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ABSTRACT

Integration of structural sensors and health monitoring has been an interest of the composite
research community for the past thirty years. Advances in the design, development, and
applications of multifunctional materials is an important aspect of 3rd generation material
structures. This work investigates utilizing self-triggering mechanoluminescent sensors integrated
in composite structures for applications such as fiber-reinforced repair. The mechanism for
luminescent excitation is dependent on the stress transfer of the localized interface as a result of
the global damage event. Single lap-shear tests were simulated using a three-scale finite element
(FE) model to provide insight into the localized and global deformations. This model accurately
captured the global lap-shear test in addition to the fiber optic sensor and the local scale sensor
coating, including TL particles. Crack propagation was contained within the analysis to include
interfacial influence on accumulating damage. Shear deformation of the fiber optic sensor and the
resulting stress transfer to the mechanoluminescent particles is successfully aligned with the
structural health monitoring mechanism. This investigation is the intersection of numerous digital
manufacturing modes, containing co-manufactured structures between robotic agents, in-situ
hybrid additive design towards composites, and digital twin formulation to propel smart
manufacturing infomatics. High-fidelity digitization of a physical model augments finite element
inspection to a degree never before published, as the stress-state condition of the adhesive and self-
triggering particles, probed at a local level, have results compared across all three scales
simultaneously. The mechanical responses obtained prove to be far more insightful to the physical
system at the nanoscale, in comparison to conventional simulations.
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1. INTRODUCTION

1.1 Motivation

Twentieth century manufacturing is undergoing a paradigm shift towards dynamic design and
rapid fabrication of complex structures, augmented by Industry 4.0 and the application of
convergent manufacturing [1], [2]. As the Industrial Internet of Things (IIOT) facilitates
intercommunications of manufacturing agents amongst an assembly line (i.e.
controlled/predictable surrounding), key interests surround in-situ repair of damage in preexisting
structures, which would otherwise be cost prohibitive to replace after failure. Moreover, the
proliferation of advanced Additive Manufacturing (AM) facilitates the fabrication of integrative
sensors/smart composites for next-generation structural health monitoring [1]. The need for
reliable health monitoring sensors is underscored for areas in civil infrastructure energy, and
aerospace [1], [3], [4]. At the convergence of AM and 3"-gen composites are self-triggering
mechanoluminescent sensors as an accessible means to conduct composite-reinforced repair
techniques. Previous investigations have shown the effectiveness of such embedded sensors in the
detection of damage at the surrounding microstructure, producing light at a measurable intensity

[5].

Furthermore, the application of collaborative robotic agents for precise multi-stage operations (co-
manufacturing) shows promise in the deployment of in-situ failure detection and repair [6].
Progression in autonomous perception and in-line control offers on-the-fly response to design and
execute repair amongst a multitude of scenarios [7]. Moreover, the technology continues to
progress towards large scale implementation, as mobilized manufacturing systems aim to
cooperatively construct large scale structures in reduced time [8]. The proprietary DeXter system
consists of collaborative Selective Compliance Articulated Robotic Arms (SCARA) which operate
simultaneously on a single part to reduce fabrication time and higher functionality through multiple
material depositions, manufacturing processes, and tooling [9]. The advantage of DeXter in this
study is its scaled analogy to larger inter-factory collaboration of distributed manufacturing
systems. The open configuration permits in-line data acquisition of both agent operation and part
morphology, which in turn develops a holistic account of the manufacturing process.

1.2 Mechanoluminescent Sensors

At the core of this investigation are mechanoluminescent particles, made with material that
exhibits triboluminescent (TL) behavior, through the production of light, as a result of mechanical
stress [10]. Given the particles do not require an external energy source, they are “self-triggering”
and therefore have great potential for integration in next-generation material structures. These
particles have been employed as a coating for fiber optic cores which net “sensors” with
triboluminescent qualities [11]. The introduction of mechanical stress creates a strain in the coating
that induces the production of light that is transferred through the core and can be used to determine
failure [11]. The sensors in this study are made with a polymethyl methacrylate (PMMA) optical
core, coated with Zinc-Sulfide Manganese (ZnS:Mn) particles. With the presence of the specific
doping agent (Mn), these sensors will begin acting in elastico-triboluminescence, meaning the
luminescence begins occurring inside of the elastic region [12].



1.3 Multi-Scale Modeling
1.3.1 MultiMechanics

MultiMechanics is an advanced simulation software tool that enables microstructures to be
accurately represented within simulations in parallel to the greater global model. It does this by
providing very efficient multi-scale finite element (FE?) modeling, which entails the embedding
of micro-structural finite element models within other larger-scale FE models [13]. This
methodology effectively replaces phenomenological constitutive models with discrete
microscopic material models [14]. FE? modeling allows for highly accurate failure prediction in
next generation material structures by making it possible to observe localized stress in these
microstructures in parallel. In this study, TL particles are digitized into microstructures that are
physically embedded within the sensor structure using FE?. Additionally, the sensor structure and
composite weave are further embedded within the global model that was digitally loaded under
single lap-shear experimental conditions. The model in this study is the first of its kind, as it
simultaneously employs triple-scale (TL particles, sensor, lap-shear coupon) and double-scale
(composite weave, lap-shear coupon) finite element modeling. MultiMechanics is capable of what
is considered TRUE (or explicit) multi-scale technology for FE? execution. Embedded
representative volume elements (RVEs) are modeled independently in multiple scales
simultaneously.

1.3.2 Application

This study takes advantage of the multi-scale capabilities of multi-level modeling to observe the
differentiation between TL particles at various locations of interest in synchronous to the
surroundings. Precedence is given to the locally induced stress on the sensor coating created by
the globally imposed shear stress, modeled throughout the shear loading at the concrete-adhesive
interface. Single lap-shear tests of these digital twin models were conducted in a three-scale finite
element (FE) simulation. The global model includes the following: carbon fiber composite and
embedded sensor, concrete, and the interfaces between them. The adhesive sensor layer and the
carbon composite weave are included within as their own localized models. Further embedded in
the adhesive sensor layer, a model for the TL particles is included at both the upper and lower
surface of the sensor in Figure 1.
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Figure 1. Illustration of the multi-scale model, showing the five components.



The following investigation utilizes a digital replica of a co-manufactured composite
undergoing lap-shear, to demonstrate the accuracy of a multi-scale FE simulation and to further
investigate the localized stresses on individual particles within the sensor layer. The intent is to
provide simulated mechanical results as a high-fidelity supplement to experimental results from
carbon composite reinforced concrete samples at three different scales.

2. EXPERIMENTATION

2.1 Introduction

For simulation to be as reliable as experimentally driven practice, the idiosyncrasies of each
specimen must be captured in high resolution for adequate representation in digital space. This
formation of a “digital twin” incorporates the fundamentals of emerging manufacturing technology
in regards to holistic data visualization and part verification the process of which is described in
Figure 2 [15] [16].
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Figure 2. Process for manufacturing composite-repairs and creating “digital twin” models.

2.2 Co- Manufacturing

Experimental data was collected using fabricated concrete specimens and bonded carbon fiber
composite laminates with an embedded TL sensor as per the experimental specifications of Joshi,
Pollard, et al [11]. The concrete represents a damaged structure in the field, which is in need of
repair. A popular repair/strengthening technique utilizes superior fiber reinforced polymer (FRP)
material bonded to a structure. Here, a liquid composite molding (LCM) technique is deployed to
bond FRP to the concrete beam.

The concrete beams produced for this study were made from a Sacrete high-strength premix
concrete and poured into 3x3x12inch molds. Once cured a novel co-manufactured process is
developed to bond IM6 plain weave carbon fiber to the concrete surface via LCM. The purpose of



the co-manufacturing is to simulate in-situ structural repair functionality, combining the
proprietary AM Dexter technology and LCM. IM6 plain weave fiber is placed directly on the
treated concrete surface as the Dexter system prints a mold with embedded flow channels directly
on the concrete substrate. Once fabricated the mold is then coated to create a seal, which results in
an airtight hermetic structure. Tubing is used to export air and draw the matrix material in the
system. An image of a carbon composite repaired layup sample is shown below in figure 3b. After
the matrix is cured the printed mold is removed and exposes the strengthening composite laminate
which is shown in figure 3¢ and 3d.

2.3 Digitization

The “digital twin” of the physical structure is formed in-process to the samples manufacturing,
so as to resemble the true structure with high precision. Comprehensive scanning of the
samples external and internal components can be witnessed in Figure 3.
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Figure 3. (a) 3D scanning provides sample geometry in digital space for simulation. (b)
Schematic of the LCM, including soluble mold, infused fiber, embedded sensor and concrete
substrate. (c¢) Lateral ultrasonic scans throughout the transverse axis of the concrete provides
embedded sensor orientation (d) Ultrasonic scans at various depths provide morphology and

position of embedded sensor and sequential interface.

The holistic generation of the “digital twin” relies on point cloud mapping from 3D scanning to
get macro-level dimensioning, and ultrasonic scanning of the post-cured composite to quantify
orientation of the embedded fiber and sensor. This recreation of the original provides a more
realistic model for FE simulation, in turn, garnering high-fidelity results.



2.4 Multi-scale Simulation

The multi-scale FE simulations were conducted in MultiMechanics 18.0 using a carbon fiber
composite reinforced concrete sample model consisting of multiple structural elements. The single
lap-shear test simulations were conducted on the global model with three unique material layers
and a defined interface where fracture occurs. The three material layers had known mechanical
properties (Young’s modulus). The concrete layer (40 GPa), composite layer with multi-
directional carbon fibers (220, 18, 18, 14, 14, 7 GPa) and resin (4 GPa), and sensor layer including
fiber (72 Gpa), resin (4 GPa), and TL particles (0.5 GPa). As noted, each of those layers is
constructed as its own multi-scale model. Therefore, the total required inputs for the entire model
include 12 values, with the last being the interface strength of the concrete-sensor layer interface.
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Figure 4. The anatomy of multi-scale modeling, encapsulating macro, meso and micro scales of
the system undergoing strain.

Due to the experimental failure of the samples in question occurring at the concrete-sensor layer
interface, this interface is fully defined. As stated, the actual interface strength between the
concrete surface and the adhesive layer was unknown. Therefore, to define the boundary strength,
a parametric study was explored through multiple simulations before achieving the interface
unknown. In addition, Weibull distributions were included for the defined interfaces to account
for potential variation in interface failure rate that can occur in empirical experimentation. At the
approximate boundary strength value, the simulated results align with the experimental results to



confirm an accurate global result. Knowing that the global result is accurate, the local results can
then be evaluated.

3. RESULTS

Data from both the experimental tests and the multi-scale single lap-shear simulations were
acquired in the form of load vs extension plots, measured in kilonewtons and millimeters,
respectively. As stated, the multi-scale model was made to be a “digital twin” of a carbon fiber
composite-reinforced concrete sample. The sample in question had a 200mm bond length, two
plies of composite weave, and an embedded sensor. The thickness of the adhesive layer was
1.46mm. The model is prepared to only fail at the adhesive sensor layer, as is what occurred in the
experimental testing. Comparing those results directly, the carbon fiber composite-reinforced
concrete sample was able to be accurately modeled at an interface strength of 0.12 GPa. The
comparison is shown in the load vs extension plot below in figure 5.
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Figure 5. Shear loading versus extension plot for multi-scale model and previous experimental
results.

The multi-scaled results show a very similar loading curve within the first 1.25mm of extension.
While the simulated results do begin to overestimate the loading, the location of the first crack
propagation is accurately captured in the simulation at 1.95mm extension. The recovery of the
sample is also captured, up until the end of the experimental curve, where total fracture occurred
at 2.41mm.

Considering the initial model was simulated with a linear failure rate, to account for potential non-
linearity in the interface strength, a Weibull modulus was also introduced to the 0.12 interface
strength of the adhesive sensor layer interface. Given the consistent response of the original multi-
scale results, there is not an expectation for significant variation in the interface strength, but it is



still provided to demonstrate a potential non-linear failure rate. The Weibull modulus equation is
defined in equation 1 [17].

[1]

The original results theoretically represent the outcome of a k value of 1.0. Therefore, k values of
0.99 and 5.0 were used based on prior works [18], only slightly affecting the interface strength
distributions. A k value at or more than 1, denoting a constant or increasing failure rate over time,
is likely reasonable due to accumulating damage during the single lap-shear test. The results of the
included Weibull distributions are shown below in figure 6.

Shear Loading with Weibull Distributions

6
- = Weibull 0.99
——Control s’ -
5t A P2 - i
- - -Weibull 5.0 RN P
,’ NI \\ -
’—\4 i /, =~ N - |
4
é 7
3r 7 1
'8 4
o
|
2 L 4
1 L B
0 1 L L 1 1
0 0.5 1 1.5 2 25 3

Extension (mm)

Figure 6. Shear loading versus extension plot for original multi-scale model (control) and
simulations with included Weibull distributions.

Compared to previous FE results, the multi-scale simulation yields a more defined load vs
extension curve, exemplifying the high-fidelity results garnered from propagating stress
phenomena throughout the multiple scales. The previous study used ABAQUS CAE to simulate
the shear loading with a model that had a 150mm bond length, but did not have a modeled sensor
[11]. However, in this study, it is intended to show the introduction of a more varied, and therefore
realistic response in the loading of a material expected to produce a non-linear load vs extension
plot. The multi-scale results are plotted versus a single-scale FE simulation below in figure 7 [11].
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Figure 7. Shear loading versus extension plot for multi-scale model simulation and traditional
single-scale simulation.

The linearity displayed by the single-scale FE analysis is largely inaccurate to describe the
complexities inherent to the physical system. The lack of change at 1.95mm extension during
yielding in the single-scale FE further compounds the drastic improvement in multi-scale FE’s
ability to predict true loading values, as well as indicating potential points of failure.

With a reasonably accurate global representation of the concrete samples, the local stress
transferred to the sensor model and the TL particles can be investigated. To demonstrate true
(explicit) multi-scale modeling, the stresses imposed on the lower scale models must be
investigated. The mechanical response to the system is projected on the meshed model with regards
to global extension. Depicted in Figure 8 are the surfaces of TL particles at distinct locations
undergoing stress to the sensor at discrete steps of 0.02mm.



3 . +5tress
—_—— E—— — — e

@© ®° Qe Qe e
E’m ” ” ” ” Unstressed
= = = -

0.26 0.28 0.20 0.32 0.34 -Stress

Extension (mm)

Figure 8. Meshed models of TL particles and sensor with stress contour imposed at discrete steps
of 0.02mm of extension.

Each collection of TL particles is independently modeled, and therefore has independent stresses
imposed on them. The figure shows the progression of stress imposed on each group of TL
particles (top and bottom of the sensor) through extension of the sensor layer. As shown, the top
and bottom particles, respectively, have different stress values as the shear stress is applied to the
sensor, proving the true explicit nature of the model. In any other capacity, the ability to probe
local nano-scale stresses would largely be inaccurate or close to impossible. Only through this
simultaneous triple, double, and single-scale model, the first of its kind, can local material
phenomena be explored on a fundamental level.

4. CONCLUSIONS

As manufacturing transitions to industry 4.0, along comes the introduction of next-generation
composites, dynamic design for in-situ repair, and methodology for co-manufactured hybrid
structures research. Despite this, the integration of structural sensors and health monitoring
continues to be at the forefront. “Self-triggering” mechanoluminescent sensors, comprised of fiber
optics coated in ZnS:Mn TL particles, have shown potential for this use when embedded within
carbon fiber composite-repaired concrete samples. Considering TL particles require an imposed
stress for activation, the ability to probe local stresses on a nano-scale is essential for modeling
these sensors. This study integrates true, explicit multi-scale modeling of “digital twin” models of
the concrete samples and successfully demonstrates both the accurate global shear loading
simulations, as well as the ability to investigate the local stresses imposed on TL particles. In
addition, this study illustrates how the complexities of a physical system can be captured,
compared to traditional FE modeling that cannot predict points of failure with the same level of
accuracy, or in this case, model the non-linearity of complex structures. This model, successfully
operating at three scales simultaneously, proves the ability to probe stresses on these TL particles
and lays the foundation for quantifying and simulating their responses under quantified shear
loading. In showing that, this novel study reveals the power of an emerging modeling technique
that will drive the future of next generation digital manufacturing and repair.
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