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Abstract. 10 

The maturation process of beef improves meat quality. Several bio-physical-chemical 11 

changes occur during ageing. Often, they emerge macroscopically as variations in the 12 

mechanical properties of the tissue. Most of the actual testing methods are destructive. 13 

Therefore, the number of tested samples is limited.Elastography was born as a medical 14 

imaging modality to estimate noninvasivelythe elasticity of soft tissues. Thus, its 15 

application to monitorageingcould help to overcome some drawbacks of destructive 16 

methods. However, its use is minimum in industry. In this work, we study the feasibility 17 

of using surface wave elastography (SWE) to monitor beef ageing.We tested 25 samples 18 

for 21 consecutive days. The results show a decay close to 50% in thes hear elasticity of 19 

all samples. In addition, the rate of decay show that the elasticity reduction is greater in 20 

the first days for most samples.These results are consistent with previous knowledge in 21 

this area, which encourages further research to improve the method and increase its 22 

performance and reliability. 23 

Keywords: ageing, elastography, surface waves, mechanical properties 24 

1. Introduction 25 

To obtain meat of high quality, post-mortem ageing at 4ºC or lower for a certain 26 

period is required. Tenderness and flavor are improved during this period 27 

becausebiochemical and physicochemical processes occur during post-mortem ageing 28 

[1-2]. These processes include the increase of membrane water permeability and the 29 

weakening of connective tissue [3]. Thus, it is not surprising that ageing causes changes 30 

in the mechanical properties of meat. These changes are evidenced by tensile tests [4], 31 

shear force tests [5] or texturometers [6].All these methods share the disadvantage that 32 

they are destructive and therefore the samples tested lose their commercial value. In 33 
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addition, it is not possible to monitor the changes of a single piece at arbitrary time 1 

intervals. Thus, one challenge facing the industry is to account with a reliable and non-2 

destructive method to estimate the mechanical properties of meat during post-mortem 3 

ageing.  4 

Ageing periods are usually more than 10 days for beef [7]. However, there is no 5 

agreement on which is the best ageing time before commercialization, since there is a 6 

large variation in both the rate and extent of post-mortem tenderization depending on 7 

the muscle type and processing conditions [8].It has been reported that different muscles 8 

from the same carcass respond differently to the same ageing period [9]. Moreover, 9 

there exist contradictory reports even for the same muscle. Some studies in longissimus 10 

dorsi for example, found that there is little difference in shear values after 7 days ageing 11 

[10]. However, other studies reported considerable tenderization for the same muscle 12 

and in the same time period [11].Thus, a method for noninvasive monitoring the 13 

mechanical properties of beef samples could benefit the industry in decision making on 14 

ageing periods and commercialization. 15 

Elastography was born as a medical imaging modality to estimate the local 16 

elasticity in soft tissues [12]. The goal is to improve the medical diagnosis of those 17 

pathologies which affect the mechanical properties of some tissues. Examples include 18 

breast tumor or liver fibrosis [13]-[14]. Within the past 30 years, several methods and 19 

techniques were proposed including static and dynamic methods [15]-[17]. Most of 20 

them are ultrasound-based techniques, due to the availability and portability of 21 

ultrasound scanners. Despite the spreading of elastography in the medical field, its use 22 

has been little studied in the food industry as a whole and particularly in beef industry.  23 

Previous works including (static) elastography to study meat quality 24 

characteristics of pork showed that elastographic results are significantly correlated to 25 

shear force tests [18]. Dynamic elastography methods (transient elastography) were able 26 

to quantify the viscoelasticity [19] and anisotropy [20] of beef samples. In addition, it 27 

showed a linear correlation with pH during rigormortis [21]. However, none of those 28 

methods was translated into devices for industrial use. We believe that this fact is due to 29 

the need foradapted ultrasound scanners and highly specialized personnel to operate 30 

them. In addition, none of these methods is easily adapted to the production line. 31 

Surface wave elastography (SWE) is an emerging elastographic method. 32 

Applications include estimating the elasticity of soft tissues in vivo [22]-[23],the 33 

elasticity of tendons in vivo [24] and even the elasticity of fruits [25]. The goal in SWE 34 



3 
 

is to estimate bulk elastic parameters from waves propagating at the surface of the 1 

sample. Unlike the ultrasound-based methods mentioned above, SWE does not intend to 2 

image the elasticity of tissues. Instead, it brings a mean value of their elasticity in a 3 

region of interest (ROI). Therefore, SWE methods use simpler algorithms and 4 

measuring devices. Consequently, the associated costs are lower, and the final user 5 

requires a minimal training. Thus, SWE is a good candidate to monitor changes of mean 6 

elasticity within a ROI in tissues as a function of time, temperature, environmental 7 

conditions, etc.  8 

In this work, the main objective was to study the feasibility of using surface 9 

wave elastography as a method to monitor the ageing process of beef samples. Recently, 10 

we have developed a SWE device and method to estimate the elasticity of isotropic and 11 

transversely isotropic tissues [26]. We named this method as non-ultrasound surface 12 

wave elastography (NU-SWE). Using this device, we tested five hindquarter cuts during 13 

21 consecutive days in order to study if the NU-SWE method is able to follow the 14 

changes in their shear elasticity and provide information about its decay rate. 15 

2. Materials and methods 16 

2.1 Surface wave elastography 17 

In this section, we briefly describe the NU-SWE method employed in this study. 18 

Details about the device and theory of operation can be found in [26],[27]. 19 

The goal in NU-SWE is to estimate bulk shear elastic modulus from surface 20 

wave measurements within a ROI. The challenge is to find the relationship between the 21 

surface wave speed 𝑉𝑠and the bulk shear wave speed 𝑉𝑏  because the laterhas a simple 22 

relation with the shear elastic modulus 𝜇 = 𝜌𝑉𝑏
2 [28]. In this expression 𝜌 represents the 23 

material density of the beef sample and a lossless elastic medium is assumed. The 24 

relationship between 𝑉𝑠 and 𝑉𝑏is obtained via a physical model for surface wave 25 

propagation. Skeletal muscle is an anisotropic tissue. The orientation of muscle fibers 26 

defines a symmetry axis. The elasticity is isotropic within a plane perpendicular to 27 

fibers. Thus, skeletal muscle is assumed as a transversely isotropic tissue [20]. 28 

Therefore, there are two elastic constants related to shear wave propagation. 𝜇⊥ =29 

𝜌(𝑉𝑏
⊥)2is the elastic constant related to the shear wave propagating perpendicular to the 30 

fibers with perpendicular polarization and𝜇∥ = 𝜌(𝑉𝑏
∥)

2
is related to the shear wave 31 

propagating along the fibers direction with perpendicular polarization.  32 
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 1 

Figure 1. (a) Schematic diagram of the NU-SWE device. The PC controls the function generator and the 2 

vibration sensors.(b) Side view of the prototype device. The shaft ending in a linear source is highlighted. 3 

(c) Bottom view of the prototype. The piezoelectric vibration sensors are highlighted. 4 

As is shown in figure 1, the main components of the NU-SWE device are the 5 

wave generator and the vibration sensors. The wave generator is a vibrator with a shaft 6 

attached to it, ending in a linear source. The source vibrates normally to the free surface 7 

of the sample. If it is oriented perpendicular to the muscle fibers, it excites a wave that 8 

propagates along the fibers with perpendicular polarization. The vibration sensors are 9 

piezoelectric levers (bimorphs). They generate a voltage when deflected. A mass 10 

attached to the levers offers sensitivity in the frequency range used in our experiments 11 

(150 – 200 Hz). We use 6 sensors at known positions along the surface to record the 12 

surface vibrations. By computing the phase difference between signals, we obtain the 13 

phase speed of the surface displacement field𝑉𝑠. Figure 2(a) shows the device being 14 

applied to a sample of bottom round. In this sample, the muscle fibers are oriented 15 

mainly along the longitudinal axis. The linear source acts perpendicular to the fibers and 16 

the sensors record the displacement field along the fibers’ direction. Figure 2(b) 17 

displays the field recorded by each sensor, where the time-shift between them is clearly 18 

visible. 19 

Within soft tissues, a critical distance exists where only surface waves 20 

propagate, without contribution from reflected waves from the opposite surface [27]. 21 

The different surface wave types interfere with each other on the surface. Therefore, the 22 

phase speed of the recorded displacement field is dispersive. The dispersion relation 23 

depends on the value of the bulk shear wave speed𝑉𝑏 . Using a fitting algorithm based on 24 

least squares, the shear wave speed is retrieved. For the orientation of the linear source, 25 

the value of / /

bV is retrieved. If the material density   is known, our device allows 26 
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computing
/ / . We note here that the linear source can also be oriented parallel to the 1 

fibers. This way, 
could also be measured. However, we choose to measure only

/ /2 

because this value would be comparable to other methods like shear force tests. The 3 

relationship between 𝑉𝑠 and 𝑉𝑏  is depicted in the appendix. 4 

 5 

 6 

Figure 2.(a) Example of application of the device over a sample of bottom of round. The linear source is 7 

aligned perpendicular to the muscle fibers. (b) Vibration field recorded by the sensors. The time shift 8 

between sensors is clearly seen. 9 

The “sensing” depth of the surface wave is related to its wavelength. In our 10 

experiments, we use frequencies in the range 150-200 Hz. Typical values of the shear 11 

wave speed in beef samples are between 3 and 8 m/s. Thus, the wavelength varies 12 

between 1.5 and 5 cm. These values are much larger than the plastic film bags used for 13 

vacuum sealing. In previous works [29], we tested the device with “naked” beef 14 

samples. Then, the samples were vacuum sealed and tested again. The measurement of 15 

the shear elasticity was unaltered by the plastic bag. Thus, our device not only is 16 

nondestructive, but the beef samples can be tested without even touching them, 17 

preserving the sanitary conditions in a slaughterhouse.  18 

2.2 Shear Wave Elastography 19 

 The surface wave method described above estimates the bulk shear elasticity of 20 

the beef sample from surface sensors. In order to compare the estimated value with an 21 

independent reference method, we used an Aixplorer V12 (SuperSonic Imagine, Aix-22 

en-Province, France). This device remotely generates a shear wave in the bulk of the 23 
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sample, via acoustic radiation force, and tracks its propagation speed in real time using 1 

ultrafast frame rates. The method is termed as supersonic shear imaging (SSI) [30]. The 2 

screen displays a 2D image of the shear elasticity (in kPa), within the selected ROI. 3 

Figure 3 displays images of the experimental setup. We used a linear array probe (SL 4 

10-2) with a 2-10 Mhz bandwidth which allows elasticity imaging up to 4 cm depth. 5 

The sample is a piece of bottom round from a local butcher shop. Its approximate 6 

dimensions (large×width×depth) are 18×5×6 cm3. The array is positioned parallel to the 7 

muscle fibers. Therefore, the shear wave propagation is parallel, and the polarization is 8 

perpendicular to the muscle fibers. Thus, both the surface and bulk methods estimate 9 

/ / . 10 

 11 

Figure 3. Experimental setup for shear wave elastography measurements. (a) The AixplorerV12 device 12 

and the linear array over a sample of bottom round. (b) Detail of the screen of the Aixplorer device. The 13 

screen displays two images. On the left, a sonogram of the sample where the fiber orientation is clearly 14 

seen. On the right, the elasticity map is superimposed to the sonogram in the ROI. (c) Detail of the array 15 

positioned over the beef sample. The array is positioned parallel to the muscle fibers. 16 

2.3 Sample preparation and ageing conditions 17 

In this work, a total of 25 beef samples were analyzed. The batch consistedof 5 18 

samples of 5 different beef cuts: strip loin (SL), thick flank (TF), tail of rump (TR), eye 19 

of round (ER) and bottom round (BR). The samples were provided by a local 20 

slaughterhouse. All samples came from animals of the same breed, gender, age and type 21 

of feeding. They were vacuum sealed and arrived at our laboratory after three days post-22 

mortem and were kept in a cold chamber at 0ºC. The cold chamber is spacey enough to 23 
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allow performing the experiments inside it as shown in figure 4. Nevertheless, due to 1 

door opening and varying external conditions, we registered temperature fluctuations 2 

(between 0 ºC and 3 ºC) during the experiments. 3 

 4 

Figure 4.(a) Cold chamber with beef samples inside. (b) The tests were performed inside the cold 5 

chamber. 6 

Ten measurements were performed in each sample per day. All samples were 7 

measured every day during 21 consecutive days. In the first day of experiments, the 8 

ROI was marked in the plastic bag. This way, we ensured that the experiments were 9 

carried out within the same ROI. 10 

2.4 Statistical analysis 11 

 For comparison between the surface wave and the bulk shear wave 12 

measurements acquired with the NU-SWE and SSI, respectively, we performed a 13 

Bland-Altman plot [31] and analyzed the mean difference using the one sample t-test 14 

[32]. 15 

Regarding the ageing process, we performed the Welch’s t-test [32] to test the 16 

hypothesis of two cut types have equal meanof the shear elastic modulus at the end of 17 

the measurements. We used the set of fifty measurements for each cut type to test the 18 

hypothesis (ten measurements per sample and five samples for each cut type). We also 19 

tested the hypothesis of the same cut type have equal mean before and after the 21-day 20 

ageing process. 21 
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Our data allow studying the rate of decay of the shear modulus by computing 1 

locally the slope of the shear modulus curve as a function of time. We performed a one-2 

way ANOVA [32] to compare the slope values intra samples of the same cut type. In 3 

addition, we tested the hypothesis that each cut type has an equal mean of the slope 4 

before and after the process. 5 

In all cases we used a level of significance 𝑝 = 0.05.  6 

3 Results 7 

3.1 Comparison between surface and bulk methods 8 

 Before beginning the ageing monitoring, we performed measurements on a 9 

single sample of bottom round, in order to compare the surface wave method with the 10 

shear wave method. The sample was acquired in a local butcher shop and kept at 4ºC 11 

for 24 hs before measurements.  12 

 13 

Figure 5. Screen capture of the Aixplorer V12 device while measuring the shear elasticity of a 14 

beef sample. The left image is a sonogram of the sample where the fiber orientation is clearly seen. The 15 

right image shows the superimposition of the elasticity map on the sonogram. 16 

For the surface wave measurements, we marked 3 different ROIs on the surface 17 

of the sample and performed a set of 5 measurements in each ROI, totaling 15 18 

measurements. The result was 𝑉𝑏 = 8.1 ± 0.6 m/s, where the uncertainty represents one 19 

standard deviation over the 15 measurements. Assuming a material density 𝜌 = 1.0 ×20 

103 kg/m3, the estimated shear elasticity was / / = 65.6 ± 9.7 kPa. 21 
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For the bulk shear wave measurements, we used the Aixplorer V12 with the 1 

musculoskeletal preset. Figure 5 displays a screen capture of the Aixplorer device 2 

during the experiments. The image is split in two. The left side is a sonogram (B mode) 3 

of the sample, where the fiber orientation is clearly visible. The right side shows the 4 

superimposition of the elasticity map on the sonogram. The white circumference is the 5 

selected ROI for which the mean shear elasticity value is displayed. The box also 6 

displays the measuring depth, the standard deviation, and the minimum and maximum 7 

values within the ROI. We repeated this procedure in 15 different positions in the 8 

volume of the sample while positioning the ultrasonic probe at the marked ROIs of the 9 

surface wave measurements. The estimated shear elasticity is 
/ / = 69.2 ± 8.4 kPa. 10 

Figure 6 displays the Bland-Altman plot comparing the surface and bulk 11 

methods. The mean difference was 1.42 kPa, higher on the bulk method. The standard 12 

deviation of the difference was 6.3 kPa. There were no data points out of the confidence 13 

interval, showing there was no influence of outliers. The one sample t-test of the mean 14 

difference indicated that it did not differ significantly from 0 (𝑝 > 0.4). 15 

 16 

Figure 6. Bland-Altman plot comparing the data of the surface wave and the shear wave methods. The 17 

black dotted line indicates the mean value of the difference and the red lines indicate the 95% confidence 18 

interval (1.96 SD). 19 

3.2 Monitoring ageing with surface wave elastography 20 

Figure 7 displays the mean shear elastic modulus / /  for each cut type as 21 

function of the maturation time measured with the surface wave method. The mean for 22 

each cut type is computed using the mean of each sample over the ten measurements. 23 
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The bars in this plot indicate one standard deviation. After initial fluctuations, a 1 

systematical decrease in the elastic modulus can be observed for all cut types. Some of 2 

them reach an almost constant elastic modulus well before the 21 days of ageing while 3 

others continue decreasing until the end of measurements.  4 

 5 

Figure 7.Mean elastic modulus for each cut type as function of the maturation time. The errorbar 6 

represents one standard deviation over the 5 samples for each cut type. 7 

4. Discussion 8 

The results displayed in figure 7 show that all the cut types studied here achieve 9 

a significant variation in their shear modulus after ageing (𝑝 < 0.01 in all cases). The 10 

decrease in / / is of the order of 50% compared to the initial values. They agree with 11 

those reported in other studies where it was found that ageing times between 8 and 14 12 

days is enough for most cut types to achieve constant values of their mechanical 13 

properties [9]. However, we emphasize that the method used here is nondestructive and 14 

the samples do not lose their commercial value. 15 

When comparing the cut types studied here, the results show that there is no 16 

significant difference in the shear elastic modulus of ER, BR and TR (𝑝 > 0.3). On the 17 

other hand, the elasticity of SL and TF have a significant difference between them (𝑝 <18 

0.01) and with all other cut types (𝑝 < 0.001 and 𝑝 < 0.01 respectively). 19 

Regarding the ER, the TR and the BR, these three cut types are located on the 20 

external and posterior face of the leg. Particularly, the ER is in the posterior face of the 21 
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thigh and the primary muscular plane that comprises it is the semitendinosus muscle. 1 

The TR is located on the external face of the thigh region, and its primary muscular 2 

plane is the biceps femoris muscle. On the other hand, the BR is a piece that is 3 

comprised between the ER and the TR. Thus, it is located on the external and posterior 4 

face of the thigh region, and its main muscular planes are the biceps femoris and 5 

semitendinosus muscles[33]. Therefore, from this point of view, it makes sense that the 6 

elasticity values of these cuts have not reflected significant differences between them.       7 

The TF is also located in the thigh region, but its location is different from that 8 

of the ER, BR and TR. The TF is in the anterior face of the thigh, being its primary 9 

muscle plane the femoral quadriceps muscle [33]. Therefore, although TF also belongs 10 

to the thigh region, it is much less interrelated, both regionally and functionally, with 11 

the ER, BR and TR. It is therefore reasonable that the measurements of shear elasticity 12 

would be significantly different between these cut types and TF.   13 

SL is located away from the thigh. It is in the region of the lumbar back and the 14 

muscular planes that compose it are mainly the illiocostalis, longissimus dorsi, 15 

multifidus dorsi and serratus dorsalis muscles (according to distance of the cut from the 16 

eye muscle) [33].From a functional point of view, these muscles act in the posture 17 

maintenance, unlike the muscles mentioned above which are related to locomotion. 18 

Thus, it is not surprising that the shear elastic modulus is significantly different between 19 

SL and all other samples. This result agrees with previous works which conclude that 20 

the tenderness of beef samples is correlated to their anatomical location. [34]-[36]. 21 

Among other factors, this is related to the distribution of different fiber types due to the 22 

muscle role in the live animal, which influences its mechanical properties. The muscles 23 

involved in posture are more oxidative than those involved in movement [37], [38]. 24 

The rate of change of the shear modulus is a property of interest for industry 25 

because its value allows describing the ageing time for each cut type. In addition, it 26 

could be coupled with other factors for decision making about the commercialization 27 

times and therefore affects the commercialization value. 28 

When taking the derivative of the data displayed in figure 7, the result is noisy, 29 

and conclusions are hard to take. This is because the derivative operation amplifies the 30 

noise of the original data [39]. The uncertainty in our data came from different sources. 31 

Prior to the study reported here, a set of measurements were performed in order to 32 

estimate the incidence on the uncertainty of the inherent electronic noise and the 33 

algorithm that computes the surface wave speed. We took 5 hindquarter samples 34 
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(different from those of the aging study) and performed 64 measurements on each one. 1 

They were performed in a single day and under the same conditions of temperature, 2 

applied stress and the device’s position over the sample. The applied stress was 3 

controlled by placing the device on a mechanical arm coupled to a stepper motor. A 4 

strain gauge at the bottom of the device allows measuring the applied stress. Under 5 

these controlled experimental conditions, the standard deviation represents between 6 

0.5% and 1% of the mean value in all cases depending on the cut type. 7 

Other sources must be added when tracking the samples over time. Ideally, the 8 

samples should all be measured under the same conditions of the controlled experiments 9 

mentioned above, regarding mainly the temperature and applied stress (i.e., the pressure 10 

exerted over the sample). However, as mentioned before, there are temperature 11 

fluctuations due to door opening and varying external conditions. In addition, as 12 

measurements were made freehand as shown in figure 4(b), the applied stress conditions 13 

are not necessarily the same in each measurement. The boundary conditions affect the 14 

internal stress of the sample and, as a consequence, the surface wave speed value.When 15 

the device is manually operated, the strain gauge avoids sharp variations in the 16 

boundary conditions. Nevertheless, it is not possible to ensure constant external pressure 17 

for each measurement. Therefore, the final uncertainty is greater than the obtained in the 18 

controlled experiments. In future versions of the device, we will address this issue. 19 

Finally, due to the small number of samples for each cut type, the influence of the 20 

variations of a single sample on the average is relevant. 21 

One way to filter out the noise amplification in the time derivative operation is 22 

to take larger time steps to compute the difference of the shear elastic modulus. We took 23 

a time step of five days to compute the derivative. The result of this operation is 24 

displayed in figure 8 for each cut type. The rate of change decreases as a function of 25 

time. 26 

We performed the one-way ANOVA analysis intra sample at the beginning and 27 

at the end of measurements. For each time interval, the results show that there is no 28 

significant difference in the slope of the shear elastic modulus between samples of the 29 

same cut type (𝑝 > 0.3 in all cases). This result is consistent with the origin of the 30 

samples used in this study, where all belong to the same breed, age, gender and feeding 31 

type. It is known that the mechanical properties depend on all these parameters [8],[9]. 32 

Our research does not include yet these variables, but this point will be addressed in 33 

future works. 34 
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 1 

Figure 8. Rate of change of the shear modulus for different cut types. 2 

The statistical analysis show that the slope at the end of measurements is 3 

significantly different from the initial slope (𝑝 < 0.03) for all cut types, except for the 4 

TF (𝑝 > 0.3). Indeed, the rate of decay for TF has not significant differences throughout 5 

the whole period, meaning that its shear modulus decreases with the same rate. 6 

Presumably, this sample will continue to decrease its elasticity value beyond the 21 7 

days covered by this study. The number of samples should be increased to know if this 8 

is a casuistic result found in this work or if it is a characteristic behavior of this cut type. 9 

For the other cut types, we tested the hypothesis of the final slope be equal to the 10 

slope at previous days. The results show that the slope of the SL does not differ 11 

significantly from itself from day 13 onwards (𝑝 > 0.7).Regarding the ER, BR and TR, 12 

their slope remains unchanged from day 14(𝑝 > 0.4), 18 (𝑝 > 0.5) and 16 (𝑝 > 0.5) 13 

respectively. Thus, the results show that the cut types analyzed in this work have 14 

different maturation times. This agrees with previous studies showing that different 15 

muscles need different maturation times to reach minimum values in shear force tests 16 

[40]. 17 

5. Conclusion 18 

To the best of our knowledge, this is the first time that surface wave 19 

elastography is employed in monitoring the mechanical properties of beef samples 20 

during aging. The NU-SWE method used in this study assumes that the beef is a 21 

lossless elastic medium. Thus, the only mechanical property monitored was the shear 22 
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elasticity. We performed a comparison between the surface wave method and a bulk 1 

shear wave method on a single sample. The results show good agreement between them 2 

although it is necessary to increase the number of samples in the study to provide more 3 

reliable results. 4 

The results show that, after 21 days of ageing time, the samples achieve a 5 

significant reduction of their shear elasticity. The reduction is close to 50% for all 6 

samples. In addition, we show that the shear elasticity of the cut types studied is 7 

different depending on the functionality of the muscle in the live animal. 8 

Regarding the rate of change of the shear elasticity, the results show that the 9 

slope is greater in the first days of ageing. It decelerates at the end of measurements. 10 

The SL is the first to reach a constant decaying rate after 13 days of maturation. The 11 

other cut types require a longer time. The behavior of the TF is different. Its shear 12 

elasticity decreases at the same rate throughout the whole period covered.  13 

The results reported here are reasonably well consistent with previous 14 

knowledge in this area, considering that there is no general agreement about the 15 

maturation time required for beef samples or about the rate of change in their 16 

mechanical properties. Nevertheless, the surface wave elastography device needs 17 

improvements in order to reduce the uncertainty on the measurements when operated 18 

freehand. 19 
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 25 

Appendix 26 

Guided wave propagation in finite plates takes place after reflection back and 27 

forth on the bounded surfaces. Often, reflections give birth to mode conversion between 28 

P and SV waves which generate a complicated pattern of interference within the plate 29 

and dispersion curves for each mode with their respective cutoff frequency.  However, 30 

due to the difference in orders of magnitude on the speed of P and S waves in soft 31 

tissues, there is no mode conversion [27]. In addition, due to the dipole characteristic of 32 
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the line source for shear waves, most part of the energy is carried in a specific angle 1 

which depends on the symmetry of the tissue [26]. 2 

 3 

Figure A.1 Schematic representation of wave propagation in soft tissues. Within the volume of the 4 

sample, most part of the energy is carried as an SV wave which propagates in a specific angle with 5 

respect to the source direction. Consequently, there exists a distance 𝑥𝑠 on the surface where only surface 6 

waves propagate. 7 

Figure A1 shows schematically this situation. There exists a distance 𝑥𝑐 =8 

2ℎ tan(𝜃) over the surface of the sample where only surface waves propagate. For 9 

transversally isotropic solids, like skeletal muscle, 𝜃 ≅ 60º. The mean depth in our 10 

samples is ℎ =4 cm. Therefore, the distance 𝑥𝑐 ≅ 12 cm. Thus, for 0 < 𝑥 < 𝑥𝑐, the 11 

vertical displacement of the surface is composed by the interference of the Rayleigh and 12 

the leaky surface wave: [27], [40]. 13 

𝑢𝑧(𝑥, 𝑡) = 𝐴𝑅[𝑒−𝑖𝑘𝑥 + 𝐴𝐿𝑒−𝜁𝑥𝑒−𝑖𝑞𝑥]𝑒𝑖𝜔𝑡(A. 1) 14 

where 𝐴𝑅 is the amplitude and 𝑘 the wave number of the Rayleigh wave, 𝐴𝐿 is the 15 

relative amplitude between the leaky wave and the Rayleigh wave, 𝜁and 𝑞 are the 16 

imaginary and real parts of the leaky wave wavenumber, respectively. The phase 𝜙(𝑥) 17 

of the quantity between brackets is 𝜙(𝑥) = atan(𝑁(𝑥) 𝐷(𝑥)⁄ ) where:  18 

𝑁(𝑥) =  −[sin(𝑘𝑥) + 𝐴𝐿𝑒−𝜁𝑥 sin(𝑞𝑥)](A. 2) 19 

𝐷(𝑥) = cos(𝑘𝑥) + 𝐴𝐿𝑒−𝜁𝑥 cos(𝑞𝑥) (A. 3) 20 

The phase speed is, therefore: 21 

𝑉𝑠(𝜔) = 𝜔 (
𝜕𝜙

𝜕𝑥
)

−1

= 𝜔 [
𝐷2 + 𝑁2

𝑁′𝐷 − 𝑁𝐷′
] (A. 4) 22 

After some computation, the expression for the phase speed is: 23 
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𝑉𝑠(𝜔)1 

=
𝜔

𝑘
{

1 + 𝐴𝐿
2 + 2𝐴𝐿 cos((𝑘 − 𝑞)𝑥 − 𝜖)

1 + 𝐴𝐿 [(𝜒 + 1) cos((𝑘 − 𝑞)𝑥 − 𝜖) + (
𝛿

𝑘
) sin((𝑘 − 𝑞)𝑥 − 𝜖) + 𝜒𝐴𝐿]

}   (𝐴. 5) 2 

where 𝜒 = 𝑞/𝑘, 𝛿 = 𝜁𝑘, and𝜖 is a phase constant between the Rayleigh and leaky 3 

waves. Experimentally, we measure the phase speed of the surface wave within the 4 

frequency bandwidth of the source. The experimental curve is fitted, in a least squares 5 

sense, with the theoreticalphase speed computed from equation (A.5).Thus,𝑉𝑏  is 6 

obtained as the value which produces the best fit. 7 
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