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A B S T R A C T   

As extrusion-based 3D printers are easily accessible and quickly adopted, their application to plastics 
manufacturing as a prototype development tool continues to expand. In applications where plastic parts are to be 
injection molded, it is practical to use 3D printing as a tool to prototype and debug the tooling that will be used to 
mold the desired part. This allows for (1) the functional analysis and debug of the tooling design and (2) the 
development of injection-molded prototypes, where material properties can be analyzed in the as-manufactured 
state. In this work, design iterations of extruded 3D printed mold inserts were printed and tested in an injection 
molding machine to maximize the number of molding cycles before catastrophic damage occurred from the high 
injection pressures and clamp tonnage. In the optimized design developed in this experiment, 100% infill and a 
raised shutoff around the part core and cavity allowed for 15 injection molding cycles before the cumulative 
injection pressures permanently deformed the printed inserts, leading to flashing of the part on the parting line. 
Mechanical properties show that modulus in the samples molded from the 3D printed tooling insert was lower 
than that of parts manufactured via extrusion and injection molding using steel tooling, likely due to lower 
pressure limitations from the 3D printed insert, resulting in a lower density. Surface finish is also noted as an 
issue when molding parts with the prototype tooling, as the molten material conforms to the valleys between 
print layers. It is anticipated that prototyping tooling can lower material costs for tooling validation and debug 
and reduce engineer and equipment time, even if material properties and surface finish of the molded parts are 
inferior to that of parts molded in steel tooling.   

1. Introduction 

The application of additive manufacturing (AM) to the tooling design 
process for injection molding is an advantageous route to new product 
development. By being able to 3D print prototype injection molding 
tooling, part designs can be de-bugged before the steel is cut, reducing 
expensive start-up costs related to steel materials and personnel time. 
Complex part designs that are difficult to machine can also be trialed 
with the additive manufacturing process [1]. In addition, injection 
molded parts can be prototyped to confirm fit, form, and function prior 
to cutting long-term tooling. The quick-printing capabilities of com-
mercial systems also enables fast turn-around to analyze design modi-
fications with variations to the tooling. 

Depending on the printing process, metals, ceramics, and thermo-
plastic and thermosetting polymers can be used in additive 
manufacturing. The most common printing technique is extrusion of a 

thermoplastic polymer strand [2]. In this technique, a traveling extruder 
head deposits molten plastic in the x and y directions, the printing 
platform or build stage recedes to allow for new layers in the z direction, 
and the layers adhere together to form the 3-dimensional printed part. 
This methodology incorporates a “push” design where a gear box pushes 
the polymer strand into the heated extrusion head. Compared to ther-
moset or metal materials, the thermoplastics used in this technique are 
much more thermally sensitive and can remelt if enough heat is later 
applied to the printed part, making it troublesome in an injection 
molding tooling application. However, the technique is inexpensive, 
more common, and easier to adopt compared to reactive, jetting, or 
sintering processes [3]. 

The objective of this work is to create a functioning 3D printed insert 
to prototype injection molded parts for pharmaceutical applications. 
Specifically, the goal is to prototype a long-term drug delivery device 
[4]. These parts are commonly hot-melt extruded to the intended rod 
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geometry and cut to length in a secondary process [5–7], but fabrication 
has also been studied using additive manufacturing [4]. Extruded 
implant devices currently available on in the market include contra-
ceptives (NuvaRing, Implanon), ophthalmic drugs (Lacrisert®, Ozur-
dex®), and cancer medications (Zoladex) [8]. Much of the work done in 
prototyping additively manufactured mold components is not tested 
using industry’s commercially available molding machines [9–11] or 
the extrusion additive manufacturing process, but has been studied 
using photopolymerization additive manufacturing processes [12–20]. 

Relative to the extrusion process, the injection molding process has 
been found to provide a higher density due to higher pressures in the 
process [21,22] and higher crystallinity in the polymer matrix [21]. 
Injection molding also permits for the elimination of secondary pro-
cesses including cutting the extruded profile to length, broader flexi-
bility with part design beyond the 2-dimensional profile limitation in 
extrusion, and more efficient scale-up for high production [21] Proto-
type injection molded parts can be preferred over 3D printed prototypes 
because in composite applications, the injection molding process 
significantly impacts the orientation and distribution of the reinforcing 
agent (fibers, particulates, platelets, etc.), which affects the resulting 
mechanical properties [23–25]. A drawback of the injection molding 
process compared to extrusion is the cost of tooling, or the mold used to 
form and cool the parts [26], which can be mitigated at high production 
volumes. For this reason, a 3D printed prototype mold insert can be 
utilized to analyze part efficacy, confirm part design details, and reduce 
debug time on a steel production mold which can significantly reduce 
start-up cost and time. It is anticipated that the 3D printed prototype 
insert will only withstand limited injection molding cycles due to heat 
and pressure limitations, so this methodology is expected only to be a 
viable prototyping tool or extremely low-volume production. 

The combination of heat and pressure during the injection molding 
process can cause failure in the 3D printed mold inserts due to yielding 
and dimensional changes. The compression forces during the injection 
molding process are influenced by the clamp tonnage of the injection 
molding press and the injection pressures during the molding process. 
Clamp tonnages can commonly reach thousands of tonnes and injection 
pressures commonly range from 70 to 138 MPa [27]. In printing ana-
lyses that study compressive strength in extrusion-printed thermoplastic 
parts, it was found that infill percentage had the largest contributions to 
increased compressive force [28,29], and more shell layers yielded 
higher compressive strength [28]. Dimensional accuracy, which is crit-
ical to obtaining a smooth surface finish in injection molded parts, was 
found to increase when layer height decreased [30]; however, decreased 
layer height also contributed to a decreased compressive strength [28]. 
In this work, 3D printed mold inserts are fabricated using a series of 
design changes to injection mold medical device implants. Permament 
deformation of the mold, resulting in flash, is studied over repeated 
injection cycles, to identify the most effective design parameters for 
creating durable mold inserts. Moldflow simulations are performed to 
identify the expected pressure distributions during molding. The 
resulting injection molded implants are characterized to understand 
resulting crystallinity and mechanical properties to evaluate the quality 
of the parts when compared with conventionally manufactured parts. 
The contributions of printing parameters to part properties are discussed 
[28]. 

2. Materials and methods 

2.1. Instrumentation 

2.1.1. 3D printing 
Material extrusion 3D printing was performed on an Ultimaker 3. 

Polyamide 6 (PA 6) was used as the 3D printing filament due to its high 
melting temperature relative to other commercially available 3D print-
ing filaments. Neat PA 6 (MatterHackers Pro Series Nylon) and 12.5 wt% 
carbon fiber filled PA 6 (PA6/CF) (CarbonX from 3DXTECH) [31] at 

2.85 mm diameter were selected as commercially available filaments for 
the printing of the injection mold inserts. Prior to printing, the filament 
was dried for 4 h at 75 ◦C in a desiccant oven. Bed and nozzle temper-
atures were set to 75 ◦C and 270 ◦C, respectively, per the filament 
supplier recommendations. The material flow rate was set to 100% and 
layer height was set to 0.2 mm. A nozzle diameter of 0.4 mm and print 
speed of 70 mm/s was used. A flat (x, y) build orientation was used to 
print each mold insert, and the specific infill conditions are listed with 
each design iteration. The printed insert geometry for all infill condi-
tions is comprised of 35 mm height and 110 mm length, and the cylinder 
part cavity is a cylinder with 40 mm length and 2 mm diameter. (Figs. 1, 
2). 

2.1.2. Injection molding 
Injection molding was performed on a BOY XS molding machine 

equipped with a 12 mm screw diameter, 19.7 L/D ratio, and 50 mm 
diameter barrel. Ateva® ethylene vinyl acetate (EVA) 1070 from Cela-
nese was used as the polymer for injection molding [5,6]. Optimized 
process settings were developed using steel mold inserts with the iden-
tical geometry of the 3D printed inserts in order to establish the process. 
It was determined that parts could be produced using a 14 mm shot size 
and 7 mm transfer position with an injection velocity of 20 mm/s. 
Transfer to hold pressure (5.5 MPa) was set to occur when the part was 
filled 95% from shot size alone to accommodate for shrinkage during 
solidification from the melt [32]. A 20 s cooling time was set prior to 
manual part picking. A barrel temperature of 180 ◦C for the EVA was 
used. Mold cooling was not printed into the insert parts to prevent water 
leakage, so tool temperature was at ambient conditions. An example of a 
set of machined steel inserts in the cavity and core plates are displayed in  
Fig. 3. Samples were molded using the steel inserts as a baseline for 
comparison to the 3D printed inserts. 

2.1.3. Extrusion 
Extrusion of the implant geometry was used as a baseline for 

Fig. 1. Part geometry replicating the pharmaceutical implant Nexplanon 
(Organon & Co., Jersey City, NJ, USA) (a) and the tab gate transition from 
runner to part (b). 
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resulting sample characterization. EVA samples were extruded on a 
Brabender Plasticorder Rheometer with a 3 mm round die. The extruder 
is equipped with a 19 mm screw, 30:1 L/D ratio, and 3:1 compression 
ratio. Extrusion was performed at 180 ◦C and 50 RPM. Once material 
was extruded out of the die, the strand was drawn down to 2 mm 
diameter through a water bath using a puller. 

2.1.4. Differential scanning calorimetry (DSC) 
DSC analysis was performed on a Mettler Toledo DSC 1 to analyze the 

melting temperatures of the EVA and PA 6 used in this study. To meet 
the objectives of this work, the processing melt temperature of the EVA 
needs to be lower than the melting point of the PA 6 to ensure the 
thermal stability of the insert is constant throughout the molding pro-
cess. Samples were heated at 10 ◦C/min to 180 ◦C and 250 ◦C for the 
EVA and PA 6, respectively. The polymer was then held at that tem-
perature for 3 min to ensure equilibrium was reached, followed by 

cooling at 10 ◦C/min to a minimum temperature of 0 and 25 ◦C for the 
EVA and PA 6, respectively. The heat/cool cycle was then repeated a 
second time. To analyze the crystal fraction in the manufactured EVA 
samples, the same calorimetric protocol was applied, but the melting 
peak of the first heating scan was analyzed. A nitrogen purge of 30 mL/ 
min was used for all measurements to prevent sample oxidation. 

2.1.5. Mechanical testing 
Compression testing was performed to quantify forces required to 

permanently deform the printed mold inserts. A Tinius Olsen universal 
testing machine was employed at 5 mm/min compressive rate. Samples 
were prepared by 3D printing sample blocks (40 mm × 40 mm ×
40 mm) at similar print conditions to the injection molding insert de-
signs (4 layer shell). Compression samples were printed using neat PA 6 
at 30% infill, PA 6/CF at 30% infill, and PA 6/CF at 100% infill to mimic 
the print parameters used in the insert design sequence. Tensile testing 
was used to compare mechanical properties of the parts manufactured 
under the different methods. Testing was performed on a Tinius Olsen 
25ST at 4 mm/min. 3 samples of each manufacturing condition were 
tested. 

2.1.6. Mold filling simulation 
Mold filling simulation was used to determine injection pressures 

anticipated from the injection molding process imposed on the 3D 
printed inserts. Autodesk Moldflow Insight 2021 software was used for 
the analysis. The part geometry was imported into the software, and a 
3D mesh was created using 11 elements through the thickness of the 
part, yielding 254,000 total elements in the part file. The Fill+Pack 
analysis sequence was run using Greenflex ML30 EVA from Versalis in 
the Autodesk Moldflow database since the specific grade of EVA used in 
this study was not available. The vinyl acetate (VA) contents are the 
same at 9%, and melt flow viscosities of the materials are similar, at 2.5 
and 2.8 for Greenflex mL 30 and Ateva 1070, respectively, so these 
parameters are expected to be sufficiently representative to model the 
specific grade used in this study. The analysis was performed using the 
actual injection molding conditions used to mold samples in this process. 

2.1.7. Scanning electron microscopy (SEM) 
SEM was performed to capture the surface finish of parts created 

under differing manufacturing conditions. Micrographs of the as- 
manufactured part surfaces were captured using a FEI Quanta 650. 
Imaging of the unmodified surfaces was performed using a spot size of 
4.5, a 10 kV accelerating voltage, and a chamber pressure of 40 Pa. 

3. Results and discussion 

The melting temperatures were analyzed by DSC to confirm the 
temperatures chosen for the EVA molten polymer and the injection 
molding machine’s hot sprue would not melt the printed inserts. The 
heat flow signals as a function of temperature are shown in Fig. 4. The 
second heating cycle is displayed to show the subsequent melting after a 
known, consistent cooling profile. Endothermic peaks in this analysis 
indicate crystal fraction melting. The EVA shows melting onset begins at 
approximately 15 ◦C, and the peak melting temperature (Tm) occurs at 
99 ◦C. Both PA 6 filaments show bimodal melting peaks, which indicates 
polymorphic crystal development and reorganization to the more stable 
crystal form in the as-solidified samples [33–35]. The neat PA 6 filament 
is slightly less thermally stable than the CF PA 6 with bimodal Tm at 
189 ◦C and 198 ◦C. The CF reinforced PA 6 filament displays bimodal Tm 
at 208 and 218 ◦C. From this analysis, it was determined that using an 
EVA melt temperature of 180 ◦C per the resin supplier [36] would be 
low enough to avoid melting the printed PA 6 inserts, though it was 
anticipated the neat PA 6 would have a higher degree of softening than 
the CF reinforced PA 6. The glass transition temperature (Tg) of PA 6 has 
been reported to occur between 66 ◦C and 77 ◦C depending on the 
crystallization conditions [37], so it is anticipated the insert may have 

Fig. 2. Mold insert core (a) and cavity (b) part files to create the 
implant geometry. 

Fig. 3. Mold inserts installed in cavity and core plates for injection molding.  
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additional ductility when exposed to the processing temperature of EVA, 
though it will still be in solid phase. 

3.1. Insert design 1: neat PA 6, 30% gyroid infill 

The neat PA 6 grade was used to print the first core and cavity inserts 
for the experiment. A 30% infill using the gyroid pattern was selected for 
this first design iteration, as shown in Fig. 5a. The printed insert is dis-
played in Fig. 5b. Parts resulting from the injection molding process are 
displayed in Fig. 5c. For each injection cycle, the parts are labeled as 
Cycle 1, Cycle 2, etc. to indicate the progression of the consecutive parts 
molded using the printed tooling. After only 3 cycles, it is shown that the 
injection forces caused permanent deformation of the printed insert, 

which then caused molding flash, or excess material adhered to the part 
at the parting line of the mold between the inserts. With each additional 
injection molding cycle, each part continuously proceeded to develop 
more flash, indicating that additional deformation was occurring in the 
printed insert. It was decided a material with higher compressive 
strength and a higher infill would be needed in this region to overcome 
the injection pressures needed in the molding process. Due to high flash 
and poor process stability, it was determined that no parts were practical 
for prototype use. 

3.2. Insert design 2: PA6/CF, 30% triangular infill with local 100% infill 
region 

In the second design iteration, a local section of 100% infill using line 
pattern was added to overcome 3D printed insert deformation observed 
in Design 1. The 30% infill using triangular pattern was used throughout 
the remainder of the insert to try to reduce material, as shown in Fig. 6a. 
An image of the printed core insert after the molding attempt is dis-
played in Fig. 6b and shows the permanent deformation was moved to 
the area outside of the 100% local infill region. The injection molding 
cycle progression in Fig. 6c displays that with each additional molding 
cycle, the flash continuously worsened in the region outside the local 
dense infill. Regarding the viability of the molded parts from this printed 
insert, it was again determined that no parts were practical for prototype 
use. 

3.3. Insert design 3: PA6/CF, 100% line infill 

To overcome the deformation issues in design iterations 1 and 2, it 
was decided that 100% infill through the full part would be necessary to 
overcome the injection pressures that cause deformation, resulting in 
flash on the molded parts. The print cross section and the printed cavity 
after used in the injection molding process are displayed in Fig. 7a and 
Fig. 7b, respectively. The injection molding cycle progression from cycle 
2 through 9 are displayed in Fig. 7c, showing that the major flash issues 
seen in insert designs 1 and 2 is much improved at the higher infill 
density, which relates to a higher compressive strength. From this insert, 
approximately 7–9 prototypes with mild flash at the parting line can be 

Fig. 4. Calorimetry of neat PA 6 filament, carbon fiber filled PA 6 filament, and 
EVA molding resin to analyze critical melting ranges. Samples have been 
normalized to sample mass and melting profiles are obtained at 10 ◦C/min 
heating rate. 

Fig. 5. Insert design 1 displaying 30% infill using gyroid pattern (a), the printed insert (b), and the injection molding cycle progression forming molded parts using 
the insert (c). 
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achieved before the cumulative injection pressures cause permanent 
deformation to the insert, resulting in ineffective prototypes. Ramesh 
et al. found that in a material extrusion printing study, polyamide parts 
with 100% infill density had the most impactful contribution to 
increasing the flexural strength, tensile strength, impact strength, and 
hardness due to lower number of voids to permit for crack propagation 
when the different load mechanisms were applied [29]. 

3.4. Insert design 4: PA6/CF, 100% line infill with raised shutoff 

The fourth design iteration included a raised shut-off around the 
runner and part with a width of 2 mm and a thickness of one printed 
layer height (0.2 mm). The added height required stopped flash for the 
first twelve molding cycles and only produced minimal flash until over 

15 injection molding cycles. Any flash that did occur only affected the 
runner and not the parts in the molded prototypes. In this design iter-
ation, it is assumed that at least 15 prototypes can be injection molded 
before flash at the parting line becomes a major issue that affects the 
integrity of the part. It is also notable that during manual part pulling, 
some of the parts de-gated, as shown in Fig. 8c. 

3.5. Cavity pressure requirements 

Mold filling simulation was performed using the part geometry and 
injection molding conditions to predict injection pressures developed 
during the molding process. The end of the hot sprue was modeled as the 
injection location into the part geometry. The pressure as a function of 
the part geometry is shown in Fig. 9, which was captured at (a) the point 

Fig. 6. Insert design 2 displaying 100% infill at the local region that displayed permanent deformation in Design 1% and 30% infill using gyroid pattern throughout 
the remainder of the insert (a), the printed insert after molding displaying regions of permanent deformation (b), and the injection molding cycle progression forming 
molded parts using the insert (c). 

Fig. 7. Insert design 3 displaying 100% infill using line pattern throughout the whole insert (a), the printed insert (b), and the injection molding cycle progress (c).  
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of velocity to hold pressure switchover and (b) at the time the cavity is 
filled. The maximum injection pressure is approximately 25 MPa, which 
is developed in the runner of the part. The pressures in the gate reaches a 
maximum of about 12.5 MPa, with the part geometry having the lowest 
injection pressure during the process. Flash, caused by permanent 
deformation of the insert, occurs first in the runner before the part ge-
ometry in the molded prototypes, which agrees with the pressure 
simulation shown here. Deformation occurs first at the points of highest 
pressure and worsens with each injection cycle due to cumulative forces. 

Compression testing of 3D printed sample blocks was performed to 
analyze if compression loading of test specimens printed at the condi-
tions used for the mold insert could be correlated with failures associ-
ated with deformation from injection pressures during the molding 
cycle. Raw data from the compression tests at the different print designs 
are displayed in Fig. 10. The mechanical test confirms that the carbon 
fibers increase the compressive strength compared to that of the neat PA 
6 material. However, the 30% infill design, regardless of neat or carbon 
fiber filled, compressive strength is lower than 25 MPa, which is the 
expected maximum pressure developed during plastic injection during 
the molding cycle. This result confirms the immediate deformation 
developed in the insert Designs 1, 2, and 3. The carbon fiber filled PA 6 

specimen printed at 100% infill shows plastic deformation occurs at 
approximately 60 MPa, which is greater than the injection pressure to be 
applied during the injection molding process. However, some flash was 
still developed around the parting line of the part in Insert Design 4. This 
leads the authors to believe the seal between the cavity and core inserts 
is difficult to maintain in extrusion-based additive manufacturing, as air 
gaps exist between the rasters [38] and interfacial voids can occur if 
print conditions are not optimized [39]. If void content is present, the 
polymer can easily flow into areas where print design permits. 

3.6. Property comparison 

To analyze the resulting properties of the injection molded pro-
totypes, implant samples were characterized after manufactured via (1) 
extrusion, (2) injection molding using the standard steel insert, and (3) 
injection molding using the optimized 3D printed insert with shutoff 
around the cavity and core geometry. A macroscopic image of the 
samples after their fabrication is shown in Fig. 11. It can be seen that the 
injection molded sample using the steel insert and the extruded sample 
have very smooth surface finishes, producing an optically transparent 
specimen, while the rough surface of the sample injection molded using 

Fig. 8. Insert design 4 displaying 100% infill using line pattern throughout the whole insert and a raised shutoff around the part core and cavity (a), the printed insert 
after the molding trial (b), and the injection molding cycle progress (c). 

Fig. 9. Mold filling simulation pressure prediction at (a) V/P switchover when the part-filling process transitions from fill by injection to hold pressure and (b) when 
the part is completely filled. 
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the 3D printed inserts have a course surface finish, producing an opaque 
part. Though the surface finish is courser, the desired part geometry is 
still maintained, and the part was analyzed for mechanical integrity. 

The resulting crystallinity was measured by integrating the melting 
peak on the first heating scan. Samples were taken as a full cross- 
sectional area, and molded samples were taken from the part’s end of 
fill location. To determine crystallinity, a heat of fusion of 293 J/g of 
pure polyethylene was used [40], and integration limits from 60 ◦C to 
115 ◦C were applied for each sample. Absolute crystallinity values of 
30.9%, 21.3%, and 28.5% were calculated for the samples that were 
injection molded using the 3D printed insert, injection molded using the 
steel insert, and extruded, respectively. The low as-molded crystallinity 
value in the injection molded sample using the steel insert is due to the 
high cooling rate quench where the molten plastic meets the thermally 
conductive steel mold wall. The highest crystallinity value is obtained in 
the sample molded using the 3D printed insert, where there is low 
thermal conductivity, and the part is able to cool more slowly, yielding a 
higher crystallinity value. (Fig. 12). 

Surface finish of the implant rods were characterized using electron 
microscopy. Fig. 13 shows the surface finish of samples created by (a) 
injection molding using the 3D printed insert, (b) injection molding 

using the steel insert, and (c) extruded. The surface finish is smoothest 
by manufacturing using the steel injection molding insert, as the plastic 
takes the surface texture of the machining conditions used to manu-
facture the insert. Extrusion also produced a smooth surface finish, 
though slightly more defects are present from the extrusion process, 
where material is affected by die finish, rollers in the water bath, and the 
puller while still malleable. Significantly rougher surface finish is pro-
duced when injection molding into the 3D printed insert, where the 
polymer material tries to fill boundaries between surface print layers, 
known as valleys. Fig. 13d displays a schematic of the deposited beads 
during the 3D printing process. Between the beads internal to the 
printed parts, voids may be present due to the circular shape of the 
extrusion nozzle. This effect at the surface is denoted as a valley. During 
the injection molding process, the injected molten material will fill the 
valleys, producing surface defects up to 0.1 mm.There also appears to be 
a ductile “pulling” mechanism at the surface, which can be an attribute 
of the EVA sticking to the PA 6 mold insert and is permanently deformed 
when ejected from the mold. 

Tensile properties were evaluated of the implant specimens manu-
factured via injection molding using the 3D printed insert, injection 
molding using the steel insert, and extrusion. Raw data and data sum-
maries are depicted in Fig. 14. Representative raw data curves for each 
manufacturing set are displayed in Fig. 14A. It is shown that a higher 
stress at yield and break is obtainable in the extruded and injection 
molded in steel samples compared to that of the 3D printed insert. 
Fig. 14B displays average strain at break for each manufacturing 
method. The extruded samples proved to have the largest strain at break. 
The modulus of the samples that were extruded and injection molded 
using the steel insert are similar but is lowest in the samples injection 
molded using the 3D printed inserts. It is concluded that the high 
extension exhibited in the extruded samples is a result of the high degree 
of orientation achieved from the extrusion process. The modulus is a 
correlation to the density of the fabricated parts depending on the 
manufacturing process. The densities of the extruded samples and 
samples injection molded using the steel inerts are expected to be the 
highest, and lowest in the injection molded samples using the 3D printed 
insert. The tensile properties studied here are dictated by the density and 
degree of orientation more than the degree of crystallinity. 

Though the surface finish and tensile properties are not equivalent to 
those manufactured via extrusion or traditional injection molding using 
a steel insert, the use of an additively manufactured insert for prototype 

Fig. 10. Compression testing of samples mimicking the 3D printed mold inserts 
to analyze compressive properties of the bulk parts. 

Fig. 11. Macroscopic imaging of samples fabricated via injection molding with 
a steel insert, injection molding with a 3D printed insert (molded using Design 4 
– 100% infill with shutoff), and extrusion. 

Fig. 12. DSC first heating curves of EVA manufactured via injection molding 
with the 3D printed insert (top, black), injection molding with a steel insert 
(middle, red), and extruded (bottom, blue). (For interpretation of the references 
to color in this figure, the reader is referred to the web version of this article.) 
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parts is still seen as an advantageous route for prototyping injection 
molded parts. For example, composite systems can be analyzed for 
filler/additive/reinforcing agent orientation as impacted by the 
manufacturing conditions, flow patterns can be analyzed to better 
determine weld line locations, and molded prototypes can be used to 
determine appropriate venting locations. By analyzing the injection 

molding considerations in a prototype tool, money and time can be 
saved during de-bug efforts, where often times these corrections need 
completed on steel tooling. 

Fig. 13. Electron microscopy of surface finish of samples prepared via injection 
molding with the 3D printed insert (a), injection molding with a steel insert (b), 
and extruded (c). A schematic describing the surface effects from the 3d 
printing process is shown in (d), where the material bead from the extrusion 
process is gray, and blue indicates void space between beads. Void space on the 
surface of the printed part is designated as a valley. (For interpretation of the 
references to color in this figure, the reader is referred to the web version of 
this article.) 

Fig. 14. Tensile properties of implant samples prepared via injection molding 
with 3D printed insert, injection molding with steel insert, and extrusion. Raw 
data of representative curves (A), average strain at break (B), and average 
modulus (C), where error bars indicate one standard deviation. 
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4. Conclusions 

The development of injection molding tooling can be an expensive 
endeavor, where the tooling itself is costly and often requires adjust-
ments after a validation period. By prototyping injection molding tool-
ing, engineers can (1) reduce the time and material costs of debugging a 
steel mold and (2) prototype the injection molded part to study 
manufacturing-specific material considerations. This experiment sys-
tematically analyzes extrusion-based 3D printed injection molding in-
serts for optimizing cycles in the injection molding machine. It was 
found that the PA 6/CF composite material was needed for its structural 
integrity, and that 100% infill with a raised shutoff around the part’s 
cavity and core allowed for the maximum number of usable parts. In this 
design scheme, 15 functioning parts were able to be collected before the 
injection pressures of the molding process caused permanent deforma-
tion in the insert, which contributed to the flash defect development 
along the parting line of the part. As material extrusion is the most 
common and inexpensive of the additive manufacturing techniques, it is 
anticipated that prototype tooling can be easily applied to new product 
development to save companies time and money in process start-up. 

Physical, mechanical, and morphological properties of samples 
manufactured via extrusion, molded using a 3D printed insert, and 
molded using a steel insert were analyzed. It was found that rough 
surface finish was produced in parts molded in the 3D printed insert, as 
the hot melt conforms to the valleys between print beads. The molded 
EVA polymer also appears to have ductile “pulling” areas on the surface, 
noting that the material wanted to stick to the PA 6 core and was 
deformed when manually ejected. The modulus of the extruded samples 
is 84% greater than that of samples molded in the 3D printed parts, 
which can be related to the final density attainable from each 
manufacturing technique. Though the mechanical properties and sur-
face finish of the parts manufactured via additively manufactured plastic 
tooling, the use of 3D printed thermoplastic tooling can be successful to 
prototype injection molding tooling and to prototype injection molded 
parts at low cost and fast response time. The injection molded prototype 
parts can allow engineers to better determine flow patterns in the mol-
ded parts, which affect reinforcing agent, filler, and additive orientation 
and thus, mechanical properties. From a tooling perspective, the ability 
to injection mold into prototype tooling will allow for design debug 
related to weld line locations, proper venting design pending actual flow 
patterns, and optimized runner/gate geometries. 
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