Fatigue Behaviour and Electromechanical Properties of Additively Manufactured Continuous Wire Polymer Composites for Structural Health Monitoring
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Abstract
The fatigue behaviour of continuous wire polymer composite (CWPC) fabricated by fused filament fabrication was investigated. Four compositions were examined: polylactic acid (PLA), PLA with copper wire (Cu), thermoplastic polyurethane (TPU), and TPU with Cu wire. Residual properties were measured after different sets of number of cycles (102, 104, 105). CWPC electromechanical properties under fatigue test demonstrated reverse piezoresistivity behavior. A strain-controlled fatigue life analytical model was compared to the experimental results showing good agreement. This study demonstrates the applicability of FFF technique to print sensors with continuous integrated wire with tunable properties.
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Introduction
Additive manufacturing (AM) has become increasingly popular because it affords new design opportunities not offered by many conventional fabrication approaches. Improvements in this technology and design knowledge have led to the rapid fabrication of high quality and low-cost parts; therefore, AM is making a growing contribution to research and industry communities. Many polymer materials with varying properties have been introduced based on consumer use and technological requirements [1,2]. For instance, both rigid materials (e.g., acrylonitrile butadiene styrene (ABS) and polylactic acid (PLA)) and flexible materials (e.g., nylon and thermoplastic polyurethane (TPU)) have been used successfully in AM processes [1,3,4]. TPU combines excellent wear-and-tear resistance with high flexibility and impact strength [5].
Fused filament fabrication (FFF) has become the most popular of the AM processes due to its inexpensive hardware and software; it is considered an open-source technology. FFF can be found in businesses, schools, hospitals, and in a wide range of other applications such as the functional testing of parts and design verification and prototyping [2,6]. The properties of FFF-fabricated parts can differ from those manufactured by other conventional methods such as injection molding, vacuum casting, filament winding, pultrusion, and hand layup [7]. Although for many applications FFF parts have an excellent strength-to-weight ratio, several studies [8–11] have reported that FFF parts are inhomogeneous.
Polymer composites can also be used in FFF [12]. Most composite FFF studies have focused on introducing short fibers to the polymer; for example, Carneiro et al. [13] successfully developed glass fiber–reinforced polypropylene composite with improved mechanical properties, and Shofner et al. [14] compounded single-wall carbon nanotubes with ABS. These studies showed an improvement in tensile strength. Adding fillers with specific properties can improve the composite material’s mechanical, thermal, electrical, optical, and biomedical properties and enhance the FFF part’s performance [5]. However, a mix of short fiber with polymer filament can only offer a slight increase in the strength and stiffness of the material [6]. FFF technology can also deposit continuous fiber reinforcement along with the polymer filament during the manufacturing process to expand the mechanical properties of the printed part [6]. Brooks et al. [15] found that adding continuous reinforcement to the polymer during the FFF process dramatically improves the part’s mechanical properties, regardless of its build orientation. Melenka et al. [4] found that continuous Kevlar-reinforced nylon composite significantly enhanced mechanical properties over conventional FFF parts, and Ibrahim et al. [16,17] developed continuous wire polymer composite materials fabricated by FFF with improved mechanical [17,18] and thermal [19,20] properties. This composite fabrication approach has since been used to fabricate sensors [21,22].
Recently, the fatigue behaviour of AM polymers has gained more attention due to their increased use in the biomedical, automotive, and aerospace industries. In many applications, parts are subjected to repetitive loading and fatigue damage [2]. The fatigue behaviour of composites is more complex than that of homogeneous materials. For homogeneous materials, a crack is initiated and propagated, leading to a fracture. However, the fatigue behavior of composites depends on the fiber modulus and matrix ductility; therefore, fatigue damage is unpredictable because it may be caused by different damage mechanisms and their interactions [1,23,24]. In composites, a crack may be initiated at multiple sites with nonvisible damage. Then, with the progress of cyclic loading, the crack propagates by crack bridging or by reinforcement and matrix debonding, leading to the final failure of the part [23,24]. Santos et al. and Brandl et al. [25,26] reported that the fatigue life of an AM part is significantly lower than that of parts processed by other manufacturing methods. The parameters affecting the fatigue life of AM parts include the weak bond between layers because of the layer-by-layer deposition mechanism and the existence of voids [25,26]. For these reasons, the characterization and understanding of the fatigue behaviour of AM polymer composites is crucial for the design of functional and reliable parts.
To avoid the heating of the materials under cyclic loading, it is recommended that the fatigue test be performed at a low frequency [27]. Higher frequency rates can cause an increase in the sample temperature and, therefore, ductility and localized deformation could increase, which may lead to a shorter fatigue life [2]. Vanaei et al. [7] observed an increase in temperature in 3D-printed PLA when conducting a fatigue test at 80 Hz. As reported by several researchers [1,2,27–30], fatigue tests of polymer composites should be conducted at 5 Hz or less to avoid an increase of sample temperature under cyclic loading. 
Most polymer composites do not exhibit the same endurance limit as homogeneous materials. Therefore, residual properties such as residual stiffness and strength are used to quantify fatigue damage accumulation within a part. The fatigue life of polymer composites is determined by the number of cycles required to cause a predetermined decrease in a certain property [7,23].
Fatigue tests can be implemented under deformation (strain)-controlled mode or load (stress)‑controlled mode. For rubber and polymers, the former is usually applied [31]. The applied local deformation values are not monitored accurately during the fatigue test using conventional direct methods. For example, extensometers and strain gauges could have difficulties such as having a shorter fatigue life than the tested material. For relatively flexible polymers, the extensometer knives could cause local damage, leading to an inaccurate fatigue life of the specimen. Therefore, non-contact deformation measurement is highly recommended to study polymer fatigue behaviour [31]. Accordingly, a digital image correlation (DIC) technique can be used to measure the applied deformation in situ on the structure during cyclic loading [29]. This method can also detect damage evolution by providing strain maps of the part surface during the fatigue test. A change in these strain maps during the test indicates a change of mechanical properties because of the microscopic damage accumulation [29].
In real-life applications, monitoring the mechanical performance of the composite structure is desirable to detect any changes in the service conditions and prevent catastrophic failure. Sensors such as piezoelectric sensors or optical fibers should be placed on specific locations of the part to monitor the composite structure. However, the placement of sensors can have drawbacks, such as limited sensing volume because the sensor only senses its immediate vicinity; it would be impractical to cover the whole structure in this way. Another drawback of adding sensors is their poor durability due to the tendency of sensors to detach from the structure [32]. Self-monitoring capabilities have been introduced (the ability of the structure itself to act as a sensor) to overcome these limitations. Under cyclic fatigue/dynamic load, strain may change reversibly; therefore, dynamic strain monitoring needs a measurand with the ability to change reversibly with reversible strain [32]. The electrical resistance change method is one technique that can be reversibly changed with loading and unloading during a cyclic test. Therefore, it can be used to detect strain in conductive polymer composites without additional sensors [12]. 
In this study, a strain-controlled fatigue test was conducted to study the fatigue life behaviour of a 3D-printed continuous wire polymer composite (CWPC) of rigid (PLA-based) and flexile (TPU-based) materials. PLA and TPU were selected for this study as they are some of the most common filaments used for FFF technique representing rigid and flexible based materials, respectively. The damage evolution was investigated by measuring the residual strength of the material after a specific number of cycles (102, 104, 105 cycles) under dynamic loading. After each set of cycles, the residual strengths were statistically compared to check the significance of the damage to the part. During the fatigue test, the electromechanical properties of the CWPC were investigated by correlating the change in wire resistance with the strain. The continuous wire integrated in the part had sensing capabilities, but it also enhanced the mechanical properties of the composite. A fatigue test was conducted at a low frequency of 5 Hz to avoid hysteretic self-heating. A strain-life analytical model was applied for comparison with experimental results obtained from the electromechanical test. A 2D DIC technique was used to accurately measure the strain applied on the sample and acquire strain maps for different sets of cycles in order to study the evolution of damage. Strain maps of both rigid and flexible materials were compared. Damage accumulation was investigated for samples subjected to a total of 105 cycles.
The electromechanical properties of CWPC components have been previously investigated under static loading, however, their behaviour under dynamic loading have not been previously explored in the literature. Thus, studying the fatigue behaviour and electromechanical properties of CWPC under cyclic loading are crucial to widening the range of applications of CWPC components for structural health monitoring as strain sensor.
Experimental Methods
In this section, the characterization of fatigue properties and electromechanical properties of 3D-printed CWPCs under cyclic fatigue load, using the 2D DIC technique to accurately measure the applied strain, is explained. The general experimental setup of this study is represented in Figure 1. In this figure, Part (a) represents the electromechanical testing setup under a cyclic fatigue test using a four-probe method to measure the electrical resistance of the Cu wire (detailed explanation in Sec. 2.5). Part (b) shows where the sample is affixed to the mechanical test frame and subjected to cyclic loading (detailed explanation in Sec. 2.3). Sample surface images were captured using the 2D DIC system, as shown in Part (c) of Figure 1 (detailed explanation in Sec. 2.6). Finally, the fatigue testing and electrical resistance readings were synchronized, as shown in Part (d).
[bookmark: _Ref83313201][image: ]Figure 1. Experimental setup of electromechanical fatigue testing: (a) CWPC sample with integrated Cu wire sensor, (b) mechanical test frame for dynamic evaluation of the sensor, (c) 2D DIC system for full-field strain measurement, and (d) synchronization rate.
Materials
Flexible TPU filament (1.75 mm Transparent PU, Ninjatek, USA) and rigid PLA filament (1.75 mm Transparent PLA, ColorFabb, The Netherlands) were used for this study. The electrically conductive material integrated into the part was copper wire with a polyimide-coated layer (75 µm Cu wire, Remington Industries, USA).
Sample Fabrication
The 3D-printed samples were fabricated according to ASTM D3039-17 and following the same procedures as those used by Saleh et al. [22] with dimensions of 200 x 25 x 2 mm3. To introduce the embedded Cu wire within the polymer filament, the samples were fabricated using a modified open-source 3D printer (Prusa i3 MK2, Prusa Research, Prague, Czech Republic) and applying a customized G-code generated by a MATLAB script (MATLAB R2019b, Natick, Massachusetts: The MathWorks Inc.). To theoretically calculate the volume fraction of the Cu wire within the CWPC sample, Equation 1 was applied based on the printing parameters and the geometry of the 3D-printed sample. The volume fraction of the Cu wire was found to be 1.34% relative to the total CWPC sample volume.
	Equation 1-a
										Equation 1-b
										Equation 1-c
where vw, and vc are the volume of wire and composite, respectively. Lwire, Awire, and Dwire are the initial length, the cross-section area, and the diameter of the wire, respectively. Lwire/raster is the initial length of the wire in a single raster. l, w, and t are the total length, width, and thickness of the 3D printed sample, respectively. Vw is the volume fraction of the Cu wire within the CWPC.
[bookmark: _Hlk96156658]In addition, the method used in [22] was followed to prepare samples for electrical resistance measurements. 3D-printed sample with extended Cu wire is represented in Figure 2-a & b. End tabs of PLA with tapered angle were glued to the ends of the samples to avoid sample slippage from the grips of the test frame during the fatigue test. Figure 2-c shows a schematic side-view of 3D-printed sample with end tabs and an enlarged schematic cross-section of the sample at A-A. Samples were manufactured in four different configurations: PLA, PLA+Cu, TPU, and TPU+Cu. Nine samples for each configuration were manufactured, resulting in a total of 36 test samples for fatigue testing. 
[bookmark: _Ref96176962][image: ]
[bookmark: _Ref96956544]Figure 2. a) 3D-printed sample with extended Cu wire; b) sample with four-probe electrical terminal; c) 3D-printed sample with end tabs and enlarged cross-section of the sample at A-A.
Fatigue Testing
Polymers and their composites are sensitive to fatigue testing parameters such as applied strain or stress amplitude and mean, the cyclic rate, initial defects, and environmental conditions. Therefore, these parameters should be taken into consideration while designing a fatigue test. Firstly, to define the parameters of the fatigue test, a tensile test is needed to obtain the ultimate tensile strength (UTS) and failure strain of the material. These tensile properties were obtained from a previous study by Saleh et al. [22] on the same materials as shown in Table 1. For the strain-controlled fatigue test, 50% of the maximum strain at failure of the material was chosen as the maximum strain to be applied to the specimen. The strain at failure was predetermined as 0.02 mm/mm and 0.11 mm/mm for PLA-based and TPU-based materials, respectively [21,22]. Fatigue tests with sinusoidal waves were conducted using a universal test frame (Series 809 Axial/Torsional Test System, MTS Systems Co., USA) and applying tension–tension cycles with a frequency of 5 Hz. The test frequency was selected to avoid self-heating, and a strain ratio of R = 0.1 was selected to avoid sample compression. Therefore, the strain was varied periodically from 0.001 mm/mm to 0.01 mm/mm for PLA based materials and from 0.0055 mm/mm to 0.055 mm/mm for TPU based materials. Because of the time-consuming nature of the fatigue test, only three sets of specific cycles of 102, 104, and 105 were selected. The 105 cycles were selected instead of 106 cycles, as the one run of the test for the 106 cycles would take several days which was not applicable. Afterwards, residual tensile strength was measured to quantify the damage accumulation within the material for each condition.
[bookmark: _Ref84317308]Table 1. Tensile properties of PLA-based and TPU-based materials [22].
	
	PLA
	PLA+Cu
	TPU
	TPU+Cu

	Ultimate Tensile Strength (UTS)[MPa]
	45.952
	52.2
	4.234
	5.583

	Maximum strain at failure [mm/mm]
	0.02
	0.02
	0.11
	0.11


Tensile Test After Fatigue
Tensile tests were conducted using the same test frame (Series 809 Axial/Torsional Test System, MTS Systems Co., USA) at a 2 mm/min crosshead rate and following the ASTM D3039-17 standard to measure the residual tensile strength after each fatigue test. The obtained stress-strain curves were then used to measure the residual Young’s modulus of the sample after each fatigue test. Three samples were tested for each condition, and the average value was calculated.
A one-way analysis of variance (ANOVA) statistical test was performed to characterize significant change in residual stresses after each set of cycles for each condition. A confidence level of 95% was chosen for this test.
Electromechanical Test
The electrical resistance of the embedded Cu wire was measured in situ during the fatigue test using a digital multimeter (Agilent 34401A, Agilent Technologies Inc., Colorado, USA). Figure 3 shows the CWPC sample with the electrical connections. The electrical resistance was recorded at a rate of 2 Hz using a customized program (MATLAB R2019b, Natick, Massachusetts: The MathWorks Inc.). The electrical resistance recording rate was synchronized with the fatigue testing rate, as shown in Figure 4, to determine the correlation between the fractal change in electrical resistance (given by Equation 2) and the applied strain. This test also indicates wire breakage within the sample when a sudden increase occurs in the electrical resistance reading.
				Equation 2
where  is the sample resistance measured during cyclic loading, and  is the sample’s initial resistance before loading.
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[bookmark: _Ref86910676]Figure 3. Schematic representation of CWPC sample with electrical connections.
[bookmark: _Ref83550793][image: ]
[bookmark: _Ref96956636]Figure 4. Synchronization rate between fatigue testing and electromechanical testing
Digital Image Correlation (DIC)
To accurately obtain strain measurements, the 2D DIC technique was used to obtain a full-field strain map of the sample under the fatigue test. Damage accumulation as the cycles progressed was then investigated. The sample should have significant contrast for image processing and correlation. The samples were first prepared by white speckling (5211 Opaque White, Createx Airbrush Colors, Createx Colors, East Granby, CT, USA) over a black background (2X Ultra Cover, Rust-Oleum Corp, Concord, ON, Canada). Also, the sample was illuminated using two light-emitting diode panels (Neewer 2 Packs LED light, Neewer, Shenzhen, China).
First, a reference image of the unloaded sample was captured before the cyclic test using a 5M Basler camera (acA2440-35um, Basler AG, Ahrensburg, Germany) with a 50 mm focal length lens (KOWA LM50JCM 2/3” 50MM F2.8, RMA Electronics, USA) placed 0.5 m away from the sample. This reference image was then used to compute the full-field strain/strain maps at different fatigue intervals and at maximum and minimum applied strains by correlating the reference image with consecutive images. The strain measurements were conducted using DIC software (DaVis version 10.0.3 StrainMaster, LaVision GmbH, Gottingen, Germany); for correlation, a 60 x 60 pixel subset size with a 20 pixel step size was applied on the surface of the captured images. Average strain within the surface was calculated over a 25 mm x 50 mm field of view (FOV) as presented in Figure 5-a. Experimental setup showing all components of testing is represented in Figure 5-b.
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[bookmark: _Ref96172118]Figure 5. a) Painted and speckled sample with the field of view; b) Experimental setup of fatigue and electromechanical testing using DIC technique.
Fatigue Analytical Modelling
An analytical model was applied to predict the fatigue life before failure of the Cu wire within the part under a specific applied strain. The calculated results were then compared with the electromechanical experimental data. 
Out of different fatigue life analytical models such as stress-life, strain-life, and linear elastic fracture mechanics models, a strain-life analytical model is applied in this study. For this model, four common approaches were applied: the Coffin–Manson approach (Equation 5), the Morrow mean stress equation (Equation 6), the modiﬁed Morrow approach (Equation 7), and the Walker mean stress equation (Equation 8) [33,34] to investigate which agreed most with the experimental data. The equations of all of these approaches include the material’s elastic and plastic strain [33,35]. 
Coffin–Manson Approach
From different test sets, each elastic and plastic strains are plotted against the fatigue life (Nf) on a log-log scale. The elastic strains often give a straight line of shallow slope, while the plastic strains give a straight line of steeper slope. Then, equations are fitted to these lines as shown in Equation 3 [33].
,								Equation 3
where εea is the elastic strain, εpa is the plastic strain, E is the Young’s modulus of the copper, , , , and  are strain-life constants, and  is the fatigue life. For this study, the strain-life constants for Cu were obtained from [36]. The strain amplitude (εa) is a combination of both elastic and plastic strains (Equation 4). The form that combines these strains together is called Coffin-Manson approach as presented in Equation 5 [33].
										Equation 4
								Equation 5
This is the simplest method because it assumes fully reversed cycles with R = -1 and zero mean stress. However, in this study, the mean stress affected the fatigue behaviour of the materials because R = 0.1. The other three abovementioned approaches consider the effect of mean stress, as described in the following equations.
Morrow Mean Stress Equation
In this model (Equation 6), the effect of mean stress is considered for both terms of the strain-life equation (elastic strain term and plastic strain term) [33]. 
						Equation 6
where εa is the strain amplitude, E is the Young’s modulus of the copper, , , , and  are strain-life constants, 𝜎m is the applied mean stress corresponding to the applied strain, and  is the fatigue life. 
Modiﬁed Morrow Approach
Here, the mean stress effect is neglected in the plastic strain term of the equation (Equation 7). Hence, the plastic strain is considered to be dominant such that the mean stress is relatively small compared with the plasticity behaviour of the material [33].
							Equation 7
where εa is the strain amplitude, E is the Young’s modulus of the copper, , , , and  are strain-life constants, 𝜎m is the applied mean stress corresponding to the applied strain, and  is the fatigue life.
Walker Mean Stress Equation
This model has an additional adjustable fitting parameter (𝛾), as shown in Equation 8 [33]. More research is needed to validate this parameter, especially for non-ferrous metals such as aluminum and copper. Therefore, in this study, the (𝛾) value was extracted from the literature [37].
					Equation 8
where εa is the strain amplitude, E is the Young’s modulus of the copper, , , , and  are strain-life constants, R is the stress ratio (𝜎min/𝜎max),  is the fatigue life, and 𝛾 is a material constant.
Results and Discussion
Fatigue Behaviour
The behaviour of the material as cyclic loading progresses is described by the stress-strain loops shown in Figure 6. For the strain-controlled fatigue tests, stress relaxation was observed with the increasing number of cycles, and it occurred from the beginning of the test. This phenomenon was also observed by Tao et al. [31] for epoxy polymer. As shown in Figure 6, the material’s elastic modulus decreased as the number of cycles increased, indicating progressive evolution of damage within the part. Senatov et al. [38] state that within one cycle dissipated energy in the part includes heat loss and defect formation. Therefore, the hysteresis loop area indicating the dissipated energy is larger for composite materials (Figure 6-b & d) than pure materials (Figure 6-a & c) because the wire within the part increases the probability of defect formation.
Rigotti et al. [5] studied the damage evolution of flexible 3D-printed TPU. They observed damage evolution within the samples by analyzing the absorbed energy behavior within the fatigue cycles. The hysteresis loop area decreased as the number of cycles increased and as the stress–strain loops became more linear and slimmer, indicating damage evolution. Figure 6 (c) & (d) support this observation because a drop of absorbed energy can be seen. Similar observations were also reported by [31,38].
[image: ]
[bookmark: _Ref83273549]Figure 6. Stress–strain loops at an increasing number of cycles under fatigue test; a) PLA, b) PLA+Cu, c) TPU, d) TPU+Cu.
[bookmark: _Hlk83417589]Figure 7 shows an example of stress–strain curves of the four compositions after each fatigue test. An original plot of the stress-strain curve of the samples obtained from [22] was represented also in Figure 7. This shows that the strength of the material decreases with an increasing number of cycles. These plots were then used to calculate the residual strengths of each composition after 102, 104, and 105 cycles, as shown in Figure 8. In Figure 8, the results are presented as the average values of the three replicates with error bars representing the standard deviation. The error between readings may be attributed to the nature of 3D-printing process at which the voids are commonly exist within the part resulting in inhomogeneous printed sample [4,21,22]. The decrease in mechanical properties as the number of cycles increased for PLA and its composite is lower than for TPU and its composite. The UTS of the same four compositions was measured by Saleh et al. [22]. Based on these results, the reduction of the residual strengths was investigated and compared to the UTS after each set of cycles. Table 2 shows the ratio of the residual strengths compared to the UTS of each composition. The residual strength is lower for TPU-based materials than for PLA-based materials. This may be attributed to the maximum applied stress on the sample corresponding to 50% of the failure strain. In the case of PLA-based material, the maximum corresponding applied stress was around 47% and 67% of the UTS of PLA and PLA CWPC, respectively. For TPU-based material, the maximum corresponding applied stress was much higher than that of PLA at around 85% and 80% of the UTS of TPU and TPU CWPC, respectively. In another study, Saleh et al. [23] state that composite material is considered to fail when its residual strength is less than 85% of its UTS. Thus, TPU and TPU CWPC failure occurs when these materials are subjected to more than 104 cycles under 50% of their failure strain (Table 2). These results were confirmed by applying a statistical one-way ANOVA test to check the significance of strength differences between the UTS and the residual strengths after 102, 104, and 105 cycles for each composition. Table 3 shows no significance between the UTS and the residual strength values after 102, 104, and 105 cycles for PLA and PLA CWPC. However, for TPU and TPU CWPC, the residual strength decreased significantly with an increase in the number of cycles. Based on the fatigue behavior of these four compositions, it can be concluded that these FFF CWPC materials with different properties can be successfully designed to be used for different structures subjected to cyclic loading.
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[bookmark: _Ref83541457][bookmark: _Ref86911363]Figure 7. Stress–strain curve for increasing number of fatigue cycles for a) PLA, b) PLA+Cu, c) TPU, d) TPU+Cu.
[bookmark: _Ref83281267][bookmark: _Ref84405301][image: ]
[bookmark: _Ref96721860]Figure 8. Residual strength after different sets of cycles; a) PLA, b) PLA+Cu, c) TPU, d) TPU+Cu
[bookmark: _Ref83415831][bookmark: _Ref83282994]Table 2. The ratio of residual strength compared to the UTS of four compositions different cycle sets.
	
	No. of cycles
	PLA
	PLA+Cu
	TPU
	TPU+Cu

	UTS [MPa] [22]
	
	45.952
	52.2
	4.234
	5.583

	Residual stress/UTS [%]
	102
	94.288
	96.395
	85.097
	84.919

	Residual stress/UTS [%]
	104
	92.048
	94.918
	75.65
	75.282

	Residual stress/UTS [%]
	105
	86.704
	89.736
	51.953
	[bookmark: _Hlk95738869]70.464


The slope of the initial linear portion of the curves in Figure 7 was used to calculate the residual Young’s modulus as shown in Figure 9. It can be seen that all four compositions showed a decrease in the Young’s modulus with the number of cycles compared to the original Young’s modulus of the materials before the fatigue test. This was verified by applying the statistical ANOVA test which showed a statistical significance between the values of Young’s modulus with the number of cycles as indicated in Table 3. The degradation of materials Young’s modulus under fatigue testing may be attributed to the accumulation of matrix microcracks as mentioned by Samareh-Mousavi et al. [39]. In addition, Gong et al. [35] related the reduction of Young’s modulus of 3D-printed scaffolds PLA to the cyclic stress-strain softening behaviour of the material under strain-controlled fatigue test.
[bookmark: _Ref96507623][image: ]
[bookmark: _Ref96721978]Figure 9. Residual Young’s modulus after different sets of cycles; a) PLA, b) PLA+Cu, c) TPU, d) TPU+Cu
[bookmark: _Ref96544995]Table 3. One-way ANOVA test to compare tensile strength and Young’s modulus before and after the different number of cycles for the four compositions (S: statistically significant, NS: statistically not significant).
	
	Tensile strength
	Young’s modulus

	
	P-Value
	Statistical significance
	P-Value
	Statistical significance

	PLA
	0.0707
	NS
	<0.001
	S

	PLA+Cu
	0.0602
	NS
	<0.001
	S

	TPU
	<0.001
	S
	<0.001
	S

	TPU+Cu
	<0.001
	S
	<0.001
	S


DIC Results
To better understand the behaviour of the material under fatigue test, DIC measurements were performed to capture images of the surface of the sample for different sets of cycles. A fatigue test of 105 cycles was used to study damage accumulation within the sample. The time required to process digital images is high; therefore, a low rate of 0.06 Hz was applied for the images being processed for the 105 cycles fatigue test. In Figure 10 (c) & (d), the behaviour of the PLA-based samples under minimum applied strain is represented by images processed at the 2nd (No. 1) and 76500th (No. 3) cycle, for both PLA and PLA CWPC materials. The image processed at the 38500th (No. 2) cycle represents the full-field strain map of the sample under maximum applied strain. To study the damage evolution, images were processed at the 17500th (No. 4), 58000th (No. 5), and 90000th (No. 6) cycle for both PLA (Figure 10 (c)) and PLA CWPC (Figure 10 (d)). It can be seen that for the PLA and PLA CWPC (Figure 10), the full-field strain maps are quite similar for the same strain level (Nos. 4, 5, and 6) regardless of the number of cycles, indicating no significant damage accumulation within the sample. 
Figure 11 (c) & (d) show the full-field strain map at minimum strain at the 2nd (No. 1) and the 72500th (No. 3) cycle for TPU and TPU CWPC. The processed image at the 35500th (No. 2) cycle represents the strain map at the maximum strain. The damage evolution was studied by processing the images at the 16500th (No. 4), 53500th (No. 5), and 88000th (No. 6) cycle (Figure 11). There are some differences in the strain maps (No. 4, 5, and 6) for both TPU (Figure 11 (c)) and TPU CWPC (Figure 11 (d)); this indicates damage accumulation within the flexible material as the number of cycles increased, which was not the case for PLA-based materials (Figure 10). The results shown in Figure 10 and Figure 11 agree with the statistical results shown in Table 3.
[image: ]
[bookmark: _Ref96172505]Figure 10. Axial strain progression using a 2D DIC system; a) strain progression with increasing number of cycles for PLA, b) strain progression with increasing number of cycles for PLA+Cu, c) strain maps for increasing number of cycles for PLA, d) strain maps for increasing number of cycles for PLA+Cu.
[image: ]
[bookmark: _Ref96172602]Figure 11. Axial strain progression using a 2D DIC system; a) strain progression with increasing number of cycles for TPU, b) strain progression with increasing number of cycles for TPU+Cu, c) strain maps for increasing number of cycles for TPU, d) strain maps for increasing number of cycles for TPU+Cu.
Electromechanical Properties
The ability of CWPCs to sense material deformation under cyclic loading is demonstrated in Figure 12 which shows the change in fractional electrical resistance of Cu wire with an increasing number of cycles when the CWPCs were subjected to fatigue test. In the case of rigid PLA CWPC, the applied cyclic strain broke the Cu wire at around 30000 cycles. After this, there was an increase in the electrical resistance fractional change before final wire failure at approximately 36000 cycles when the change in electrical resistance suddenly increased. However, for TPU CWPC, the wire sustained approximately 180 cycles before breakage. The longer fatigue life of PLA CWPC compared with TPU CWPC may be attributed to the value of the applied stress for each composite, as mentioned earlier. For PLA CWPC, the stress corresponding to 50% failure strain is around 67% of the UTS, which is lower than for TPU CWPC with an applied stress of approximately 80% of the UTS. The gradual increase in the fractional change of the electrical resistance before the failure of the wire for TPU CWPC (Figure 12-b) may be attributed to a permanent deformation/elongation of the Cu wire under applied strain.
[image: ]
[bookmark: _Ref83287109]Figure 12. Fractional change of electrical resistance with increasing number of cycles for (a) PLA+Cu, (b) TPU+Cu
Figure 13 shows the applied strain and fractional change in electrical resistance on the primary and secondary axes, respectively, with the progressive number of cycles for both PLA CWPC (Figure 13-a & b) and TPU CWPC (Figure 13-c &d). A small specific range of sets of cycles (20–50 cycles) was selected to demonstrate changes in resistance with changes in applied strain, as shown in Figure 13 (b) & (d). The electrical resistance changes upon loading and unloading indicate a reverse piezoresistivity behavior for both PLA CWPC and TPU CPWC. The results of this test show the applicability of this type of FFF-fabricated material to be used as a self-sensor for a wide range of structural health monitoring applications, for both rigid and flexible structures.
[image: ]
[bookmark: _Ref83544681]Figure 13. Change in electrical resistance and strain for an increasing number of cycles: (a) PLA+Cu, (b) PLA+Cu from 20 to 50 cycles, (c) TPU+Cu, (d) TPU+Cu between 20 and 50 cycles.
Strain-Life Analytical Model Results
A strain-life analytical model was implemented using four different approaches, as indicated by Equations 5–8. The fatigue life of PLA CWPC is represented in Table 4 for each approach. It can be noted that the Coffin–Manson approach, Morrow approach, and modified Morrow approach showed agreement of fatigue life when compared with the experimental results (Nf = 30000 cycles) obtained from the electromechanical test at an applied mean strain of 0.0045 mm/mm. However, for the Walker mean stress equation, the fatigue life was much smaller than that of the experimental data; this may be attributed to error in the assumed value of 𝛾 and the maximum and minimum applied stresses included in the Walker equation which were calculated based on the maximum and minimum applied strain on the material. However, in the test, the samples experienced stress relaxation under cyclic loading, which means that the value of the applied stress on the sample during the test was not constant. Thus, the result of the latter approach is not accurate. The fatigue life of TPU CWPC is represented in Table 4 for each approach. As mentioned before, there was agreement between the fatigue life obtained from the electromechanical test and the Coffin–Manson approach, Morrow approach, and modified Morrow approach at an applied mean strain of 0.025 mm/mm, though the result of the Walker mean stress equation was not similar to the experimental result. In conclusion, for both types of materials it is recommended to use the modified Morrow approach to predict the fatigue life of CWPC because it considers the effect of mean stress on fatigue life with more accurate results than the Morrow approach and the Walker mean stress equation. This model can predict the failure of a wire/sensor integrated within the part under a strain-controlled fatigue test.
[bookmark: _Ref83291446]Table 4. Strain-life analytical model of PLA and TPU CWPC.
	
	
	Coffin–Manson Approach
	Morrow Approach
	Modified Morrow Approach
	Walker Mean Stress Equation

	PLA+Cu
	εa [mm/mm]
	0.0045
	0.0045
	0.0045
	0.0045

	
	Nf [Cycles]
	28000
	27500
	28000
	5500

	TPU+Cu
	εa [mm/mm]
	0.025
	0.025
	0.025
	0.025

	
	Nf [Cycles]
	150
	130
	150
	60


Conclusions
The fatigue behaviour of 3D-printed CWPCs was characterized for rigid (PLA-based) and flexible (TPU-based) variants. Their electromechanical properties under fatigue testing were compared for both types and the results demonstrate the applicability of these materials for structural health monitoring applications subjected to dynamic loading. This study also verifies the capabilities of the FFF technique to print sensors with continuous integrated wire with tunable properties. 
Changes in residual strengths measured after 102, 104, and 105 cycles were insignificant in the PLA-based materials and significant in the TPU-based materials. This is because of the difference in the applied stress value which corresponded to 50% strain for each type of material. This indicates more damage accumulation for TPU-based materials than PLA-based materials.
DIC images presented full-field strain maps of the sample surface for different sets of cycles which provided a deep understanding of the fatigue behaviour of CWPCs under cyclic loading. The strain maps of TPU-based materials showed more damage accumulation as cycles increased than for PLA-based materials.
[bookmark: _Hlk95737201]The electrical resistance changed reversibly upon loading and unloading, indicating reverse piezoresistivity behavior of the material for both PLA CWPC and TPU CPWC. The Cu wire for TPU CWPC failed at a lower number of cycles than PLA CWPC because of the higher stress applied for TPU CWPC. Cu wire failed at 30000 cycles for PLA CWPC compared with 180 cycles for TPU CWPC.
The strain-life analytical model showed agreement between the experimental and model results for fatigue life when the Coffin–Manson approach, Morrow approach, and modified Morrow approach were implemented. Specifically, application of the modified Morrow approach is recommended for wire inserted in CWPC to predict the sensor’s failure under a strain-controlled fatigue test. However, the Walker mean stress equation showed a difference between the fatigue life and the experimental data.
In summary, this study approved the applicability of CWPC structures to be used as strain sensors for structural health monitoring applications subjected to dynamin loading. However, further research is still required to fully understand the behavior of CWPC material under fatigue testing by applying another different testing parameters such as the loading amplitude, loading frequency, and loading ratio. The applied analytical model in this study will allow for manufacturers and designers to predict the fatigue life of CWPC parts.
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