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Abstract

The fabrication of scaffolds for tissue engineering requires elements of customization depending 

on the application and is often limited due to the flexibility of the processing technique. This 

investigation seeks to address this obstacle by utilizing an open-source three-dimensional printing 

(3DP) system that allows vast customizability and facilitates reproduction of experiments. The 

effects of processing parameters on printed poly(ε-caprolactone) scaffolds with uniform and 

gradient pore architectures have been characterized with respect to fiber and pore morphology and 

mechanical properties. The results demonstrate the ability to tailor the fiber diameter, pore size, 

and porosity through modification of pressure, printing speed, and programmed fiber spacing. A 

model was also used to predict the compressive mechanical properties of uniform and gradient 

scaffolds, and it was found that modulus and yield strength declined with increasing porosity. The 

use of open-source 3DP technologies for printing tissue engineering scaffolds provides a flexible 

system that can be readily modified at a low cost and is supported by community documentation. 

In this manner, the 3DP system is more accessible to the scientific community, which further 

facilitates the translation of these technologies toward successful tissue engineering strategies.
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Introduction

Polymers have been widely used in the fabrication of scaffolds for tissue engineering 

applications due to their desirable mechanical properties and ease of processing.1–3 

Depending on the fabrication method, several processing parameters are known to have an 

impact on the polymer scaffold morphology. For instance, the effects of tunable parameters 

associated with electrospinning techniques, including voltage, collection distance, and 

polymer concentration, on the fiber diameter of poly(ε-caprolactone) (PCL) meshes have 

been investigated.4,5 Furthermore, the melting temperature of the material, polymer 
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viscosity, operating pressure, and deposition speed are some parameters in three-

dimensional printing (3DP) that can be modulated to create scaffolds of varying fiber 

diameter and pore size.6,7

The characterization of an appropriate scaffold architecture to encourage cell attachment, 

proliferation, migration, and differentiation is of primary importance.8 Moreover, it is 

beneficial to identify the range of pore sizes that is suitable to promote cell infiltration into 

the scaffold and allow nutrient and waste transport.9,10 The effects of fabrication parameters 

on pore size and porosity can then be evaluated to facilitate production of scaffolds with 

optimal architecture for a particular tissue engineering application.

3DP has been introduced as a promising rapid prototyping (RP) technique, as it enables the 

production of scaffolds with high pore interconnectivity and precise control over scaffold 

architecture.11,12 Several investigators have looked to expand the tissue engineering 

applications of RP to fabricate scaffolds with heterogeneous properties13–15 and drug 

delivery components.16 However, most of these proposed systems are either commercially 

available at a high cost or are custom-made, which limit the feasibility of replication of 3DP 

methods across the tissue engineering community.

In this investigation, a previously available open-source technology is applied, which greatly 

reduces production costs in terms of printer assembly and maintenance, as well as provides 

user support for those who seek to build similar systems. Additionally, open-source systems 

allow great flexibility in the material choice and scaffold design, enabling the fabrication of 

scaffolds with a wide variety of shapes and pore organizations. In the established system 

investigated herein, any CAD/CAM file can be uploaded to the printer software and printed 

with an open-source 3D printer. As an added benefit to the scientific community, the nature 

of the open-source technology allows any user to build an identical machine and repeat the 

same experiments at a relatively low cost.

This work utilizes an open-source system for the fabrication of 3DP PCL scaffolds. PCL is 

both biocompatible and biodegradable, acting as a mechanically robust support material 

with a low melting temperature to accommodate printing capabilities.17,18 In the first study, 

3DP scaffolds were fabricated based on varying printing parameters to characterize the 

effects of printing speed, fiber spacing, and pressure on overall porosity and pore and fiber 

morphology. Optimal parameters were then used in the second study to print scaffolds for 

mechanical testing to determine the effects of fiber spacing and porosity on compressive 

mechanical properties.

Materials and Methods

Fabrication of uniform pore scaffolds for pore and fiber analysis

PCL (Mn = 10,000, Aldrich, St. Louis, MO) pellets were poured into a 50mL syringe-based 

extruder and heated above the melting temperature at 75°C for 3min. Once the PCL was 

melted, the temperature was lowered to 60°C for the remainder of the printing. The extruder 

(Figure 1) (BariCUDA, Thingiverse.com)19 and the RepRap Mendel 3D printer 

(MendelMax 1.5, Maker’s Tools Works, Oklahoma City, OK) were built using open-source 
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electronics (RAMBo, Ultimachine, South Pittsburg, TN). The grid-shaped scaffolds were 

fabricated with varying programmed parameters (printing speed, F (mm/min); pressure, P 

(psi); fiber spacing, s (mm)) using custom Python scripts via open-source Pronterface 

software. Python scripts are provided in the supplemental materials section. PCL scaffolds 

were printed at 60°C through an 18-gauge (0.84mm inner diameter) stainless steel nozzle, 

and fiber extrusion was controlled pneumatically under nitrogen pressure (8–20psi). Each 

PCL layer was allowed to cool for a programmed amount of time (30s after a 0° layer (0°), 

120s after a 90° layer (90°)) before the subsequent layer was printed (Figure 2). Samples 

were stored in petri dishes at room temperature before analysis.

In this study, scaffolds of uniform pore architecture (n = 4 per group) were fabricated 

following a full factorial design at varying pressures (8 < P < 20psi), printing speeds (300 or 

400mm/min), and with varying fiber spacing (1.8, 2.0, 2.5mm) as described in Table 1. 

Printed layers were deposited in a 0–90° fashion as 20×20mm grids with 6 layers (3 of 0° 

and 3 of 90°) total. Figure 2 shows a schematic of the printing process, which details the 

parameters varied, as well as the architectures achieved with the custom code.

Porosity measurements—According to previous methods,4 the porosity of the 3DP 

scaffolds for both the first and second studies was measured using gravimetry. Scaffold 

length (L), width (W), and thickness (T) were measured using micro-calipers in order to 

calculate the scaffold volume. Scaffolds were weighed (wscaffold) to determine the total 

porosity (ε) according to the following equation, where ρscaffold is the scaffold density, and 

ρmaterial is the density of PCL (1.146 g/mL) (Mn = 10,000, Aldrich, St. Louis, MO):

(Equation 1)

Fiber diameter and pore size measurements—3DP PCL scaffolds were imaged with 

a stereomicroscope (MZ6, Leica Microsystems, Wetzlar, Germany), and representative 

images are shown in Figure 3. Fiber diameter and pore size measurements were made 

digitally by placing a caliper with a known span separation adjacent to the sample in the 

field of view – establishing a scale – and were recorded in the×and y direction. x and y 

measurements were combined and are reported as a total mean ± standard deviation.

Fiber spacing measurements—With the pore size and fiber diameter known, it was 

possible to calculate the experimental pore spacing, sexp, and compare it to the programmed 

(theoretical) pore spacing, where dp is the pore size, and Σdf is the sum of the two 

neighboring fiber diameters.

(Equation 2)

Fabrication of uniform and gradient pore scaffolds for mechanical testing

Uniform PCL scaffolds were printed as described above. However, scaffolds with gradient 

pore architectures were also printed according to the factorial design in Table 2. Both 
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uniform (s = 1.2, 1.5, 2.0, 2.5mm) and gradient (s = 1.5/2.0, 1.5/2.5, 2.0/2.5) fiber spacings 

were investigated. Scaffolds with two pore sizes were printed with the smaller pore size 

(Pore A) on the bottom and the larger pore size (Pore B) on the top. Based on results from 

the pore and fiber analysis in the first study, scaffolds were printed (n = 3 per group) with a 

speed of F = 400mm/min at 60°C and 16psi. Scaffold dimensions were programmed as 20 × 

20mm square grids with 8 total layers (4 layers each of Pore A and Pore B; approximately 

3mm thickness). Since limited data exist providing the bulk compressive properties of 

PCL,20 a value of s = 1.2mm was selected as the standard fiber spacing that would result in a 

solid scaffold (based on fiber diameter results from the first study for scaffolds with F = 

400mm/min, P = 16psi), which would allow for comparison of mechanical results to porous 

scaffolds.

Compressive mechanical measurements—Scaffold mechanical properties were 

measured to evaluate the influence of pore size and organization (gradient vs. uniform 

scaffolds) on compressive modulus and yield strength. Samples were subjected to 

compressive loading using a mechanical testing system (MTS, 858 Mini Bionix, Eden 

Prairie, MN) equipped with a 10kN load cell. Samples were compressed along their short 

axis (height) between two parallel fixed steel platens at a cross-head speed of 0.5mm/min 

after a preload of 25N was applied. Force and displacement were measured during 

compressive testing and later converted to stress and strain based on the initial dimensions 

of the scaffold.21 The compressive modulus and compressive yield strength were analyzed 

using the TestStar 790.90 mechanical data analysis package (MTS), where the modulus was 

calculated as the slope of the linear (elastic) region of the stress-strain curve. A parallel line 

was drawn to the linear region and was offset at 0.2% strain to calculate the compressive 

yield strength, which was applicable in cases where the offset line intersected with the 

stress-strain curve.22

Statistical analysis

All measurements are represented as the mean ± standard deviation. For statistical analysis, 

the means were compared using a one-way analysis of variance for each F/s combination (n 

= 4 for each pressure tested for the 6 groups in the first study, n = 3 for mechanical samples 

in the second study). Data were tested on a normal distribution and a p-value < 0.05 was 

considered to indicate significance, in which statistical differences were determined using 

Tukey’s Honestly Significant Differences test. Calculations were performed in Microsoft 

Excel. For mechanical testing, a linear regression was fit to the data using JMP Pro 10 

software. For a best fit to the experimental data, natural logarithm transformations were 

applied to both the dependent and independent variables, corresponding to a power-law 

relationship. For theoretical predictions, the same natural logarithm transformations were 

applied, but the slope was fixed to m = 2 and n = 1.5 for compressive modulus and yield 

strength, respectively.

Trachtenberg et al. Page 4

J Biomed Mater Res A. Author manuscript; available in PMC 2015 December 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Results

Pore and fiber morphology of uniform pore scaffolds

In this study, the 3DP of PCL scaffolds was investigated using open-source technology. The 

effect of processing parameters (printing speed, pressure, and fiber spacing) on porosity, 

pore size, and fiber diameter was evaluated. In general, faster printing speeds required a 

higher operating pressure to achieve repeatable fabrication. It was found that at some 

pressures, it was not possible to print certain F/s combinations, which is indicated in Figures 

4–6. Consequently, statistical comparisons among F/s combinations were not performed at a 

given pressure. Printing was possible for all combinations at 14psi, which was the mid-range 

pressure (8 < P < 20psi) tested in this study.

Porosity measurements—At printing speeds of 300 and 400mm/min, it was possible to 

fabricate scaffolds with a minimum porosity of 19±3% and 20±1% and a maximum of 

60±0% and 55±1%, respectively. Average porosities for F = 300 and 400 were 40±13% and 

36±12%, respectively. As shown in Figures 4a and b, porosity generally decreased with 

increasing pressure. Furthermore, for scaffolds with s = 2.5mm, a change in pressure 

resulted in a significant difference in porosity for both groups (F = 300 and 400).

Fiber diameter and pore size measurements—For scaffolds printed at speeds of 300 

and 400mm/min (Figure 5a and 5b, respectively), results demonstrate a minimum fiber 

diameter of 0.69±0.13mm and 0.74±0.08mm and a maximum of 1.22±0.10mm and 

1.47±0.14mm, respectively. Average fiber diameters for F = 300 and 400 were 

0.97±0.17mm and 1.02±0.22mm, respectively, with some significant differences for F/s 

combinations (F/s: 300/2.0, 300/2.5, 400/2.0, 400/2.5). Significant differences were 

observed at all pressures for the F = 400mm/min, s = 2.5mm group. Additionally, a 

minimum pore size of 0.60±0.10mm and 0.49±0.15mm and a maximum of 1.66±0.14mm 

and 1.77±0.14mm were measured for scaffolds printed at speeds of 300 and 400mm/min, 

respectively. Average pore sizes for F = 300 and 400 (Figure 5c and 5d, respectively) were 

1.13±0.34mm and 1.09±0.39mm, respectively. For F = 300, s = 2.0 and 2.5mm groups, and 

F = 400, s = 1.8 and 2.5mm groups, significant differences in pore size were observed at all 

pressures.

Fiber spacing measurements—While significant differences (p < 0.05) were observed 

for some of the F/s combinations (F/s: 300/1.8, 300/2.0, 300/2.5, 400/2.0), experimental 

fiber spacing stayed constant overall with varying pressure (Table 3). Figures 6a and b show 

the experimental values for F = 300 and 400mm/min, respectively, as compared to the 

programmed spacing, which is indicated by the dashed line for each respectives.

Mechanical testing of uniform and gradient scaffolds

In this study, uniform and gradient scaffolds were fabricated and tested mechanically. 

Processing parameters, such as printing speed, pressure, and temperature were kept constant 

to evaluate the effect of fiber spacing on compressive modulus and yield strength. The effect 

of porosity on these mechanical properties was also evaluated based on previous analysis in 

our laboratory.23 In general, it was more feasible to print scaffolds with smaller pore sizes 
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on the bottom (Pa) than on the top (Pb). It was possible to repeatably print scaffolds with 

layers comprising distinct pore sizes in this manner. For the 1.5/2.5mm (Pa) and (Pb) groups, 

only two of the three samples exhibited a point of intersection with the offset line and the 

stress strain curve (i.e., the point of compressive yield strength). Thus, Tukey’s HSD was 

modified to consider comparisons of unequal sample size in appropriate cases.

Porosity measurements—At a printing speed of 400mm/min and pressure of 16psi, it 

was possible to fabricate scaffolds with porosities ranging from 15±9% to 40±9%. As shown 

in Figure 7, porosity was not significantly different for (Pa)/(Pb) pairs (gradient scaffolds 

with the same pore morphology but tested with opposite pore sizes facing up) except for the 

s = 2.0/2.5mm group. Again, a general increase in porosity was observed with increasing 

fiber spacing.

Compressive mechanical properties—Figures 8a and b show the effect of fiber 

spacing (which accounts for pore size and fiber diameter) on mechanical properties. Some 

significant differences were present for both compressive yield strength and modulus with 

respect to the 1.2mm and 1.5mm groups, but no differences were present among the other 

groups. Furthermore, Figures 9a and b, respectively, illustrate trends for compressive yield 

strength (fc) and compressive modulus (E) versus volume fraction (1 − ε). Table 4 also 

summarizes the mechanical properties reported as mean ± standard deviation, as well as the 

experimental power law relationship as determined by linear regression.

Discussion

The results from this investigation demonstrate the ability to print scaffolds with varying 

architectures and optimize scaffold fabrication at desired settings. Specifically, porosity, 

pore size, and fiber diameter can be tuned with operating pressure, printing speed, and 

programmed fiber spacing. Furthermore, open-source printing can be employed to fabricate 

PCL scaffolds with uniform and gradient pore architectures. While a main effects analysis 

for pore and fiber morphology would have been a powerful tool to interpret the results, 

performing this analysis on the present data would eliminate a majority of the groups from 

consideration, limiting the usefulness and impact of the interpretation. Important 

information can be gleaned, however, by qualitatively comparing results between the two 

printing speeds and among groups printed at the same speed.

Macroscopically, individual fibers could be observed. Optical microscopy provided aid in 

visualizing individual layers (Figure 3) and identifying any areas of fiber fusion. 

Microscopic imaging also showed fibers that were slightly tapered. During the printing 

process, this tapering became more noticeable as scaffold height increased, while the first 

layers tended to have more uniformly cylindrical fibers. This tapering may have been 

circumvented by printing at a lower printing speed or using a syringe tip with a smaller 

cross-sectional area (gauge > 18G). While there were some irregularities with the fiber 

morphology, fiber diameter and pore size were measured in the center and a uniform 

morphology was assumed in order to standardize and simplify measurements.
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Assuming that the molten PCL is viscous and non-compressible (Newtonian) and exhibits a 

laminar flow profile, its flow rate can be characterized by the following Hagen-Poiseuille 

equation,

(Equation 3)

where ΔP is the pressure differential, d is the nozzle inner diameter, L is the nozzle length, 

and η is the polymer viscosity.24 The observation that porosity decreased with increasing 

pressure (Figure 4) is in agreement with both the Hagen-Poiseuille equation, since flow rate 

and pressure are directly proportional, and the fact that printing temperature and scaffold 

dimensions remained constant throughout the study. When comparing porosity results for 

the same fiber spacing (s), scaffolds printed at F = 400mm/min generally exhibited a higher 

porosity than F = 300mm/min groups, an observation which could be strengthened by an 

analysis of main effects. The results in Figure 5 demonstrate that fiber diameter increased 

with increasing pressure, which agrees with the Hagen-Poiseuille equation as well, since 

flow rate is directly proportional to pressure and nozzle diameter, and nozzle diameter 

remained constant. A decrease in fiber diameter was generally observed at a higher printing 

speed when comparing F = 300 and 400mm/min groups at the same fiber spacing, which is 

consistent with previous results using the same printing system.19 However, this observation 

could be supported by additional testing at different printing speeds with the same fiber 

spacing combinations and pressure ranges, which was beyond the scope of this study. Figure 

5 also demonstrates that pore size decreased with increasing pressure, which agrees with 

both decreasing porosity and increasing fiber diameter. To achieve pore sizes smaller than 

400µm, slower printing speeds could be investigated, since slower speeds facilitate printing 

at lower operating pressures. As with porosity, an increase in pore size was generally 

observed for F = 400 groups as compared to F = 300 groups with the same fiber spacing. 

When comparing F = 300 and 400 groups, experimental fiber spacing corresponded to its 

theoretical value (programmed fiber spacing) despite varying printing speed (Figure 6). 

These results confirm the accuracy and repeatability of the printer at different speeds and 

pressures.

With respect to mechanical properties, scaffolds subjected to compressive loading exhibit a 

higher compressive modulus and yield strength when they contain a lower overall porosity 

(Figure 9). The compressive mechanical properties of the scaffolds may be predicted based 

on governing equations of porous materials. Juxtaposition of the two relationships on the 

same graph allows comparison between the theoretical prediction and experimental fit. 

Experimental results indicate a power law relationship consistent with theoretical 

predictions of an isotropic cubic cell.23,25 These equations relate the compressive modulus 

(E) or the yield strength (fc) to the volume fraction (1 − ε),

(Equation 4)

(Equation 5)
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where slopes m and n are predicted as 2 and 1.5, respectively, and C1 and C2 are 

constants.23 The power law relationship demonstrates a decline in compressive properties 

with increased porosity (ε). These results indicate that while porosity (ε) had an effect on 

mechanical properties, pore size did not, which is consistent with previous mechanical 

results in our laboratory.23 As a primary method of analyzing the effect of pore size on 

mechanical properties, it was assumed that all pores were isotropic for both uniform and 

gradient scaffolds. While distinct pores of the gradient scaffolds were considered to be 

isotropic, a more rigorous model could be applied to predict compressive properties of these 

scaffolds by considering an anisotropic pore morphology.

Conclusion

The objective of this investigation was to characterize the effects of fabrication parameters 

on printed PCL scaffold architecture for tissue engineering. The novelty of this approach 

incorporates the use of an established open-source printing system that allows vast 

customizability and facilitates reproduction of experiments to manufacture PCL scaffolds 

with uniform and gradient pore architectures. An investigation has been performed on 3DP 

scaffolds regarding the effect of key processing parameters on scaffold fiber and pore 

morphology and mechanical properties. While the ability to provide an analysis of main 

effects was hindered due to fabrication limitations, a qualitative difference in porosity, fiber 

diameter, and pore size between groups with two different printing speeds and the same 

fiber spacing could be reported. Upon evaluating the compressive yield strength and 

modulus of uniform and gradient scaffolds, these results demonstrated the ability to print 

PCL as a mechanically robust support material with varied structure. Furthermore, the use of 

open-source 3DP technologies allows flexibility in the fabrication of scaffolds for tissue 

engineering, as the printing apparatus can be adapted based on the application at a low cost, 

and further modification can be provided and supported by the open-source community to 

produce optimal technologies for the laboratory and the clinic.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Photograph of BariCUDA extruder with schematic representations of heating and PCL 

components superimposed. Nitrogen gas is used to pneumatically control extrusion through 

a syringe-based extruder. Nichrome wire acts as a heating element around the entire surface 

of the syringe and melts the PCL pellets for facilitated extrusion. No solvents are needed for 

polymer extrusion in this system.
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Figure 2. 
Programmed fiber spacing (s, mm), printing speed (F, mm/min), and operating pressure (P, 

psi) are specified in the Python code to print 0° and 90° PCL layers. One 0° and one 90° 

layer are considered to be a complete grid with square pores. Pore size (dp, mm) and fiber 

diameter (df, mm) can be measured using optical microscopy and later used to calculate the 

experimental fiber spacing to compare to its corresponding programmed value (s).
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Figure 3. 
Representative optical micrograph (0.9× magnification) of a top view of a 3DP PCL scaffold 

with (A) s = 1.8mm, (B) s = 2.0mm, (C) s = 2.5mm.
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Figure 4. 
Comparison of the porosities of 3DP scaffolds printed at a) F = 300mm/min and b) 

400mm/min measured using gravimetry. The data represent means of four samples with the 

error bars representing the standard deviations. One-way ANOVA was used to determine 

significant differences within each F/s combination (p < 0.05). Significance in (#) s = 1.8 

group, (*) s = 2.0 group, (†) s = 2.5 group. A–B Values marked with same letter do not 

differ. Note: It was not possible to print all F/s combinations at P = 8, 10, 12, 16, 18, 20psi 

(where bars are absent).
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Figure 5. 
Comparison of the a), b) fiber diameters and c), d) pore sizes of 3DP scaffolds printed at a), 

c) F = 300mm/min and b), d) 400mm/min measured using optical microscopy. The data 

represent means of four samples with the error bars representing the standard deviations. 

One-way ANOVA was used to determine significant differences within each F/s 

combination (p < 0.05). Significance in (#) s = 1.8 group, (*) s = 2.0 group, (†) s = 2.5 

group. A–C Values marked with same letter do not differ. Note: It was not possible to print 

all F/s combinations at P = 8, 10, 12, 16, 18, 20psi (where bars are absent).
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Figure 6. 
Comparison of the fiber spacings of 3DP scaffolds printed at a) F = 300mm/min and b) 

400mm/min. The data represent means of four samples with the error bars representing the 

standard deviations. One-way ANOVA was used to determine significant differences within 

each F/s combination (p < 0.05). Significance in (#) s = 1.8 group, (*) s = 2.0 group, (†) s = 

2.5 group. A–B Values marked with same letter do not differ. Note: It was not possible to 

print all F/s combinations at P = 8, 10, 12, 16, 18, 20psi (where bars are absent).

Trachtenberg et al. Page 17

J Biomed Mater Res A. Author manuscript; available in PMC 2015 December 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Figure 7. 
Comparison of the porosities of uniform and gradient 3DP scaffolds printed at F = 400mm/

min, P = 16psi. (solid) indicates a fiber spacing that produces 0% theoretical porosity at the 

given F and p values. Groups with dashed lines are printed in the same manner as their solid 

counterpart. (Pa) Scaffold was tested with smaller pore size on bottom. (Pb) Scaffold was 

tested with smaller pore size on top. The data represent means of three samples with the 

error bars representing the standard deviations. One-way ANOVA was used to determine 

significant differences among groups (p < 0.05). A–E Values marked with the same letter do 

not differ.
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Figure 8. 
Compressive testing a) yield strength, b) modulus, of porous 3DP scaffolds (uniform and 

gradient) printed at F = 400mm/min, P = 16psi. (solid) indicates a fiber spacing that 

produces 0% theoretical porosity at the given F and p values. Groups with dashed lines are 

printed in the same manner as their solid counterpart. (Pa) Scaffold was tested with smaller 

pore size on bottom. (Pb) Scaffold was tested with smaller pore size on top. † and # indicate 

statistical significance (p < 0.05, n = 3) within compressive yield strength and modulus 

values, respectively.
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Figure 9. 
Mechanical properties of both uniform and gradient scaffolds. a) Scaffold compressive yield 

strength and b) compressive modulus as a function of volume fraction, where ε = porosity 

and both axes are on a logarithmic scale (base 10). Predicted values for dotted line (Theory) 

a) slope = 1.5 and b) = 2, follow a power law relationship of an isotropic cubic cell. 

Experimental values follow a best fit power law relationship as stated in Table 4.
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Table 3

Average Fiber Spacing of 3DP PCL Scaffolds Using the Conditions Described in Table 1a

Programmed fiber
spacing (mm)

Experimental fiber
spacing, F = 300 (mm)

Experimental fiber
spacing, F = 400

(mm)

Total experimental
fiber spacing (mm)

1.8 1.72 ± 0.02 1.72 ± 0.09 1.72 ± 0.07

2 1.95 ± 0.03 1.96 ± 0.04 1.96 ± 0.03

2.5 2.47 ± 0.07 2.56 ± 0.03 2.51 ± 0.07

a
Measurements represent the means and standard deviations of 5 X and 5 Y fiber spacings on the top of each scaffold (n = 4 per programmed fiber 

spacing group). Total experimental fiber spacing measurements represent the means and standard deviations for both printing speeds (F = 300 and 
400).
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Table 4

Summary of Mechanical Results and Experimental Power Law Relationships for Uniform and Gradient PCL 

3DP Scaffolds Using the Conditions Described in Table 2

Property Min (MPa) Max (MPa) Average ± SD (MPa) Power Law Equation

Compressive Yield Strength 3.3 15.2 8.6 ± 4.1 fc= 25.0 (1−ε)3.64

Compressive Modulus 23.6 87.9 42.0 ± 20.7 E= 97.0 (1−ε)2.91
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