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Abstract

:

The development of novel materials will enable a new generation of prosthetic devices to be built with additive manufacturing (AM). Vacuum infiltrated sandwich structure composites are a promising approach for building prosthetic sockets via AM. In this paper, we test the tensile properties of 18 different composite material configurations using ASTM D638. These composites were manufactured using a custom vacuum infiltration method and had varying filament materials, infiltrated matrix materials, and print directions. Several material-matrix-print composites showed higher ultimate tensile strengths and reduced anisotropy compared to full-infill control samples. However, the mechanical properties of these composites were limited by a large degree of porosity due to the manufacturing method. Still, the results were sufficiently promising to create a proof of concept prosthetic socket via the vacuum infiltration method. Future research should focus on reducing porosity defects and investigating additional material-matrix-print combinations.
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1. Introduction


The majority of clinicians still utilize traditional layup methods and plaster of Paris fitting models to shape custom prostheses for persons with limb loss. These traditional layup methods have several disadvantages which can be overcome by building prosthetic sockets with digital techniques [1]. Hands-on methods are destructive, requiring clinicians to destroy intermediate plaster limb models (which take incredible expertise and skill to shape.) With digital models of patient limbs, clinicians can keep track of the exact shape and morphology of an amputee at a specific point in time and see how their residual limb fluctuates in size [2]. Digital limb models still require clinician experience to shape into prosthetic sockets via CAD software, but computerized workflows offer the ability to quickly make non-destructive changes [3]. Importantly, with digital limb models, clinicians can easily remanufacture prosthetic sockets for patients whose limbs fail prematurely without requiring additional measurements.



Additive manufacturing (AM) is a key technology for bridging the digital divide and bringing computer designed prosthetic socket models into reality. Researchers have been using 3D printing and other CAD/CAM methods to build prosthetic sockets for more than 30 years [4]. AM is the leading method for fabricating prosthetic sockets designed via computer aided design (CAD) [3] because AM methods can easily accommodate the complex and unique shapes of residual limbs. AM methods also have a distinct advantage in their ability to utilize new topologies and create prosthetic sockets that are fully integrated monocoque structures [5]. Despite the method’s popularity, strength limitations of the materials themselves used in printing have been a major obstacle to widespread clinical implementation [6].



Previous researchers attempted to strengthen AM manufactured prosthetic sockets by coating them with polymeric materials [7]. This had a promising, but ultimately limited impact on the material’s strength. Recent developments in additive manufacturing, such as fill compositing [8] and direct printing of sandwich structure composites [9], have the potential to result in stronger reinforcement of AM printed parts. Building off these advancements, we propose that using vacuum infiltrated fill compositing in addition to printed sandwich structure configurations can improve the mechanical properties of AM printed prosthetic sockets. If successful, improving the mechanical performance of these AM materials could accelerate the shift of modern prosthetic clinics towards digital approaches and the advantages they entail.




2. Background


2.1. Material Challenges


Prosthetic sockets, due to their custom nature, are difficult to test and validate for safety. There are no international standards for strength verification of prosthetic sockets, but it is common for researchers to base their strength calculations on the P5 activity level listed in ISO 10328 [10]. Evaluations of the strength of prosthetic socket materials have led to mixed results. Historically, additively manufactured sockets have not been able to reach acceptable levels of safety [3,6].



In the authors’ previous work [11] as well as dynamic testing experiments by Saey et al. [12], it was revealed how crucial the junction between the AM socket and modular component interface is. Without careful design consideration, these interfaces can fail at much lower strengths or cycles than predicted. Recent work by van der Stelt et al. [13] showed that AM sockets fail in brittle fracture at this interface before reaching terminal fatigue strength.



Developments in AM materials have improved the feasibility of using the fused deposition modeling (FDM) printing technology for manufacturing prosthetic sockets. Several studies identified AM polymeric materials which could meet the ISO load requirements [14,15,16]. However, these investigations were limited to static testing scenarios and these sockets also failed catastrophically in almost every case. Circumferential brittle cracks were the most common forms of failure. These researchers emphasized the importance of new material research to identify novel materials which may meet conditions not investigated previously.




2.2. New Material Approaches


Developing new additive manufacturing filament materials is an approach that is promising and is an active area of research [17]. Recent research has focused on improving the strength of existing filaments utilizing chopped fiber or particulate additives [18,19] Significant advances in continuous fiber filament reinforced PLA composites were reported by Maqsood et al. [20]. Despite the promise of stronger filament materials for prosthetic sockets, development will take time. Furthermore, while these filament fiber composites often result in stiffer materials, they do not necessarily increase the tensile strength or improve the strength to weight ratio. Improving the properties of existing filament materials in a structure as large as a prosthetic socket requires a different approach.



Belter et al. [8] reported that they were able to significantly improve the performance of additively manufactured robotics components using a fill compositing technique. In this technique, they printed hollow components which they filled with epoxy utilizing a syringe extruder. With this technique they were able to significantly improve the flexural strength of additively manufactured ABS plastic specimens. The key limitation of this technique was the manual injection of polymer, limiting the scalability of this technique.




2.3. Sandwich Structure Composites


Multi-material polymer-based sandwich structure composites have been of significant interest to both the industrial and research community in recent years [21]. A sandwich structure composite is a laminate that consists of two thin facesheets surrounding a thicker core material [22]. The components of these polymeric composites are immiscible with the binder, which results in a cohesive interface [23]. Imperfections, such as the presence of voids and delaminations often serve as crack initiation sites resulting in material failure [24].



Galatas et al. [25] studied whether it would be possible to enhance the mechanical properties of additively manfactured ABS by adding carbon fiber reinforced polymer (CRFP) layers to create a sandwich structure. They varied the internal density of the printed ABS core using several infill patterns and built a test matrix to isolate the strength contribution of the CRFP facesheets. They found that they were able to increase the ultimate tensile strength by a factor of 9 after normalizing for density, but the addition of CRFP facesheets caused brittle failure.



Other researchers have looked into directly printing sandwich structure composites in order to improve the mechanical properties of additively manufactured components. Baca Lopez et al. [9] tested the mechanical behavior of ABS, PLA, and HIPS filament materials in several sandwich structure configurations. Their experiments revealed that PLA outer skins with ABS cores were the best sandwich structure configuration for tension resulting in the highest tensile strength, stiffness, and strain at break. Crucially, this work showed that sandwich structural configurations could result in stronger AM parts than parts built out of a single homogeneous material.





3. Materials and Methods


3.1. Materials


We hypothesize that there is a filament-matrix composite material that will increase the tensile strength of additively manufactured prosthetic sockets. Using additive manufacturing to build face sheets, and vacuum infiltration to create a polymer core is an innovative way to generate sandwich structure composite materials for building prosthetic sockets. In this research, we create sandwich structure composites out of 3 filament materials (PLA, CF-PLA, CF-PETG), 2 resin infiltrating materials (Epoxy, Urethane), and in 2 print directions (0° Axial, 90° Transverse), Figure 1. The properties of the filament materials and resin infiltrating materials are listed in Table 1.



Using a Raise3D Pro2Plus 3D Printer, large sheets measuring 35 cm by 27 cm and 5 mm thick were printed for each filament material (Figure 2). Printing parameters for bed temperature, nozzle temperature, nozzle size (0.4 mm) and print speed were chosen based on the manufacturers recommended specifications [26,27,28]. For experimental controls, test sheets of each filament material at 100% infill were printed using the 0°–45° raster pattern in Figure 3. For the vacuum infiltration experiments, it was not possible to print completely hollow sheets without significant warping to the outer faces due to thermal stresses imparting during the printing process. Geometric integrity was maintained by using a 20% sparse infill pattern printed at raster angles of 0°–30°–60°–90° visible in Figure 3.



After the large sheets were manufactured using 3D Printing, they were infiltrated with resin using the setup outlined in Figure 4. The sheets were wrapped in vacuum bagging, and sealed. Additional sealant tape ensured that resin flowed through the sheets. The source end of the setup was outfitted with a resin jacket to ensure even distribution of resin along the entire edge of the sheet. The sink end of the setup utilized bleeder and breather cloths to allow excess resin to pass while simultaneously reducing the presence of air bubbles. A vacuum pump drew resin through the system and excess resin was caught in a resin trap. Both ends of the infiltration setup contained a valve which was sealed to maintain a state of vacuum while the resin cured.



Critically, when testing the printed samples, it was important reduce the contribution of print edge defects which can cause crack initiation due to air voids or weak inter-layer bonding [31,32]. To reduce the chance of improper crack initiation at the interlayer bonding site, tensile sample coupons were cut out of the large sheets using a waterjet. These tensile samples were prepared in accordance with ASTM D638 and were cut in 2 perpendicular orientations out of the same sheet to evaluate orthotropic behavior of the materials (Figure 5).




3.2. Methods


These samples were tested using the ASTM D638 test methods [33] to determine mechanical properties. For each of the 18 configurations, ASTM D638 requirements for number of tensile samples to ensure statistical significance (n > 5) were met and exceeded. In total, 126 tensile specimens were tested. Machine compliance was recorded and this correction was applied to the raw data using the method described in [34]. This compliance correction ensured that the analyzed displacement data represented deformation of samples instead of both the samples and the load frame. Machine compliance was measured by inserting a steel dummy specimen into the tensile grips at a grip distance of 0 mm and measuring deflection of the load frame. The machine load-displacement curve was then subtracted from the sample load-displacement curve, resulting in a compliance corrected load-displacement curve. Since the tensile testing machine (Instron 3367) was much stiffer than the tested polymeric samples, machine compliance was not found to meaningfully alter the analyzed mechanical properties of the materials.





4. Results


4.1. Tensile Data


For axial samples (Table 2), CF PLA + Epoxy was the stiffest material with a Young’s Modulus of 4390 ± 120 MPa, while PLA had the lowest stiffness with a value of 2310 ± 360 MPa (Figure 6). For each of the 3 filament materials, infiltration with either epoxy or urethane slightly increased stiffness, with the exception of CF PLA + Urethane where the stiffness was significantly reduced (Figure 6). CF PETG + Urethane had the highest ultimate tensile strength with a value of 42.9 ± 3.4 MPa, while PLA + Epoxy had the lowest strength with a value of 20.9 ± 0.5 MPa (Figure 7). For each of the 3 filament materials, infiltration with epoxy significantly reduced the axial ultimate tensile strength whereas infiltration with urethane slightly increased the ultimate tensile strength (Figure 7).



For transverse samples (Table 3), CF PLA + Epoxy once again was the stiffest material with a Young’s Modulus of 2880 ± 260 MPa, while CF PETG had the lowest stiffness with a value of 950 ± 50 MPa (Figure 6). In all cases, for each of the 3 filament materials infiltration with either epoxy or urethane significantly increased the stiffness of the composite. CF PLA + Urethane had the highest ultimate tensile strength with a value of 20.8 ± 3.5 MPa while CF PETG had the lowest strength with a value of 5.7 ± 0.5 MPa (Figure 7). Infiltration with epoxy was found to slightly increase the ultimate tensile strength of composites made with CF PETG and CF PLA, while infiltration with urethane was found to significantly increase the ultimate tensile strength of composites made with these filament materials. However, inclusion of either epoxy or urethane decreased the ultimate tensile strength of composites made with PLA (Figure 7).



Looking at the Ashby plots (Figure 8), the relationship between the stiffness and strength of the composite materials becomes clear. For axial samples, CF PETG + Urethane, CE PETG, and CF PLA were comparably stiff with high ultimate tensile strengths. PLA + Epoxy had the lowest ultimate tensile strength of the axial samples with a relatively lower stiffness as well. For transverse samples, CF PETG + Urethane and CF PLA + Urethane both have high ultimate tensile strengths but CF PLA + Urethane is a stiffer material. CF PETG clearly had the lowest ultimate tensile strength and stiffness of the transverse samples.



In Table 4, the degrees of anisotropy for stiffness and ultimate tensile strength are calculated using the mean values from Table 1 and Table 2. These ratios reveal the difference in stiffness and strength between the axial and transverse samples. Values close to 1 represent highly isotropic materials, wheras values close to 0 represent highly anisotropic materials. CF PETG had the highest degree of stiffness anisotropy with the axial stiffness being on average 3.84 times stiffer than the transverse stiffness. CF PLA + Urethane had the lowest degree of stiffness anisotropy with the axial stiffness being on average 1.06 times stiffer than the transverse stiffness. Incorporating either urethane or epoxy into the three filament materials resulted in a reduction in the degree of stiffness anisotropy. Similar to the results for stiffness, CF PETG had the highest degree of ultimate tensile strength anisotropy with the material being on average 7.31 times stronger in the axial direction than the transverse direction. CF PLA + Urethane also had the lowest degree of ultimate tensile strength anisotropy with the material only being on average 2.02 times stronger in the axial direction than the transverse direction. Incorporating either urethane or epoxy into the three filament materials resulted in a reduction in the degree of strength anisotropy for all materials with the exception of PLA + Urethane. In the case of PLA + Urethane, the degree of anisotropy increased by a small amount due to an increase in axial ultimate tensile strength.



Normalizing the ultimate tensile strength of each material by their measured density, we can calculate specific strength for each material (Table 4). These specific strengths largely mirror the ultimate tensile strength results previously discussed with small differences. CF PETG + Urethane had the highest specific strength in both the axial and transverse directions, 37,500 Pa·m3/kg and 18,300 Pa·m3/kg, respectively. PLA + Urethane had the lowest specific strength in the axial direction (19,000 Pa·m3/kg), whereas CF PETG had the lowest specific strength in the transverse direction (5100 Pa·m3/kg). Under axial loading, infiltrating any of the three filament materials with urethane increased the specific strength slightly, while infiltrating these materials with epoxy significantly reduced the specific strength. Under transverse loading, infiltration with urethane resulted in small to large improvements in the specific strength while infiltration with epoxy resulted in medium improvements in specific strength, with the exception of PLA + Epoxy where there was a drop in specific strength.




4.2. Fracture Surfaces


In Figure 9, the characteristic stress–strain curves reveal both ductile and brittle behavior of the composite materials tested in these experiments under axial loading. PLA exhibited significant plastic deformation before failure, resulting in an average elongation of 4.34 ± 0.97% (Table 2). PLA’s stress–strain curve also indicated strain hardening behavior [35]. CF PLA also exhibited a large degree plastic deformation, to a lesser degree, and resulted in an average elongation of 2.02 ± 0.21% before failure. Most of the other materials loaded axially showed lesser degrees of ductile behavior with the exception of PLA + Epoxy which exhibited brittle behavior.



Comparing these observations to the axial fracture surfaces in Figure 10, it can be inferred that PLA and CF PLA indeed show visible signs of plastic deformation. As the polymeric materials deform plastically, we can observe a color change with the filament fibers turning white from their original black color. This phenomenon is commonly referred to as stress whitening [36]. This color change is not present in the case of PLA + Epoxy. The smooth fracture surface of PLA + Epoxy confirms the suspected brittle failure in the elastic regime. CF PETG does not show a large degree of stress whitening, but instead the rough surfaces with fibers in and out of the plane of focus suggesting tortuous crack growth and ductile fracture. In all axial infiltrated samples, there is clear evidence of porosity at the fracture surface. This porosity likely contributed to the failure of these samples. This is certainly the case for PLA + Epoxy, PLA + Urethane, CF PLA + Urethane, and CF PETG + Urethane as hackles visibly radiate from the voids in these samples.



Referring back to Figure 9, the characteristic stress–strain curves for composite materials tested under transverse loading revealed primarily brittle behavior. CF PLA + Urethane and CF PETG + Urethane both exhibit plasticity with ultimate tensile strains of 1.02 ± 0.14% and 1.59 ± 0.41% respectively (Table 3). These ultimate tensile strains are lower than the same composites loaded axially, but larger than the values for their respective non-infiltrated filaments. PLA + Epoxy, PLA + Urethane, CF PLA + Epoxy, CF PETG + Epoxy, and CF PETG show brittle failures in the linear elastic regime. PLA + Epoxy is the most brittle of these samples with an average ultimate tensile strain of only 0.37 ± 0.03%.



Examining the transverse fracture surfaces in Figure 11, there is evidence for brittle fracture in these composite materials. All of the samples loaded transversely break cleanly along the filament lines from the additive manufacturing process. There are slight indications of strain whitening in CF PETG + Urethane, CF PLA + Urethane, and PLA, but less so than those of the axial samples. PLA + Epoxy and PLA + Urethane show the cleanest breaks along the filaments and within their infiltrated cores, while CF PLA + Urethane and CF PETG + Urethane exhibited the most plasticity of the transverse samples in their stress–strain curves, the fracture surfaces indicate rapid crack growth suggesting brittle fracture. Once again, porosity was evident in the infiltrated samples and many cracks initiated at these voids. For CF PETG + Urethane, the presence of hackles radiating in multiple directions on the infiltrated surface suggests that multiple cracks initiated on the voids, then coalesced to form a crack plane causing failure.



Comparing the experimentally obtained material properties with the reference values for density, modulus, and ultimate tensile strength on the control samples (Table 5) it can be observed that all three results are less than expected for bulk materials. The fracture surfaces can help give insight as to why the experimentally obtained values are lower than the reference values for the bulk materials. It is relatively well known that additively materials have properties inferior to their bulk counterparts [37,38]. This is especially true with fused deposition modeling because voids form between the filament fibers during the printing process. These gaps can cause stress concentrations on individual fibers leading to premature failure. In Figure 11, it is clear that there are noticeable gaps between the filament fibers for the PLA, CF PLA and CF PETG control samples. These gaps can help explain why the samples have a reduced density and stiffness compared to their bulk counterparts. The filament fibers also display a poor degree of fusion between the layers. This poor fusion contributes to the inferior ultimate tensile strength by causing these filament fibers to neck and locally deform plastically. Recent research has focused on improving the fusion between these filament fibers using the ANOVA technique to optimize process parameters [39].




4.3. Porosity Estimates


Since all of the vacuum infiltrated samples demonstrated significant porosity on their fracture surfaces, it is necessary to quantify the degree of porosity. Cross sectional imaging is a common and recommended method to achieve this [22]. To quantify the degree of porosity, the distal surface (non-fractured end) of every vacuum infiltrated tensile sample (80 total) was imaged via high resolution photographs (Figure 12A). These surfaces were imaged because they could provide a more random sampling of porosity compared to the fracture surfaces. The fracture surfaces showed a bias towards failure on porosity whereas the distal ends provide a non-biased snapshot of the cross sectional porosity. Following this, the background in each image was removed using Adobe Photoshop resulting in an isolated sample (Figure 12B). At this stage, the full color RGB photographs were converted into 32 bit greyscale images in ImageJ to facilitate threshold analysis. The region of interest was identified and the total area measured by setting the maximum threshold to 250 then creating a boundary around the sample area (Figure 12C). The threshold was then reduced to 50 to isolate pores on each sample. This threshold successfully identified areas containing porosity using the ImageJ built-in “Analyze Particles…” function (Figure 12D). To reduce false positive results, areas smaller than 0.1 mm2 were excluded from porosity calculations. The average pore diameter and area fraction of porosity were measured for each sample and the results are reported in Table 6.



In Table 6, area fraction estimates from the ImageJ analysis correlate the observation that the vacuum infiltrated samples contain a large degree of porosity. The highest area fraction observed was for CF PETG + Epoxy (4.76 ± 6.96%) while the lowest area fraction observed was for CF PLA + Urethane (0.59 ± 0.84%). This porosity certainly limits the strength of the composite materials. It is important to keep in mind that these area fractions overestimate the volume fraction of porosity. For spherical and ellipsoid voids, the area fraction will always be larger than the volumetric fraction due to the geometric relationship between projected area of an ellipsoid and its volume. The ratio between the area fraction and volume fraction also grows larger as pore size decreases, meaning that small pores affect the measured area far more than they affect the actual volume. Assuming spherical particles, and that the observed areas corresponds to a unit cell with an equivalent number of pores, it is possible to estimate the volume fraction of pores. The final column in Table 6 corresponds to a conservative estimate of volume fraction. The ratio between the calculated area fraction and estimated volume fraction is 3:2, consistent with [40].





5. Discussion


5.1. Comparison with Theoretical Models—Rule of Mixtures


For simple first order approximations of the mechanical properties of composite materials, the Voigt and Reuss models (referred to as the Rule of Mixtures) are often used to predict material properties [41]. For unidirectional composites reinforced axially, the contribution of each material to the final property is proportional to the volume fraction of each component (Equation (1)).


   P c  =  ∑  i = 1  n   P i   V i   



(1)







In this Equation, P is a property and V denotes volume fraction. The subscript c indicates the composite, and the subscript i indicates the ith component of a total of n components. For a simple two phase composite n = 2 where the property P is the Young’s Modulus E, the equation simplifies to Equation (2):


   E c  =  E f   V f  +  E m   V m   



(2)







For unidirectional composites loaded transversely, the model of the system changes because the components are under equal stress leading to Equation (3).


   1  P c   =  ∑  i = 1  n    V i   P i    



(3)







Again, for a simple two phase composite n = 2 where the property P is the Young’s modulus E, the equation simplifies to Equation (4):


   1  E c   =   V f   E f   +   V m   E m    



(4)







Because equal stress conditions are less realistic than equal strain, the Reuss model for transverse loading will always be less accurate than the Voigt Model for axial loading [41].



Unfortunately, both of these models are not sufficient to account for the complexity of the mechanical behavior in most composite materials. This is especially true when interfacial failure, void presence, fiber misalignment, statistical dispersion among other defects are considered [22,42,43]. Critically, the porosity in the matrix must be accounted for. The relative density of porosity is the single most important factor affecting the mechanical properties of porous materials [44].



For this research, simple modifications to the Rule of Mixtures are proposed. The materials studied are simple two phase composites, but have additional complexity due to additive manufacturing and vacuum infiltration induced defects. Modified Rule of Mixtures (MRoM) equations for axial loading are presented below (Equations (5) and (6)).


   E c  =  η 0   E f   V f  +  E m   V m    ( 1 − φ )  2   



(5)






   σ c  =  η 0   σ f   V f  +  σ m   V m    ( 1 − φ )  2   



(6)







E and  σ  refer to the Young’s modulus and ultimate tensile strength, respectively. The subscripts c, f, and m refer to the composite, filament material, and infiltrated matrix. For materials with porosity relative densities > 0.3, voids behave as isolated pores in a solid. Previous theoretical and experimental studies have shown that a term   ( 1 − φ  ) 2    can be applied to the matrix as a "porosity correction factor" [40,43]. Here  φ  is the volume fraction of porosity.



  η 0   describes the Krenchel fiber orientation efficiency factor of the filaments in the matrix [45] (Equation (7)). In this equation,   θ n   is the angle between groups of parallel filament fibers and the load direction.   a n   is the fraction of filament fibers oriented at   θ n  .


   η 0  =  ∑  i = 1  n   a n  c o  s 4   θ n   



(7)







Simple application of this orientation efficiency factor would result in zero contribution from filament fibers perpendicular to the load direction. This is not true, and corrections such as the ten percent rule [46] bound the failure envelope for fiber reinforced composites. In additively manufactured materials, the volume fraction of filament fibers are very high (often continuous) meaning there will be a significant transverse response. To account for this, it is more appropriate to bound this envelope by the ratio of anisotropy for each relevant property   α =    P t     P a     , where   P t   and   P a   are the transverse and axial properties of interest. This leads to a modified Krenchel efficiency factor (Equation (8)):


   η 0  =  ∑  i = 1  n   a n   (  ( 1 − α )  c o  s 4   θ n  + α )   



(8)







The equations for transverse loading are similar to those of the Reuss model. In this case, all correction factors   η 0   and   ( 1 − φ  ) 2   , move to the denominator of Equation (Equations (9) and (10)).


   1  E c   =   V f    η 0   E f    +   V m    E m    ( 1 − φ )  2     



(9)






   1  σ c   =   V f    η 0   σ f    +   V m    σ m    ( 1 − φ )  2     



(10)







Table 7 and Table 8 plus Figure 13 summarize the expected values for stiffness and ultimate tensile strength calculated using the Rule of Mixtures (RoM) and Modified Rule of Mixtures (MRoM). The input material properties for RoM and MRoM are found in Table 1 with a volume fraction of 0.584 for the filament fibers and 0.416 for the volume fraction of resin. The MRoM model utilizes an assumed porosity  φ  of 0.03, while values for   η 0   were calculated using filament anisotropy values reported in Table 4 and raster pattern geometry.



Examination of the values for axial stiffness and strength, Table 7 plus Figure 13, show that both the RoM and MRoM over predict the axial ultimate tensile strength of the composite materials. This is consistent with previous applications of RoM and MRoM models [42,43,47]. The MRoM better predicts the axial UTS in every case, but still over predicts strength by a large margin. Prediction of axial stiffness is much better than the strength predictions with relative error being as low as 0.8% for PLA + Epoxy. The MRoM had a slight edge in this case with a lower average error. Notably, CF PLA + Epoxy outperformed the predicted stiffness for both RoM and MRoM models with relative errors of −7.3% and −13.4% respectively.



Inspecting the transverse values of stiffness and strength, Table 8 plus Figure 13, it is clear that the RoM over predicts both material properties by a large margin. The values predicted by the RoM model are significantly different from the experimentally reported values. The MRoM model more accurately predicts the transverse stiffness and strength in every single case. The MRoM consistently underpredicts the transverse stiffness by a small margin and overpredicts the transverse tensile strength by a larger margin. Interestingly, CF PLA + Urethane as well as CF PETG + Urethane outperform their strength predictions from the MRoM model with relative errors of −3.5% and −71.6% respectively.



While the results of the RoM and MRoM models are interesting and useful for predicting properties of novel composite materials, they are limited in their effectiveness. As a first order approximation, the RoM model typically describes the theoretical upper and lower bounds of composite strength and stiffness [41]. The MRoM model improves on this by including some geometric factors and defects into account, but more elaborate models have been proposed. Prediction of material properties could be improved by utilizing models such as the Volume Average Stiffness (VAS) method [43,48,49].




5.2. Impact on Additive Manufacturing


The novel composite materials developed in this work have many implications for additive manufacturing. Often it is not possible to print components in a favorable raster orientation due to machine limitations. In every single case tested in these experiments, it was observed that the stiffness anisotropy due to additive manufacturing was reduced. This means that when operating under linear elastic conditions, engineers and designers have more geometric freedom for designing additively manufactured components. The reduction in stiffness anisotropy means that parts can be loaded in more configurations. Similarly, the strength anisotropy was reduced in every single case tested except one (PLA + Urethane). In this outlier, the specific strength of the material actually increased. This makes a strong case that vacuum infiltration improves the isotropy properties of these materials. For both stiffness and strength, this internal reinforcement impacted the transverse loading condition more dramatically than the axial loading condition. Since the transverse loading direction is the weakest, any improvements in transverse stiffness or strength improve the usefulness of a material matrix combination.



Importantly, there are limitations to this vacuum reinforcement method for additive manufacturing. First, not every geometry that can be additively manufactured can be vacuum infiltrated because of the need for surrounding the part with vacuum bagging. In addition, the observed porosity in these experiments was the cause of failure for most infiltrated specimens, while some degree of porosity is inevitable, the strength of these composites could be much better if processing conditions were improved to reduce the number and size of voids. Other limitations include leakage of resin through the walls of 3D printed parts. This issue was not significant enough to drastically change the intended geometry but would require post-processing such as sanding to clean off. Other remnants of the vacuum infiltration process such as the sealant tape and the vacuum bagging themselves also need to be cleaned before the parts could have an acceptable surface finish. Still, vacuum infiltration is much better suited to reinforcement of large scale components than fill compositing [8] thus many of these limitations are still outweighed by the method’s benefits.




5.3. Feasibility for Manufacturing Prosthetic Sockets


Since the data presented in the experiments was promising, especially for the CF PLA + Urethane and CF PETG + Urethane combinations, the next step was to evaluate the feasibility of using vacuum infiltration to reinforce an additively manufactured prosthetic socket. A transtibial prosthetic socket was 3D printed utilizing CF PETG as the filament material with a wall thickness of 5 mm and raster pattern identical to the printed test sheets (Figure 14A). The distal and proximal ends of the printed socket were sanded to reveal the underlying infill layer, then breather and bleeder cloths were affixed using sealant tape. The entire assembly was infiltrated with Urethane using the same method as the printed test sheets (Figure 14B). After curing, the sample was cut in half to inspect the cross section (Figure 14C).



Overall, this socket represents a successful proof of concept for strengthening additively manufactured prosthetic sockets with vacuum infiltration. The final socket retained the geometry of the CAD file without visible deformation. Inspection of the cross section revealed that there were no significant voids within the main body of the socket. There was one void at the interface of the socket and the resin jacket, but this section does not represent the interior of the socket and would be removed entirely in post preparation. This means that the mechanics of the prosthetic socket should reflect the data presented earlier in the paper. The improved transverse material properties will reduce the risk of catastrophic failure under non-ideal loading conditions and increase the safety of sockets manufactured with this technology. In addition, this vacuum infiltration method is similar to methods used to create fiber reinforced prostheses (e.g., fiberglass and carbon fiber) so it would possible to implement in a clinical setting. The final weight of the vacuum infiltrated socket was 633 g, comparable with a conventionally manufactured carbon fiber socket for the same patient geometry at 668 g.



However, there are limitations to this proof of concept. As manufactured, the prosthetic socket can not be worn without additional post processing. The overall surface finish was moderately rough with several areas where resin had leaked through the printed part (around 1 mm in height). These would need to be cleaned, along with removal of the sealant tape. A stronger vacuum pump and specialized vacuum bags could be utilized in the future to alleviate these issues. Questions remain such as whether the mechanical strength will be significantly compromised when attaching other components. In addition, many single use items are involved in vacuum reinforcement process so the cost effectiveness of using this technology at scale is unknown. Still, because these composite materials improve the transverse mechanical strength they are worth further investigation and merit full scale experiments to identify structural behavior.





6. Conclusions


This research characterized the tensile behavior for 18 composite material configurations manufactured with 3D printing and vacuum infiltration. Some of the most important conclusions are listed below:




	
In every case tested, vacuum infiltration of additively manufactured parts reduced the stiffness anisotropy of their respective materials.



	
In every case except one (PLA + Urethane), vacuum infiltration reduced the strength anisotropy of the composite materials. In PLA + Urethane, the specific strength in the axial direction actually increased while the specific strength in the transverse direction remained constant meaning there was no strength reduction.



	
CF PLA + Urethane and CF PETG + Urethane were the most promising composites with the highest ultimate tensile strengths in both the axial and transverse directions. They also were the most isotropic when comparing axial and transverse strengths.



	
Porosity was observed on most fracture surfaces and was the cause of failure in many cases. Porosity was quantified on all samples giving volume fraction estimates.



	
In general, the materials had lower stiffness and strength than predicted by the Rule of Mixtures (RoM). This prediction was improved by creating a Modified Rule of Mixtures (MRoM).



	
The techniques used to manufacture test specimens can be scaled up to manufacture a prosthetic socket. This shows that reinforcing prostheses and other complex 3D printed parts with vacuum infiltration is feasible.
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Figure 1. Materials testing matrix outlining the cross sections of the filament-infiltrate composite combinations examined in this research. Filament materials (PLA, CF-PLA, CF-PETG) are listed in the vertical axis and infiltrating materials (Epoxy, Urethane) are listed on the horizontal axis. These materials are also tested in axial and transverse print directions due to the anisotropic nature of additive manufacturing. 
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Figure 2. Schematic of a large test sheet which was manufactured via fused deposition modeling, impregnated via vacuum infiltration, and cut into ASTM D638 specimens via waterjet. Axial and transverse samples were cut from the same test sheets. Illustration not to scale. 
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Figure 3. Axial and transverse cross sectional views of infill patterns for sheets printed with 100% infill (experimental controls) and 20% infill (vacuum infiltrated samples). 
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Figure 4. Vacuum infiltration setup for impregnating additively manufactured polymer sheets. Diagram reads left to right from source to sink. 
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Figure 5. Tensile sample dimensions. Samples were manufactured in accordance with ASTM D638 Type I Specimen specifications. Samples were also manufactured along the principal directions of anisotropy in accordance with ASTM D638. Axial (0°)—loaded along filament print direction. Transverse (90°)—loaded perpendicular to filament print direction. Illustrations not to scale. 
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Figure 6. Young’s modulus of composite materials evaluated with ASTM D638. Color key of samples corresponds to the material testing matrix in Figure 1. 
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Figure 7. Ultimate tensile strength of composite materials evaluated with ASTM D638. Color key of samples corresponds to the material testing matrix in Figure 1. 
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Figure 8. Ashby plots showing modulus vs. ultimate tensile strength of composite materials evaluated with ASTM D638. 
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Figure 9. Representative curves for each of the material sample types loaded axially and transversely. Each curve represents the stress strain result from a single experiment for clarity so should only be used for information purposes. Color key of samples corresponds to the material testing matrix in Figure 1. Each of the cross sections sit above the peak of their respective curves. 
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Figure 10. Selected fracture surfaces for the composite materials loaded axially. 
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Figure 11. Selected fracture surfaces for the composite materials loaded transversely. 
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Figure 12. ImageJ workflow for measuring porosity from images of the distal surface (non-fractured end) of the tensile specimens. (A) Original image. (B) Background removal and conversion to 32 bit greyscale image. (C) Identification of region of interest and total area calculation. (D) Threshold filtering to identify and measure pores. 
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Figure 13. Comparison of modulus and ultimate tensile strength predicted by the RoM and MRoM models (Table 7 and Table 8), with the experimental values (Table 2 and Table 3). 
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Figure 14. Viability test to see if the methods used to manufacture the composite materials in these experiments could be utilized to create a reinforced additively manufactured prosthetic socket. (A) Transtibial prosthetic socket before vacuum infiltration with resin-note bleeder and breather cloth on the top of the socket and a resin jacket on bottom. (B) Infiltration setup with prosthetic socket, resin trap, and vacuum pump. (C) Cross sectional view of prosthetic socket after infiltration. 
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Table 1. Table of selected material properties for filaments and infiltrating polymers used in the experiments. These properties reflect the mechanical strength of the bulk materials.
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	Material
	Density (g/cm3)
	Young’s Modulus (MPa)
	Tensile Strength (MPa)
	Sources





	Polylactic Acid (PLA)
	1.2
	2636
	46.6
	[26]



	Carbon Fiber-Polylactic Acid (CF-PLA)
	1.29
	4950
	48
	[27]



	Carbon Fiber-Polyethylene Terephthalate Glycol (CF-PETG)
	1.34
	5230
	56
	[28]



	System 2000 Laminating Epoxy Resin
	1.11
	2886
	67.8
	[29]



	IE-3076 Polyurethane Resin
	1.11
	2895
	72.4
	[30]
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Table 2. Experimental results for composite materials loaded axially. Note: since axial and transverse specimens are cut from the same test sheets, they share the same density.
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	Material
	Modulus (MPa)
	Ultimate Tensile Strength (MPa)
	Ultimate Tensile Strain (%)
	Density (g/cm3)





	PLA
	2310 ± 360
	31.1 ± 1.1
	4.34 ± 0.97
	1.15 ± 0.01



	PLA + Epoxy
	2720 ± 30
	20.9 ± 0.5
	0.94 ± 0.04
	1.10 ± 0.04



	PLA + Urethane
	2670 ± 40
	32.3 ± 2.1
	1.49 ± 0.16
	1.12 ± 0.01



	CF PLA
	3880 ± 290
	42.2 ± 0.5
	2.02 ± 0.21
	1.21 ± 0.01



	CF PLA + Epoxy
	4390 ± 120
	30.4 ± 0.6
	0.97 ± 0.02
	1.17 ± 0.05



	CF PLA + Urethane
	2750 ± 830
	42.5 ± 0.4
	2.77 ± 0.37
	1.21 ± 0.01



	CF PETG
	3640 ± 200
	41.4 ± 0.7
	2.91 ± 0.29
	1.11 ± 0.01



	CF PETG + Epoxy
	3690 ± 170
	33.8 ± 1.8
	1.79 ± 0.09
	1.13 ± 0.08



	CF PETG + Urethane
	3950 ± 210
	42.9 ± 3.4
	2.22 ± 0.38
	1.14 ± 0.02
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Table 3. Experimental results for composite materials loaded transversely. Note: since axial and transverse specimens are cut from the same test sheets, they share the same density.
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	Material
	Modulus (MPa)
	Ultimate Tensile Strength (MPa)
	Ultimate Tensile Strain (%)
	Density (g/cm3)





	PLA
	1700 ± 70
	11.9 ± 0.3
	1 ± 0.09
	1.15 ± 0.01



	PLA + Epoxy
	2430 ± 220
	8.1 ± 0.8
	0.37 ± 0.03
	1.10 ± 0.04



	PLA + Urethane
	2350 ± 90
	11.7 ± 1.4
	0.57 ± 0.07
	1.12 ± 0.01



	CF PLA
	1800 ± 310
	11.9 ± 2.3
	0.85 ± 0.25
	1.21 ± 0.01



	CF PLA + Epoxy
	2880 ± 260
	13.2 ± 2.8
	0.51 ± 0.08
	1.17 ± 0.05



	CF PLA + Urethane
	2580 ± 180
	21.1 ± 2.7
	1.02 ± 0.14
	1.21 ± 0.01



	CF PETG
	950 ± 50
	5.7 ± 0.5
	0.61 ± 0.09
	1.11 ± 0.01



	CF PETG + Epoxy
	1960 ± 300
	9.2 ± 3
	0.46 ± 0.11
	1.13 ± 0.08



	CF PETG + Urethane
	1730 ± 100
	20.8 ± 3.5
	1.59 ± 0.41
	1.14 ± 0.02
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Table 4. Important ratios describing degrees of anisotropy for stiffness and ultimate tensile strength as well as the specific strength in the studied composite materials. The values calculated in this table utilizes ratios of the mean values of each material property.
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	Material
	     E transverse     E axial     
	      U T S  transverse      U T S  axial     
	Specific Strength(axial) (Pa·m3/kg)
	Specific Strength(transverse) (Pa·m3/kg)





	PLA
	0.74
	0.38
	26,900
	10,400



	PLA + Epoxy
	0.89
	0.39
	19,000
	7400



	PLA + Urethane
	0.88
	0.36
	28,900
	10,400



	CF PLA
	0.47
	0.28
	34,800
	9800



	CF PLA + Epoxy
	0.66
	0.43
	26,000
	11,300



	CF PLA + Urethane
	0.94
	0.5
	35,200
	17,500



	CF PETG
	0.26
	0.14
	37,400
	5100



	CF PETG + Epoxy
	0.53
	0.27
	29,700
	8100



	CF PETG + Urethane
	0.44
	0.49
	37,500
	18,300
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Table 5. Relative error of experimentally obtained values for density, modulus, and tensile strength of 100% infill printed filament materials vs. bulk materials. Actual values from Table 2 are compared with the reference values in Table 1. Relative error is calculated from the relationship   e r r o r =   p r e d i c t e d − a c t u a l   p r e d i c t e d   ∗ 100 %  .
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	Material
	Density (%)
	Modulus(axial) (%)
	Ultimate Tensile Strength(axial) (%)





	PLA
	3.9
	12.2
	33.4



	CF PLA
	6.1
	21.6
	12.1



	CF PETG
	17.4
	30.3
	26.1
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Table 6. Measurements of average pore diameter and area fraction porosity calculated from experimental images using ImageJ. These measurements are used to estimate the volume fraction of porosity.






Table 6. Measurements of average pore diameter and area fraction porosity calculated from experimental images using ImageJ. These measurements are used to estimate the volume fraction of porosity.





	Material
	Average Pore Diameter (mm)
	Area Fraction Porosity (%)
	Estimated Volume Fraction Porosity (%)





	PLA + Epoxy
	0.635 ± 0.095
	3.88 ± 3.43
	2.58 ± 2.29



	PLA + Urethane
	0.425 ± 0.065
	2.2 ± 1.29
	1.47 ± 0.86



	CF PLA + Epoxy
	0.651 ± 0.476
	2.94 ± 3.88
	1.96 ± 2.58



	CF PLA + Urethane
	0.383 ± 0.163
	0.59 ± 0.84
	0.39 ± 0.56



	CF PETG + Epoxy
	0.697 ± 0.469
	4.76 ± 6.96
	3.17 ± 4.64



	CF PETG + Urethane
	0.649 ± 0.206
	4.21 ± 2.41
	2.81 ± 1.61
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Table 7. Summary of predicted axial stiffness (E) and ultimate tensile strength (UTS) modeled using the traditional Rule of Mixtures (RoM) as well as the Modified Rule of Mixtures (MRoM). Values were calculated using Equations: (1) RoM(axial), (5) and (6) MRoM(axial). Relative error is calculated from actual values in Table 2 and displayed alongside tabulated values.






Table 7. Summary of predicted axial stiffness (E) and ultimate tensile strength (UTS) modeled using the traditional Rule of Mixtures (RoM) as well as the Modified Rule of Mixtures (MRoM). Values were calculated using Equations: (1) RoM(axial), (5) and (6) MRoM(axial). Relative error is calculated from actual values in Table 2 and displayed alongside tabulated values.





	Material
	RoM(axial) E (MPa)
	MRoM(axial) E (MPa)
	RoM(axial) UTS (MPa)
	MRoM(axial) UTS (MPa)





	PLA + Epoxy
	2740 (0.8%)
	2630 (−3.3%)
	55.4 (62.3%)
	52.2 (60%)



	PLA + Urethane
	2740 (2.7%)
	2630 (−1.3%)
	57.3 (43.6%)
	54 (40.1%)



	CF PLA + Epoxy
	4090 (−7.3%)
	3870 (−13.4%)
	56.2 (45.9%)
	52.7 (42.2%)



	CF PLA + Urethane
	4100 (33%)
	3880 (29.2%)
	58.2 (26.9%)
	54.5 (22%)



	CF PETG + Epoxy
	4250 (13.3%)
	3970 (7%)
	60.9 (44.6%)
	56.5 (40.3%)



	CF PETG + Urethane
	4260 (7.2%)
	3970 (0.5%)
	62.8 (31.8%)
	58.3 (26.6%)
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Table 8. Summary of predicted transverse stiffness (E) and ultimate tensile strength (UTS) modeled using the traditional Rule of Mixtures (RoM) as well as the Modified Rule of Mixtures (MRoM). Values were calculated using Equations: (3) RoM(transverse), (9) and (10) MRoM(transverse). Relative error is calculated from actual values in Table 3 and displayed alongside tabulated values.






Table 8. Summary of predicted transverse stiffness (E) and ultimate tensile strength (UTS) modeled using the traditional Rule of Mixtures (RoM) as well as the Modified Rule of Mixtures (MRoM). Values were calculated using Equations: (3) RoM(transverse), (9) and (10) MRoM(transverse). Relative error is calculated from actual values in Table 3 and displayed alongside tabulated values.





	Material
	RoM(transverse) E (MPa)
	MRoM(transverse) E (MPa)
	RoM(transverse) UTS (MPa)
	MRoM(transverse) UTS (MPa)





	PLA + Epoxy
	2730 (11.3%)
	2200 (−10.2%)
	53.6 (84.8%)
	25.6 (68.2%)



	PLA + Urethane
	2740 (14.2%)
	2200 (−6.5%)
	54.7 (78.7%)
	25.8 (54.9%)



	CF PLA + Epoxy
	3810 (24.4%)
	2460 (−17.4%)
	54.6 (75.8%)
	20.2 (34.5%)



	CF PLA + Urethane
	3820 (32.4%)
	2460 (−4.9%)
	55.8 (62.2%)
	20.4 (−3.5%)



	CF PETG + Epoxy
	3910 (49.8%)
	1720 (−14.4%)
	60.4 (84.8%)
	12.1 (24.1%)



	CF PETG + Urethane
	3920 (55.8%)
	1720 (−0.8%)
	61.8 (66.3%)
	12.1 (−71.6%)
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