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Abstract. In order to image the decay of spruce trunk wood, a transmission-

tomographic imaging setup is described that utilizes both elastic waves in the lower 

ultrasonic regime and electromagnetic waves at microwave frequencies. 

Data acquisition is arranged in a multi-path fan-beam configuration incorpo-

rating two single-channel transmission measurement systems that are manually 

operated. Depending on the wave type, different coupling mechanisms were tested 

and applied. The measured time-of-flight data was used to reconstruct tomographic 

images of the propagation velocity for ultrasonic waves and of the relative 

permittivity for electromagnetic waves, and thus to image stiffness and moisture 

variations. The Simultaneous Iterative Reconstruction Technique (SIRT) was used 

for both wave types, assuming isotropic propagation along straight rays. Specifically 

for the electromagnetic waves, simulation results proved useful to understand wave 

propagation effects and to optimize the data acquisition procedure. 

Initial imaging results are reported that allow to differentiate between splint 

and core wood and between healthy and rotten wood. 

Introduction 

Different non-destructive wood testing techniques have long been subject of active 

research. An overview of actual methods is given in [1] and [2]. While most of these 

methods deliver information on local or integral wood properties, tomographic techniques 

[3] can generate images of certain properties of trunk wood sections. One advanced 

example is a commercial X-ray computer tomographic system for the imaging of complete 

wood trunks [4]. This system generates three-dimensional density images of the trunk that 

can be used to optimize sawing processes. 

If the decay of trunk wood is to be assessed, other material properties are of interest 

since certain decay processes are not well reflected by density changes. Specifically fungi-

induced wood rot demands the use of other wave types that interact with the medium in a 

different way. 

In a number of investigations, elastic ultrasonic waves are employed. Advanced 

ultrasonic transmission tomographic measurements and reconstructions have been 

performed by Sambuelli et al. [5]. Brancheriau et al. present an automated laboratory setup 

for ultrasonic backprojection tomography [6]. Turpening et al. reconstruct the longitudinal 

wave velocity with provision for curved propagation paths [7]. Wang et al. implement the 
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tomographic ART algorithm and apply this technique to several layers in trunk wood, 

finally resulting in a three-dimensional image [8]. 

Electromagnetic microwaves have so far been used to a lesser extent. Sambuelli et 

al. perform radar measurements in a reflection arrangement [5]. Their results as well as the 

results by Nicolotti et al. [9] show the possibility of qualitative discrimination of healthy 

and degraded wood by radar measurements. Butnor et al. emphasize the suitability of radar 

measurements for wood grading but also point out the influence of cross sensitivities which 

need to be eliminated by calibration [10]. 

The approach of this work is to combine the information of transmission 

tomographic images of elastic ultrasonic waves and of electromagnetic microwaves. The 

long-term objective is the grading of wood-decay in spruce, specifically the grading of 

trunk wood rot induced by the fungus Heterobasidion annosum. This wood decay is 

commonly graded in a “rot grade” scale (Fäulegrad, FG) from FG 0 (healthy) to FG 3 

(rotten) in Germany. 

1. Utilisation of Elastic and Electromagnetic Waves 

Both elastic and electromagnetic wave can propagate in solids. When it comes to wood as a 

propagation medium, the propagation velocity of either wave depends on different 

properties of the material: Elastic waves are mainly sensitive to the stiffness of the wood 

while electromagnetic waves react specifically to its moisture content. 

In order to detect rot regions in trunk wood, each of the wave sensitivities has its 

own benefits and drawbacks (Table 1). The present approach is to combine elastic and 

electromagnetic wave measurements to image the elastic as well as the dielectric properties 

of the tested material. By combining these two wave types, it should be possible to detect 

material changes due to stiffness and moisture variations. 

 

Table 1. Comparison of expected elastic and electromagnetic wave properties  

for the investigation of trunk wood 
 

 Elastic waves 

(ultrasound) 

Electromagnetic waves 

(microwaves) 

Sensitivity  Elastic properties  Density 

 Moisture content  Conductivity  Density 
   

Benefits  Long range, depending on wood 

structure and frequency  Good resolution, depending on 

frequency 

 Non-contact measurements  Cracks have small influence 

 

   

Drawbacks  Contact-coupling to wood 

necessary  Air-gaps such as cracks cannot be 

penetrated  Strong anisotropic wave 

propagation 

 Restricted range in humid wood, 

depending on frequency  Less resolution than ultrasound, 

depending on frequency 

 

 

To be able to penetrate the wood to sufficient thicknesses, a transmission setup was chosen. 

Fig. 1 shows the general transmission setup that is applicable to both elastic and electro-

magnetic waves. A mapping of position-dependent values of the measured quantities can be 

achieved if a number of transmission measurements is combined in a transmission 
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tomographic setup. If the measurements are all acquired in one section of the wood trunk, 

the result can be processed to a tomographic image (tomogram) of the section. The 

resolution of the reconstructions will mainly depend on wave length and sensor placement. 

The wavelength in spruce wood is about 20 mm for ultrasonic waves at 50 kHz 

(longitudinal wave) and 70 mm for microwaves at 1 GHz. 

 

 

Fig. 1. General transmission setup for both elastic and electromagnetic waves. 
 

2. Sensors and Coupling 

The development of the measuring setup was started with wave coupling measurements and 

wave propagation simulations. Although it is possible to use air-coupled ultrasound for 

transmission experiments [11], solid coupling was preferred in order to assure consistent 

coupling through the bark. A number of coupling pins were tested and optimized (Fig. 2). 

Each of the pins has one plane surface for contacting the transducers by oil coupling. A 

number of different tips was tested to find a variant with high energy transfer and consistent 

coupling. Handling properties were also examined. The tests favored the shape in the lower 

right of the photograph which was then manufactured in series. 

 

 

Fig. 2. Assortment of tested ultrasonic coupling pins. 
 

 

Microwave simulations were carried out to find an antenna type and geometry with 

favourable transmission and coupling characteristics. Also, the general transmission setup 

was modelled using the HFSS software. Fig. 3 shows in the left part two microwave 

antennas attached to a schematic wood trunk that exhibits a circular permittivity anomaly in 

its core. The right part of the figure details the field distribution at a certain time point. In 

this image, the transmitting antenna (top) has sent an electromagnetic pulse to the receiving 

antenna (bottom). The pulse propagates directly from one antenna to the other, thereby 

being bent at the anomaly, and partly transmitting it. Another part of the energy travels 
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along the splint/bark/air interface. It is instructive to follow the development of this second 

propagation path in order to be able to distinguish the pulses during examination of the 

measurements. 

 

  

Fig. 3. Simulation of electromagnetic wave propagation in trunk wood. 
 

3. Measuring Setup 

A mechanical construction was set up to facilitate tomographic transmission measurements 

of trunk wood in the laboratory. Realising support in a cylindrical --z coordinate system, 

the construction offers variable  and  placement in an adjustable z plane where the z axis 

is also the longitudinal axis of the trunk segment. For microwave measurements, two arms 

holding the transmitting and receiving antenna, respectively, can independently be rotated 

and fixed to an angle  in steps of 2° (Fig. 4, left). The antennas are mounted on slidable 

cantilevers ( direction) of the arms which can be adjusted along height z. The trunk 

segment is mounted in upright position and fixed using central drillings and screws in its 

cut faces. Trunks of up to 540 mm diameter can be installed. The microwave antennas are 

brought in contact with the trunks surface for each measurement; some measurements were 

done at a constant radius with slightly varying air gap. Both the transmitting and the 

receiving antenna coordinates at each measurement position are given by the adjusted  

and z positions while the  positions are determined using a laser measure prior to the 

measurements. 

For ultrasonic measurements, the positioning of the coupling pins is carried out the 

same way as for the microwave antennas. The actual ultrasonic measurements at the fixed 

pins are then conducted outside the construction (Fig. 4, right). 

The Ultrasonic measurement system consists of a low-frequency ultrasonic 

instrument and two 75 kHz longitudinal ultrasonic transducers. The ultrasonic instrument 

was manufactured by Ing.-Büro Dr. Hillger, Braunschweig, Germany, and features a 

variable-width square wave pulser, high dynamic range, 16 Bit digitizing resolution, and 

several filters. 

The microwave measurement system is built from two antennas and a transmit/-

receive radar system. Out of different antenna geometries that have been simulated, two 

antenna pairs have been optimized and realized. The pair used for these measurements 

operates in a frequency range from 900 MHz to 2.5 GHz. The antennas are connected to a 

prototype ultra-wideband (UWB) radar system made by Meodat GmbH, Ilmenau, 

Germany, which transmits maximum length sequences (MLS) in order to achieve a 

dynamic range of 90 dB. 
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Fig. 4. Measuring setup during microwave measurements (left) 

and ultrasonic measurements (right, only one channel shown). 
 

4. Measurements 

For the measurements, the wood trunk was mounted in the measuring setup in Fig. 4, left. 

The geometry of the trunk was determined at each microwave antenna position, and then 

the tomographic microwave transmission measurements were carried out manually. After 

conclusion the ultrasonic coupling pins were applied at the same positions as used for the 

microwave antennas, and the process of geometry registration (this time of the pins) and 

measuring was repeated for the tomographic ultrasonic transmission measurements as in 

Fig. 4, right. 

The tomographic transmission measurements were acquired in a fan-beam 

configuration. A total of 36 transmitting positions in 10° steps were used. At each 

transmitting position, measurements at 9 opposite receiver positions with an increment of 

10° were carried out, where the receiver positions were symmetrically located in a range of 40° around direct transmission. Assuming reciprocity, a total of 162 measurements per 

wood trunk were acquired for the microwave measurements as well as the ultrasonic 

measurements. Fig. 5 shows an example of transmitter/receiver transmission rays of 

measurements superimposed on a trunk section. It can be seen that the most interesting 

inner part of the trunk section is covered by a denser net of measurements than the outer 

part. 
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Fig. 5. Example of the transmission rays of a measurement 

superimposed on a trunk section (approximate drawing). 
 

5. Initial Imaging Results 

The measuring results of both the ultrasonic and the microwave measurements were 

evaluated the same way. Firstly the time-of-flight values of the measurements were 

determined semi-automatically using proprietary Matlab programs. For consistent results, 

ultrasonic travel times were measured at a bipolar threshold while the first signal maxima 

were used for the microwave travel times. 

The time-of-flight values were then fed into the tomographic imaging software 

Reflexw by Sandmeier Geophysical Research, Karlsruhe, Germany. This software employs 

a SIRT (Simultaneous Iterative Reconstruction Technique) algorithm to reconstruct an 

ultrasonic sound velocity map or a microwave relative permittivity map, respectively. As a 

first step, straight beams were used in all the calculations, and anisotropy was ignored. 

Fig. 6 shows the calculated tomograms of a trunk with rot grade FG 0 (healthy). 

Both results exhibit a relatively homogeneous distribution of relative permittivity or sound 

velocity, respectively, with both splint and core being visible. While the humid splint wood 

results in higher permittivity values, it is reconstructed with lower sound velocities which 

needs further investigation. A marking notch at  = 5° (extreme right) is correctly imaged 

particularly in the sound velocity tomogram. 

 

  

Fig. 6. Tomographic reconstruction results of a healthy (FG 0) wood trunk: Microwave 

relative permittivity image (left) and ultrasonic sound velocity image (right, in m/s). 
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In the tomograms of a trunk with rot grade FG 3 (rotten) in Fig. 7 a high variability of both 

the reconstructed quantities is prevalent. The core is imaged with lower values which is 

plausible in both cases. The accuracy of the reconstructed values and their distribution 

needs to be investigated further. 

 

  

Fig. 7. Tomographic reconstruction results of a rotten (FG 3) wood trunk: Microwave 

relative permittivity image (left) and ultrasonic sound velocity image (right, in m/s). 
 

6. Conclusion and Outlook 

In this contribution, an approach is presented that combines elastic (ultrasonic) waves and 

electromagnetic (microwave) waves to image the elastic as well as the dielectric properties 

of trunk wood. 

A laboratory transmission-tomographic measuring setup is described and initial 

results of tomographic reconstructions are shown. Tomograms of both the ultrasonic sound 

velocity and the microwave relative permittivity allow to differentiate between splint and 

core wood and between healthy and rotten wood. Some questions as to the accuracy of the 

reconstructed values and the influence of anisotropic wave propagation remain to be 

investigated. 

Additional investigations which also include the combination of the elastic and 

electromagnetic tomograms as well as comparisons with X-ray tomography, wood physics, 

and wood biology are currently being conducted. The long-term objective is to detect and 

to grade rot areas in wood trunks. 
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