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OPEN ACCESSIntroduction
Among the many effects of global warming, we can 

mention the impact on agricultural yields [1-4]. Drought 
episodes combined with chaotic climatic events call not only 
for a rethinking of our industrial production methods but also 
for the reϐinement of varietal selection techniques. Genetic 
crosses carried out in the laboratory or sometimes in a 
natural way allow the creation of species diversity, and in this 
abundance of individuals and varieties, it is useful to know 
how to isolate the most proϐitable and robust offspring with 
regard to the new conditions and constraints of culture [5,6].

However, it is not always obvious to identify the part of 
the genetic code of an individual (the genotype) responsible 
for a behavior or a physical attribute (the phenotype). This 
observation work of matching genotype and phenotype is 
called phenotyping [7]. Until now, agricultural phenotyping 
techniques are essentially based on time and data-consuming 
statistical analysis. Moreover, these methods of global yield 
measurements or simple visual integrative observations do 
not provide sufϐicient accuracy to match the technologies 
involved, so new phenotyping techniques become a key 
element in this context.

This is why a large number of works have been devoted to 
the non-contact analysis of plants and in particular of plant 
leaves [8-11]. Among these, optical methods take an important 
place, and we ϐind for example studies on diffuse reϐlection 
or transmission, luminescence, microscopy, coherence 

tomography (OCT), hyper-spectral imaging, polarization and 
speckle, and more recently THz [12-14].

However, it should be noted that most of these works 
give access to a physicochemical characterization of the plant 
material, insofar as the extracted data are mainly related to 
the properties of reϐlection, transmission, and absorption. It is 
indeed from these optical properties that we seek to identify 
the chemical concentrations of species present in plant 
leaves [15,16].

Moreover, imaging techniques, however efϐicient, 
are limited to a transverse (or lateral) analysis of the 
samples, without giving access to a deep characterization. 
OCT techniques have been developed to overcome this 
shortcoming, but suffer from the strong scattering caused 
by the heterogeneities of the components. In the end, there 
is almost no method to quantitatively and non-destructively 
analyze the internal geometric structure in the depth of plant 
leaves, which deprives us of a great wealth of information.

Materials and methods
In order to meet this challenge, we have developed a 

reverse engineering method capable of extracting, from an 
electromagnetic signal (temporal or spectral), the internal 
multilayer structure (alternation, indices, and thicknesses) of 
plant leaves, from cuticles to mesophylls [17]. The ϐirst tests 
in the optical domain were not conclusive, because of a great 
diffusion responsible for a speckle too complex to be able to 
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ϐind the information related to the structure of the leaf. This 
is why we chose to operate in the THz domain, because of 
the long wavelengths (between 100 and 1000 times longer 
than those of visible optics) which drastically reduce the 
scattering phenomena. Under these conditions, the plant 
leaf reϐlects mostly classical signals (specular reϐlection and 
transmission) and thus behaves as a plane multilayer system. 
This result allows us to implement, in the THz domain and for 
plant samples, the reverse engineering techniques that we 
commonly use in the ϐield of optical interference ϐilters [18,19].

The method works globally as follows (Figure 1). A 
terahertz signal, temporal or spectral, is sent on the sample. 
The reϐlected and/or transmitted signal is recovered after 
interaction with the sample. We then try to approximate this 
output signal from an electromagnetic calculation performed 
for a multilayer sheet model (alternation, complex indices, and 
thicknesses). The multilayer structure is then explored with 
different optimization algorithms, and the solution closest to 
the measured signal is retained.

Results and discussion
The results obtained on a sunϐlower leaf were obtained in 

the framework of a study conducted in 2020 in collaboration 
with the Charles Coulomb laboratory in Montpellier. The 
measurement in reϐlection conϐiguration was performed 
with the Teraview system operating in the Time Domain 
Spectroscopy (TDS) regime. This system generates and 
detects terahertz pulses in a time domain corresponding 
to a frequency range from 100 GHz to 2 THz. The cut sheet 
sample was ϐixed on a pierced disk so as not to introduce 
any parasitic reϐlection during the measurement. Finally, to 
improve the signal-to-noise ratio, we averaged 100 successive 
measurements for a total acquisition time of 12 minutes. 

In order to follow the evolution of the opto-geometric 
properties of the leaf corresponding to the physiological 
process of dehydration, we performed a campaign of 50 
successive measurements. This represents a total of 50 
measurements spaced over 12 mn for a total duration of 10 

hours [20]. Each time spectrum is then treated in fourier 
space to estimate, using a numerical ϐit, the opto-geometrical 
structure of the leaf. This structure contains 6 physiologic 
layers and their refraction index, extinction coefϐicient, and 
thickness. The numerical results are given in Figure 2 (the 
measurement in blue, the calculation in red), and show that 
the algorithm used allows to follow faithfully the evolution of 
the terahertz signal, in the time or frequency domain. 

Figure 3 shows the temporal evolution of the thicknesses 
from the reconstructions based on the thin layer model of 
the leaf. It can be seen that it is mainly the thicknesses of 
the two mesophilic layers that decrease signiϐicantly (about 
50%) during dehydration. As almost all the water of the leaf is 
contained in these two physiological layers, this observation 
tends to validate or conϐirm the model used in this work.

Conclusion
In conclusion, we now have an original and non-contact 

technique, which allows us to analyze quantitatively and 
precisely the multilayer structure in the depth of plant leaves. 
Progress remains to be made, in particular, because we have 
neglected the spectral dispersion of the complex refractive 
index. Moreover, joint measurements of reϐlection and 
transmission will give access to the absorption spectrum, for 
a better accuracy of the results. Finally, a difϐiculty remains 
related to how to treat the spatial variability of the structure 
along the plant tissue. A new instrument based on a TERSCAN 
1550 source from TOPTICA is under development in our 
premises and will operate in continuous mode on the same 
spectral window; it will allow in particular to carry out quasi-
simultaneous measurements in reϐlection and transmission 
(Figure 4).

Figure 1: Schematic diagram of the THz measuring instrument in the TDS (Time 
Domain Spectroscopy) regime - Case of the refl ection.

Figure 2: Evolution of temporal (left) and frequency (right) spectra during a 
dehydration process of the sunfl ower leaf over a total duration of 10 hours [20].

Figure 3: Time evolution of the thicknesses of the physiological layers.
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Figure 4: Terahertz goniometric measurement bench in continuous regime. Rx 
reception module can move around the sample and thus allows acquisition in 
transmission and refl ection mode for incident angle running from 0 to 40 degrees. 
Spectral range used 100 GHz - 1350 GHz.


