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On the Detection and Quantification of Nonlinearity via Statistics 
of the Gradients of a Black-Box Model 

Georgios Tsialiamanis and Charles R. Farrar 

Abstract Detection and identification of nonlinearity is a task of high importance for structural dynamics. On the one hand, 
identifying nonlinearity in a structure would allow one to build more accurate models of the structure. On the other hand, 
detecting nonlinearity in a structure, which has been designed to operate in its linear region, might indicate the existence 
of damage within the structure. Common damage cases which cause nonlinear behaviour are breathing cracks and points 
where some material may have reached its plastic region. Therefore, it is important, even for safety reasons, to detect when 
a structure exhibits nonlinear behaviour. In the current work, a method to detect nonlinearity is proposed, based on the 
distribution of the gradients of a data-driven model, which is fitted on data acquired from the structure of interest. The 
data-driven model selected for the current application is a neural network. The selection of such a type of model was done 
in order to not allow the user to decide how linear or nonlinear the model shall be, but to let the training algorithm of the 
neural network shape the level of nonlinearity according to the training data. The neural network is trained to predict the 
accelerations of the structure for a time-instant using as input accelerations of previous time-instants, i.e. one-step-ahead 
predictions. Afterwards, the gradients of the output of the neural network with respect to its inputs are calculated. Given that 
the structure is linear, the distribution of the aforementioned gradients should be unimodal and quite peaked, while in the 
case of a structure with nonlinearities, the distribution of the gradients shall be more spread and, potentially, multimodal. 
To test the above assumption, data from an experimental structure are considered. The structure is tested under different 
scenarios, some of which are linear and some of which are nonlinear. More specifically, the nonlinearity is introduced as a 
column-bumper nonlinearity, aimed at simulating the effects of a breathing crack and at different levels, i.e. different values 
of the initial gap between the bumper and the column. Following the proposed method, the statistics of the distributions of 
the gradients for the different scenarios can indeed be used to identify cases where nonlinearity is present. Moreover, via the 
proposed method one is able to quantify the nonlinearity by observing higher values of standard deviation of the distribution 
of the gradients for lower values of the initial column-bumper gap, i.e. for “more nonlinear” scenarios. 

Keywords Structural health monitoring (SHM) · Structural dynamics · Nonlinear dynamics · Machine learning · Neural 
networks 

1.1 Introduction 

In the pursuit of making everyday life safer, humans have extensively tried to model the environment around them. Structures 
are an important part of the environment, in which humans live. They are man-made and should be safe throughout their 
lifetime. Structures are exposed to numerous environmental factors, which may cause them to fail. Moreover, during 
operation, structures are subjected to dynamic loads, which, in time, may cause failure. Such failures will most probably 
result in economic damage to society and may even result in loss of human lives. Therefore, for the purpose of maintaining 
structures safe, the field of structural health monitoring (SHM) [1] has emerged. 
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Measurement of Local Contact Stiffness Using Ultrasound

R. Justin Osborne, Levi Mydlenski, and Drithi Shetty*

Abstract Friction in built-up structures has a nonlinear impact on the overall dynamics and is difficult to predict due to
the different phenomena occurring at various length scales. A major challenge is observing and quantifying the interfacial
behavior in-situ. One solution that has long been studied is the use of ultrasound to measure the interfacial contact stiffness.
However, existing research requires complete immersion of the setup in water or permanently attaching the transducer to the
test article using epoxy to ensure good, consistent coupling between the transducer and metal. Immersion would change the
interface conditions whereas epoxy-based coupling would mean that an array of transducers is required to measure larger
contact surfaces. This paper proposes a low-cost, scalable, roving-transducer method that uses a conformable delay-line with
a magnetic holder to dry-couple the transducer to the metal surface. A series of quasi-static compression tests is performed
to assess the accuracy and repeatability of the proposed method.

Keywords ultrasound, interfacial contact stiffness, friction, microslip, roving transducer

Introduction

Mechanical joints are used for the assembly of components in various engineering applications from large dynamic structures
such as crawler cranes to smaller components such as gas turbine blades or piston connecting rods. Partial slip contact within
these joints results in the frictional dissipation of energy and changes to the structural stiffness [1]. In some cases, friction in
these joints may be beneficial, but is often detrimental [2]. Improved modeling of the contact during dynamic simulation is
expected to reduce the cost of prototyping and dynamic testing as well as contribute to extending the life of the component.
Accurately modeling the contact interface is challenging because there are complex mechanisms occurring at various scales,
from material interactions at the nanoscale to the effects of surface roughness at the microscale. Plasticity, thermal effects,
the formation and breakage of chemical bonds, along with additional mechanisms, may also be involved, increasing the
complexity in accurately modelling the overall response of the contact.

A significant challenge in studying the effect of these mechanisms is measuring, or even observing the change in the
contact interface in-situ. However, some approaches do exist for evaluating changes in the contact interface such as Digital
Image Correlation (DIC), pressure films, and optical methods but with their limitations. For example, DIC can be used to
measure the relative displacement of the interface but can only be used to observe the changes on the exterior of the interface
and not across the joint [3]. As an alternative, static or dynamic pressure films can be used to provide information on contact
pressure at the interface. However, addition of the pressure film alters the physical properties of the contact interface [4].
Optical methods based on internal reflection [5], can also be used, but they require transparency in at least one portion of the
joint, limiting their use.

An alternative method to investigate changes in the interface is the use of ultrasonic reflectometry. The contact stiffness
at metal interfaces can be determined from the coefficient of reflection of an ultrasonic beam [6, 7]. L. Pesaresi et al. [8]
utilized this relationship to detect stick and slip states in contact interfaces subjected to high-frequency shear vibration
using epoxy coupled transducers. The use of epoxy coupling requires multiple transducers to measure across an area which
can be prohibitive in both cost of the transducer array and attachment space which limits how close measurements can be
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taken. A more scalable approach is use of a roving transducer. However, one challenge with doing so is ensuring consistent
coupling between the transducer and the metal surface at every measurement location. Jerome et al. [9] developed a method
that used a movable water column to measure contact stiffness between aluminum plates. Shetty et al. [10] used a spring-
loaded conformable delay-line to measure contact stiffness on metal specimens. Water immersion provides good consistent
coupling but requires water on the test specimen which can be challenging in both dynamic measurements and across large
areas. The spring method, although movable across the interface, provides too much variation in the coupling force resulting
in inconsistent measurements. This work investigates the use of a dry coupled transducer with a conformable delay-line
using magnetic attachment to address the drawbacks of existing techniques and enable the measurement of contact stiffness
across large interfaces. The next section briefly describes the theory behind measuring contact stiffness with ultrasound and
the proposed test procedure. It is followed by the preliminary results of this research.

Methodology

Proposed Approach
Ultrasound has been used as a method for measuring contact stiffness for decades. In 1996, Drinkwater demonstrated that
low-frequency ultrasonic longitudinal waves can accurately measure contact stiffness between an interface consisting of two
aluminum plates [7]. The interface can be modeled using a spring system, as shown in Fig. 1, where Pnom is the nominal
contact pressure given by the load divided by the nominal contact area and u represents the average separation between the
two surfaces. Contact stiffness, Kcontact, is therefore defined as the pressure required to produce unit displacement, as shown
in Eq. 1 [7].

Fig. 1 Representation of the interface as a spring contact model

Kcontact = −dPnom

du
(1)

This stiffness represents a lumped parameter that accounts for the effects of the topology and surface roughness at the
interface. When sound waves propagate through materials in complete contact, variations in their acoustic impedances result
in a portion of the acoustic energy being reflected back to the source as shown by Eq. 2 [7], where R is the reflection
coefficient, and Z is the acoustic impedance of the two materials in contact.

R =
Z1 − Z2

Z2 + Z1
(2)

If the materials were of the same composition and in perfect contact there would be no reflection at the interface, as the
acoustic impedance would not change, and all the energy would be transferred. Actual interfaces consist of asperities which
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result in small air gaps between surfaces, causing sound waves to be reflected. By measuring the amplitude of the reflection
voltage from the transducer, R can be calculated as

R =
Vreflected

Vincident
, (3)

where Vreflected and Vincident represent the reflected and incident ultrasonic wave respectively. Since the acoustic impedance
of air is much less than that of metal, Vincident can be approximated using Vreflected under no contact. Drinkwater also
showed that if the wavelength of the ultrasound is significantly larger than the air gap, then the reflection coefficient can be
related to the contact stiffness as shown in Eq. 4 [7], where Z is the acoustic impedance of the materials in contact, ω is the
angular frequency of the transmitted wave, R is the reflection coefficient, and K is the contact stiffness at the interface.

K =
ωZ

2

√
1

R2
− 1 (4)

The contact stiffness across an interface at multiple points can be determined using a roving piezoelectric transducer
using Eq. 4, as long as Vincident remains constant. Consistent coupling is required to ensure Vincident remains constant as the
transducer moves along the interface for which we are proposing the method outlined below.

Experimental Setup

To ensure consistent coupling a conformable delay-line with magnetic attachment was chosen to couple the transducer to
the test specimen. A conformable delay-line consists of a flexible polymer that adjusts to the surface and provides consistent
coupling when the same force is applied, which is provided by the magnets. The conformable delay-line, depicted in Fig. 2b,
was made of AqualinkTM 100, a thermoset plastic from Innovation Polymers, and was attached to the bottom of the fixture
using neodymium magnets embedded in a plastic holder, as shown in Fig. 2c. Additionally, the delay-line reflection can be
used to determine if there is consistent coupling as this quantity represents the amount of energy reflected from the specimen
and therefore relates to the amount of energy transmitted into the interface.

To validate this approach, we created a test setup to simulate the contact of a mechanical joint under quasistatic loading
and is shown in Fig. 2. The test specimen (a) was comprised of a rod (D = 12.7 mm × H = 102 mm) and a corresponding
cylindrical base (D = 44 mm × H =102 mm) machined to house the transducer at a depth of 12.7 mm. The test fixture was
made from 410 Stainless Steel (SS) and selected for its magnetic properties and corrosion resistance. Both contact areas
were flattened and polished to an average surface roughness (Ra) of less than 1 µm. The arrows in Fig. 2a show the incident
and reflected waves from the transducer. An Olympus PR3072 pulser receiver was used to excite a 5 MHz, 6 mm diameter
transducer in a pulse echo configuration. The size and frequency of the transducer were selected based on the acoustic
properties of the material, horizontal resolution (cone width), and to account for the nearfield effect of the transducer based
on its distance from the interface. A linear actuator was used to load and unload the test specimen from 0 to 4.5 kN. Data
was captured using an oscilloscope and post processing was performed in MATLAB.

Fig. 2 Experimental Setup - (a) Test specimen (b) Conformable delay-Line (c) Magnetic holder
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Preliminary Results

Prior to the quasistatic loading experiment, a metal-to-air interface consisting of a 410 stainless steel plate (145 mm × 76 mm
× 12.7 mm) was used to assess consistent coupling of the magnetically attached conformable delay-line. The delay-line and
transducer were held in place only by the magnetic force of the attachment device, which applies the same force regardless
of where it is attached. The test involved placing the transducer at multiple locations on the test plate and measuring the
delay-line and metal-to-air reflection voltages. Figure 3 shows the test plate with the magnetically attached conformable
delay-line (a) and five sample delay-line reflections (b) and five metal to air reflections (c). It can be observed that delay-line
and metal-to-air reflection measurements remained consistent across all test points, with reflection voltages being within
±0.1V of their average of 3.1V and 1.5V respectively. Additionally, a qualitative test was performed to investigate the effect
of surface roughness on coupling performance with portions of the plate roughened to an Ra > 5 µm. The change in surface
roughness had a negligible effect on the coupling performance; voltages between the roughened portion and smooth finish
remained within the same ± 0.1V band. These tests demonstrate that the proposed solution of a conformable delay-line
with a magnetic holder ensures consistent coupling between the metal and the transducer, regardless of the roughness of the
surface the transducer is being coupled to.

Fig. 3 Consistent Coupling – (a) Test plate (b) Reflection voltage across the plate

The quasi-static loading experiment described previously was then performed to assess the effectiveness and repeatability
of contact stiffness measurements using this method. The test specimen was loaded from 0 to 4.5 kN in 200 N increments.
This test was repeated several hundred times with fairly consistent results. Figure 4a shows contact stiffness measurements
completed during initial testing and Fig. 4b depicts the most recent set of eighty runs. The test was repeated approximately
800 times between the measurements shown in Figs. 4a and 4b. It can be observed that the stiffness reaches an average value

Fig. 4 Contact stiffness vs load (kN) (a) first run at the start of testing, (b) most recent set of runs
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of 1.74 x 1015 N/m3 for a load of 4.5 kN, with a standard deviation of 3.1 x 1013 N/m3. Additionally, the slope of contact
stiffness vs load from 0.5 kN to 4.5 kN is similar for all runs, with an average value of 3.2 x 1014 N/m3 - kN with a standard
deviation of 5.0 x 1013 N/m3kN. This demonstrates that the proposed method that was conducted over 1,020 loading and
unloading cycles is a repeatable and viable option for measuring contact stiffness across metal-to-metal interfaces.

Conclusions

This work proposes a technique for measuring contact stiffness across metal-metal interfaces utilizing an ultrasonic trans-
ducer with a dry-coupled, conformable delay-line held in place by magnetic attachment. Preliminary results indicate that
this approach provides a cost effective, roving transducer solution that addresses several limitations of existing ultrasonic
coupling techniques for measuring contact stiffness across larger interfaces. The study further demonstrated the repeatability
of this method for measuring contact stiffness by performing measurements across 1,020 loading and unloading cycles with
relatively consistent results. Future research will apply this method to study the relationship between surface roughness and
contact stiffness under quasistatic loading conditions. Subsequent work will involve measurements of contact stiffness across
small areas under dynamic loading with the goal of expanding these measurements to large interfaces.
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