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Abstract 
Recent progress in additive manufacturing techniques lead to a broader use in various industrial sectors. To cope 
with the relating metrological needs, LNE is prospecting non-destructive techniques in order to inspect complex 
objects made by additive manufacturing. The techniques should enable to measure inner and outer structures 
included in an object, even inaccessible structures. Three techniques have already been identified: X-Ray 
tomography, terahertz tomography and microwave tomography. A complex object has been manufactured in 
order to assess the capabilities of these three methods in term of dimensional measurements. It has been 
metrologically qualified with a standard coordinate-measurement machine at LNE. Then, it has been measured 
by X-Ray tomography at CEA, terahertz tomography at IMS, and microwave tomography at Institut Fresnel. We 
propose to describe the different setups, discuss the results of the comparison between the techniques and the 
benefits of one technique over the others. 
 
Keywords: Additive manufacturing (AM), nondestructive testing (NDT), X-Ray tomography, terahertz 
tomography, microwave tomography. 
 

1. Introduction 
Unlike traditional manufacturing processes, such as machining referred to as subtractive 
manufacturing methodology, that produce parts by removing unwanted material from a block, 
additive manufacturing (AM) processes build parts layer upon layer, binding raw feedstock. 
There are multiple processes in AM. They all starts from a numerical model that describes the 
geometry of the part to be built. This numerical model is then converted into STL file that 
consists in discretizing the surface of the object by performing a polyhedral mesh with 
triangular facets. Finally, supports are added if necessary and the model is cut into slices 
(from 10 µm to a few mm of thickness) which represent each layer. All the process are 
classified into seven categories according to the international standard ISO/ASTM 17296-1. 
The processes are grouped in these categories based on the feedstock, the binding mechanism 
and the source of activation. 1) “Vat photopolymerization” cures selectively liquid or paste 
polymers using radiation light source (a broadband source through a mask or a laser); 2) 
“Material jetting” drops selectively photopolymers or melted wax that are then solidifies 
using a radiation light source; 3) “Material extrusion” deposits selectively, through a heated 
nozzle, soft filament in polymer or ceramic. Then the layer solidifies as it cools; 4) “Binder 
jetting” drops selectively a bonding agent on a powder bed that can be in polymer, ceramic or 
metal; 5) “Powder bed fusion” sinters or melts selectively a powder bed. In the case, the 
source of activation is a laser or a lamp through a mask, either polymer, ceramic or metal 
powder can be use. On the other hand, in the case, the source of activation is an electron 
beam, metal powder is use; 6) “Directed energy deposition” focuses a laser, a plasma arc or 
an electron beam on metallic powder or wire in a nozzle to fuse them as they are being 
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selectively deposited; and the last 7) “Sheet lamination” consists of cutting sheets of paper, 
wood, metal,… that are then bonded to form the part. Whatever the process, post process is 
needed that can include heat treatments. 
AM has the potential to create geometrically complex parts with internal features: cavities, 
interior structures, lattices not feasible by traditional processes. In the case these parts are 
used as functional components they need to be control and even dimensionally measured 
using volume techniques. As the well known X-Ray tomography technique is too costly for 
routine control, LNE carry on its investigation to find alternative techniques. In a previous 
paper [1], we compare terahertz tomography images with X-Ray tomography images. In this 
one we introduce microwave tomography. 
 
2. Microwave tomography 
The powers involved in microwave spectroscopy or tomography are weak (lower than the 
power generated by a cell phone). Consequently, this type of technology is used to the 
medical field to detect brain hemorrhages, thus preventing cerebrovascular accident (CVA). It 
is also used for the prevention of breast cancer. Industrial devices have also been designed to 
detect knots in the wood and water content in paper and glass wool. We can also quote a 
study, involving additive manufacturing, on soot particles aiming at optimizing combustion 
(e.g. in aircraft engines). Within the framework of this study, several models of soot have 
been manufactured by additive manufacturing and are represented by more or less 
interpenetrating spheres aggregates [2, 3]. As the powers are weak, similarly to the terahertz 
waves, the microwaves cannot penetrate metals but can detect them. 
Transmitters and receivers of microwave tomography setup are antennas. Different types of 
antennas can be used: logarithmic periodic broadband ridged horn antenna, focusing dielectric 
lens horn antenna (lensed horns), parabolic antenna… Selection criteria for these antennas 
depend on: 1) their directivity; indeed, it is recommended to focus the energy on the device 
under test to increase its excitation and limit interference; 2) their bandwidth, the broader they 
are, the wider the range of measurable materials and objects’ size may be; 3) their 
compactness; 4) their polarization type; and 5) their polarization quality. It is nevertheless 
possible not to consider point number 5) by proceeding to a prior calibration of the antennas, 
which should moreover be regularly characterized in order to determine their radiation 
pattern, directivity and gain. 
The frequencies considered in microwave tomography are between 0.3 and 300 GHz. The 
propagation of signals at such frequencies through coaxial cables is highly sensitive to 
disturbances. To solve that problem, the frequency of the signal should be converted into a 
fixed lower intermediate frequency, for its propagation, using a superheterodyne receiver. The 
superheterodyne reception includes a local oscillator (LO) that generates a signal whose 
frequency (fLO) is close to the signal frequency (f0), a mixer that combines these two signals 
into a beat frequency. Consequently, it generates a signal at intermediate frequency (IF) fIF = 
 fLO - f0  kept constant by the adjustment or finetuning of fLO on f0 in the LO. 
Superheterodyne reception then involves amplifying, by optimizing the signal to noise ratio 
and demodulation of these signals so as to detect them.  
Some microwave tomography setups are within anechoic chambers equipped with a 
rubberized foam material impregnated with controlled mixtures of carbon and iron that can 
absorb electromagnetic waves. These structures prevent reflections on the walls and thus, 
allow measurements to be taken in an experimental environment that recreates conditions 
quite similar to those of an infinite homogeneous space or a free space. However, 
measurements can also be taken in places confining the waves such as metallic walls that are 
perfect reflectors for these frequencies. This configuration also enables the study of different 
propagation medium. For example, tomography measurements can be taken in a cistern full of 



water. 
The experimental quantity measured in microwave tomography is different from the one 
measured in X-Ray and terahertz tomography techniques. Here, we no longer measure the 
attenuation of the radiation intensity but rather the electric field vector scattered by the probed 
object. This scattered field depends on the properties of the object: its position, geometrical 
characteristics (form, dimensions) and electric characteristics (complex dielectric permittivity 
and permeability). The vector measurement includes the amplitude field measurement, as well 
as its phase and is linked to the mapping of the dielectric permittivity (in most of the common 
material the permeability is equal to one). 
The scattered field Es

m is not measured directly. It is extracted from the vector subtraction 
between total field Et

m (with object being tested) and the incident field Ei
m (without the 

object) measured during the first tomography process phase. 
Once this phase is complete, we move on to the mathematical stage and resolve the inverse 
problem. This consists in searching for permittivity mapping in a volume Ω encompassing the 
object obtained from the scattered field measured by all the receivers. As the area permittivity 
map Ω has no linear link with the scattered field in general, we use an iterative procedure. 
A necessary brick during this inverse process is an associated direct problem algorithm. This 
step involves the calculation of the scattered field Es

 generated by the interaction between the 
incident wave and an object placed in the volumetric zone Ω. Different numerical methods to 
solve the Maxwell’s equations such as the finite-difference-time-domain method, finite 
element method, the method of moments … may be used with their advantages/disadvantages 
according to the configuration, incident wave type (pulse or continuous frequency). Within 
the framework of this study, the scattered field is obtained with a volume integral formulation 
and is calculated numerically with the method of moments. For each position r within the 
zone where the receivers are placed, the scattered field is related to the permittivity contrast χ 
and to the total field Et inside the zone via the free space dyadic Green function G3D with the 
following observation equation:  

 

 (1) 

 
  

Whereas for each position r’  inside the zone Ω, the total field Et satisfies the coupling 
equation: 
 

     (2) 
 

 
with 2

0
2 k)r(k)r( −=χ  where k et k0=2πf/c are respectively the wave vectors in the studied 

medium and in the vacuum, f the wave frequency and c the celerity in the vacuum. In the case 
of a non-magnetic medium, the wave vector is related to the relative complex permittivity εr 
at point r: )()( 2

0
2 rkrk rε= .  

At each iteration of the inverse procedure, the direct problem is resolved for the 
corresponding permittivity mapping and the simulated scattered field Es on the receivers is 
then compared to the experimental scattered field Es

m using a cost function based on the 
Maximum Likelihood criterion. The permittivity mapping is then optimized so as to minimize 
this cost function using an algorithm based on a conjugated gradient procedure. When the cost 
function goes lower than a defined value, the inversion process is stopped and the permittivity 
mapping is reconstructed for the obtained zone Ω . To constrain this inverse procedure, which 
is generally severely underdetermined, various a priori information can be introduced. The 
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effective random noise disturbing the measured scattered field can be, for example, taken into 
account via a Bayesian approach. This enables to balance each data in the cost function 
according to its accuracy and the setting of stopping criterion for the iterative procedure 
related to the level of noise. Within the framework of this study, we are looking for 
presumably purely real and positive permittivity (positive constraint) and unitary permeability 
of the material. The description of these algorithms enabling the resolution of direct and 
inverse problems and thus the calculation of the 3D image of the object is detailed in [2] and 
[3]. 
 
3. Set-ups and experiences  
In order to assess the capabilities of the three tomography techniques, in term of dimensional 
measurements, a complex object (Figure 1), in high density polyethylene (HDPE), was 
manufactured and metrologically qualified with a standard coordinate-measurement machine 
at LNE. We design the object by the acronym DUT for “device under test”. 
 

  
above view   side view 

Figure 1. Photographs of the tested HDPE-made DUT that was imaging with the three tomography techniques.  

 
3.1 X-Ray computed tomography 
The set-up developed by the CEA-List (Figure 2) [4, 5] consists of an industrial X-Ray 
generator, a four axis gantry for the objects and a flat panel detector. 
 

 
Figure 2. Experimental X-Ray tomography set-up of CEA-List. 

 
The X-Ray source (Feinfocus FXE-160.51) is a micro-focus generator with a maximum 
voltage of 160 kV. For our measurements a tungsten target was used, the tube was set at 
80 kV and a current of 52 µA was used. 
The flat panel detector (12x12 cm, Hamamatsu C7942CK-12) is a 2D photodiode array of 
2400x2400 elements coupled to a scintillation layer in CsI. Its effective area consists of 
2240x2344 pixels of 50 µm. The detector is adapted to photon energies between 15 and 



100 keV. The output signal is digitized by 12 bit ADCs and recorded on 16 bit TIFF1 files. 
The whole set-up is placed in a shielded room where the temperature is kept constant by an 
air conditioning system at 21+/-1°C. 
Before performing the 3D imaging of the DUT, the set-up was calibrated using a steel sphere 
of 4+/-0.025 mm in diameter. A magnification ratio of 2 was chosen. 
Two sets of computed tomography (CT) acquisitions were performed, one with the full 
resolution of the detector and a second one in a binning mode. The latter bins the detector 
pixels 2 by 2 in order to reduce the noise in the images, but this mode implies a degradation of 
the spatial resolution. 
We acquired 720 projections in the binning mode with an angular step of 0.5° and 1080 
projections in full-resolution mode with an angular step of 0.33°. Because of stability issues 
of the X-Ray source over long periods of time, the acquisitions were done in 2 and 
respectively 3 sub-sets which took about 45 minutes each. The raw data was corrected with 
the dark and white-field images. 
The projection data was reconstructed using the FDK algorithm (acronym of the three 
authors’ last names: L. A. Feldkamp, L. C. Davis and J. W. Kress) [6]. This algorithm is a 3D 
extension of the Filtered Back Projection algorithm (FBP), which enables the reconstruction 
of a two-dimensional function, f(x,y), from the 2D measured projections, p(r,θ), 
corresponding to the inversion of the Radon transform R: 
 

( )[ ] ( )∫=
π

θθ
0

,, drpyxfR      (3) 

 
This method includes a weighting step, a ramp filtering (convolution between the projection 
and a ramp filter) and then a backprojection operation of the data, in order to recover the map 
of linear attenuation coefficients in f. 
An illustration of the CT reconstruction is displayed in figure 3, with orthogonal views 
through the 3D volume. 
 

 
Figure 3. 2D projections (left) and DUT image reconstructed (right) with X-Ray tomography (CEA-List). 

 
3.2 Terahertz computed tomography 
The experimental set-up developed by IMS (Figure 4) [7, 8] makes continuous mode 
measurements possible.  
It consists of a Gunn diode coupled to a horn-shaped antenna placed in front of an optical 
chopper functioning in the kilohertz range. This chopper periodically modulates the terahertz 
beam. The diode is coupled to a frequency tripler delivering 12 mW at 287 GHz. The spatial 
                                                 

1 TIFF: Tagged image file format. 



resolution is 1 mm and the beam size is 1.33 mm. At the output of the chopper, the beam 
focuses on the DUT thanks to a polytetrafluoroethylene lens (PTFE, better known under its 
commercial name: teflon). Its focal length is 50 mm. 
 

 

 
Figure 4. Experimental terahertz tomography set-up of IMS. 

 
The object to be measured is located on a motorized translation stage that allows 
displacements in the beam plane (y, z) and in the plane that is perpendicular to the beam (x, 
y). It also makes a y-axis rotation possible (Figure 4).  
At the output of the DUT, the beam is recollimated with a PTFE lens and sent onto a Schottky 
diode-type detector (with one monopixel). The amplitude of the wave transmitted through the 
DUT is recorded with a lock-in amplifier. 
A prior calibration of the set-up was made (resolution test, spatial distribution of the source 
beam energy). 
36 projections with a 5° sampling interval were realized. 20 minutes are required to record an 
image. The reconstruction method used is given in [9]. The reconstruction results can be seen 
in figure 5. 
 

  
Figure 5. 2D projection (left) and DUT image reconstructed (right) with terahertz tomography (IMS). 

 
3.3 Microwave tomography 
The experimental set-up of the Centre Commun de Ressources en Microondes (CCRM) 
(Figure 6), managed for this study by the Institut Fresnel, includes two transmitting antennas 
and one receiving antenna of type high gain pyramidal horns (ARA MH 1826/B) operating on 
a frequency band of 18 GHz to 26 GHz. According to frequencies, their gain is ranging from 
23 to 25 dBm. They weigh only 0.5 kg for a volume of de (30.2x10.4x8.1) cm3. They have a 
linear polarization so that when both transmitting antennas are positioned perpendicular to 



each other, we obtain two polarization states (θ and φ) to carry out measurements. These 
antennas and the sample are fixed on motorized mobile stages enabling measurements in 
various geometrical configurations, and notably in spherical configuration for 3D 
measurements. The transmitting antennas can be moved along a 4 m diameter vertical circular 
arch, with amplitude of 180° around the sample. The receiving antenna is fixed on a mast, and 
moves along a 4 m diameter horizontal circular guideway with amplitude of 260° around the 
device under test (figure 6). The latter is placed at the top of a cylindrical expanded 
polystyrene mast that can rotate over 360° on itself and perform a vertical translation over 
about twenty centimeters. These displacements generate directions of incidence electric field 
basically everywhere on a sphere – apart from a 10° cone. All motorized stages are monitored 
by software written in C++. The whole set-up is enclosed within an anechoic chamber of great 
dimensions (14,5x6,5x6,5) m3 equipped with pyramidal broad band absorbing foam 
presenting an attenuation superior to 40 dB, at normal incidence, for frequencies higher than 1 
GHz. Considering these experimental infrastructures, we can consider a measurement 
configuration for the scattered electric field in free-space according to a spherical 
configuration. 
The measurement chain used is based on a superheterodyne detection comprising a vector 
network analyzer (Rhode et Schwarz ZNB4), two external synthesizers (Rhode et Schwarz 
SMB 100 A, one with a bandwidth from 100 kHz to 20 GHz, the other one up to 40 GHz) and 
two external mixers (NSI-RF-5948), moved to the anechoic chamber so as to bring them 
closer to the antennas (Figure 6). The main synthesizer generates a monofrequency incident 
wave, between 16 and 20 GHz, with a power output of 5 dBm, transmitted to the transmitting 
antenna through a coupler that extracts part of it in order to have a reference signal (a1). This 
reference wave is converted into an intermediate frequency fIF = 20 MHz thanks to one of the 
two mixers and of the signal generated by the LO synthesizer (power output 5 dBm), then 
sent through a LO/IF Distribution Unit (NSI-5945) to the IF detection unit of the network 
analyzer. The wave received by the receiving antenna is also converted to fIF frequency by the 
second mixer and the LO synthesizer. This signal b2 as well as a1 are then sent to the vector 
network analyzer to be amplified and demodulated. We thus obtain the ratio b2/a1. The LO/IF 
distributor enables to switch the signals to different paths while regulating their levels. The 
attenuator (of 20 dB) enables to fix the amplitude level of the signal according to the mixer’s 
optimum operating band. All measurements are recorded with a mean of 200 ms for each 
frequency ranging between 16 and 20 GHz, by the vector network analyzer. 
The set-up dynamic range between 70 and 100 dB, it decreases almost linearly with the 
frequency. 
Experimental errors (of positioning, alignment, drifting, reference and modelized random) 
were analyzed and quantified. They are taken into account in the inverse problem solving or 
are compensated by a prior calibration of the set-up. It takes approximately one day to carry 
out the experimental measurements.  



 

transmitter receiver

DUT
transmitter receiver

DUT

  
 

Figure 6. Experimental microwave tomography set-up (Institut Fresnel). 
 
At the present time, microwave tomography image could not be reconstructed and we need to 
go deeper into our investigations to get it. In order to do so, the image resolution has to be 
improve. One solution is to resort to a network of receiving/transmitting antennas to take 
more measurements in a much more limited period of time and also to gather a bigger 
quantity of a priori information on the object (index, approximate external dimensions…). We 
might also be able to increase a little more the operating frequency while keeping quality 
phase information and reasonable noise measurement.  
 
4. Results 
As can be observed on the X-Ray images (Figure 3) and terahertz tomography images (Figure 
5), the resolution of X images is much better than the one of terahertz images. This has 
naturally repercussions on the uncertainty on dimensional measurements. The dimensions 
extracted from terahertz images are more dispersive than the ones stem from X images. This 
is due to several physical limitations. First, the used wavelength is 1 mm for a 300 GHz 
source which considerably limit the resolution since we have to make some trade off between 
penetration length and resolution, in other terms the frequency. Secondly, after interaction 
with the object, severe refraction effect of the terahertz beam makes it difficult to properly 
identify the amplitude since an important part of the signal is lost [10]. Moreover, the 
complex internal shape of the DUT amplifies this effect and explains the discrepancies 
obtained for internal diameter measurements. 
 
5. Conclusions 
AM has received substantial and rapidly growing attention in recent years in the popular press 
and in technical publications as it gains certain advantages, among others, in producing 
complex shapes over traditional manufacturing. Therefore the dissemination of the 
technology spreads in the industry sectors, concerned with small numbers (aeronautical, 
Aerospatiale and medical), to produce high tech parts. The control and the qualification of this 
parts are needed using volume techniques such as tomography. In order to address this 
identified need, we assess, in this paper, the applicability of three different tomography 
techniques for part characterization: X-Ray tomography, terahertz tomography and 
microwave tomography.  
We have presented in details, in this paper, the microwave technique as the two others were 
already described in a previous paper [1]. Otherwise, as discussed, the microwave image 



could not be obtained yet and the spatial resolution of the terahertz image is lower than that of 
the X-Ray image since the penetration length of terahertz radiation is not as high as the 
penetration length of X-Rays. As a result, the terahertz tomography technique can be used to 
detect defects but its spatial resolution has to be improved to make dimensional 
measurements. Note that X-Ray tomography benefits from X-Ray radiography research that is 
used in the medical field, so it is a very mature technology whereas terahertz tomography is 
just emerging.  
Nevertheless, the microwave and terahertz tomography methods have to be investigated 
thoroughly as they present the advantage to be safer than the X-Ray tomography and less 
costly when they will be more widespread. Furthermore, other waves should also be studied 
such as acoustic and ultrasound waves. 
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