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Challenges in AM Processing 

•  Slow ? 

•  Limited combinations of materials 

•  Processing conditions vs materials properties 

•  Temperature monitor and control [non-isothermal!] 

•  Non-equilibrium phenomena 

•  Marriage of thermal and materials properties 

•  Mechanics, shrinkage, and morphology 

•  How to optimize and design shapes of materials 

•  Desperate need for standards! 



Some polymer methods.. 
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Fig. 1 – Overview of monomer/polymer materials used with
specific layered building methods in additive processing.

clear objects. The initial layered material building approach
was indeed photopolymerization based. The technology got
its commercial start in 1986 [3] when 3D Systems introduced
the stereolithography apparatus (SLA) where specific surface
regions of photosensitive liquid resin undergo localized poly-
merization by exposure to a rastered UV laser [4–6]. A platform
is first constructed to anchor the piece and support any over-
hanging structures. The x/y axis exposure of each distinct
layer can be modified as the z axis incrementally evolves in
the build process. Between each layer, the platform is lowered
by 50 !m or less in higher resolution applications and 200 !m
or more  for parts with standard or lower resolution demands.
When the part is complete, the excess resin is drained and
can be reused. The formed parts are washed to remove excess
resin and the support structures are physically removed.
Depending on the resin material, a UV flood post-curing step
may  be included to raise conversion of the photopolymer. The
finished parts generally have little surface roughness with
appearances similar to that of molded parts. Final surface
finishing can involve treatments with sealants, primers,
paints or metallic coatings. A schematic representation of
a stereolithography device is shown in Fig. 2. 3D Systems
also developed the requisite .STL or Standard Tessellation
Language file format that permits three-dimensional orien-
tation between slices that serves as the basis of all additive
manufacturing processes although several other subsequent
file formats have been developed [7].

In the SLA approach, the depth of cure, which ultimately
determines the z axis resolution, is controlled by the pho-
toinitiator and the irradiant exposure conditions (wavelength,
power and exposure time/velocity) as well as any dyes, pig-
ments or other added UV absorbers, since these processes
typically involve UV sources in the form of UV lasers or
UV LEDs. The use of UV absorbers allows the formation of
transparent parts. The photo-induced layer thickness typi-
cally can range from approximately 50–200 !m.  Step size is
selected based on a balance between decreased build times
and enhanced resolution. With micro-stereolithography and
a UV-laser curing source, resolution of about 5 !m in the x/y

Fig. 2 – Schematic of a photopolymerization-based,
top-down stereolithographic apparatus (SLA) part
production process. There are also devices that photocure
with a bottom-up approach where the bath has a UV
transmissive, nonadhesive base and the inverted support
platform is incrementally raised throughout the process,
which minimizes need for sacrificial support structures.

plane and 10 !m in the z axis can be achieved [8]. The use
of a near-IR pulsed laser source in conjunction with a two-
photon initiation strategy can create layers as fine as 100 nm,
which is well below the light diffraction limit [9,10]. Two-
photon activation provides the ability to write lines or complex
structures in three dimensions below a resin surface due to
the focal patterning combined with the two-photon initiation
mechanism [11]. The two-photon approach typically requires
alternative, large cross-section photoinitiators [12] along with
focused, high intensity irradiance at wavelengths approxi-
mately twice the absorbance maximum of the initiator to
achieve reasonable efficiency; however, the approach remains
practically limited to micro-machining scale applications [13]
in terms of part production, such as lab-on-chip devices,
microfluidic devices, photonic crystals, optical waveguides,
nerve scaffolds and many  others. Surface-patterned expo-
sure from digital light projection (DLP) sources and using high
power LED sources essentially allows any selected portion of
the entire x/y workspace to be exposed simultaneously as
opposed to dynamic writing with a condensed laser beam.
Even though high laser scanning velocities are employed in the
SLA approach, the ability to simultaneously photocure all por-
tions of a given slice with DLP significantly speeds cycle times
between layers. The SLA or DLP techniques can be used with a
wide variety of monomers and resin systems. An example of
the versatility in SLA monomer selection is demonstrated with
the complex UV-curable hybrid resin prepared with both radi-
cal activated acrylates and cationic initiated epoxy monomers
as a route to fast photocuring multi-phase polymers with low
polymerization shrinkage [14]. The polymerization-induced
shrinkage as the photopolymer is formed when coupled
with the thermal expansion/contraction leads to stress

56  d e n t a l m a t e r i a l s 3 2 ( 2 0 1 6 ) 54–64

Fig. 1 – Overview of monomer/polymer materials used with
specific layered building methods in additive processing.

clear objects. The initial layered material building approach
was indeed photopolymerization based. The technology got
its commercial start in 1986 [3] when 3D Systems introduced
the stereolithography apparatus (SLA) where specific surface
regions of photosensitive liquid resin undergo localized poly-
merization by exposure to a rastered UV laser [4–6]. A platform
is first constructed to anchor the piece and support any over-
hanging structures. The x/y axis exposure of each distinct
layer can be modified as the z axis incrementally evolves in
the build process. Between each layer, the platform is lowered
by 50 !m or less in higher resolution applications and 200 !m
or more  for parts with standard or lower resolution demands.
When the part is complete, the excess resin is drained and
can be reused. The formed parts are washed to remove excess
resin and the support structures are physically removed.
Depending on the resin material, a UV flood post-curing step
may  be included to raise conversion of the photopolymer. The
finished parts generally have little surface roughness with
appearances similar to that of molded parts. Final surface
finishing can involve treatments with sealants, primers,
paints or metallic coatings. A schematic representation of
a stereolithography device is shown in Fig. 2. 3D Systems
also developed the requisite .STL or Standard Tessellation
Language file format that permits three-dimensional orien-
tation between slices that serves as the basis of all additive
manufacturing processes although several other subsequent
file formats have been developed [7].

In the SLA approach, the depth of cure, which ultimately
determines the z axis resolution, is controlled by the pho-
toinitiator and the irradiant exposure conditions (wavelength,
power and exposure time/velocity) as well as any dyes, pig-
ments or other added UV absorbers, since these processes
typically involve UV sources in the form of UV lasers or
UV LEDs. The use of UV absorbers allows the formation of
transparent parts. The photo-induced layer thickness typi-
cally can range from approximately 50–200 !m.  Step size is
selected based on a balance between decreased build times
and enhanced resolution. With micro-stereolithography and
a UV-laser curing source, resolution of about 5 !m in the x/y

Fig. 2 – Schematic of a photopolymerization-based,
top-down stereolithographic apparatus (SLA) part
production process. There are also devices that photocure
with a bottom-up approach where the bath has a UV
transmissive, nonadhesive base and the inverted support
platform is incrementally raised throughout the process,
which minimizes need for sacrificial support structures.

plane and 10 !m in the z axis can be achieved [8]. The use
of a near-IR pulsed laser source in conjunction with a two-
photon initiation strategy can create layers as fine as 100 nm,
which is well below the light diffraction limit [9,10]. Two-
photon activation provides the ability to write lines or complex
structures in three dimensions below a resin surface due to
the focal patterning combined with the two-photon initiation
mechanism [11]. The two-photon approach typically requires
alternative, large cross-section photoinitiators [12] along with
focused, high intensity irradiance at wavelengths approxi-
mately twice the absorbance maximum of the initiator to
achieve reasonable efficiency; however, the approach remains
practically limited to micro-machining scale applications [13]
in terms of part production, such as lab-on-chip devices,
microfluidic devices, photonic crystals, optical waveguides,
nerve scaffolds and many  others. Surface-patterned expo-
sure from digital light projection (DLP) sources and using high
power LED sources essentially allows any selected portion of
the entire x/y workspace to be exposed simultaneously as
opposed to dynamic writing with a condensed laser beam.
Even though high laser scanning velocities are employed in the
SLA approach, the ability to simultaneously photocure all por-
tions of a given slice with DLP significantly speeds cycle times
between layers. The SLA or DLP techniques can be used with a
wide variety of monomers and resin systems. An example of
the versatility in SLA monomer selection is demonstrated with
the complex UV-curable hybrid resin prepared with both radi-
cal activated acrylates and cationic initiated epoxy monomers
as a route to fast photocuring multi-phase polymers with low
polymerization shrinkage [14]. The polymerization-induced
shrinkage as the photopolymer is formed when coupled
with the thermal expansion/contraction leads to stress

d e n t a l m a t e r i a l s 3 2 ( 2 0 1 6 ) 54–64 55

1.  Introduction

The accessibility of 3D printers for both industrial and gen-
eral public use has grown dramatically in the past decade.
Global sales that include the devices, materials and services
for industrial-scale to consumer-based printers have grown
by an annual average of more  than 33% over the last three
years to a total of $4.1billion in 2014 [1]. A significant driver
of this growth is the fact that the early patents related to the
additive manufacturing devices and processes have expired.
This has opened the door for many  start-up companies to
develop new 3D printer devices that have pushed innovative
design approaches while driving down the cost, in some cases
well below $1000 for an entry-level printer. There are now
more  than 300 companies selling relatively inexpensive desk-
top devices, which currently is a category defined as units
costing less than $5000 [2]. This rapid evolution of the mar-
ket has placed 3D printers not just in tremendously varied
industrial settings but also in K-12 schools, public libraries,
university classrooms and laboratories not to mention more
and more  commonly now, in homes. Some envision a future
where virtual stores maintain only vast digital inventories that
will allow customers to rapidly produce simple or complex
products at a predictable, inexpensive price. Biomedical appli-
cations for 3D printing are one of the current growth leaders
within a technology that overall is growing remarkably fast.
We are already beginning to experience the integration of 3D
printing in dental offices and laboratories. Although currently
a fairly small component of dentistry, there are projections
that the dental market for additive manufacturing processes
is prime for explosive future growth. This paper provides
an overview of the field of 3D printing involving polymeric
materials with a focus on how developments in both device
technology as well as the materials, whether in resin, filament
or powder form, are combining to continue the impressive
advance this rapidly moving technology.

The majority of 3D printing devices sold in 2014 for all med-
ical uses were systems based on various material jetting and
photopolymerization techniques [makepartsfast.com] with
polymer-based printing accounting for the vast majority of
the materials currently used in additive manufacturing mar-
ket as a whole. These machines and the various polymeric
materials that they accommodate or produce are suitable
for creating a wide array of surgical guides and other tools
as well as for the production of medical model implants,
abutments, crowns, bridges and CT-imaged tissue replicas.
New continuous rather than layered printing approaches
allow structures of significant size to be printed in min-
utes and certain biocompatible-grade polymeric materials are
approved for in-mouth placement. However, there remains a
great amount of work to be done before 3D printed polymer-
based materials are more  widely implemented in dental
practice. 3D printed ceramic and metallic constructs already
are being used for implant, crown and bridge and direct other
applications in dentistry. The opportunities for use of polymer-
based 3D-printed materials across all aspects of dentistry are
widespread but will depend on further improvements in the
processing technologies as well as innovation in the materials
being applied.

Table 1 – Polymer-based additive manufacturing (AM)
acronyms.

SLA Stereolithography apparatus
DLP Digital light projection
CLIP Continuous liquid interface production
SLS Selective laser sintering
SHS Selective heat sintering
BAAM Big area additive manufacturing
FFF/FDM Fused filament fabrication/fused deposition modeling
LOM Laminated object manufacturing

2.  Additive  manufacturing  processes  and
materials

If taken loosely, the world of 3D printing encompasses a wide
range of technologies. At its highest level, production of 3D
parts can be sorted into three major categories – forming,
subtractive or additive manufacturing. Forming involves the
reshaping of a work piece without reducing or adding material
with an example being vacuum forming molding. Subtractive
manufacturing usually involves using cutting tools to remove
unwanted material, as exemplified by the CNC milling of a
precision part. As the name implies, additive manufacturing
involves adding material rather than removing it to form the
finished item. A clear advantage exists for additive processes
when complex structures are required. The term 3D printing
was originally associated with a specific additive processing
technique but it is now commonly interchanged with the
broader general designation of additive manufacturing. Rapid
prototyping enabled by computer-aided design was conceived
as a technique to allow engineers to efficiently and reliably
convert virtual concepts to physical models and prototypic
parts. The rapid production of physical models remains a key
driver for the 3D printing market while the improvements in
processing and the advancements in materials are now lead-
ing a transition toward 3D printing being used to produce
readily customizable end-use parts that is expected to spur
substantially greater growth. A significant component of the
current market for printed structures involves the nimble cre-
ation of forms used to make molds that in turn are used to
mass fabricate actual production parts. The additive manufac-
turing process is an effective means to produce limited-run,
customized products with complex structure. In dentistry, the
ability to satisfy the demand for patient-personalized models,
tools and devices makes 3D printing a potentially very good fit
with the profession (Table 1).

While preformed polymeric materials in powder, filament
and sheet form are used in 3D printing (Fig. 1), several
additive manufacturing also utilize the active polymeriza-
tion of photo-sensitive resins. Since dentistry was an early
adopter of photo-curing and remains heavily reliant on pho-
topolymerization, it is natural that UV or visible light-based
approaches to 3D printing will be utilized as dentistry takes
advantage of this quickly developing technology. In fact, the
photocuring as a methodology for 3D printing is particularly
attractive for several reasons: high levels of build resolution,
smooth part surfaces that do not typically require finishing
processes, good z axis strength due to chemical bonding
between layers, fast builds possible, and the ability to print
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Fig. 6 – The FFF technique relies on one or more  heated
nozzles that spatially distribute extruded polymer as a fine
filament in the layer-by-layer building approach using a
spatially translatable platform.

multicolored articles; however, the final parts have substantial
porosity, which may  necessitate infusion of a reactive resin or
wax to provide suitable surface finish and strength [18].

Fused filament fabrication (FFF) (or fused deposition mod-
eling – FDM) was developed in the early 1990s as another 3D
printing approach that like SLS uses preformed polymer as
the building material. However, in this case, the processing
energy input is involved at the pre-deposition stage to obtain
a polymer melt material that can be applied through a fine
print head or nozzle (Fig. 6). As such, this method is analogous
to conventional extrusion or injection molding except that
molds are unnecessary. Heated build chambers can be used to
minimize the thermal distortion associated with non-uniform
cooling. The FFF technique produces somewhat greater
anisotropy in terms of properties compared with the SLA and
SLS printing processes. One approach to address this direc-
tional disparity in strength and toughness that results from
interlayer bonding being less than intra-layer strength relies
on a post-print processing with exposure to gamma radiation
to induce crosslink formation within and between FFF printed
layers [39]. Since polymer melt extrusion in the FFF method
requires processible prepolymers, the ionizing radiation
provides a route to convert a thermoplastic polymer to a ther-
moset final printed part that along with more  homogeneous
mechanical properties also displays greater solvent resistance
that may  be important in biomedical and other applications.
A materials-based approach that circumvents the processing
barrier associated with thermoset polymeric materials in the

FFF technique relies on the thermally reversible Diels–Alder
reaction to allow heated flow of the polymer followed by
covalent bond formation upon cooling as a means to provide
reinforcement between applied layers in 3D builds [40].

Multiple print heads can be accommodated with FFF
devices to permit co-printing of temporary support material
for complex overhanging structure as well as use of multi-
color or different build materials to be used within a single
part; however, unlike the MultiJet process, intimately blended
colors or materials cannot be accommodated in the design.
Most of the commercial FFF devices are used with ABS or
PLA thermoplastic materials delivered as fibers from spools.
Other material options include polycarbonate, polyamide,
high-impact polystyrene, polyetherimide, polyoxymethylene,
polyphenylsulfone and others. Recent work has further
expanded the materials palette to include other polymer
blends as well as ultra-high molecular weight polyethylene
[41]. Due to the greater materials tolerance of the FFF approach
as compared with SLS processes, even recycled commodity
polymer stocks can be considered for use [42]. As with the
jetted printing inks, nano-fillers can be included to induce
the shear thinning character but the continuous filament
approach uniquely allows high aspect ratio microscopic fillers
to be used to provide greatly enhanced polymeric mechanical
strength based on alignment within the filament. Silicon car-
bide and carbon fiber with dimensions of 0.65 !m × 12 !m and
10 !m × 220 !m,  respectively, have been used with an epoxy-
based resin, which relies on a post-print thermal treatment
to achieve final cure, to produce printed parts with strength
and modulus results that significantly surpass the mechanical
properties of conventionally molded samples of the unfilled
base resin [43]. The thermal treatment when combined with
well-design printing layout is probably also responsible for the
printed parts showing little anisotropic character. Modeling
considerations of factors such as the pressure drop and bead
cooling as the polymer melt leaves the nozzle and condenses
with adjacent previously deposited material has received con-
siderable attention [44]. Despite these technical details, the
relatively straightforward FFF ‘melt-apply-solidify’ approach
has lead to this being by far the most common version of 3D
printing and it represents the vast majority of consumer-based
low cost devices. An alternate approach related in principle to
FFF uses a resin with sufficient viscosity based on the resin
itself or due to added filler that yield an extrudable filament
that can be rapidly solidified in place based on gelation reac-
tion, drying or photopolymerization. An example of this is
the free-form building of continuous microstructures based
on resin extrusion coupled with UV curing [45].

As an example of what the future of fused deposition 3D
printing may  include, the US Department of Energy, which
is interested in efficiency and energy aspects related to
manufacturing, printed a full-size, working replica of a Shelby
Cobra as an electric car that was displayed at the 2015 North
American International Auto Show in Detroit [46]. The frame,
body and other parts (500 lbs in total) were printed from
ABS thermoplastic containing 20% carbon fiber using the big
area additive manufacturing (BAAM) facility at Oak Ridge
National Laboratory where the build space is 20 × 8 × 6 ft
and the material deposition cross section is well above the
conventional filament scale. A calculation of the energy used
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4D Printing = space + time 
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Figure 1 | Programming localized anisotropy via biomimetic 4D printing. One-step alignment of cellulose fibrils during hydrogel composite ink printing.
a, Schematic of the shear-induced alignment of cellulose fibrils during direct ink writing and subsequent e�ects on anisotropic sti�ness E and swelling
strain ↵. b–d, Direct imaging of cellulose fibrils (stained blue) in isotropic (cast) (b), unidirectional (printed) (c) and patterned (printed) (d) samples (scale
bar, 200 µm). e, Applying Fourier analysis to NFC-stained images allows quantification of directionality: printed unidirectional samples exhibit a clear peak
at 0�, corresponding to the print direction, whereas isotropic samples show no clear directional peaks. f, E�ect of nozzle diameter on transverse and
longitudinal swelling behaviour of printed hydrogel composites. g, Swelling strain of cast and printed samples (nozzle diameter = 510 µm). All error bars
represent the standard deviation (n=6).

and curvature strain tensors, and traction along the midplane must
be identical. Reflecting these conditions, we consider a theoretical
model for a three-dimensional structure produced by a prescribed
print path, where the print path dictates the local orientation of
the cellulose fibrils. The bottom layer is printed parallel to the
ex direction, and the top layer has been rotated anticlockwise by
✓ degrees (see Supplementary Fig. 1).

The resulting curvatures depend on the elastic moduli, the
swelling ratios, the ratio of layer thicknesses m= abottom/atop and
total bilayer thickness h= atop + abottom. The mean and Gaussian
curvatures scale, respectively, as

H =c1
↵k �↵?

h
sin2(✓)

c2 �c3 cos(2✓)+m4 cos(4✓)

and

K =�c4
(↵k �↵?)2

h2

sin2(✓)

c5 �c6 cos(2✓)+m4 cos(4✓)

where the ci are functions of the elastic constants (which
are given by their equilibrium swollen values) and m (see
Supplementary Information for further details). In the limit that

✓ ! 0�, we recover the classical Timoshenko equation26, whereas
perpendicular layers (✓ =90�) return a saddle-shaped structure9.

A series of simple printed bilayer architectures allows us to
explore these relationships and the quantitative connection between
swelling as well as elastic anisotropy and the curvature of the target
surface (Fig. 2).We first demonstrate independent control over both
the mean and Gaussian curvatures, the two invariants associated
with the curvature of any surface.

Positive Gaussian curvature can be generated by swelling a
structure that is primarily made of concentric circles27 (Fig. 2a).
This structure is conical (K ⇠ 0) far away from the tip, but has
Gaussian curvature K ⇠ ✏2/h2 concentrated near the apex, where
✏ ⇠ (↵k � ↵?). The conical opening angle, both measured and
calculated using our theory, is ✓ = 52� (see Supplementary
Information). On the other hand, almost uniformnegativeGaussian
curvature associated with saddle-like shapes comes from an
orthogonal bilayer lattice9 (Fig. 2b). The orthogonal swelling of
each layer yields a surface that is curved oppositely along two
directions—that is, a saddle-shaped surface with mean curvature
H ⇠ 0 and Gaussian curvature K ⇠ �✏2/h2. Combining these
two morphologies produces a sample with zones of both positive
and negative Gaussian curvature (Fig. 2c). Simple structures that

2
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Biomimetic 4D printing
A. Sydney Gladman1,2†, Elisabetta A. Matsumoto1,2†, Ralph G. Nuzzo3, L. Mahadevan1,2,4*
and Jennifer A. Lewis1,2*
Shape-morphingsystemscanbe found inmanyareas, including
smart textiles1, autonomous robotics2, biomedical devices3,
drug delivery4 and tissue engineering5. The natural analogues
of such systems are exemplified by nastic plant motions,
where a variety of organs such as tendrils, bracts, leaves and
flowers respond to environmental stimuli (such as humidity,
light or touch) by varying internal turgor, which leads to
dynamic conformations governed by the tissue composition
and microstructural anisotropy of cell walls6–10. Inspired by
these botanical systems, we printed composite hydrogel archi-
tectures that are encoded with localized, anisotropic swelling
behaviour controlled by the alignment of cellulose fibrils along
prescribed four-dimensional printing pathways. When com-
bined with a minimal theoretical framework that allows us to
solve the inverse problem of designing the alignment patterns
for prescribed target shapes, we can programmably fabricate
plant-inspired architectures that change shape on immersion
in water, yielding complex three-dimensional morphologies.

Plants exhibit hydration-trigged changes in their morphology
due to di�erences in local swelling behaviour that arise from
the directional orientation of sti� cellulose fibrils within plant
cell walls6–10. Emerging pathways for mimicking these dynamic
architectures incorporate materials that can respond to external
stimuli, such as shape memory alloys11,12 and swellable hydrogel
composites13,14, and are assembled by methods such as four-
dimensional (4D) printing11,15 and self-folding origami16–18. For
example, recent e�orts to create plant-inspired, shape-changing
structures10 have employed di�erential swelling in isotropic or
composite bilayers and hinges8,13,14,16. However, none of these
approaches enable shape change using a single material patterned
in a one-step process, nor do they utilize a predictive model
capable of tackling both the forward and inverse design problems
(Supplementary Text and Supplementary Figs 1 and 2). Here, we
develop a biomimetic hydrogel composite that can be 4D printed
into programmable bilayer architectures patterned in space and
time, which are encoded with localized swelling anisotropy that
induces complex shape changes on immersion in water.

Our hydrogel composite ink is composed of sti� cellulose
fibrils embedded in a soft acrylamide matrix, which mimics
the composition of plant cell walls. The composite architectures
are printed using a viscoelastic ink that contains an aqueous
solution of N ,N -dimethylacrylamide (or N -isopropylacrylamide
for reversible systems), photoinitiator, nanoclay, glucose oxidase,
glucose, and nanofibrillated cellulose (NFC). The constituents
serve di�erent purposes: the clay particles are a rheological aid,
inducing the desired viscoelastic behaviour required for direct

ink writing19 (Supplementary Fig. 3); glucose oxidase and glucose
minimize oxygen inhibition during the ultraviolet curing process
by scavenging ambient oxygen20, thereby improving polymerization
in the printed filamentary features (⇠100 µm to 1mm in diameter)
to yield mechanically robust structures; the wood-derived cellulose
fibrils, which bundle intomicrofibrils with high aspect ratio (⇠100),
serve as sti� fillers (E > 100GPa; ref. 21). After printing under
ambient conditions, the acrylamide monomer is photopolymerized
and physically crosslinked by the nanoclay particles, producing a
biocompatible hydrogel matrix that swells readily in water22. (See
Methods for further details.)

The e�cacy of our biomimetic 4D printing (bio-4DP) method
relies on the ability to deterministically define the elastic and
swelling anisotropies by local control of the orientation of
cellulose fibrils within the hydrogel composite. During printing,
these fibrils undergo shear-induced alignment23 as the ink flows
through the deposition nozzle24, which leads to printed filaments
with anisotropic sti�ness, and, hence, swelling behaviour in the
longitudinal direction (along the filament length, as defined
by the printing path) compared to the transverse direction
(Fig. 1a). Significant cellulose fibril alignment is directly observed
in the printed samples compared to isotropic cast sheets of
the same material (Fig. 1b–d). Fourier analysis quantifies the
relative alignment between cast and printed specimens, which
indicates a clear directionality peak in the latter case (Fig. 1e and
Supplementary Fig. 4). Thus, the printed architectures exhibit a
fourfold di�erence in longitudinal and transverse swelling strains
of ↵k ⇠ 10% and ↵? ⇠ 40%, respectively (Fig. 1f,g). Likewise,
this signature of anisotropy is present in the elastic moduli, with
longitudinal and transverse values of Ek ⇠40 kPa and E? ⇠20 kPa,
respectively (Supplementary Figs 5 and 6). The extent of shear-
induced alignment, and, hence, the magnitude of the anisotropic
swelling, depends on the nozzle diameter and printing speed. For
a fixed printing speed, the shear forces that align the cellulose
fibrils scale inversely with nozzle size, as reflected in the observed
longitudinal and transverse swelling strains (Fig. 1f).

Harnessing anisotropic swelling allows precise control over
the curvature in bilayer structures9,25. Quantifying this requires
a mathematical model for the mechanics of anisotropic plates
and shells, which combines aspects of the classical Timoshenko
model for thermal expansion in bilayers26 with a tailored metric-
driven approach9,25 that employs anisotropic swelling to control the
embedding of a complex surface. In a bilayer system, di�erential
swelling between the top and bottom layers induces curvature,
because the layers are forced to remain in contact along the entire
midplane. Thereby, the displacements, integrated from the swelling

1John A. Paulson School of Engineering and Applied Sciences, Harvard University, 29 Oxford Street, Cambridge, Massachusetts 02138, USA. 2Wyss
Institute for Biologically Inspired Engineering, Harvard University, 60 Oxford Street, Cambridge, Massachusetts 02138, USA. 3School of Chemical Sciences,
University of Illinois Urbana-Champaign, Urbana, Illinois 61801, USA. 4Departments of Physics and Organismic and Evolutionary Biology, and Kavli
Institute for NanoBio Science and Technology, Harvard University, 29 Oxford Street, Cambridge, Massachusetts 02138, USA. †These authors contributed
equally to this work. *e-mail: lm@seas.harvard.edu; jalewis@seas.harvard.edu
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Figure 1 | Programming localized anisotropy via biomimetic 4D printing. One-step alignment of cellulose fibrils during hydrogel composite ink printing.
a, Schematic of the shear-induced alignment of cellulose fibrils during direct ink writing and subsequent e�ects on anisotropic sti�ness E and swelling
strain ↵. b–d, Direct imaging of cellulose fibrils (stained blue) in isotropic (cast) (b), unidirectional (printed) (c) and patterned (printed) (d) samples (scale
bar, 200 µm). e, Applying Fourier analysis to NFC-stained images allows quantification of directionality: printed unidirectional samples exhibit a clear peak
at 0�, corresponding to the print direction, whereas isotropic samples show no clear directional peaks. f, E�ect of nozzle diameter on transverse and
longitudinal swelling behaviour of printed hydrogel composites. g, Swelling strain of cast and printed samples (nozzle diameter = 510 µm). All error bars
represent the standard deviation (n=6).

and curvature strain tensors, and traction along the midplane must
be identical. Reflecting these conditions, we consider a theoretical
model for a three-dimensional structure produced by a prescribed
print path, where the print path dictates the local orientation of
the cellulose fibrils. The bottom layer is printed parallel to the
ex direction, and the top layer has been rotated anticlockwise by
✓ degrees (see Supplementary Fig. 1).

The resulting curvatures depend on the elastic moduli, the
swelling ratios, the ratio of layer thicknesses m= abottom/atop and
total bilayer thickness h= atop + abottom. The mean and Gaussian
curvatures scale, respectively, as

H =c1
↵k �↵?

h
sin2(✓)

c2 �c3 cos(2✓)+m4 cos(4✓)

and

K =�c4
(↵k �↵?)2

h2

sin2(✓)

c5 �c6 cos(2✓)+m4 cos(4✓)

where the ci are functions of the elastic constants (which
are given by their equilibrium swollen values) and m (see
Supplementary Information for further details). In the limit that

✓ ! 0�, we recover the classical Timoshenko equation26, whereas
perpendicular layers (✓ =90�) return a saddle-shaped structure9.

A series of simple printed bilayer architectures allows us to
explore these relationships and the quantitative connection between
swelling as well as elastic anisotropy and the curvature of the target
surface (Fig. 2).We first demonstrate independent control over both
the mean and Gaussian curvatures, the two invariants associated
with the curvature of any surface.

Positive Gaussian curvature can be generated by swelling a
structure that is primarily made of concentric circles27 (Fig. 2a).
This structure is conical (K ⇠ 0) far away from the tip, but has
Gaussian curvature K ⇠ ✏2/h2 concentrated near the apex, where
✏ ⇠ (↵k � ↵?). The conical opening angle, both measured and
calculated using our theory, is ✓ = 52� (see Supplementary
Information). On the other hand, almost uniformnegativeGaussian
curvature associated with saddle-like shapes comes from an
orthogonal bilayer lattice9 (Fig. 2b). The orthogonal swelling of
each layer yields a surface that is curved oppositely along two
directions—that is, a saddle-shaped surface with mean curvature
H ⇠ 0 and Gaussian curvature K ⇠ �✏2/h2. Combining these
two morphologies produces a sample with zones of both positive
and negative Gaussian curvature (Fig. 2c). Simple structures that

2
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Figure 3 | Complex flower morphologies generated by biomimetic 4D printing. a,b, Simple flowers composed of 90�/0� (a) and �45�/45� (b) bilayers
oriented with respect to the long axis of each petal, with time-lapse sequences of the flowers during the swelling process (bottom panel) (scale bars, 5 mm,
inset = 2.5 mm). c–f, Print path (c), printed structure (d) and resulting swollen structure (e) of a flower demonstrating a range of morphologies inspired by
a native orchid, the Dendrobium helix (courtesy of Ricardo Valentin) (f). Based on the print path, this orchid architecture exhibits four di�erent
configurations: bending, twisting and ru�ing corolla surrounding the central funnel-like domain (scale bars, 5 mm).

the poly(N ,N -dimethylacrylamide) matrix with stimuli-responsive
poly(N -isopropylacrylamide) allows reversible shape changes
in water of varying temperature (Supplementary Fig. 11 and
Supplementary Movie 4).

As an example of the versatility of bio-4DP, we mimic the
complexity of the orchid Dendrobium helix by encoding multiple
shape-changing domains. The print path is designed with discrete
bilayer orientations in each petal (Fig. 3c,d, see Supplementary
Movie 5 for a video of the printing process, and Supplementary
Fig. 12 for the fibril alignment needed for these complex shapes).
The resulting 3Dmorphology (Fig. 3e and Supplementary Movie 6)
following swelling in water resembles the orchid (Fig. 3f) and
exhibits four distinct types of shape change (three di�erent petal
types and the flower centre), based on configurations demonstrated
in Figs 2 and 3a,b.

In each of the previous examples, our model can be used
to predict the final curvature based on the print path, which
naturally suggests the inverse problem: how may we design print
paths associated with specific target surfaces? In an illustrative
demonstration, we harness continuous, detailed control over print
path, predicted by our model and enabled by bio-4DP, to mimic the

complex curvature of the calla lily flower (Zantedeschia aethiopica,
Fig. 4a). Our model enables the translation of a complex three-
dimensional surface (Fig. 4b and Supplementary Text) into the
two-layered print path (Fig. 4d and Supplementary Movie 7)
required to achieve this shape using only the local curvatures
(Fig. 4c), swelling ratio, elastic constants, height and size of
the structure. Gauss’s Theorema Egregium dictates the metric
of one of the layers (as demonstrated in ref. 25) whereas our
mechanical model determines the architecture of the other layer.
The good agreement between the final 3D shape, calculated
theoretically (Fig. 4e) andprinted experimentally (Fig. 4f), illustrates
our unprecedented control over smooth gradients in curvature
and the consequent ability to create shapes that are almost
impossible to create by any other method. In addition, our
bio-4DP approach allows the fabrication of shape changing elements
beyond planar bilayers, by encoding anisotropy in the z-direction
(Supplementary Fig. 13).

Our 4D printing method relies on a combination of materials
and geometry that can be controlled in space and time. This
technique has potential as a platform technology, where the
hydrogel composite ink design can be extended to a broad

4
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“time” = post-processing 
 
•  Swelling 
•  Polymerization 
•  Surface additives 
•  Folding 
•  functionalization 



Fused Deposition [Filament] Modelling of 
Polymers (FDM, FFD, FFF) 

•  “Hot Glue Gun” Extrusion 
•  Molten polymers: glassy or semi-

crystalline 

•  Non-isothermal process.. 
•  Rapid prototyping 

•  Poor mechanical properties? 

•  Great potential to expand to 
biopolymers, medical devices, 
mechanically strong materials, 
….? 

Some Challenges in Polymer FDM 

•  Weak mechanical properties 

•  Sagging 

•  Poor/textured surface properties 

•  Porosity 

•  Shrinkage, warping, and debonding. 



Polymer Materials 

Material 
•  Semi-crystalline polymers 

•  poly-caprolactate (PCL) 
[biodegradeable polyester] 

•  polylactic acid (PLA) 
[biodegradeable] 

•  Amorphous polymers 
•  Polycarbonate (PC) 

•  ABS: Acrylonitrile-butadiene-
styrene (copolymers + rubber 
particles) 

Transition Temperature 

•  Melt:  60 C 

•  Melt:  150-160 C 

 

•  Glass:  147 C 

•  Glass:  80-125 C 

Relevant Polymer Physics  

•  Crystallization 
•  Exothermic, structure formation, flow-induced,  

•  Molecular orientation in flow 
•  Alignment influences welding, deposition 

•  Rheology of entangled polymers 
•  Non-Newtonian, non-linear, . … 

•  Entanglement and diffusion 
•  Controls weld process 

•  Glass transition 
•  Ideally want sharper liquefaction above T_g 

(fragile glass) 
[PLLA (Grade 4043D, Mw=111kg/mole, Z=12 Entanglements] 



Entangled Polymer  
Dynamics 

Polymer Melts and Doi-Edwards Theory (1978)

Rouse (‘Stretch’) ⌧
R

' N

2

Reptation ⌧
d

' N

3

(‘disengagement’)

Viscosity ⌘ ⇠ N

3

[Doi & Edwards, Faraday Discussions II (1978-1979) ]

Successes
I Shear viscosity ⌘ ⇠ N

3.
I Linear Rheology G

⇤(!).
I Beautiful conceptual

framework (single chain
mean field theory)!!

Puzzle??

I Non-monotonic shear
stress T

xy

(�̇)!?

Significant stretch (and 
oriented crystallization) 

Significant orientation (and 
flow induced crystallisation) 

Polymer Dynamics and Timescales: 
``Weissenberg numbers’’ 

Typical nozzle parameters:   

Wirept = ⌧d�̇ ⇠ M3

Wistretch = ⌧R�̇ ⇠ M2

Wirept > 1

Wistretch . 1� 10

Wistretch > 10

Wirept ' 100, Wistretch ' 10



Non-Newtonian Fluid Mechanics  
of Polymeric Materials 

•  Shear Thinning 

•  Rod Climbing 

•  Die Swell 

•  Spurt and slip 

Flow-induced crystallization 
during extrusion 

Example of polypropylene (L Scelsi, et al.. J Rheology (2009) 

Modelling: Structure formation/crystallization, rheology, flow geometry.  
McHugh & Doufas; Fiber Spinning (JNNFM 2000);  
Graham and Olmsted: flow-induced crystallization (Phys Rev Lett 2009) 



Scientific Issues in FDM 

•  Glass transition 

•  Polymer welding 

•  Crystallization  

•  Non-isothermal processes 

J Forrest & M Ediger, 
Macromolecules 2014 

A Angel, 1997 

Computational/Modelling 
challenges 

•  Many coupled time-dependent quantities: 
•  Molecular shape/structure/orientation/alignment 
•  Temperature 

•  Velocity field/deformation 

•  Density 
•  Moving/changing boundaries 

•  Phase change materials 
 

•  Multiple scales (chemistry ! polymer ! mesoscale 
ordering ! fluid mechanics of extruded filaments ! bulk 
mechanical properties of composite FDM material). 



FDM Materials Polymer Rheology 

ABS Moduli Polycarbonate 

Linear polymer melt 
Reptation time  

Composite (nanoparticles + 
copolymers 

Details of extrusion 

•  Strong alignment and 
orientation in the nozzle. 

•  Molecular `skin’ layer 
remains well-aligned 
upon extrusion and 
deposition. 



Polymer Welding – A race against time! 
GE, ROBBINS, PERAHIA, AND GREST PHYSICAL REVIEW E 90, 012602 (2014)

Theoretical and computational studies have further probed
the dynamics of polymers at interfaces, providing detailed
insight into the location and conformation of macromolecules.
For miscible polymers, reptation dynamics, which was origi-
nally introduced by de Gennes [14] and later refined by Doi and
Edwards [15] to explain the dynamics of entangled chains in
bulk melt, was able to describe [1,4,6–10] diffusion across
a polymer interface in a welding process. For immiscible
polymers in which interpenetration of the films is limited,
Helfand and Tagami [26,27] calculated the equilibrium inter-
facial density profile using mean-field theory.

Computer [28–33] simulations have been performed to
study the interdiffusion across both miscible and immiscible
polymer joints. For miscible polymers, results of Monte Carlo
simulations [29] of a lattice polymer model showed that the
mass uptake between polymers agrees with the prediction of
reptation dynamics. However, our recent molecular dynamics
(MD) simulations [31,32] of thermal welding of two thin
films of identical monodispersed polymers showed that the
interfacial dynamics is controlled by the motion of chain
ends and is faster than predicted by reptation dynamics. For
immiscible polymers, both Monte Carlo [28,30] and MD
simulations [33] have found that the immiscibility arrests the
interdiffusion and limits the equilibrium interfacial width.

Recently, we have probed the interfacial strength of polymer
interfaces in our molecular dynamics simulations [32,33] using
a shear test that is similar to lap-joint shear experiments
[22–25]. For miscible polymers, the interfacial strength in-
creases with interdiffusion time and saturates at the bulk
strength. The dominant failure mode changes from pure chain
pullout at the interface for short welding times to chain scission
for long welding times, as in bulk failure. In contrast, even for
weakly immiscible polymers, the narrow interface is unable
to transfer stress upon deformation as effectively as the bulk
polymer, and chain pullout at the interface is the dominant
failure mode. These studies have shown that, as expected,
entanglements play a critical role in resisting chain pullout
and enhancing the interfacial strength.

In this work, we probe the interface between two polymeric
films that were cut and allowed to heal as illustrated in Fig. 1.
In contrast to thermal welding of separate parts of identical
polymers [1,4–7,10,12,13,22–25], scission of polymers results
in formation of interfaces that consist of chains of multiple
lengths. This polydispersity is key to the dynamics of healing
of polymer films. Simulation results for healing are compared
with previous findings for thermal welding. The strength
of a healed interface formed by polymers with different
stiffness is probed and related to the molecular mechanisms
of deformation and failure. These studies are correlated with
the local density of entanglements extracted from primitive
path analysis, a recent methodology developed to enable one
to identify and track the evolution of entanglements [34–36].
These simulations allow a direct measurement of various
parameters that characterize the interfacial structure and reveal
correlations between them and the interfacial strength.

Section II presents the simulation model and methodology
used in this study. Then Secs. III A and III B present results
for the diffusion dynamics and the evolution of molecular
and entanglement structure at the interface during healing. An
analysis of the evolution of interfacial strength is presented

FIG. 1. (Color online) Snapshots showing the evolution of the
interface due to interdiffusion and shear after bonds crossing the
plane z = 0 are cut. Beads are colored based on their positions before
the cut: z > 0 (blue) and z < 0 (yellow). For clarity only a portion
of the sample, 40a by 60a in the y-z plane and 10a deep along x is
shown. Snapshots (a)–(c) depict the interface at interdiffusion times
t = 0.01Mτ , 0.5Mτ , and 7Mτ , respectively. Snapshots (d)–(f) show
the corresponding states after a large shear strain γ = 12 along y.
Chains have initial length N = 500 and T = 0.2u0/kB .

in Sec. III C, highlighting the effects of polydispersity and
chain stiffness. Finally a summary and conclusions are given
in Sec. IV.

II. MODEL AND METHODOLOGY

A. Simulation model

Here we employ a coarse-grained bead-spring model [37]
that captures well the properties of linear homopolymers. Each
polymer chain initially contains N = 500 spherical beads of
mass m. Beads interact via the truncated and shifted Lennard-
Jones potential,

ULJ(r) = 4u0[(a/r)12 − (a/r)6 − (a/rc)12 + (a/rc)6], (1)

where r is the distance between beads, rc is the cutoff radius,
and ULJ(r) = 0 for r > rc. All quantities are expressed in
terms of the molecular diameter a, the binding energy u0, and
the characteristic time τ = a(m/u0)1/2. To provide a rough
mapping to hydrocarbon polymers we take a ∼ 0.5 nm, which
is a typical interpolymer distance, and a binding energy of
order the glass transition temperature, u0 ∼ 40 meV. One then
finds the units of force and stress are u0/a ∼ 13 pN and
u0/a

3∼50 MPa, respectively. The latter is of the same order
as yield stresses in glassy polymers.

For equilibration and healing runs we used the unbreakable
finitely extensible nonlinear elastic (FENE) potential [37] to

012602-2

Ge, Periaha, Grest, Robbins [ACS Nan 2013, 
PRE 2014] 
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Printing with Polymer Melts
Fused Deposition

Modelling

Extrusion of an
entangled polymer melt

into layers.

Infra-Red Imaging

Non-uniform
temperature profile

and glass transition.

De-bonding

Polymer alignment can
weaken welds

between layers.

Three Stages of Printing:

Nozzle: Steady axisymmetric pipe flow.
High shear rates stretch and orient the polymer.

Deposition: Map axisymmetric flow to elliptical layer.
Complex 3D polymer configurations across layer.

Weld: Temperature-dependent relaxation of deformation.
Entanglement density is key to welding characteristics.
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Non-Isothermal Processes: fiber 
modelling: semicrystalline polymers 

•  Momentum 

•  Conformation 

•  Stress 
Constitutive 
Relation 

•  Heat Flow 

•  Crystallinity 

•  Timescales 

Outputs: orientation and structure of spun fibers. 
[Doufas, McHugh, & Miller, JNNFM 92 (2000) 27-66] 

Molecular-based kinetics of flow-induced crystallization: Graham & Olmsted (PRL 2009) 

The Rolie-Poly Model for Polycarbonate
Likhtman & Graham JNNFM (2003)
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Rolie-Poly Models; apply to 
glassy polymers. 



Polymer Deformation in the Nozzle
Fast Printing v

L

= 100 mm/s

#1 Nozzle: Steady state axisymmetric pipe
flow calculation for polycarbonate.
T = 250oC; v

N

= 75 mm/s; �̇
w

= 3600 s�1

Velocity Profile

Ellipses represent how polymers
become stretched and oriented

near the nozzle walls.

Principle Shear: A

r�

Stretch: trA
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Variable Entanglement Density
Ianniruberto & Marrucci J. Rheol. (2014)

#1 Nozzle: Modify entanglement density ⌫ = Z/Z
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Greater disentanglement for faster printing speeds.
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Printing with Polymer Melts

Polymer Model

Three Stages of Printing:

Nozzle: Steady axisymmetric pipe flow.
High shear rates stretch and orient the polymer.

Deposition: Map axisymmetric flow to elliptical layer.
Complex 3D polymer configurations across layer.

Weld: Temperature-dependent relaxation of deformation.
Entanglement density is key to welding characteristics.

Acknowledgements: Jon Seppala and Kalman Migler
Funding: NIST
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Compare diffusion distance… 
Polymer Deformation during Deposition
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Need for new/in situ metrologies 

•  Temperature 

•  Molecular conformation/shape 

•  Welding/interfacial properties 

•  Mechanical properties: rheologies, elastic moduli, fracture 
strength and toughness, anisotropy, plasticity, .. 

•  Crystallinity 

•  Spectroscopies (IR, X-ray, neutron, Raman, fluorescence) 

•  Microscopies (light, Raman, TEM, SEM, …) 

•  Interfacial characterization (neutron scattering) 

Time dependence!!! 



Theory and Computational 
Methods/Needs 

•  Develop coupled molecular and thermodynamic fields (temperature, 
mass, velocity, crystallinity, orientation, …). Micron scale 

•  Polymeric atomistic (or united atom model) simulation: welding, 
deformation of materials. nm scale 

•  Experimental inputs: temperature, extrusion conditions, build protocols, 
…. 

•  Build theory and prediction around model materials; in conjunction 
with `wild’ materials. 

•  Finite element simulations of parts/pieces; compare with experiment on 
deformation, fracture, yield. mm scale 

  

Coarse-Graining in Polymers –  



Current modeling capabilities 
in flow 

DPD Simulations, Z=17, 705 chains, startup at Wi=40 for 5 reptation times (200 strain 
units). [Mohagheghi & Khomani, ACS Macro Letters 2015]. 

Process Characterization Thermography 
[J Seppala, K Migler@NIST Team] 

Infrared Image 

(a) Illustration (b) Extrusion (c) Hot, no extrusion (d) Cold nozzle

Figure 1: Illustration and false color IR images of 3D printing process. From left to right illustration, extrusion, extruder
hot/no extrusion, and extruder cold (color scale is linear). The white markers in the center of the print and reflection images
denote ROIs for print layer LP , layer LP�1, and layer LP�2. Reflected IR photons visible from all layers and the build plate
(slightly lighter blue compared to cold pass).

for the printing layer drops o↵ quickly converging
with the layer below (LP�1) within 2 s. For the
printing layer (LP ) at times less than 0 s, the cam-
era is measuring air or the defocused rear wall of
the printer, as such the points are removed from
the plot.

Figure 2: IR intensity profiles for ABS printed at 230 �C
and 100mm/s. From ROIs corresponding to fig. 1b. The
IR intensity of printing layer (LP ) drops quickly while the
intensity of sublayers LP�1 and LP�2 appear to increases
instantly. The sudden increase in LP�1 and LP�2 is due to
reflected IR photons from the extrusion head. Following the
sudden increase a more sublet peak in intensity occurs for
both LP�1 and LP�2 each lagging behind the appearance
of the LP .

From this data, the drop o↵ in total IR signal
occurs over a time scale of 1 s to 2 s. Note that a
second peak in the total IR signal for layers LP�1

and LP�2 lags behind intensity spike for the print
layer as would be expected for thermal di↵usion.
Next we consider how to remove confounding IR
reflections and to convert the IR signal to temper-

ature.

3.3. Reflection Correction

In order to accurately convert the total IR signal
from the camera into temperature, the component
of total signal due to emission (IE) must be de-
termined. The measured or total signal stems from
the summation of emitted and reflected energy from
the object received by the detector (I = IE + IR).
As noted in section 3.2, the reflected energy can be
determined by passing the heated extruder over the
build surface without extruding (fig. 1c), extracting
IR profiles (fig. 3) from the ROIs, and calculating
the signal strength above background.

Figure 3: IR intensity profiles for heated nozzle, no extru-
sion, at 230 �C and 100mm/s. From ROIs corresponding to
fig. 1c. The reflection profile is unique for LP , while LP�1

and LP�2 have similar profiles.

We calculated IE by linearly shifting the non-
extruded IR profile until the peak intensities in the
extruded and non-extruded IR profiles are aligned

4



Scientific arenas for Additive 
Manufacturing 

1.  Fundamental Scientific Issues: 
•  Non-isothermal conditions. molecular alignment and welding, phase 

changes/glass transition, shrinkage and warping, crystallization 

2.  Unique Fundamental Theory/Computational approaches 
•  Multiple scales (molecular [nm] to part size [cm]) 
•  Multiple dynamic fields (temperature, velocity, deformation) 

•  Complex molecular and non-linear rheology/constitutive relations 

3.  Mathematical Models/Validation 
•  Rheology: advanced models for polymer deformation.  
•  Computation: flow-solvers for complex non-isothermal constitutive 

models for different build protocols.  

•  Experimental: in situ characterization of T, orientation, etc; weld 
properties, mechanical performance. 

Scientific challenges for FDM 

5.  Involves the most important (relevant) open questions in 
polymer materials and mechanics 

•  The glass transition 
•  Flow-induced crystallization 

•  The relation of molecular structure to fracture strength and 
deformation. 

•  ….. 

6.  What multidisciplinary sciences are needed? 
•  Chemistry, physics, metrologies, mathematics, computation, 

engineerings (chem, mech, …), computer science, massive data. 

7.  Partnerships 
•  Academia; National Labs (NIST, Sandia, LLNL,…); Industry (materials 

manufacturers, AM machine developers, end users and suppliers). 


