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The quality and sale price of hides are commonly determined by 
visual inspection as well as other factors, such as weight. 
However, when hair is present, hides cannot be effectively 
ranked, and can lead to disputes over fair price. Therefore, 
development of an objective and nondestructive method to 
accurately characterize the quality of hides is needed. This 
research aims to develop an advanced technology to provide 
greater precision in quality identification prior to tanning, which 
will place U.S. hides and skins in a competitive advantage in the 
global marketplace over other national competitors. 

Airborne Ultrasonic (AU) methods have been used extensively 
in the inspection of lumber and composites.1-5 With appropriate 
AU equipment, one can perform reliable inspections for defects 
such as voids, cracks and disbonds in a wide variety of water-
incompatible materials. A variety of AU frequencies can be used, 
allowing optimization for resolution or penetration. The timber 
industry was among the first that employed AU commercially.3,6 
On the other hand, composite materials, particularly within the 
aerospace industry, have been a primary area of application for 
AU methods.2,7 These are all through transmission C-scans 
examples, which will be reasonably familiar to users of 
conventional ultrasonics.

We were the first to develop AU methods to detect leather defects 
and characterize its quality such as tensile strength and stiffness. 8-9 
As this is a non-contact technique, it is an ideal characterization 
method for large leather or hides. The AU sensor is designed for 
dynamic measurements and offers several key advantages in 
automated and moving process applications. Airborne ultrasonic 
testing involves pulsing ultrasonic signals at the material and 
measuring the reflected amplitude of those signals emanating 
from the material.9 The amplitude of ultrasonic signals reflected 
at the surface of a planar material (such as films, sheets, fabrics, 
and leather or hides) is a function of the material’s surface 
morphological variations. Therefore defects, such as scars, insect 
bites, or knife cuts should be able to be detected because they 
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High quality, clean, and well-preserved hides are paramount for 
competitiveness in both domestic and export markets. Currently, 
hides are visually inspected and ranked for quality and sale 
price, which is not reliable when hair is present on the hides. 
Advanced technologies are needed to nondestructively and 
accurately characterize the quality of hides and enable one to 
predict the mechanical properties of leather. Research was 
carried out to develop airborne ultrasonic (AU) methods to 
nondestructively characterize the quality of hides that are useful 
for predicting the mechanical properties of leather. The developed 
nondestructive method is based on measuring the AU waves 
transmitted through the hide samples. We performed a systematic 
study and used a statistical experimental design to establish the 
relationship between key test parameters and responding AU 
quantities, thereby establishing proper AU testing methods for 
hides. Moreover, observations showed AU parameters derived 
from the distributions of Time of Flight (TOFd) and the amplitude 
of transmitted waves (AMPd) have a strong correlation with the 
mechanical properties of leather. This study demonstrated that 
the tensile strength, stiffness, elongation, and toughness of leather 
could be nondestructively predicted by the physical quantities 
obtained from AU testing of hides. 

Introduction

Animal hides are the highest value byproducts of the meat 
industry. The U.S. beef industry produces approximately 32 
million cattle hides annually. Nearly 90% of the cattle hides are 
exported for processing to countries with lower labor costs and less 
restrictive environmental policies. The export market for raw and 
wet blue hides is currently valued at more than $2.8 billion annually. 
High quality, clean, and well-preserved hides are important for 
competitiveness in both domestic and export markets.
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will change the intensity of the AU signal ref lecting from the 
surface of the material. Our studies indicated that AU testing 
could reveal the presence of defects in leather or any other 
physical discontinuity, which could affect the leather quality. 
The important leather quality such as tensile strength and 
stiffness showed good correlation with AU data so that those 
properties could be estimated from AU testing. 

Our recent AU testing involves pulsing ultrasonic waves and 
measuring the amplitude of those waves transmitted through the 
material.10-13 We believe by using the through transmission mode, 
more useful information can be extracted from the AU scan than 
the reflective mode, particularly for hides, which are covered by 
hair. When performing AU testing, AU waves must travel from 
air, which is a medium with low acoustic impedance, to a medium 
such as hides and leather with considerably higher acoustic 
impedance. Therefore, selection of the proper AU transducers and 
frequency are critical to achieve enough penetration of ultrasonic 
waves in order to extract important information related to the 
structure and properties of leather, such as the amount of defects, 
morphology, strength and softness. 

In AU testing, ultrasonic waves travel from one medium to 
another (for example, from air to leather), a large portion of that 
energy is reflected and the remaining energy is transmitted. The 
physical quantity that governs the ref lected and transmitted 
relationship is referred to as acoustic impedance (Z) = (ρE)1/2, 
where ρ is the density of medium, E is the elastic constant of 
medium.14 This square-root relationship indicates the acoustic 
impedance of a material and is governed by its density and 
elasticity. When the acoustic impedances of the materials on 
both sides of the boundary are known, the fraction of the 
incident wave intensity that is reflected can be calculated as the 
acoustic reflection coefficient (R), which equals (Z1-Z2)

2 / (Z1+Z2)
2 

, where Z1 is the acoustic impedance of medium 1 and Z2 is the 
acoustic impedance of medium 2. The higher the R value, the 
greater the percentage of energy will be reflected at the interface 
or boundary between one medium and another. Therefore, it is 
predictable that the mismatch of acoustic impedance weakens 
the ultrasonic wave transmission. Defects such as voids, insect 
damage, and brands will change R% and consequently affect the 
amplitude or time of flight of the wave transmitted through the 
material, which will show up in AU images such as C-scans. 

Our previous studies indicated that the key for success in AU 
testing for soft materials such as hides and leather is to use AU 
transducers with frequencies below 200 kHz, which leads an 
effective transmission of ultrasonic waves through samples.10-13 
The variations in AU quantities, such as amplitude (AMP) or 
time of f light (TOF) were colored coded into C-scan images to 
reveal the location and shape of the defects or some other 
physical discontinuity, which existed in the samples. To perfect 
AU methods for hides and leather inspections, research was 
recently carried out to study the effects of transducer frequency, 

thickness of leather, and AU gain on the resultant AU amplitude 
received, which was color coded into a C-scan image.12 The 
research results showed the 100 kHz transducer works well for 
crust leather. This study also demonstrated the AMP and TOF 
are strongly affected by the sample thickness and instrument 
gain applied to the AU tests. The results will be instrumental in 
finalizing the development of AU technology for characterizing 
the quality of hides. Observations showed that the tensile 
strength, stiffness, fracture energy, and grain break of leather 
could be measured nondestructively by using the AU methods 
described in an earlier report.13 Moreover, the grain break of 
leather, which is very time-consuming to determine and often 
subjective between different operators, has been shown to be 
predictable using this nondestructive method, potentially 
making it a more quantitative measurement instead of a 
subjective measurement between operators. 

In this report, we discuss our research findings for the effects of 
test parameters on the AU testing of raw hides using lower 
frequency transducers, 50 kHz, compared to that previously 
reported.12 We performed a systematic study and used a 
statistical experimental design to establish the relationship 
between key test parameters such as instrument gain, distance of 
transducers (between the transmitter and receiver with the 
sample in the middle) and responding AU quantities, thereby 
establishing proper AU testing methods for hides. We also 
investigated the relationship between AU quantities of hides and 
mechanical properties of leather that was tanned from the tested 
hides. We discovered two AU physical quantities from testing 
the hides that if used jointly showed good correlation with the 
mechanical properties of leather. The derived regression 
equations are applicable for the estimation of leather mechanical 
properties based on the AU testing of hides, which would be 
useful in a grading system. 

Experimental

The AU test system consisted of two ultrasonic transducers, a 
transmitter (model: NCG50-D38, the Ultran Group, State College, 
PA) with a diameter of 38 mm pulsed with a tone burst through a 
power amplifier, and a receiver (model: NCG50-D38) with the same 
size as transmitter connected to a preamplifier were mounted on a 
computer-controlled X-Y scanner using the software UTWIN 
version E1.81 (NDT Automation, Princeton Jct., NJ) that allowed 
the transducer/receiver array to be moved over the entire surface of 
the hide. The samples were clamped taught across a frame with two 
parallel bars in order to minimize any slack in the sample. 

For one AU scanning result, there are various AU quantities that 
can be displayed as a function of time or sample position. The 
velocity, amplitude, and duration of ultrasonic waves (Time of 
Flight) measured by the receiver changed with the material 
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properties of test samples. The C-scan is very commonly used in 
AU testing, in which the transmitted AU pulses were captured 
and the amplitudes of the transmitted pulses were mapped using 
pseudo color from the maximum amplitude in gate 1 or gate 2 
set on the A-scan.11 The A-scan presents the waveform of the 
received signal and gate 1 is set to the first waveform, whereas 
gate 2 is set to the second waveform . Converting C-scan images 
into numeric data is the key step to enable one to quantitatively 
determine the correlation with other materials properties. The 
resolution of the scan or data collection sensitivity was set to 0.5 
mm and the index or advancement of the sensor was set to 0.5 
mm. Time of Flight (TOF) values were recorded in the UTWIN 
software, where the TOF represents the time it took to reach the 
maximum peak in the defined gate or period of time. A 
distribution of the TOF values (TOFd) from 100 to 250 µs were 
set as gate 1 in the software to collect the first waveform. The 
recorded values are a percentage of the waves that reached the 
maximum peak in increments of 10 µs. Gate 2 was set from 210 
to 300 µs and gate 3 from 310 to 500 µs, in which the percentage 
of the maximum amplitudes (AMPd) in increments of 10% were 
also recorded. An Insight-5 test frame and Testworks-4 data 
acquisition software (MTS Systems Corp., Minneapolis, MN) 
were used throughout this work. Mechanical properties 
including tensile strength, elongation, Young’s modulus, and 
fracture energy (toughness) were tested as described in a 
previous paper.15 All samples were tested in a conditioned room 
set at 20 ± 2ºC and 65 ± 5% RH. 

Experimental Design
To establish an AU test system, it is very important to understand 
the effects of key test parameters on the testing results of AU 
quantities. In this study, three key variables are instrument gain, 
distance of AU between emitter and receiver transducers, and 
AU frequency set for AU testing. For a systematic investigation, 
it will be very desirable to present the results in a mathematical 
form that precisely describes the relationship between variables 
and responses. We therefore applied a statistical experimental 
design technique to establish regression models. As shown in 
Table I, a central composite design was used to arrange 
experimental conditions, thereby establishing regression models. 
This experimental design was developed by Box and Hunter and 
is widely used for f itting a second-order model.16 A 
comprehensive description for this type of experimental design 
was given by Cochran and Cox.17 The three factors selected in 
the current study were the gain (X1), distance between wave 
transmitter and receiver (X2), and frequency (X3). A regression 
model was derived having the form of a polynomial equation in 
which the variables are presented as their linear and quadratic 
terms as well as their bifactorial cross products (CP) as shown in 
Equation 1. The regression coefficients along with analysis of 
variance (ANOVA) can be obtained readily using statistical 
software with a microcomputer. For the sake of easy calculation 
and simplifying the regression equations, the variables Xi were 
coded (transformed) from Xi’ with original scales. The levels of 

the coded variables X1, X2, and X3 were obtained by means of the 
formulae: X1 = (X1’-10)/10, X2 = (X2’-3)/1, and X 3 = (X3’-50)/20, 
where X1', X2', X3' are the variables with original scales (as listed 
in Table I). For better understanding the results of an 
investigation, it is extremely instrumental to visualize the 
relation between the response (dependent variable) and the 
factor (independent variable) levels geometrically. Response 
surfaces (a surface plot of resultant property as a function of 
multiple independent variables) were constructed based on the 
regression equation, using a graphics and data analysis software 
“Axum” version 6 developed by MathSoft, Inc, Cambridge, MA.

Results and Discussion

A typical A-scan (1a) and C-scan (1b and 1c) are demonstrated in 
Figure 1. In this study the c-scan using Amplitude (Figure 1b.) did 
not provide enough information as the Time of Flight (TOF) 
values (Figure 1c.) and therefore TOF was used in this study. TOF 
distribution values (TOFd) were recorded in the UTWIN 
software, which represent the percentage of waves that reached the 
maximum amplitude from gate 1 set to 100 to 250 µs in increments 
of 10 µs. The TOFd from 100 to 500 µs was recorded also in 
increments of 10 µs. The distribution values for gate 1 and the 
other statistical values were calculated by the UTWIN software.

From ANOVA, as shown in Table III, we concluded that the 
TOFd at gate 1 (from 130 to 140 µs) yielded the best correlation 
with the three key test variables as shown in Table II. The 
corresponding regression model is listed as follows:

Y = 25.5731 – 9.0509 X1 + 0.8009 X2 – 4.3739 X3 –  
0.5244 X1

2 - 0.6335 X1 X2 + 5.3709 X1 X3 + 0.4377 X2
2 –  

2.9748 X2 X3 - 2.4258 X3
2	 (1)

The multiple correlation coefficient10 (R) for this quadratic model is 
0.90; it is evident that the quadratic model fits the data fairly well. 
On the other hand, observation also showed the Amplitude 
distribution value (AMPd) at gate 2 (from 20 to 30%) yielded the 
second best correlation with the three key test variables as shown in 
Table IV. The corresponding regression model is listed as follows:

Y = 28.1526 + 0.4298 X1 - 0.4570 X2 + 0.4995 X3 –  
3.3232X1

2 – 0.4478 X1 X2 + 0.4362 X1 X3 + 0.4377 X2
2 –  

0.4284 X2 X3 – 3.2801 X3
2 	 (2)

Figure 2 is a 3-D plot of the response surface of TOFd as a 
function of frequency and AU gain according to Equation 1, 
using the graphics and data analysis software Axum version 6 
developed by MathSoft, Inc, Cambridge, MA. It demonstrates 
that the TOFd decreases with an increase in instrument gain. 
Figure 2 also clearly shows that TOFd decreased significantly as 
frequency increases. TOFd is related to the time needed to pass 
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Table I 
Experimental Plan

Run

Coded Values Actual Value

X1 X2 X3 X1' X2' X3'

Gain Distance Frequency Gain (dB) Distance (cm) Frequency (kHz)

1 1 1 1 0 2 30

2 1 1 1 0 2 70

3 1 1 1 0 4 30

4 1 1 1 0 4 70

5 1 1 1 20 2 30

6 1 1 1 20 2 70

7 1 1 1 20 4 30

8 1 1 1 20 4 70

9 1.682 0 0 -6.8 3 50

10 1.682 0 0 26.8 3 50

11 0 1.682 0 10 1.3 50

12 0 1.682 0 10 4.7 50

13 0 0 1.682 10 3 16.4

14 0 0 1.682 10 3 83.6

15 0 0 0 10 3 50

16 0 0 0 10 3 50

17 0 0 0 10 3 50

18 0 0 0 10 3 50

19 0 0 0 10 3 50

20 0 0 0 10 3 50

21 0 0 0 10 3 50

22 0 0 0 10 3 50

23 0 0 0 10 3 50
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For a similar reason, frequency increases will lead to more AU 
energy generated within the waves, thereby speeding up the 
transmission of sound waves resulting in a lower TOFd.

through the sample, if gain increases, it is reasonable to expect 
the time to the maximum peak will shorten and consequently 
TOFd decreases due to increasing the sensit iv it y  
of the sof tware and making the waveform bigger.  
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Figure 3 shows a 3-D plot of the response surface of TOFd as a 
function of transducer distance and frequency according to 
Equation 2. It demonstrates that the TOFd increases with an 
increase in transducer distance. This is probably due to a longer 
wave path with an increase in the distance of the transducers, 
thereby causing TOFd increases. Figure 3 also clearly shows that 
TOFd slowly increases as frequency increases until it reaches 80 
kHz. This could also be due to the peak frequency of the 
transducers is 60 kHz, and as the frequency is raised past its 
peak the intensity of the waves, consequently TOFd decreases. 

The second part of this research is to investigate the relationship 
between AU physical quantities measured from hides and the 
mechanical properties of correspondent leather tanned from 
such hides. Figure 4 shows a 3-D regression plot of tensile 

strength as a function of TOFd and AMPd simultaneously, 
where the dots are data points. It shows the tensile strength has 
a strong positive correlation with TOFd, whereas with the AMPd 
the tensile strength has only a small positive correlation. The 
reason for this difference is ascribed to the leather structural 

Table II
Response Surface Regression for  

TOFd at gate 1 versus X1, X2, and X3  
Estimated Regression Coefficients for TOFd

Term Coefficient
SE Coef 

(The standard error 
of the coefficient) 

T-value P-value

Constant 25.5731 3.791 6.749 0.000

X1  -9.0509 1.831 -4.943 0.000

X2  0.8009 1.831 0.437 0.669

X3 -4.3739 1.831 -2.389 0.033

X1
2 -0.5244 1.009 -0.519 0.612

X2
2  0.4377 1.009 0.434 0.672

X3
2 -2.4258 1.009 -2.403 0.032

X1 X2 -0.6335 1.423 -0.445 0.663

X1 X3  5.3709 1.423  3.776 0.002

X2 X3 -0.4284 2.110 -0.203 0.842

Table III
Analysis of Variance for TOFd (130-140 µs)  

at gate 1 versus X1, X2, and X3

Source of 
Variation DF SS MS F-value P-value

Regression 9 7173.7 797.08 6.15 0.002

Linear 3 3928.1 1309.35 10.11 0.001

Square 3 807.4 269.14  20.8 0.153

Interaction 3 2438.2 812.73  6.28 0.007

Residual Error 13 1683.6 129.51

Lack of Fit 5 1508.1 301.62 13.75 0.001

Pure Error 8 175.5 21.94

Total 22

Table IV
Response Surface Regression: AMPd  

at gate 2 versus X1, X2, and X3

Term Coefficient SE Coef T-value P-value

Constant 28.1526 5.623 5.007 0.000

X1 0.4298 2.716 0.158 0.877

X2 -0.4570 2.716 -0.168 0.869

X3 0.4995 2.716 0.184 0.857

X1
2 -3.3232 1.497 -2.220 0.045

X2
2 -3.2861 1.497 -2.195 0.047

X3
2 -3.2801 1.497 -2.191 0.047

X1 X2 -0.4478 2.110 -0.212 0.935

X1 X3 0.4362 2.110 0.207 0.839

X2 X3 -0.4284 2.110 -0.203 0.842
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Figure 1. Pictures A- Scan (a.), C-scan with Amplitude as Y-axis (b.) and 
C-scan with Time of Flight as Y-axis (c.) for one of the control samples. 
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difference. TOFd is related to the distribution of time of f light, 
which is increased with the travel time (µs) of the sound waves 
through the test sample. It is reversely proportional to the 
velocity of sound. It ref lects how “smooth” the sound can 
transmit through the sample, which is governed by the property 
of the material. The greater amount of TOFd reflects hides dense 
fibrous structure, which results in a longer transmission time of 
ultrasonic waves through the hides, therefore it could indicate a 
stronger leather. However, this principle may not apply to the 
AMPd, probably because besides density, the AMPd is also 
affected by the elasticity of the hide fibers. The higher AMPd 
indicates higher rigidity, which may have some degrees of 
negative effect on the tensile strength of leather. Importantly, the 
results demonstrated in Figure 4 imply that the tensile strength 

of leather can be predicted by the AU nondestructive test method 
described here, by measuring the TOFd and AMPd of hides. In a 
variety of applications, leather goods must be capable of resisting 
considerable stress without fracture, therefore adequate tensile 
strength is very important in manufacturing leather goods, 
where the leather is often subjected to a tensile force during 
mechanical stretching or elongation. 

Figure 5 shows a 3-D regression plot of elongation as a function of 
AMPd and TOFd. Studies showed elongation increased with AMPd 
and decreased with TOFd; however, as shown in Figure 5, it is 
affected more by AMPd than by TOFd. Again this shows the AMPd 
is related to the elasticity of the material, thereby passively affecting 
the elongation of leather. On the other hand, the TOFd decreased 
with an increase in elongation possibly due to the denser fiber 
structure which caused the leather to fracture at lower elongations. 

Table V
Analysis of Variance for AMPd  

at gate 2 versus X1, X2, and X3

Source DF SS MS F-value P-value

Regression 9 4149.21 461.02 1.62 0.208

Linear 3 24.84 8.28 0.03 0.993

Square 3 4087.61 1362.54 4.78 0.019

Interaction 3 36.76 12.25 0.04 0.988

Residual Error 13 3704.17 284.94

Lack of Fit 5 50.14 10.03 0.02 1

Pure Error 8 3654.03 456.75

Total 22

Figure 2. 3-D regression plot of TOFd as a function of AU gain  
and frequency. 

Figure 3. 3-D regression plot of TOFd as a function of distance of 
transducer and frequency. 

Figure 4. Tensile strength as a function of TOFd and AMPd.
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Stiffness
Young’s modulus is one of the most important physical quantities 
characterizing the mechanical properties of leather. It expresses 
the resistance of leather subjected to a small tensile deformation, 
and it is commonly known that the higher the Young’s modulus, 
the stiffer the leather is. In fact, its reciprocal has been named 
compliance in the literature.19 Young’s modulus has been linked 
to the fine structure of leather, such as the degree of fiber 
orientation20-21 and fiber adhesion.22 It also has been reported 
that this physical quantity has been associated with leather 
softness, temper, and handle.23-25 It has been known to be 
extremely sensitive not only to changes of composition, moisture, 
and fatliquor concentration, but also to various leather making 
processes such as drying and staking.

Figure 6 is a regression plot of Young’s modulus as a function of 
TOFd and AMPd. It shows the Young’s modulus has a positive 
correlation with TOFd but negatively correlates with AMPd. As 

mentioned before, the greater TOFd value indicates a longer 
transmission time of ultrasonic waves through the hide samples. 
This ref lects a denser fibrous structure, and therefore stiffer 
leather, which results in a higher Young’s modulus. 

Leather Toughness
Toughness has been described in a previous report as a physical 
quantity determined by measuring the energy required to 
fracture the leather sample, which is the area under the stress-
strain curve.15 Good toughness ref lects a superior balance of 
strength and flexibility as shown in Figure 7, a regression plot of 
toughness as a function of TOFd and AMPd, in which both AU 
quantities have positive effects on toughness.

Figure 8 shows a 3-D regression plot of the thickness as a function 
of TOFd and AMPd. These data demonstrate that the thickness of 
leather increases with either TOFd or AMPd. This is probably due 
to the increase in the thickness of hides which will lead to a longer 
time for the wave to travel through the sample.

Figure 5. Elongation as a function of TOFd and AMPd. 

Figure 6. Young’s modulus as a function of TOFd and AMPd 

Figure 7. Toughness as a function of AMPd and TOFd.

Figure 8. Thickness as a function of TOFd and AMPd.
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Conclusions

This report revealed the method using AU to characterize the 
properties of hides and further to predict the mechanical 
properties of leather. The developed nondestructive method is 
based on measuring the AU waves transmitted through the hide 
samples. In this investigation, we discovered that TOF distribution 
value (TOFd) at gate 1 (from 130 to 140 µs) yielded the best 
correlation with the AU test variables. Observations also showed 
that the tensile strength, stiffness, elongation, and toughness of 
leather could be predicted by the TOFd and AMPd quantities 
tested for hides. In conclusion, this research provides the industry 
with a nondestructive way in which to evaluate the ultrasonic 
quantities of hides, which in turn enable the prediction the 
mechanical properties of the leather tanned from those hides. 
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