
Chapter 5Chapter 1 
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. 
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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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A Sublimation-based Pattern Generation Technique for
Deformation Analysis of Additively Manufactured Specimens

Nicolas A. Yusim, Angel Matos-De Los Santos, Austin M. Giordano, and Fu-Pen Chiang

Abstract A deformation analysis method is proposed for additively manufactured (AM) specimens, utilizing sublimated
speckles for analysis Computer-Aided Speckle Interferometry (CASI). This approach allows precise control over the size
and density of the sublimated patterns, which are integrated into the surface of the AM specimen through the heat and pres-
sure applied during the fused deposition modeling (FDM) 3D printing process. This technique creates the speckle pattern
without altering the specimen’s integrity. The sublimation-deposited speckle patterns facilitate the exploration of various
pattern-generation methods (e.g., pseudo-random, Goodman) to identify the optimal speckle pattern. The material behaviors
of the speckled and un-speckled specimens are characterized and compared to determine the impact of the speckle pattern
on the specimen’s material properties.

Keywords Speckle · Additive manufacturing · Sublimation · DIC (Digital Images Correlation)

Introduction

Additive manufacturing (AM) is an extremely lucrative industry valued at 20.37 billion USD in 2023 and expected to grow to
a 88.28 billion-dollar industry by 2030 [1]. This rapid industry growth is due in part to AM’s continuously improving ability
to manufacture consumer grade, end use products [2]. These improvements come in many forms such as new materials,
modifications to the current manufacturing method, and modifications to tool path generation algorithms [3]. With the swift
inclusion of AM parts into many consumer products comes an inherent need to validate their structural performance to
ensure safe and effective use by the consumer.

In this paper, an alternative method of applying a fully customizable deformation pattern of choice onto a specimen
manufacturing with Fused Deposition Modeling (FDM) is presented. This method uses sublimation paper which is able to
transfer ink onto a surface through use of heat and pressure [4]. By applying the sublimation paper onto the heated surface
where the specimen is manufactured, the pattern is transferred without altering any material properties on the surface while
maintaining the resolution of the pattern. The deformation analysis method technique chosen to evaluate this method is
Computer Aided Speckle Interferometry (CASI) [5] due to its ubiquity within the experimental mechanics field. This was
combined with FDM printing since the heated manufacturing surface provides substantial heat to successfully sublimate the
pattern into the specimen.

Speckle theory

Speckles are generated when an opaque surface is illuminated by a coherent light source, such as a laser. Wavelets from the
laser are reflected off of the surface and interfere with each other at a chosen plane of focus to create a speckle pattern as
shown in Fig. 1 a [5, 6, 7]. This interference results in a laser speckle pattern similar to the one shown in Fig. 1 b.
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Fig. 1 (a) Graphical representation of laser wavelet interference next to (b) enlarged view of laser speckles

Fig. 2 Computer Aided Speckle Interferometry Algorithm

Speckle interferometry was simultaneously developed into two digital methods, Digital Image Correlation (DIC) and
CASI; The fundamental difference between the two being that DIC matches a kernel of speckles to its deformed location
to get displacements while CASI uses optical processing techniques to obtain displacements [6, 7]. The CASI Algorithm is
shown below in Fig. 2.

The digitization of speckle interferometry has led to the development of multiple pattern generation techniques to simu-
late the naturally occurring laser speckle pattern. Some examples of these pattern generations techniques include the Pseudo-
Random pattern and the Goodman pattern among others. Examples of the Pseudo-Random pattern, the Goodman pattern,
and laser generated speckles are shown below in Fig. 3.

The Pseudo-Random pattern generates a grid of random black and white pixels using a built-in MATLAB function
[8], while the Goodman pattern is a mathematical representation of laser speckle interference made by generating random
phasors in a table in accordance with the equation below [9]:

e(2iπ·rand) (1)
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Fig. 3 (a) Pseudo-Randomly generated speckle pattern, (b) Goodman generated speckle pattern, (c) laser generated speckle
pattern

Sample Preparation

Specimens presented in this paper were manufactured in accordance with ASTM D638-14 standard for tensile properties
of plastics using white poly lactic acid (PLA). A MATLAB program was developed to produce a Goodman pattern with a
speckle size of 8 pixels for the maximum capacity of the inkjet printer used. In this paper the print resolution of the inkjet
printer is limited by its minimum axis resolution of 1440 dpi. An initial Goodman pattern was generated with 16384 ×
16384 pixels, which is then cropped to 16200 × 11880 pixels. This pattern was printed onto sublimation paper as shown in
Fig. 4 below.

Fig. 4 Specimen with Goodman generated speckle pattern sublimated onto its surface

The sublimation paper is then adhered to the heated build plate of a Prusa Mk4S so that the specimen can be printed
on top of the sublimation paper. A Prusa Mk4S was used due to its adaptive bed leveling procedure, which is capable of
adjusting to any existing surface on the build plate to manufacture the specimen. As the printer deposits the heated PLA
onto the paper, the ink is sublimated onto the surface of the first layer. A microscope image of the Goodman pattern on the
specimen is shown in Fig. 5 a, with the sublimation paper shown after use in Fig. 5 b.

(a)

Fig. 5 Continued.
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(b)

Fig. 5 (a) Microscope image of speckle pattern on printed specimen (b) Sublimation paper on printer after specimens were
removed

Experimental Procedure and Analysis

Each specimen was affixed into a universal testing machine, and loaded in tension with a displacement control of 0.5
mm/min. Each specimen was imaged with a Canon EOS 5DSR to be analyzed. The CASI results are presented in Fig. 6 and
the resulting force-displacement plots of blank, and sublimated speckled specimens are shown in Fig. 7 below.

Fig. 6 (a) Undeformed specimen, (b) deformed specimen, (c) u-displacement field, (d) v-displacement field, (e) ϵxx field,
(f) ) ϵyy field, (g) ) ϵxy field.
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Fig. 7 Force-displacement graph of specimens with sublimated speckles compared to blank specimens

Conclusion

We have produced accurate displacement fields from CASI analysis of additively manufactured specimens with sublimated
speckles. We find that speckled specimens produce similar results in the force-displacement when compared to blank spec-
imens. In previous work [10], it was seen that printing a speckle pattern using a multi-material printing technique lead to
limit plasticity of the specimen, the technique present in this work does not have that drawback. This work can be extended
by utilizing the technique shown to produce a moiré pattern which will enable analyze via the sampling moiré method [11].
Further work needs to be done to determine the viability of the experimental technique shown, but from these initial results,
producing specimens with sublimated patterns for deformation analysis appears to be promising.
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11. S. Ri, M. Fujigaki, and Y. Morimoto, “Sampling Moiré Method for Accurate Small Deformation Distribution Measurement,” Exp Mech, vol.
50, no. 4, pp. 501–508, Apr. 2010, doi: 10.1007/s11340-009-9239-4.

https://www.grandviewresearch.com/industry-analysis/additive-manufacturing-market
https://www.grandviewresearch.com/industry-analysis/additive-manufacturing-market
https://www.mathworks.com/help/matlab/ref/rand.html
https://www.mathworks.com/help/matlab/ref/rand.html



	Chapter 5 A Sublimation-based Pattern Generation Technique for Deformation Analysis of Additively Manufactured Specimens
	Introduction
	Speckle theory
	Sample Preparation
	Experimental Procedure and Analysis
	Conclusion


