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FULL PAPER
Enhanced Bonding via Additive Manufacturing-Enabled
Surface Tailoring of 3D Printed Continuous-Fiber
Composites
Edem Dugbenoo, Muhamad F. Arif, Brian L. Wardle, and Shanmugam Kumar*
Additive manufacturing (AM) of composites, particularly continuous fiber
composites as studied here, is emerging as a new paradigm for creating
advanced structures. Traditional machining and joining approaches will
evolve or be fully displaced by AM approaches, and here the authors
introduce a seminal investigation into AM-enabled bonding/joining of
continuous fiber composite laminates/multilayers. The AM-enabled tailoring
approach volumetrically increases surface area available for bonding by
�150% by printing lines of continuous Nylon matrix filaments at an infill
density of 50% to create a porous (�50 vol%) bonding surface, rather than
the conventional/baseline solid (100 vol%) surface approach. The AM-tailored
multilayers show improvements relative to the baseline single-lap-joint (SLJ)
multilayer, and versus the industry-standard surface preparation approach:
550% and 145% increases in ultimate strength, 10 000% and 800% increases
in toughness, respectively, while maintaining joint stiffness. Benchmark
mechanical performance data is established via the AM-tailored bonding
approach for carbon, glass, and Kevlar continuous fiber reinforced additively
manufactured composite SLJ multilayers. AM-enabled enhanced joining, such
as the concept demonstrated here, is critical as AM components are
increasingly being joined, both to each other and to other (non-AM, different
AM, etc.) structures in advanced applications.
1. Introduction

Additive Manufacturing (AM), also known as 3D printing, refers
to the layer by layer formation of an object from three-
dimensional (3D) model data using various feedstocks, usually
in powder, liquid, or fiber form. AM enables the fabrication of
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parts that cannot otherwise be produced,[1]

can accelerate product development
times,[2] and allows for the creation of
digital rather than physical inventories.[3]

AM applications such as the fabrication of
racecar aluminum cooling jackets,[4] air-
craft engine cobalt-chromium fuel noz-
zles,[5] polymer/metal custom dental
implants,[6] polymer prosthetic limb sock-
ets,[7] and 3D printed polymer tissue and
scaffolds[8] have been made possible
through rapid advancements in the devel-
opment of materials, processes and testing
standards.[9] Current mainstream AM pro-
cesses are fused deposition modeling
(FDM) for polymers, composites and
metals, stereolithography (SLA) for poly-
mers, composites and ceramics, binder
jetting (BJ) for sand and metals, multijet
fusion (MJF) for polymers, selective laser
sintering (SLS) for polymers and compo-
sites, selective laser melting (SLM) for
metals, electron beam melting (EBM) for
metals, electron beam additivemanufactur-
ing (EBAM) for metals and big area
additive manufacturing (BAAM) for poly-
mers and composites.[10] FDM is the most
widely used AMmethod due to its low-cost
and ease of use to fabricate complex parts with thermoplastic
filaments, such as PLA, ABS, Nylon, PS, PEEK.[11] AM of
composites with enhanced performance is an active area of
research.[12–16] Various filler-type reinforcements, such as carbon
black,[17] reinforcing platelets,[15] and short fibers including
chopped carbon fibers,[18] polymer fibrils,[19] carbon nano-
tubes,[20,21] glass fibers,[22] and zirconia nanoparticles[23] have
been utilized to date. In most of these studies, either the
additives were mixed into thermoplastic filaments prior to being
loaded into the FDM printer, or two print heads were used for
fabricating composites.[23] These composites usually show poor
mechanical properties compared to composites manufactured
by conventional methods, because composites reinforced with
short fibers or particles are mechanically inferior to composites
reinforced with continuous fibers.[24–28] To improve the
mechanical performance of AM composites, FDM of continuous
fiber composites by impregnating plastics with advanced fibers
(such as carbon)[29] is gaining enormous attention. Of interest in
the current work is AM of continuous carbon fiber reinforced
plastics (CFRP) composites, the highest performing material via
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conventional fabricationmethods on a per-weight basis. Few AM
technologies and research papers currently exist that focus on
AM continuous fiber composite reinforcement, relative to the
larger body of work and technologies on nano- and micro-
particle and discontinuous fiber reinforcement.[30] Early work is
just emerging on the basic properties of continuous microfiber
FRP composites, for example, simple tensile modulus and
strength of AM CFRP are currently 2–3� less than traditionally-
manufactured (prepreg, infusion, etc.) CFRP.

Methods of joining additively manufactured parts, however,
have not kept pace with other topics in AM such as additively
manufactured assemblies including houses,[31] cars,[32]

drones,[33] and other objects that may require their constituent
components to be printed or manufactured separately and later
joined together. Traditional or legacy concepts such as male and
female connectors,[34,35] 3D interlocking parts,[36] mechanical
fasteners,[37] and thermoplastic welding[38,39] are prevalent
despite the fact that these methods lead to stress concentrations
and/or weak bonds that are the source of failure at attachment
points, thereby reducing the load carrying capacity and
performance of the joint or the structures themselves.[12,40,41]

For instance, fasteners such as threaded inserts typically require
additional fixtures and steps, such as heating and insertion into
pilot holes within the additively manufactured part, which can
damage and therefore weaken the surrounding structure in the
process. By contrast, adhesive bonding has been shown to be a
facile approach that promotes a smooth distribution of stresses
in the bonded area, reduces stress concentrations, and increases
the load carrying capacity of the joint.[42,43] Although adhesives
Figure 1. Illustration of conventional/baseline versus AM-tailored adherend
The AM-tailored interface provides additional surface area for bonding via
surface of the solid (100 vol%) baseline/conventional adherend surface.
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are being adopted in traditional CFRP to varying degrees and the
AM industry for joining purposes,[44] very few studies[45] exist on
the performance of bonded AM parts. In particular, there are no
known studies on joining of AM continuous fiber FRP
composites. Related studies[46–48] have considered the use of
AM technologies to create surface features on traditionally
fabricated adherends, with large improvements in mechanical
joint performance noted, particularly in ref.[47] That work
follows on from the classic theoretical work on adhesive
bonding[49] that showed strategies � such as adherend tapering
� for improving joint performance. Indeed, many of the
theoretical improvements could be enabled via AM.[50–53]

In this paper, we present a new technique for increasing the
bonding surface area, and therefore (as we show) the bond
strength and toughness, of SLJ multilayers with AM continuous
fiber composite adherends (Figure 1). Themechanical properties
of SLJ multilayers are quantified and compared with conven-
tional/baseline joints, as well as an industry-standard surface
preparation method following ASTM D2093.[54] Surface prepa-
ration is well-known to have a large effect on bond strength,[55,56]

and thermoplastic materials as considered here are noted to be
difficult to bond to due to their low surface energies, thus
requiring some surface treatment procedure.[57] Surface treat-
ment methods suitable for traditionally fabricated thermoplastic
composites include abrasion, grit blasting, peel ply to modify
surface roughness, and plasma or laser treatments.[58–61] These
methods alter the bonding surface energy, roughness, and/or
chemistry of the adherends, thereby promoting strength via an
increase in the available bonding surface area or through the
surfaces for continuous (carbon) fiber AM composite adherend bonding.
the low volume-fraction (�50 vol%) Nylon filaments versus the smooth
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formation of new or additional chemical bonds between adhesive
and adherend.[62] The AM-tailored approach introduced here
increases the available bonding surface area in a volumetric
approach, rather than via surface roughness, and is shown to be
superior even to the industry-standard composite adherend
preparation method. Using adherends with the highest-perform-
ing (AM-tailored) bond surfaces, we provide the first benchmark
dataontheeffectof reinforcingfiber type (carbon,glass, andKevlar)
on themechanicalpropertiesof adhesively-bondedAMcontinuous
fibercomposites.The lightcolor lineappearingonthemiddleof the
surfaceof thespecimensvisible inFigure1 isa regionofpureNylon
infill that theprinterusesbecause it isnot able toprint carbonfibers
composite in this region when the width of the line becomes
smaller than twice the minimum turn radius that can be taken by
this 3D printer without the fibers becoming discontinuous.
2. Experimental Section

This section discusses the AM and testing of continuous fiber
composite adherends and their corresponding adhesively
bonded SLJ multilayers. Details are also provided on fabrication
of the novel AM-tailored adherend surface.
1Printed Composite (PC) is detailed in section S1 and refers to the
composite that results from printing of the continuous fiber filament
feedstock.
2.1. 3D Printing of Continuous Fiber Unidirectional
Composites and Their Mechanical Properties

FDM of polymer (here, Nylon) and continuous fiber filaments
(here, carbon, glass, or Kevlar fiber) was carried out using the
Mark One composite 3D printer (Markforged) using their
proprietary filament feedstocks (e.g., see refs.[63–65]). The Mark
One1 has two nozzles: one extrudes Nylon filaments, and the
other extrudes reinforcing filaments (fibers with sizing and
Nylon matrix) to create a continuous fiber polymer matrix
composite (PMC), sometimes known as a long-fiber composite.
During the AM process, a print head maps out cross-sections of
the part in the x�y build plane (see Figure 1) whilst extruding a
filament of material onto the print bed. The first layers always
consist of unreinforced Nylon to serve as a base upon which the
fiber reinforced Nylon layers can be printed. When extruding
Nylon, the filament is heated at the nozzle of the print head
slightly above its melting temperature such that it solidifies on
the order of milliseconds after extrusion onto the print bed. The
Nylon filament feedstock has an un-extruded diameter of
approximately 1750 μm and is stored as a rolled spool in a plastic
dry box to prevent moisture absorption. The reinforcing fiber
filament feedstock varies in diameter from 265 to 375 μm
depending on the fiber type (see detailed discussion in Section
S1) and consists of bundles of sized microfibers, Nylon, and
proprietary agents to assist in deposition and bonding with the
Nylon. The microfiber bundles have been reported to consist of
approximately 1000 fibers,[63] known as a 1K tow, with each fiber
having a diameter of 10� 2 μm.[64] We confirm these observa-
tions with higher confidence in the individual fiber diameters
(see discussion in Section S1).

In order to quantify the effect of the reinforcing fibers on the
mechanical properties of the printed composite multilayer
assemblies, dogbone tensile specimens (see Figure S2 and
discussion in Section S2) were fabricated to characterize the
Adv. Eng. Mater. 2018, 1800691 1800691 (
stiffness of the adherends following ASTM Standard D638-14
(Type 1 geometry)[66] in a Universal Testing Machine at a stretch
rate of 1mmmin�1. Although not the focus of the current work,
an assessment of the carbon, Kevlar, and glass unidirectional
composite and microfiber elastic properties is undertaken to
understand the adherend properties in the SLJ multilayers.
Measured dogbone tensile data and the microstructure of the
printed dogbones is utilized to infer composite and microfiber
properties using basic composite mechanics. A detailed
discussion in Section S1 reveals several characteristics of the
AM unidirectional continuous fiber printed composite (PC)
plies1: (i) the PCs have relatively high void fractions of 4–12 vol%
versus unidirectional aerospace prepreg composites that have
<1 vol%, (ii) the volume fraction of reinforcing fiber in the PCs is
relatively low at 23–49% versus unidirectional aerospace prepreg
composites at �60 vol%, (iii) the stiffness contribution from the
three different microfibers, as inferred from the composite test
data, is between 24 and 50% of typical microfibers from
structural composites of each of these materials (see discussion
and references in Section S2). Despite void and volume fraction
limitation, the PCs have significant fractions of the stiffness of
traditionally manufactured unidirectional advanced composites,
with of course the many added benefits afforded by AM. The
microfibers in the PC very effectively reinforce the Nylon matrix,
improving stiffness in the range of 30–50� over the (unrein-
forced) Nylon. Strength was not evaluated with the dogbone
specimens per the Standard. Pure Nylon used in producing the
AM composite adherends is evaluated to have a modulus of
0.4GPa, less than 50% of the value (0.94GPa) quoted by the
manufacturer.[67]
2.2. Development of AM-Tailored Surfaces

Bonding of composites, including the AM continuous fiber
reinforced composites herein, requires that a strong bond
develops between the composite parts so as to enable efficient
load transfer. The conventional FDM process has objectives of
dimensional accuracy, reduced material consumption, and part
production with smooth surface finish and low surface porosity.
These inherent embedded goals influence and limit the process
parameters that are used when fabricating parts using the
technology, for example, it is common practice to avoid
overhangs (to ensure dimensional stability during 3D printing
by printing support structure), decrease overhang angles when
they are unavoidable, and to use as little support material as
possible. As it applies here, the AM continuous fiber composites
are always finished with a relatively smooth (100 vol%) outer
layer of Nylon, termed floor and roof layers, and the sides are
finished similarly and termed walls. Figure 1 shows a
conventionally fabricated (baseline) adherend and the resulting
smooth (100 vol%) surface finish. Finishing in conventional
composites can be somewhat controlled via the surface
roughness of the material, oftentimes nonporous Teflon, that
is between the composite part and the tool or bagging material.
© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim3 of 9)
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To increase the bond strength of thermoplastics and thermo-
plastic-based composites with matrices such as ABS, PLA, and
Nylon (as used here), post-fabrication surface treatments are
usually employed to alter the physical or chemical nature of the
bonding surface. These traditional surface treatment methods
oftentimes involve the use of corrosive chemicals and may
increase production time as such post-processing steps are
carried out after the additive manufacturing process is complete.
AM is utilized here to provide an alternative surfacemodification
for enhanced bonding by printing porous (50 vol% porosity)
Nylon surfaces rather than a fully dense (100 vol%) surface as in
the conventional/baseline AM process. Figure 2 contrasts the
stages in the conventional AM process with the proposed AM-
tailored surface approach. We utilize a porous layer (�50 vol%)
of Nylon printed filaments at a 50% infill density (�120 μm
diameter Nylon filaments spaced �120 μm apart) as shown in
Figure 1 bottom middle. Input parameters for the printing
process are given in Table S6 and additional details provided in
Section S3. This creates a porous Nylon AM-tailored adherend
surface with �150% increase in surface area available for
bonding with the epoxy adhesive. The white features in yz-plane
of Figure 2 (right) are removable nylon rafts and the features in
gray are grip tab layers.
Figure 2. Printing of continuous fiber composite adherends: baseline/conv
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2.3. Fabrication and Testing of Carbon, Kevlar, and Glass
Continuous Fiber Reinforced SLJ Multilayers with AM-
Tailored Adherends

To determine the influence of the developed AM surface
tailoring technique on joint performance, three types of
adhesively bonded SLJ multilayers were fabricated using
continuous carbon fibers as reinforcement: (i) conventional/
baseline joints with adherends having densely packed Nylon
filaments at their bonding surface and whose surfaces have not
undergone any surface treatment; (ii) industry-standard joints
that are baseline joints with the ASTM-specified surface
preparation for bonding. The adherend surfaces are first wiped
with acetone, sanded by hand with 320 grit Silicon Carbide
sandpaper, wiped with a clean dry cloth, and then cleaned with
acetone again according to ASTM Standard D2093-03 for the
physical surface treatment of adhesively bonded plastics; (iii)
AM-tailored joints with adherends as described in Section 2.2.
Detailed information on the fabrication process, particularly the
method by which an average uniform adhesive thicknesses of
�200 μm was established and maintained across the different
joint types, are provided in Section S3 of the Supporting
Information.
entional (left), and AM-tailored (right).
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Figure 3. AM-tailored Kevlar, glass, and carbon fiber reinforced SLJ adherends (left), and SLJ multilayers (right). The light color line appearing on the
middle of the surface of the specimens is a region of pure Nylon infill.
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The strength of an adhesive joint is primarily influenced by
the characteristics of the bonding surface, but the strength of
continuous fiber reinforced composite parts is dominated by the
reinforcing fiber properties. It was therefore of interest to
determine the effect of the reinforcing fiber type (carbon, Kevlar,
glass) on the performance (notably strength) of adhesively
bonded additively manufactured composites with AM-tailored
surfaces. To realize such benchmark data, carbon, Kevlar, and
glass fiber reinforced composite adherends with AM-tailored
surfaces were fabricated, one at a time, at the same position on
the print bed, to reduce any errors that may be associated with
orientation and location. The print parameters for the fabrication
of the composite adherends are provided in Table S2 in the
Supporting Information. The AM carbon, Kevlar, and glass fiber
reinforced composite adherends, as well as their corresponding
SLJ multilayers, are shown in Figure 3. The samples were then
tested in simple tension as an SLJ at a stretch rate of 1mmmin�1

in a Universal Testing Machine similar to the dogbone tests
described in Section S1.
Figure 4. Results of mechanical testing of carbon fiber reinforced SLJ mult
displacement curves (left), and strength, stiffness, and toughness summar
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3. Results and Discussion

In this section, results of mechanical testing and the perfor-
mance of joints with AM-surface tailored adherends are
discussed vis-à-vis conventional/baseline and industry-standard
surfaces. The performance of AM-tailored joints with carbon,
Kevlar, and glass fiber reinforced adherends are also discussed.
3.1. Mechanical Testing of Joints with Baseline, Industry-
Standard, and AM-Surface Tailored Adherends

The results of single-lap joint tensile testing for carbon fiber
reinforced composites with the three types of joining surfaces
(baseline, industry-standard, and AM-tailored) are provided in
Figure 4. The mechanical testing shows that joints with AM-
tailored surfaces have a joint strength and toughness of
�145% and �820% greater than the industry-standard joints
(that had undergone the physical surface treatment according
ilayers with different adherend surface preparations: representative load-
y data (right). Error bars represent standard error.
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Table 1. Statistical data on key performance metrics for additively manufactured SLJ multilayers with different adherend surfaces, with standard
error.

Conventional/baseline joints
(no surface treatment)

Industry-standard joints (Baseline joints
with ASTM D2093-03 surface treatment) AM-tailored joints

Initial stiffnessa) (N/mm) 4747� 880 5336�434 5057� 677

Displacement at ultimate strength (mm) 0.37� 0.06 1.38� 0.33 4.78� 0.91

Joint yield strength (N) 1735� 187 2004� 84.8 1825� 132

Ultimate strength (N) 1735� 187 4258� 373 11 297� 97

Toughnessb) (N-mm) 345.5� 82.55 3172� 958.6 35 100� 4109

Ultimate strength change from baseline joint (%) - 145 550

Toughness change from Baseline joint (%) - 818 10 059

a)Linear stiffness before yield, below crosshead/grip displacement of 0.3mm; b)Area under force-deflection curve below ultimate strength.

www.advancedsciencenews.com www.aem-journal.com
to ASTM Standard D2093-03[54]), and 550% and 10 060%
greater than the conventional/baseline joints with solid
(100 vol%) surfaces, respectively. Note that the toughness of
the joint usually refers to the capacity of a joint to cracking,
but the results presented for the SLJs here show a measure of
toughness of the joint. This significant increase in joint
strength and toughness is attributed to the greater bonding
surface area provided by the AM-tailored adherends, and the
interpenetration of the liquid epoxy adhesive into the porous
Nylon AM-tailored adherend surface during bonding. These
strength and toughness improvements are obtained while
joint stiffness and other key performance metrics are
Figure 5. Representative failure surfaces of carbon fiber reinforced additively
the different failure modes for each SLJ surface treatment. The AM-tailored
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maintained (see Figure 4 and Table 1). Examination of the
fracture surfaces (see Figure 5) show that the AM-tailored SLJ
multilayers exhibit adherend failure in concert with adhesive
and cohesive failure of the interface. The other two types
(baseline and industry-standard) only exhibit interface fail-
ures, adhesive and adhesive with cohesive failure of the
adhesive, respectively. The AM-tailored SLJ multilayers are
the only case to show adherend failure and exhibit all three
failure modes across the surface of the failed specimens (see
Figure 5), which is consistent with enhanced toughness (and
strength), and is consistent with the data in Table 1 (and load-
deflection curves in Figure 4). It should be noted that the
manufactured SLJ multilayers with different adherend surfaces, showing
surface shows all three failure modes.

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim6 of 9)
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Figure 6. Benchmark data for AM-tailored SLJ multilayers for all three (glass, Kevlar, carbon) continuous fiber composite adherends: load-displacement
curves (left), and statistical data on joint strength, initial stiffness, and toughness (right). Error bars represent standard error.
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bondlength of the SLJ multilayers studied herein is beyond
the critical length[51] required for full load transfer in shear.
This is the most typical case of a designed joint,[68] wherein
the load is fully transferred via shear across the bonded
interface, and is characterized by shear stress approaching
zero at the midpoint (along the length) of the bondline.
Utilizing Volkersen’s closed-form solution,[69] the critical
bondlength is estimated as�15mm whereas the experimental
bondlength is 50mm.
3.2. Effect of Reinforcing Fiber Type on Joint Strength for
AM-Tailored Joints

Load-displacement curves showing the effect of the reinforcing
fiber type on the performance of additively manufactured
composite joints are provided in Figure 6. The reinforcing
microfiber type is seen to influence the stiffness and strength of
the joints, with the stiffness before and after yielding being
directly proportional to the stiffness of the reinforcing
microfiber in the PC. This is in accordance with what is
observed in traditionally fabricated SLJ multilayers and
Table 2. Statistical benchmark data on key performance metrics with stand
carbon) continuous fiber composite adherends.

Carbon filament reinforced joints

Initial stiffnessa) (N/mm) 5057� 677

Post-yield stiffness (N/mm) 1897� 146

Yield strength (N) 1825� 132

Ultimate strength (N) 11 297� 97

Toughnessb) (N-mm) 35 100� 4109

Displacement at Ult. strength (mm) 4.78� 0.91

a)Linear stiffness before yield, below crosshead/grip displacement of 0.3mm; b)Area
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composites, although for thermoplastic-matrix composites,
the bond integrity has been found to be influenced to a greater
extent by the matrix than by the reinforcing fibers.[62] Statistical
data on the yield strength, ultimate strength, stiffness,
toughness, and displacement at break of all fabricated joints
are provided in Table 2. Referring to Figure 6, it is noted that
irrespective of the reinforcing fiber type, a knee develops in the
load-displacement curves of the AM-tailored multilayers at
�0.5mm of grip displacement. The knee in the AM-tailored
SLJ multilayers occurs beyond the ultimate strength of the
conventional/baseline joints (see direct comparison in
Figure S9). This phenomenon is due to the tensile peel
stresses within the bond region that dominate as the load is
increased during testing. While shear stress dominates the
stress field in the SLJ multilayer during early stages of loading,
as load is increased peel stresses develop and become greater in
relative magnitude due to non-colinear SLJ. Peel stresses pull
the bonded adherends apart directly (in tension) and have been
found to be particularly high at the ends of overlap of an
adhesively bonded single lap joint due to bending moments
generated by the load-path eccentricity.[68,70] SLJs formed from
conventional adherends are unable to resist these peel stresses
ard error for AM-tailored SLJ multilayers for all three (glass, Kevlar,

Kevlar filament reinforced joints Glass filament reinforced joints

3669� 108 2881� 380

1504� 43.5 1355� 58.4

1209� 109 807� 120

9062� 544 8792� 899

33 704� 1830 33 975� 5337

6.34� 0.28 6.96� 0.62

under force-deflection curve below ultimate strength.
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when the load is between 900 and 2000 N and hence fail
below the knee of the AM-tailored SLJ multilayers. The
relatively compliant nature of the AM tailored surface in
tension, which is comprised of porous (�50 vol%) Nylon
filaments, subsequently leads to reduced joint stiffness at
higher loading where the tensile peel stresses dominate. The
tougher bond formed is effective in resisting failure (see
Table 2) and approximately five times more load is carried by
the AM-tailored SLJ multilayers compared to the conven-
tional/baseline systems.
4. Conclusions

Considering that AM structures are increasingly being joined to
create objects which are larger than the print build-volume of
available 3D printers, it is of interest to study the performance
of adhesively bonded, AM composite joints. In this study, AM-
tailored composite SLJ multilayers are shown to have
significantly enhanced performance across all mechanical
joint metrics relative to baseline joints and joints prepared
following industry-standard surface. The FDM process was
leveraged to fabricating continuous fiber composite adherends
with porous (50 vol%) Nylon surface to increase the area
available for bonding by �150% rather than the conventional/
baseline solid surface (100 vol%) approach. The AM-tailored
multilayers showed 5.5� and 100� improvement in ultimate
strength and toughness, respectively, over the baseline single-
lap joint (SLJ) multilayer whose adherend bonding surfaces
exhibit the conventional densely packed Nylon filaments
(100 vol%) at their bonding surface and showed 1.45� and
8� improvement in ultimate strength and toughness, respec-
tively, above SLJ multilayers whose adherends have undergone
industry-specified surface treatment (ASTM Standard 2093–
03), while maintaining joint stiffness. AM tailored SLJ
multilayers were observed to fail at the interface between the
sparse Nylon filaments and the reinforcing fiber filled layer
underneath it, indicating that joints with much higher load
carrying capacities can be achieved. Studies conducted to
evaluate the effect of the reinforcing fiber type on the
performance of additively manufactured joints with AM-
tailored adherends show that the joint strength and stiffness
increase with increasing stiffness of the reinforcing fiber,
consistent with the trend observed in fiber reinforced dogbone
samples. Future work may consider sub-critical length joint
tailoring as well as the possibility of spatial tailoring of the AM-
tailored surface and spatial tailoring of the continuous fiber
composite adherends themselves, to further enhance the SLJ
multilayer mechanical performance.
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S1. Overview of Additive Manufacturing of Continuous Fiber Composites 

This work utilizes the Mark One (MarkForged) 3D printer for producing all composite specimens. 

The Mark One printer uses a modified FDM process termed Composite Filament Fabrication 

(CFFTM) to build Nylon parts reinforced with continuous microfibers (diameter on the scale of 

microns) of various types including glass, Kevlar, and carbon as in this work. Parts were designed 

with Solidworks®, converted into an STL file, and then imported into Eiger® – a browser based 

3D printing software provided by MarkForged – which enables the specification of print 

parameters such as the reinforcing filament type and layout, number of reinforced layers, as well 

as the global orientation of the part in space. It should also be noted that mixed (e.g., carbon and 

glass) reinforcing filaments cannot currently be used in a single printed part. Some of the print 

parameters have defaults (e.g., roof, floor, and wall layers are default to 2) and minima and maxima 

(e.g., roof, floor, and wall layers have minimum of 1 layer). Roof, floor, and wall layers are printed 

with Nylon feedstock and provide the exterior surface “finish” to the part. 

 

During the printing process, the feedstock filaments are fed into nozzles where a heated 

constriction reduces the cross section, resulting in a significant change to the approximately round 

cross section of the un-extruded composite filament feedstock to a rectangular printed cross section 

(see Figure S1) in the printed composite (PC), e.g., the 353 µm carbon fiber filament feedstock is 

mailto:s.kumar@eng.oxon.org


flattened to ~1000 µm wide by ~125 µm thick. The composite filament feedstock is comprised of 

~1000 fibers, or a 1K tow, as reported by others[1–3] and confirmed (953 fibers calculated) for the 

glass fiber feedstock in this work by analyzing an as-printed glass fiber composite sample. The 

fibers have been reported to have diameter of ~10 µm which we also confirm via SEM analysis of 

50 fibers of each type giving individual fiber diameters of: 6.74 ± 0.37 µm for carbon, 11.15 ± 

0.77 µm for Kevlar, and 8.62 ± 0.65 µm for glass. 

 

This 3D printer has two nozzles; one deposits composite (carbon, glass, or Kevlar fibers here) 

filaments, and the other deposits the (unreinforced) Nylon filament. The Nylon filament is used 

for printing a (solid) outer layer on parts termed the floor, (side)wall, and roof, to create a non-

porous surface finish and to ensure that the printed composite layers can be deposited more easily 

(e.g, the PC layers do not peel apart when the sample is removed from the print bed). Nylon is also 

used to print zones where a continuous deposition path of the composite filament cannot be 

realized, such as in edges of complex shapes or the interior (termed infill region) of some parts, 

e.g., the interior of the dogbone specimens in this work. Here, we refer to the regions printed with 

composite and Nylon filament feedstocks as printed composite (PC) and printed Nylon (PN) 

regions, respectively, as discussed in detail in section S2. 

 

 

Figure S1. Optical images of: fiber composite feedstock filaments (left), and carbon printed 

composite (PC) filaments. 

 

 



Table S1. Dimensions of Mark One® continuous fiber material filaments before (composite 

filament feedstock) and after (printed composite and printed Nylon) printing. 

Filament Type 

(Product Number) 

Diameter of Filament 

Feedstock (µm)*  

Thickness of Layer 

after Printing (µm)** 

Width of Layer after 

Printing (µm)** 

Kevlar composite (KV-AB-50) 364 ± 5 104 ± 2 944 ± 17 

Glass composite (FG-AB-50) 374 ± 5 97 ± 1 931 ± 16 

Carbon composite (CF-BA-50) 353 ± 8 127 ± 3 991 ± 18 

Nylon (NYL-AB-1K) 1717 ± 17 119 ± 1 393 ± 7.3 

* Average of 10 locations measured via optical microscopy with Standard Deviation; Nylon nominal 

** Average of at least 10 locations measured via optical microscopy with Standard Deviation 

 

S2. Continuous Fiber Composite Dogbone Printing, Characterization, and Tensile Testing 

Carbon, Kevlar, and glass fiber reinforced dogbones were fabricated based on ASTM Standard 

D638-14 (Type 1 geometry). The dogbones were fabricated one at a time in separate print runs, at 

the same location on the print bed, to minimize effects of spatial variability. The PC filaments can 

be placed using two main patterns: a concentric ring pattern, or a quasi-unidirectional pattern, and 

the concentric ring is utilized here. The input part parameters for each fiber composite type are 

provided in Table S2, and exemplary dogbone specimens are shown in the optical images in Figure 

S2. Characterization of the dimensions and cross sections of the dogbones are described below in 

interpreting the mechanical test data. 

 

Three dogbones of each fiber type were fabricated and tested in an Instron Universal Testing 

machine at a constant displacement rate of 1mm/min to evaluate stiffness. Crosshead displacement 

was utilized for strain and therefore the calculated stiffness of the composite specimens may be 

conservative as this approach can overestimate strain. Representative load-deflection curves are 

shown on the right in Figure S2, and statistical data on the measured mechanical properties are 

provided in Table S3. Note that this data is based on the measured width and thickness of the gage 

cross-section (13 mm x 3.2 mm) of the printed dogbone specimens. Also presented in Table S3 is 

manufacturer data for the moduli of the different printed materials – these are provided in Table 

S3 for convenience and later discussion and cannot be directly compared to the experimental data 

for the dogbones due to the composition of the dogbones as described and analyzed below. Note 

that all moduli discussed are evaluated in the length direction of the dogbone, in the axial direction 



of the PC microfibers, and would be referred to as the longitudinal direction in a unidirectional 

composite ply, with the corresponding modulus being the Major Young’s modulus. As shown in 

Figure S2 (left), only a portion (~65%) of the gage cross-section is comprised of unidirectional 

PC, the rest being printed Nylon (PN) and voids. Utilizing simple rule of mixtures, the tensile 

modulus for each fiber type can be accurately computed from the measured dogbone moduli with 

knowledge of the volume fractions of all constituents (microfibers, matrix and voids) in the 

dogbone cross section. Cross sections of the dogbone specimens are analyzed under optical 

microscopy to assess the constituent volume fractions. An exemplary carbon dogbone cross-

section is shown in Figure S3 to define the printed composite (PC) and printed Nylon (PN) regions. 

Area fraction is the same as volume fraction in these unidirectional cross sections, such that there 

are void fractions associated with the PC and PN as shown in Figure S3. All fiber types of 

dogbones (see Figure S3 through S5) have the same basic cross-sectional features with two clear 

PC regions, roof, wall, and floor layers of PN, significant (inter-filament) voids in the center infill 

region, and voids in the PC regions that are primarily inter-filament. The notable exception is the 

Nylon dogbone (see Figure S5 bottom) which has much higher void fraction due to the default 

print infill density.  

 

Table S2. Input print parameters for carbon, Kevlar, and glass fiber reinforced dogbone specimens. 

  Carbon  Kevlar Glass  

Layer thickness (µm) 125 100 100 

No. of roof and floor layers 2 2 2 

No. of wall layers 2 2 2 

Nylon infill density of center region (vol%) 50 50 50 

No. of concentric rings 5 5 5 

No. of PC layers in thickness direction 22 28 28 

 

 

 

 



 
Figure S2. Continuous fiber AM composite dogbones: (left) optical images of Carbon, Kevlar, 

and Glass fiber reinforced dogbone samples, and (right) representative stress-strain curves for 

Nylon and fiber-reinforced dogbones. 

 

Table S3. Mechanical testing statistical data (including standard error) of continuous fiber 

composite dogbone specimens, based on nominal cross-sectional gage area (see discussion). and 

summary of manufacturer data[4]. Note that the dogbone experimental data cannot be directly 

compared to the manufacturer data as volume fraction of constituents must be considered (see 

discussion below). 

 

 Nylon Carbon Kevlar Glass 

Experimental Data (Dogbones)     

Stress at Break (MPa)* 13.5 ± 0.2 310 ± 8 257 ± 8 241 ± 12 

Strain at Break (% strain)* 84.3 ± 1.3 3.9 ± 0.2 5.74 ± 0.72 5.61 ± 0.01 

Elastic Modulus (GPa) 0.286 ± 0.032 14.6 ± 1.2 9.62 ± 0.78 8.26 ± 0.06 

 

Manufacturer Data (Materials) 

    

Ultimate Stress (MPa) 54 700 610 590 

Ultimate Strain (% strain) 260 1.5 2.7 3.8 

Elastic Modulus (GPa) 0.94 54 27 21 

* All specimens failed in the grip region so this is not the ultimate stress; it is provided for completeness. 

 



 

 

Figure S3. Optical image of carbon fiber dogbone cross section showing key features including 

printed composite (PC) and printed Nylon (PN) regions, voids, and single printed filaments. 

 

 

Figure S4. Optical images of glass fiber dogbone cross section showing key features including 

printed composite (PC) and printed Nylon (PN) regions, and voids (inter-filament and intra-

filament). 



 

Figure S5. Optical images of carbon, glass, and Kevlar fiber dogbone cross sections and Nylon 

dogbone cross section at approximately the same scale. 

 

Dogbone gage sections were wet cut with a diamond-grit circular blade and then the surface was 

wet polished to evaluate the microstructure of the composites. Optical micrographs were taken and 

image analysis of the fiber, void and matrix fraction was conducted via greyscale thresholding of 

the fiber, void and matrix using ImageJ software, and are summarized in Table S4. Due to the 

small fiber diameter, fiber fraction was analyzed from three magnified images (20×) of the PC 

region. It should be noted that Kevlar has significantly higher microfiber fraction (49 vol%) in the 

PC region than glass (29 vol%) or carbon (23 vol%).  The Nylon dogbone was also analyzed to 

estimate the elastic modulus of Nylon noting the large percentage of voids discussed above. The 

microfiber, matrix (assumed to be Nylon from the Nylon dogbone tests), and void fractions in the 

PC and PN regions, together with the experimental data of elastic modulus of the dogbones, are 



used to calculate the elastic modulus of the PC region and that of single microfibers using rule of 

mixture (RoM) via: 

    𝐸𝑑𝑏 = (𝐸𝑃𝐶 × 𝑣𝑃𝐶) + (𝐸𝑃𝑁 × 𝑣𝑃𝑁)    (S1) 

    𝑣𝑃𝐶 + 𝑣𝑃𝑁 + 𝑣𝑣𝑜𝑖𝑑−𝑃𝑁 = 100%    (S2) 

   𝑣𝑓𝑖𝑏𝑒𝑟−𝑃𝐶 + 𝑣𝑚𝑎𝑡𝑟𝑖𝑥−𝑃𝐶 + 𝑣𝑣𝑜𝑖𝑑−𝑃𝐶 = 100%   (S3) 

 

where 𝐸𝑑𝑏is the dogbone modulus, 𝐸𝑃𝐶,  𝐸𝑃𝑁, 𝑣𝑃𝐶, and 𝑣𝑃𝐶 are the PC and PN moduli and volume 

fractions (vol%), respectively, 𝑣𝑣𝑜𝑖𝑑−𝑃𝑁 is the void fraction in the PN, and 𝑣𝑓𝑖𝑏𝑒𝑟−𝑃𝐶, 𝑣𝑚𝑎𝑡𝑟𝑖𝑥−𝑃𝐶, 

and 𝑣𝑣𝑜𝑖𝑑−𝑃𝐶 are the volume fractions in the PC region for the microfibers, matrix (assumed 

Nylon), and voids. Voids in the PN can also be thought of as voids in the dogbone that are not in 

the PC region, i.e., the total void fraction in the dogbone (𝑣𝑣𝑜𝑖𝑑−𝑑𝑏) is the sum of 𝑣𝑣𝑜𝑖𝑑−𝑃𝐶 + 

𝑣𝑣𝑜𝑖𝑑−𝑃𝑁.  

 

Utilizing the data in Table S4, and the RoM calculations in equations S1‒S3, modulus calculations 

based on RoM are presented in Table S5. While the matrix in the PC region ostensibly contains 

sizing and other agents to assist with printing in addition to the Nylon matrix, no information is 

available so we assume the matrix in the PC has modulus 𝐸𝑃𝑁 measured in the Nylon dogbone 

tests. This value is 0.4 GPa which is ~50% less than the manufacturer stated value of 0.94 GPa. 

While this value is used in the calculation of PC and microfiber moduli, the results are not sensitive 

to this value, e.g., using 0.94 GPa in the calculations in Table S5 instead of 0.4 GPa, only changes 

(a reduction) the inferred microfiber modulus by less than 2%. For discussion on comparison to 

literature values, see main text. It should be noted that the extant literature contains few 

characterizations of the morphology of such AM-printed continuous fiber composites, and those 

that exist give incomplete data or use undefined terms, so that direct comparison to findings in the 

literature are not possible. 

 

 

 

 

 

 



Table S4. Experimental volume fractions for dogbone specimens. 

 Printed Composite Region Dogbone Cross Section 

 𝒗𝒇𝒊𝒃𝒆𝒓−𝑷𝑪 (%) 𝒗𝒎𝒂𝒕𝒓𝒊𝒙−𝑷𝑪 (%) 𝒗𝒗𝒐𝒊𝒅−𝑷𝑪 (%) 𝒗𝑷𝑪 (%) 𝒗𝑷𝑵 (%) 𝒗𝒗𝒐𝒊𝒅−𝑷𝑵* (%) 

Carbon 23 66 12 68 29 3 

Kevlar 49 47 4 62 33 5 

Glass 29 59 12 64 33 3 

Nylon N/A N/A N/A 0 67 33 

          *voids in PN. These are in addition to voids in the PC region 

 

Table S5. Modulus calculations based on Rule of Mixtures (RoM), see equations S1-S3. 

 Experimental 

Dogbone 

Modulus 

(GPa) 

RoM Calculations Literature Values 

 

𝑬𝑷𝑪 or 𝑬𝑷𝑵 

(GPa) 

𝑬𝑷𝑪

𝑬𝑷𝑵
 

Inferred 

Microfiber 

Modulus (GPa) 

Fiber 

Modulus 

(GPa)*** 

 Inferred Fiber 

Modulus Relative 

to Literature (%) 

Carbon 14.6 21.3 49 93.2 240 38.8 

Kevlar 9.6 15.2 35 30.6 130 23.6 

Glass 8.3 12.7 29 42.9 85 50.5 

Nylon 0.29 0.4 100 N/A - - 

* voids in PN (𝑣𝑣𝑜𝑖𝑑−𝑃𝑁).. These are in addition to voids in the PC region 

** Assumes matrix has modulus = 𝐸𝑃𝑁 

*** Typical structural microfibers, primary reference[5] for IM carbon fiber, Kevlar-49, and S-glass microfibers. 

 

 

S3. Continuous Fiber Composite SLJ Multilayer Printing, Assembly, and Characterization 

Printing of the adherends for the SLJ multilayers is similar to that described in section S2 for 

dogbone specimens, with differences in the process for baseline/conventional vs. AM-tailored 

adherends. The input print parameters are given in Table S6 and the steps for printing both types 

of adherends are compared in Figure 2 of the main text. In the conventional process, 100 vol% 

Nylon conventional layers are realized on the surface of the adherends by printing two layers of 

100% infill density Nylon filaments of ~120 m diameter. For the AM-surface tailoring process, 

the print sequence is inverted to build the AM-tailored surface on the correct adherend surface 

along with the grip tabs. The AM-tailored surface layer (shown as a single layer in Figure 2 in the 

main text) is two print layers: the first is Nylon filament of ~120 m diameter with inter-filament 

spacing of ~120 m printed orthogonal to the PC microfiber axial direction, yielding a bonding 



surface of ~50 vol%, followed by the same Nylon filaments but at 100% infill density printed 

parallel to the PC microfiber axial direction. This can be seen in the middle lower image in Figure 

1 of the main text. Next the PC layers are printed and the part finished with a conventional surface 

layer. Once the 3D printing process has been completed, the AM-tailored adherend is removed 

from the print bed, flipped, and the raft removed to reveal the modified surface. Optical images of 

the bond surface of carbon fiber reinforced adherends manufactured in the conventional manner, 

and then with the AM-tailored surface, are shown in Figure 1 of the main text. 

 

Table S6. Input print parameters for carbon, Kevlar, and glass fiber reinforced SLJ multilayer 

adherends. 

 Carbon Kevlar Glass 

Layer thickness (mm) 125 100 100 

No. of roof and floor layers 2 2 2 

No. of wall layers 2 2 2 

Nylon infill density of center region (vol%) 50 50 50 

No. of concentric rings 12 12 12 

No. of PC layers in thickness direction 9 12 12 

 

 

SLJ multilayers are assembled from two adherends using a 3DP mold (designed in Solidworks® 

and fabricated with the Stratasys Objet 260 multimaterial printer) shown in Figure S6. The mold 

is made from Verowhite®, a relatively stiff material, and the sides are fabricated from 

Tangoplus®, a rubbery material, as shown in Figure S6. The rubbery material is used to hold the 

joint in place as well as make it easy for removal once the adhesive is cured. Teflon sheets are 

placed between the mold and the composite joint to prevent the epoxy adhesive from sticking to 

the mold. The bond line thickness is chosen to be 200 µm with a bond length of 50 mm. In bonding 

the adherends together, it is necessary to ensure that the overlap length and adhesive thickness are 

carefully controlled with dimensions (acquired with a laboratory micrometer) provided in Table 

S7. Note that the width of the adherends is nominally 25.4 mm. An epoxy adhesive with 3:1 weight 

ratio mixture of EM9500 resin and EM9520 hardener (Kumho P&B Chemicals Inc.) is used to 

join the adherends. The adhesive is prepared by first heating the epoxy resin for 20 minutes at 

60°C to eliminate any crystallized molecules and reduce its viscosity. Magnetic stirring of the resin 



is performed at a constant speed of 600 rpm for 15 minutes to ensure homogeneity. The 

temperature of the resin is reduced to 25°C and the hardener is added. Magnetic stirring at 600 

rpm is continued for 5 minutes after which the adhesive mixture is applied to the adherends by 

hand and assembled in the mold. The SLJ multilayer is cured at room temperature (24°C) under a 

constant pressure of 128 kPa for 12 hours. Post-curing is performed in an oven at 70⁰C for 12 

hours. Similar to the dogbone specimens in section S2, cross-sectional images are taken for the 

SLJ multilayers (see Figure S7 and S8) and analyzed for contributions to volume fraction as 

summarized in Table S8. The continuous fiber AM-tailored SLJ multilayers are tested and the 

results described in the main text; Figure S9 contains a load-deflection response comparison 

between convention/baseline vs. AM-tailored SLJs for all three fiber types. 

 

 

Figure S6. SLJ multilayer assembly process: (a) dimensioned 3DP mold for assembly, (b) single 

carbon adherend in mold, (c) both carbon adherends in mold for adhesive bonding. A released 

carbon SLJ multilayer is shown in Figure 1 of the main text. 

 

 



Table S7. Adhesive and adherend thickness for carbon SLJ multilayers with standard error. The 

adhesive thickness is inferred from the adherend and SLJ multilayer thicknesses. 

 

 Baseline  

(No Surface 

Treatment) 

Industry-Standard  

(ASTM D2093-03 Physical 

Surface Treatment) 

AM-Tailored 

Average Adherend Thickness (mm) 1.92 ± 0.01 1.94 ± 0.05 1.95 ± 0.03 

Average SLJ Multilayer Thickness (mm) 4.06 ± 0.07 4.09 ± 0.04 4.14 ± 0.06 

Inferred Adhesive Thickness (mm) 0.22 0.21 0.24 

 

 

 

 

Table S8. Experimental volume fractions for the adherends in SLJ multilayers. 

 
Printed Composite Region Adherend Cross Section 

 Fiber 𝑉𝑓 (%) Matrix 𝑉𝑓 (%) Void 𝑉𝑓 (%) Composite 𝑉𝑓 (%) Nylon 𝑉𝑓 (%) Void 𝑉𝑓
∗ (%) 

Carbon 17 66 17 59 36 5 

Kevlar 45 47 8 68 30 1 

Glass 24 69 7 70 28 3 

 



 

Figure S7. Optical image of carbon fiber SLJ multilayer cross section showing key features 

including printed composite (PC) and printed Nylon (PN) regions, voids, and single printed 

filaments. 

 

 

Figure S8. Optical images of carbon, glass, and Kevlar fiber SLJ multilayer adherends. 

  

 



 

Figure S9. Representative load-deflection response comparison of adherend surface for AM-

tailored SLJ multilayers for all three (glass, Kevlar, carbon) continuous fiber composite adherends: 

AM-tailored (left), and Conventional/baseline (right). Note different scale bars on both 𝑥- and 𝑦- 

axes. 
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