for NDI [20]. Recently, Wang et al. proposed a 

fusion method involving THz and X-ray data for non-destructive evaluation of glass 

fibre reinforced polymer (GFRP) [21]. This method was based on a hybrid model, 

which combines the merits of saliency region analysis and multi-scale transforms to 

obtain high contrast defect information of GFRP composite. The quantitative evaluation 

proved that the design of the average gradient strategy for high frequency sub-band and 

contrast strategy for low frequency sub-band effectively improved the performance. 

In this work, a novel IRT and THz-TDS fusion NDI technique was proposed for 

plant fibre composite inspection. The data from IRT provided the details of the defects 

and the morphological information from both the surface and subsurface. The data from 

THz-TDS recorded the distribution of the fibres and the resin at deeper depths. The 

information extracted from the two techniques was pre-processed and then fused with 
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a newly developed unsupervised deep neural network. The output of the network 

combines the morphological characteristics of the defects with the distribution of the 

fibres. The fusion results provided the inspection along with the thickness of the 

materials, which can be used for tomography later. The experiments were carried out 

on two plant fibre composite samples to reveal the effectiveness of the proposed 

technique. The fusion results showed that the new technique significantly improved the 

detection capability. 

The main contributions of this work can be concluded as follows. First, we 

proposed an infrared-terahertz fusion NDI technique, which is superior for the 

inspection of complicated composite structures. Second, an unsupervised deep residual 

fusion algorithm was specifically developed for the new NDI technique. Finally, the 

fusion results were reconstructed to provide a 3D exhibition of the through-depth 

inspection, which is helpful to better understand the characteristics of the composite 

structures.  

2. Materials 

As illustrated in Fig. 1 and Table 1, the specimens involved in this study include 

jute and kenaf fibre laminates [22]. The sample illustrated in Fig. 1(a) was 

manufactured with jute/glass hybrid fibre. The composite was laminated by the 

sequence of surface veil, chopped strand matrix and jute fibre. Another sample 

illustrated in Fig. 1(b) was prepared with kenaf/glass hybrid fibre. A sandwich structure 

is adapted to construct the laminate. The core was fabricated with continuous 

kenaf/glass hybrid fibre yarns whereas the two skins were made of chopped strand 
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matrix with a surface veil. Unsaturated polyester resin Crystic P9901 produced by Scott 

Bader (UK) was used for the fabrication of all laminates. A protection surface veil in 

jute/glass hybrid composite was composed of glass fibre mesh with a thickness of 0.2 

mm. The glass fibre mesh was supplied by Sika Kimia Sdn. Bhd. Lot 689, Nilai 

Industrial Estate, 71800 Nilai Negeri Sembilan D.K., Malaysia. The surface veil in 

kenaf/glass hybrid composite was made of polyester fibres using a non-woven process 

and was then finished with resin. The final thickness obtained for this layer was 0.1 mm. 

Chopped strand matrices were supplied by Hengshui Yixing Fibreglass Co. Limited 

(China), jute fibres were produced by Alam Fibre Impex Ltd., while kenaf fibres were 

prepared by the Malaysian Tobacco Board in twisted roving form. The thread diameters 

of jute and kenaf were approximately 1 mm and 2 mm, respectively. 

 

Figure 1: Structure of specimens used in this study: (a) Jute composite; (b) Kenaf composite. 

 

 

As illustrated in Fig. 2, both of these laminates were impacted with a falling weight 

impact energy equal to 12 Joules, hence creating visible indentation damage: the 

different appearance of the laminates was caused by the discrepant characteristics on 

energy absorption. 

Table 1. Laminates configuration. 

Configuration code Stacking sequence Thickness (mm) Fibre content (wt.%) 

JC S/C/J/J/C/S 2.80±0.02 40 jute + 25 glass 

KCS S/C/K/C/S 2.80±0.02 40 kenaf + 25 glass 

J = Jute fibres, C = chopped strand mat, K = kenaf fibres, S = surface veil. 
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Figure 2: (a)-(b) Jute fibre composite; (c)-(d) Kenaf fibre composite. 

3. Methodology 

In this study, a multi-modality spatial-spectral data fusion technique was 

developed. The complete schematic diagram of the newly developed technique is 

shown in Fig. 3. Raw data collected from the THz-TDS system was analysed in both 

the time-domain and the frequency-domain in order to obtain the images based on 

different time domain representations and spectral characteristics of the materials. The 

obtained thermal sequence from the IRT system was also analysed in order to image 

the different depths. Then, the analytical results from THz-TDS and IRT were pre-

processed to confirm that the images from different techniques were in strict 
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geometrical alignment and intensity matching. An unsupervised deep residual fusion 

network was developed to fuse the images from different techniques and then the fusion 

results were reconstructed in the form of 3D to show the through-depth exhibition of 

the materials. The details of the physical mechanism and the processing procedure will 

be discussed in this section. 

 

Figure 3: Schematic diagram of the proposed multi-modality spatial-spectral data fusion 

technique. 

 

3.1 Terahertz time-domain spectroscopy (THz-TDS)  

The THz-TDS imaging system is shown in Fig. 4. The ultra-fast laser pulse is split 

into a pump beam and reference beam. The pump beam is time-shifted using an optical 

time-delay line and then adapted to excite a THz pulse using a THz emitter. The THz 

wave crosses through the sample and detects with a coupled detector. The reference 

beam is implemented here on the detector as the sampling signal. The THz signal after 

sampling is transferred to a lock-in amplifier. Amplification of the weak signal is carried 

out for data acquisition. 
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Figure 4: Schematic and experimental setup of the THz-TDS system used herein. 

The THz-TDS system was manufactured by Menlo Systems GmbH, Munich, 

Germany. The system has a 1.2 GHz frequency resolution and the repetition rate is 100 

MHz. The experiments were performed in both transmission and reflection mode. The 

scanning step is set as 0.5 mm. 

3.2 Infrared thermography (IRT)  

Fig. 5 shows the experimental configuration of the PT imaging system. Two flash 

units (Balcar FX60, 6.4 kJ, 2 ms duration) were used to generate optical flashes in this 

configuration. A mid-wave IR camera (FLIR Phoenix) with a frame rate of ~55 Hz and 

the NETD of 25 mK was adapted to record the temperature profile. The cooling time 

was set at 10 s for flashes. The camera spatial resolution was 640 × 512 pixels (25 μm 

× 25 μm of detector size) and a 50 mm lens was employed to provide a field of view 

(FOV) of 18.2° (horizontal) × 14.6° (vertical). 
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Figure 5: Configuration of the IRT experimental system used herein. 

3.3 Unsupervised deep residual fusion algorithm 

As illustrated in Fig. 6, the analytical results from THz-TDS and IRT were pre-

processed to confirm that the images for fusion were in strict geometrical alignment 

and intensity matching. In this study, the geometrical alignment was conducted by 

matching the control points (CPs) from the contours of the sample. During the 

alignment process, we fixed the terahertz images, and then registered the infrared 

images to the terahertz images. The details of the alignment process can be described 

as follows. First, we selected several CPs manually from the contours of the samples 

on the images provided by THz and IRT systems. Then, we calculated the transform 

from the selected CPs on IRT to the selected CPs on fixed THz imaging, by using the 

operators such as stretching, rotating and scaling. Finally, we adapted the transform 

calculated from the selected CPs to the whole IRT images. The color bar was then 

matched to obtain the intensity alignment image for fusion. The above pre-processing 

procedures were conducted using Matlab software. In the fusion stage, an unsupervised 

encoder-decoder network architecture was introduced. The encoder including a 

Jo
urn

al 
Pre-

pro
of



convolutional layer and a dense-connected block extracted high-dimensional features 

on images from different modalities. Then, these high-dimensional features were fused 

with an 𝑙1-norm based fusion rule and reconstructed by the decoder, which is composed 

of convolutional layers. 

 

Figure 6: Diagram of the unsupervised deep residual fusion algorithm 

The encoder illustrated in Fig. 7 combines dense connections with residual 

modules to extract high-dimensional features from input images. Residual learning can 

optimize several convolutional layers as identity mapping which eases the training of 

the deep neural network and benefits from increasing depth [23]. Dense connections 

between residual blocks ensure that the input of each residual block is the concatenation 

of all of the former modules [24]. This effectively protects the information in the middle 

layer from vanishing and sufficiently extracts salient features.  
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Figure 7: Structure of the encoder 

The fusion layer is constructed with an operator based on 𝑙1-norm. First, the 𝑙1-

norm map of each point (𝑥, 𝑦) is calculated on the features extracted by the encoder. 

The activity level map 𝑀𝑖(𝑥, 𝑦) for each source is calculated using a blocked average 

operator rolling on the 𝑙1-norm map: 

𝑀𝑖(𝑥, 𝑦) =
∑ ∑ ‖Ф𝑖

1:𝑁(𝑎, 𝑏)‖1
𝑦+1
𝑏=𝑦−1

𝑥+1
𝑎=𝑥−1

9
 (1) 

where Ф𝑖
𝑛 (𝑖 = 1, ⋯ , 𝑘) refers to the feature map calculated by the encoder of the 𝑖-

th input source, 𝑘 ≥ 2  indicates the total number of the input modalities, 𝑛 =

1,2, ⋯ , 𝑁 (𝑁 = 64) indicates the index of the specific feature belonging to the feature 

map, and 𝑁 denotes the total number of the features generated by the encoder per input. 

Then, the weighted mask 𝑊𝑖(𝑥, 𝑦) for each source is calculated by: 

𝑊𝑖(𝑥, 𝑦) =
𝑀𝑖(𝑥, 𝑦)

∑ 𝑀𝑗(𝑥, 𝑦)𝑘
𝑗=1

 (2) 

while, the fused feature map Ф𝑓
𝑛(𝑥, 𝑦)  is obtained as follows: 

Ф𝑓
𝑛(𝑥, 𝑦) = ∑ 𝑊𝑖(𝑥, 𝑦)

𝑘

𝑖=1

Ф𝑖
𝑛(𝑥, 𝑦) (3) 

The fused feature map is then processed by the decoder to reconstruct the fusion 
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image, which effectively contains the information provided by different sensors. The 

decoder in a concise and efficient architecture includes four convolutional layers with 

a decreasing number of output features as 64, 32, 16 and 1. 

In the training process, the fusion layer based on the 𝑙1-norm operator would be 

removed. The encoder and decoder are directly stacked to train the weights of the 

convolutional layers. This process is aimed at ensuring that the Encoder-Decoder 

network can extract salient features of the input images and use these features to 

reconstruct the images. To achieve this, the total loss function formulated in Eq.4 needs 

to be minimized, which is a weighted combination of the structural similarity loss 

𝐿𝑆𝑆𝐼𝑀 and pixel loss 𝐿𝑃. 

𝐿𝑡𝑜𝑡𝑎𝑙 = 𝜆𝐿𝑆𝑆𝐼𝑀 + 𝐿𝑃  (4) 

where, 𝜆 refers to the magnitude difference between the structural similarity loss and 

the pixel loss. 𝜆 = 1 is adopted in this work. 

The pixel loss is calculated using 𝑙2-norm to measure the difference between the 

input and output matrix as follows: 

𝐿𝑃 = ‖𝑂 − 𝐼‖2 (5) 

where 𝐼  indicates the raw image and 𝑂  refers to the image reconstructed by the 

Encoder-Decoder network. 

The structural similarity loss is calculated as in [25]: 

𝐿𝑆𝑆𝐼𝑀 = 1 − 𝑆𝑆𝐼𝑀(𝑂 − 𝐼) (6) 

where, 𝑆𝑆𝐼𝑀(𝑂 − 𝐼) refers to the structural similarity operator which is a perceptual 

measurement of the similarity of the fused image and input image. It aims at enabling 

the network to extract the representation and to reconstruct the image considering both 
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the local structure and contrast. The network in the Encoder-Decoder structure is trained 

on the dataset containing 142776 grayscale images of MS-COCO [26]. 

4. Experimental results and discussion 

Fig. 8 illustrates the THz-TDS analysis process of the raw data collected from the 

experimental system working in transmission mode. The analysis includes both time-

domain imaging and frequency-domain analysis. In the jute fibre composite illustrated 

in Fig.8 (a), the time-domain curve of spatial location on the chopped glass fibre shows 

a larger time delay. In order to utilize this, the arrival time (38.73 ps) of the peak on the 

time-domain curve of chopped glass fibre is chosen for imaging on the chopped glass 

fibre layer. The frequency-domain curve reflects the different characteristics in the 

absorption of variant materials. The woven roving appears to have a higher absorption 

at 0.44 THz due to the high absorption coefficient of woven roving material at this point 

in the spectrum. Therefore, the spectral amplitude image at this point is adapted for 

imaging on the woven roving layer. In the kenaf fibre composite illustrated in Fig.8 (b), 

the time-domain curve of the spatial location on kenaf yarn reveals a larger time delay 

than that of other materials. With this in mind, the corresponding arrival time (78.43 ps) 

of the peak on the time-domain curve of kenaf yarn is selected for imaging on the kenaf 

yarn layer. The chopped strand matrix shows obvious absorption at 0.48 THz in the 

spectrum. This motivates us to use the spectral amplitude image at this point for 

imaging on the chopped strand matrix layer. 
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Figure 8: THz-TDS analysis: (a) Jute composite sample; (b) Kenaf composite sample. 

In order to obtain further complementary information on different depths, we also 
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carried out experiments in the THz reflection mode. As illustrated in Fig. 9, THz waves 

produce reflection on the boundary of different media. The first reflection wave 

generated at the junction of air and the surface veil layer carries the information of the 

glass fibre mesh on this layer. The second reflection wave generated on the boundary 

of the surface veil and chopped strand mat layers contains the information of the fibre 

distribution on the chopped strand mat layer. The mask box in Fig.9 shows that time-

gated Fourier transform [27] was carried out for amplitude imaging on the reflected 

waves. The curves used here are collected from the THz experiment on the reflection 

mode of jute fibre composite on the backside view. The same processes are repeated on 

the front view data of the jute fibre composite, including both back and front view data 

of the kenaf fibre composite. 

 

Figure 9: THz-TDS analysis in the reflection mode using time-gated Fourier transform on the 

backside view of the jute composite sample. 

The analysis of the raw data collected from IRT is introduced in Fig. 10. With the 

thermal diffusion process, IRT can present information at different depths. In this work, 

optical excitation thermography is conducted on both sides of the specimens. The view 

of the thermal sequence collected from both sides is flipped on the back-side view. 
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Readers should note that the second frame was selected as the surface information, 

while the hundredth frame was chosen as the subsurface information. In the jute 

composite, surface information includes the impact-induced damage and the air holes 

existing in cured resin in the form of hot spots. Sub-surface information mainly contains 

impact-induced damage and slight traces of woven roving. In the kenaf composite, 

surface information includes impact-induced damage, air holes and the mark created by 

ink, while subsurface information mainly contains the impact area. 

 

Figure 10: IRT results: (a)-(d) Jute composite sample; (e)-(h) Kenaf composite sample. 

 

In Fig. 11, the 3D fusion imaging results on the jute fibre composite are shown. 

The left part shows the 3D reconstruction result with the impact region and air holes on 

the surface. The surface veil made of glass fibre mesh can also be seen on the surface 

of the reconstruction result. On the right part, the 3D reconstruction model is cut at the 

chopped strand mat layer, and then compared with the X-ray CT inspection at a depth 

of 0.4 mm from the backside of the sample. It is worth noting that, other than the impact 
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region, the chopped glass fibre distribution on the CT inspection result can also be 

mapped by the chopped strand mat layer on the 3D fusion imaging.  

 

Figure 11: 3D fusion imaging of the jute fibre composite and the comparison with the X-ray CT 

slice. 

The 3D reconstruction results of the kenaf fibre composite are shown in Fig. 12. 

In the middle row of the figure, we list the images observed from different views of the 

3D reconstruction model. A more intuitive representation can be found in the video in 

the supplementary materials. In the top row of the figure, the 3D reconstruction result 

is cut on the chopped strand mat layer and the kenaf yarn layer, respectively. Fig. 12(a) 

is cut on the chopped strand mat layer and compared with the CT slice at a depth of 0.8 

mm from the back panel. The low-velocity impact-induced damage and banded dent 

observed in IRT imaging are merged with the glass fibre content distribution viewed in 

THz imaging. All of these patterns are presented on the fusion imaging result and can 

be mapped by the referred X-ray CT slice. Fig. 12(b) is a cut on the kenaf yarn layer, 

which refers to the CT slice obtained at a depth of 1.6 mm from the back panel. It is 

worth mentioning that, as an internal layer, the kenaf yarns in this layer are observed 
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clearly with the impact-induced damage in the 3D fusion result. In the bottom row of 

the figure, we further present the cross-section imaging and horizontal-section imaging 

of the 3D reconstruction result. Fig. 12(c) shows the cross-section imaging cut at the 

position of 71.5 mm and 88.5 mm from the upper edge of the sample. Interestingly, the 

position of 71.5 mm from the upper edge is exactly the location of the impact-induced 

damage. Therefore, the morphology of the impact can be observed on this cross-section 

imaging. Fig. 12(d) presents the horizontal-section of the kenaf fibre yarns layer. As an 

internal layer in such a 3D structure with complicated fibre content, the kenaf yarn layer 

with rich plant fibre information is chosen for the detailed comparison with the CT slice. 

The kenaf yarns present on the cropped horizontal-section of the 3D fusion imaging 

and the cropped CT slice are matched with a red arrow. A total of 26 kenaf yarns can 

be mapped into the X-ray CT inspection result one-by-one. This illustrates that the 

proposed 3D fusion imaging technique generates high quality images on the internal 

structures. The fusion of the information from complementary depths of different 

imaging systems paves the way for conducting high contrast and high resolution 

imaging on the hybrid laminates. 
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Figure 12: 3D fusion imaging results on the kenaf fibre composite. Images in the middle row refer 

to the 3D model from different observation views. The top row illustrates the comparison of the 

3D reconstruction results cut from different layers and the X-ray CT imaging. The bottom row 

shows the cross-section and horizontal section of the kenaf fibre composite. 

In addition to the qualitative comparison, a quantitative evaluation with the signal-

to-noise ratio (SNR) [8] was also carried out to characterize the fusion performance. 

On each sample, we calculated SNR at various depths and then obtained the averaged 

SNR. The results are shown in Table 2. 

 

It can be observed that, in both the qualitative and quantitative comparison, the 

proposed technique as a non-invasive method led to a performance which was 

Table 2. Comparison based on averaged SNR of different samples. 

Evaluating Index 
Jute composite Kenaf composite 

Fusion X-ray CT Fusion X-ray CT 

Averaged SNR 44.56 46.19 44.28 45.25 
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comparable to the performance obtained with the X-ray CT. In general, the proposed 

fusion imaging method can be a potential substitute for ionizing X-ray analysis in 

nondestructive evaluation of plant fibre reinforced composites. 

5. Conclusions 

In this work, a multi-modality unsupervised spatial-spectral data fusion technique 

was developed for plant fibre composite inspection using data from THz-TDS and IRT. 

The analysis process on raw data from THz-TDS modality includes time-domain and 

frequency-domain analysis to obtain images by layers owing to the time and spectral 

characteristics on different materials, while information from different depths on the 

specimens is collected with the thermal diffusion process on optical excitation 

thermography. Furthermore, an unsupervised deep residual fusion algorithm is adapted 

to merge information from two different techniques. The fusion results are 

reconstructed in a 3D form to show the through-depth exhibition of the materials. 

Due to the complex structure of the plant fibre composites, an effective high-

resolution imaging technique is still a key research topic in the composite research area. 

The main contribution of this study is the proposal of a novel imaging technique based 

on THz-TDS and IRT data fusion. A spatial resolution of 0.5 mm has been achieved in 

the final output results. In addition, an unsupervised deep residual fusion algorithm 

introduced here can effectively merge the salient features from different imaging 

techniques. Furthermore, the 3D reconstruction result offers a better understanding of 

the characteristics of the composites. The results and discussion present the 3D fusion 

imaging results with the X-ray CT inspection, which proves that the proposed 3D fusion 
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imaging technique offers a promising performance for the imaging of different layers 

in such complex composite structures. 
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Highlights 

 

1) A novel infrared-terahertz fusion non-invasive imaging technique was proposed for 

3D inspection of plant fibre-reinforced polymer composites. 

 

2) An unsupervised deep residual fusion algorithm was proposed to merge the 

information from terahertz time-domain spectroscopy and infrared thermography. 

 

 

3) The proposed fusion imaging technique achieves high resolution and high contrast 

imaging on internal layers from complementary depths of different systems.  

 

4) The reconstructed 3D fusion slices with spatial resolution of 0.5 mm were compared 

with X-ray CT, which proves the capability of the new technique. 
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