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3D Printing techniques are additive methods of fabricating parts directly from computer-aided designs. Whilst
the clearest benefit is the realisation of geometrical freedom, multi-material printing allows the introduction of
compositional variation and highly tailored product functionality. The paper reports a proof-of-concept additive
manufacturing study to deposit a supramolecular polymer and a complementary organic filler to form composites
with gradient composition to enable spatial distribution of mechanical properties and functionality by tuning the
number of supramolecular interactions. We use a dual-feed extrusion 3D printing process, with feed stocks based
on the supramolecular polymer and its organic composite, delivered at ratios predetermined. This allows for
production of a graded specimen with varying filler concentration that dictates the mechanical properties. The
printed specimen was inspected under dynamic load in a tensile test using digital image correlation to produce
full-field deformation maps, which showed clear differences in deformation in regions with varying composi-
tions, corresponding to the designed-in variations. This approach affords a novel method for printing material
with graded mechanical properties which are not currently commercially available or easily accessible, however,
the method can potentially be directly translated to the generation of biomaterial-based composites featuring
gradients of mechanical properties.

1. Introduction

Additive manufacturing, also known as 3D printing, has made sig-
nificant advances in recent years in producing functional objects that
can see service (Zhu et al., 2022; Jandyal et al., 2022). A key determi-
nant of this progress is the identification and synthesis of advanced
materials that are suitable for uses that progress beyond prototyping and
allow the design and manufacture of more durable, functional and
customised structures (Zhu et al., 2022; Xiao and Kan, 2022). One of the
material classes beginning to show promise is supramolecular polymers
(Hart et al., 2016; Pekkanen et al., 2017; Rupp et al., 2019; Meurer et al.,
2022; Sather et al., 2021). Supramolecular polymers are a class of
stimuli-responsive materials which are able to self-assemble into dy-
namic arrays as a result of highly directional and specific non-covalent
interactions. These materials offer a broad range of mechanical prop-
erties based on their structure, molecular weight and the recognition
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motif (O’ et al., 2022). The improvement in the mechanical properties of
these materials can be achieved through different methods such as
introduction of inorganic/organic fillers (Pedrazzoli  and
Manas-Zloczower, 2016; Salimi et al., 2019) or incorporation of a UV
curable motif, in order to add a secondary reinforcing covalent network
(Masuda et al., 2003). The primary effort for developing these materials
so far has been on producing systems with high fracture toughness, and
this has resulted in considerable improvement of the design and
dispersion of fillers within the matrix through, e.g. surface functionali-
sation in order to promote uniformity (Kim et al., 2016).

An alternative approach to manipulation at the molecular and micro
scales, is the exploitation of the compositional design freedoms of addi-
tive manufacturing. Additive manufacturing is well-known for its
geometrical design freedom, i.e., the ability to adopt highly complex
shapes without punitive marginal costs, but additive manufacturing also
offers the chance to spatially vary the composition of a structure within
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that shape in a highly controlled manner, (Bracaglia et al., 2017; Lietal.,
2020) giving another dimension to design and control of function (He
et al., 2020). The combination of 3D printing with an external field such
as magnetic field or ultrasound has enabled alignment of fillers during
fabrication of polymeric composite parts (Niendorf and Raeymaekers,
2021). Such approaches are often inspired-by-nature designs such as
gradient materials observed in squid beaks (Miserez et al., 2008) and
byssus threads (Claussen et al., 2012) or Bouligand structures (Greenhall
and Raeymaekers, 2017). Generation of mechanically gradient polymers
(MGPs) offers a new level of functionality to the polymers (Shen et al.,
1972). For example, the role of byssus threads is to provide robust
attachment of mussel to rock which faces turbulent sea water. Conse-
quently, in order to minimise the energy imposed on the mussel, these
threads are stiffer at the ends and more flexible where it is connected to
the mussel’s soft body tissue, (Smeathers et al., 1979) but this is difficult
to achieve with traditional manufacturing methods. Mechanical
gradient polymers allow a new approach to produce shapes and parts
with differing mechanical properties within their structure that can be
produced by controlled changes in the concentration of the reinforcing
component or tailoring the stiffness via the polymer crosslinking density
(Claussen et al., 2014). Adopting these approaches enables fabrication of
parts that offer specific failure points, (Kokkinis et al., 2018) mode of
force distribution or cell adhesion, (Sunyer et al., 2012) based on the
design. The composite materials can offer a broad range of application
from artificial skin sensors to security tags (Kokkinis et al., 2018).
Printing graded materials can also yield scaffolds to benefit tissue cul-
ture affording tissues that better resemble the native structure (Bracaglia
et al., 2017; Motealleh et al., 2019).

Gradients of material composition have been demonstrated previ-
ously, (He et al.,, 2021; Levato et al., 2020) but these are generally
limited to highly digitised variations in the composition. For example,
when using extrusion, (Rupp et al., 2021) it is difficult to achieve vari-
ation of composition in the case of single material extrusion and it is
limited to varying infill to produce a gradient. Inkjet printing has been
used to produce gradient structures but is limited frequently to deposi-
tion of photocurable materials; the limited scope of such materials af-
fords a limited range of properties (Godleman et al., 2021; Yao et al.,
2007). Producing flexible biocompatible images from UV-curable inks
can also prove problematic because of residual unreacted monomers
which are cytotoxic to living cells and images generated via this method
can be prone to aging, frequently losing their elastomeric properties
over time. Photocurable systems can also require additional care in
storage, handling and processing of the monomers in the light of their
oxygen and humidity sensitivities. Commercially available 3D printers
are now capable of operating under inert atmosphere, but this approach
is limited by factors such as the size of the confinement (Mendes-Felipe
et al., 2019).

This paper reports an additive manufacturing approach to generate
MGP structures involving the combined use of an extrusion system with
a supramolecular polymer composite that can be dosed in a controlled
fashion to achieve continuous variation of the polymer composition in
the resultant image. Extrusion printing, which can be categorized as a
type of direct ink writing, has been used before to generate complex
components to enable the study of the effect of internal geometry on the
functionality of composite material such as conductivity (Lewis, 2006).
Our method is, however, based upon the use of a customised extrusion
3D printer that takes advantage of the temperature sensitive viscosity
behaviour of the supramolecular polymer matrix to vary the composi-
tion of the composite material ink being printed, allow the introduction
of functionality as well as tailor the geometry design (Burattini et al.,
2009). Reinforcement of a supramolecular polyurethane (SPU) in order
to produce a gradient design was achieved by varying the content of an
organic filler in the bulk polymer phase in a controlled manner which
will allow for a higher rate of deposition (Shen et al., 1972). Previously,
in situ production of the bis-urea low molecular weight additive (LMWA)
has been shown to be an effective method of reinforcing supramolecular
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polyurethane, which also enables tuning of the mechanical properties by
differing the content of LMWA in the system (Salimi et al., 2019). By
increasing the content of LMWA in the elastomeric supramolecular
polyurethane, the resultant material becomes stiffer and less elasto-
meric. Herein, a high-content reinforced SPU was mixed with a purified
SPU in well-defined volumetric ratios to generate materials with
adjustable contents of LMWA (Hopmann and Beyer, 2017).

2. Materials and methods
2.1. Materials

All reagents were purchased from Sigma Aldrich or Alfa Aesar and
used as received with the exception of Krasol HLBH-P2000 (M, as
received = 2 kg mol’l) [hydrogenated poly (butadiene)] which was
supplied by TOTAL Cray Valley. Solvents were purchased from Stuart
Scientific and used as received. Tetrahydrofuran (THF) was distilled
from sodium and benzophenone prior to use, where anhydrous THF was
needed. The synthetic procedure used to afford the SPU material fol-
lowed the report by Hayes and co-workers to yield a material with the
following molecular weight characteristics (as determined by GPC
analysis): M, = 9000 g mol ™!, M,, = 12200 g mol~}, D = 1.39 (Salimi
et al., 2019).

2.2. Instrumentation

The extrusion system employed in this study (see Fig. 1) was modi-
fied from a LulzBot TAZ6 printer (FAME 3D, Fargo, North Dakota, USA)
integrated with a high precision volumetric dosing unit (Preeflow eco-
DUO450 two-component mixing dispenser, ViscoTec). Subsequently, a
home-built feed supplying system pneumatically transported the re-
agent mixtures from the Optimum® syringe barrels to the dosing unit by
pressurised nitrogen (3 bar). Feeds of the inks (see below) from both
syringe barrels were then driven by a screw pump inside the dosing unit
to efficiently mix the components. The dosing system used was Pree-
flow™ eco CONTROL EC200 DUO with eco DUE 450 dispenser equip-
ped with a Grof static mixer set. This dosing system was designed to
allow mixing ratios from 1.00:1.00 to 9.00:1.00. A speed mixer Dual
Asymmetric Centrifuge DAC 400.1 mixer FVZ was used to homogenise
the plasticiser solvent and the SPUs.

The rheological analysis for determination of LVER and yield stress
was carried out using a Kinexus Pro rheometer equipped with a 40 mm
geometry parallel plate at constant temperature (25 °C); the linear
viscoelastic region (LEVR) for each formulation was determined at a

Components used in gradient 3D extrusion printing

d

Dosing unit interface
control box

S

®

l

a b
Compressed Dual-feed ink
gas regulators cartridges

equipped with
dosing unit

Fig. 1. Picture of the 3D extrusion printer and a schematic of this equipment.
Each component of the setting is labelled accordingly.
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monotonic strain loading between 0.01% and 1000% and the moduli
were monitored. Then, under oscillatory stress conditions at 5 Hz a
rheological experiment was carried out on the inks to measure the
change in moduli. The shear viscosity rheological measurement was
performed using an Anton-Paar Physica MCR302 Rheometer, in oscil-
latory shear equipped with a 25 mm parallel plate geometry and samples
were heated at 2 °C.min"1.

2.3. Formulation of SPU inks

The materials were plasticised using EtOAc, 0.4 mL and 0.5 mL of the
solvent was used per gram of material for SPU1 and RSPU-15%,
respectively. The solvent was added to the polymer in a mixer container
and was left overnight. A Dual Asymmetric Centrifuge DAC 400.1 mixer
FVZ was used to homogenise the plasticiser solvent and the SPUs for 8
min at 2500 rpm which resulted in a paste like ink. Each of these ma-
terials was loaded in the printer barrels separately as printing feeds.
Following the loading of the inks into the printer cartridges and the
mixer, the dosing unit was calibrated by volume of each material.

2.4. Printing method

The bar shape 3D design was entered into the CURA-Lulzbot v3.6.20
software and the GCode produced using parameters as follows: 20%
zigzag infill, 1 mm layer thickness at the speed of 15 mm.S™!. A nozzle
with 1 mm in diameter was used and the print bed was held at ambient
temperature. The generated GCode was then modified so that the sample
was printed between X177.5 to X102.5 between Y143.5 to Y136.5 with
regular pauses in printing every 5 mm. The new GCode was transferred
to the printer by SD card to print the MGPs.

2.5. Digital image correlation analysis

Specimens were speckled using a black water-based paint and
airbrush, with the white background provided by the natural colour of
the specimen. The speckles were produced by pressing a mesh of known
pore size against the specimen before spraying both the mesh and the
specimen, and then removing the mesh once the paint had dried. Images
were recorded using a Pointgrey GS3-U3-41C6M-C and the data was
processed using the digital image correlation (DIC) software MatchID 2D
DIC, version 2021.1.2. Table 1 shows the parameters used to perform the
analysis.

Table 1
Detailed DIC analysis parameters.

Hardware parameters Analysis parameters

Image 400 x 2824 Image filtering Gaussing filter, 55 px
resolution px kernal
Lens 60mm Nikon  Subset size 31 px/1.31 mm
Aperture f/4 Step size 4 px
Field of view 16.9 x 119.4  Subset shape Irregular quadrangle
mm function
Image scale 23.64 px/ Matching Zero-normalised sum of
mm criterion square differences
(ZNSSD)
Image format TIF, 16 bit Interpolant Bi-cubic spline
greyscale
Greyscale 0.639% Strain window 11 datapoints
noise
Average 3.9 px/0.165 Strain Q8
speckle size  mm interpolant
Imaging rate 7 Hz Virtual Strain 71 px
Gauge size
Strain Greene-Lagrange

formulation
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3. Results and discussion
3.1. Synthesis and formulation of polyurethane inks

The elastomer SPU1 and its reinforced analogues RSPU-15%
featuring a low molecular weight organic filler with known properties
(Salimi et al., 2019) are shown in Fig. 2. It has been shown that the
incorporation of the corresponding LMWA improves the mechanical
properties of the supramolecular SPU1 by increasing the concentration
of hydrogen bonding introduced through the bisurea LMWA (Salimi
et al., 2019). The reinforced analogue material containing 15 wt% of
corresponding LMWA (RSPU-15%) was synthesised as the stiffest ma-
terial which is still capable of forming a film yet is not too brittle to be
manipulated. Any higher percentage of LMWA resulted in insoluble
material unable to form a film. Additionally, SPU1 was synthesised as
the elastomeric component by purification from LMWA side product via
precipitation (Salimi et al., 2019).

Efficient mixing of materials was needed to enable production of
materials with a range of mechanical properties because of the varying
concentrations of the LMWA. An extrusion printer with a mixer nozzle
head and a controlled dosing system was used for this purpose (see
Fig. 1) enabling efficient mixing of SPU1 and RSPU-15% to generate
varied wt% of LMWA in a precise fashion. This printing approach thus
varies the mechanical properties of the 3D object produced in a gradient
manner along one axis as a result of controlled deposition of LMWA and
hence its concentration. The dosing unit cannot be heated, therefore, the
material itself needed to be plasticised to allow extrusion. To overcome
this practical problem, a small volume of ethyl acetate (EtOAc) was used
to plasticise the polymers and generate a processable formulation for the
printer’s setting. Following the loading of the inks into the printer car-
tridges and the mixer, the dosing unit was calibrated by volume of each
material. In brief, the SPU 1 and RSPU-15% materials were first plasti-
cised using very small volumes (<1 mL) of ethyl acetate, allowing the
mixtures to soften overnight before homogenising them to yield paste
like inks. The change in the physical properties of the material and the
consistency of the produced formulated inks is shown in the Supple-
mentary Information (SI) file, Fig. S1. It must be noted that, upon
formulation of the inks, the container was kept airtight to prevent
evaporation of the small quantities of solvent present (Akterian, 2020).

3.2. Physical characterisation of the ink formulations

To examine the suitability of the formulated inks for 3D printing, the
rheological properties of the inks under conditions representing the
application of shear during the printing process were determined
(Fig. 3). In the light of this analysis, the composite material was deemed
suitable for deposition via extrusion 3D printing (Kadival et al., 2023;
Kirchmajer et al., 2015; Highley et al., 2015; Townsend et al., 2019;
Zhou et al., 2021). To that aim, the linear viscoelastic region (LVER) for
each formulation was determined at a monotonic strain loading. Then
under constant oscillatory stress a rheological experiment was carried
out and the change in moduli is recorded, Fig. 3 shows the result of this
experiment. The rheological studies revealed that upon increasing the
shear stress, the viscosity also increases with sudden drops observed at
52 Pa and 51 Pa (SPU1 and RSPU-15%, respectively) correlating to the
yield stress of the inks. This necessitates printing at lower shear stress to
prevent viscosity increases as this can hinder the flow of the ink.
Therefore, a static mixer at the nozzle was employed.

After performing a short 3D printing test of the material, it was found
that the plasticised SPU inks exhibited some degree of wetting upon
deposition on the print bed. One solution to minimise the wetting effect
and maintain the printed structure intact was to heat the print bed
moderately to increase the solvent evaporation rate. However, if the
temperature of the print bed was set too high the material would also
soften and deform. To investigate the viscosity profile of the inks at
elevated temperatures, another rheological investigation proved
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Fig. 3. Top: LVER determination obtained with monotonically applied load A) SPU1 B) RSPU-15% and C) showing the changes of viscosity by shear stress applied at
5 Hz. The drops observed in the bottom graph represents the yield stress of the inks. The graphs are representative of three repeat experiments.

beneficial (Fig. 4). As expected, as the temperature was increased the
viscosity of the inks decreased. The decrease was steeper at lower tem-
peratures because of the presence of solvent; the small shear applied by
the instrument was able to dissociate the intermolecular interactions in
the polymer network. The overall decrease of viscosity can be explained
by the fact that the dissociation of the supramolecular interactions
outweighs the solvent evaporation effect on viscosity of the ink. In
addition, the significant effect of dissociation of supramolecular in-
teractions can be observed by comparing the viscosity profiles of RSPU-
15% and SPU1. The drop in viscosity of RSPU-15% is steeper since the
concentration of supramolecular assembly motif is higher when
compared to the pure SPUl. Consequently, based on these findings,
heating the print bed did not prove to be an efficient and practical
approach for the prevention of the wetting effect since the material
viscosity decreases at elevated temperatures and the image will deform.
Therefore, attention turned to optimising other printing settings to avoid
the detrimental image deformation.

3.3. 3D printing of the mechanically gradient part

In order to print an MGP part, a bar shape with a varying composi-
tion along the longitudinal direction was chosen as a test piece. To that
aim, the file of the 3D structure of the design in.stl format was imported
into the CURA-Lulzbot. The optimised settings for printing were iden-
tified experimentally and are shown in Table 1. Using these settings, the
bar design was sliced and a layer-by-layer pattern including the printing
path was generated (see Fig. 5A).

A continuous infill pattern was needed to generate a smoother
gradient within the part, which meant the nozzle must continuously
print rather than printing a line-by-line pattern. Therefore, a zigzag
pattern was selected with 20% concentration (a factor of the pattern
density) was selected. A value of 20% was found experimentally to be
the optimum concentration with minimum line overlap considering the
wetting effect outlined above. This parameter represents the distance
between the printing line which should be determined experimentally
based on the thickness of the filament and the swelling of the ink ma-
terial as well as the optimum overlapping for a quality print.
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Fig. 4. The viscosity profile of the plasticised inks vs. temperature. The graph
obtained at an oscillatory shear experiment with a temperature ramp of
2 °C.min .

Fig. 5. A) The sliced 3D bar design with CURA illustrating the ratio and per-
centage of SPU1 to RSPU-15% required to generate the desired MGP (numbers
in black are in mm). B) Picture of a printed MGP bar generated in semi-
automatic fashion.

The printer was controlled via two different systems: the movement
and the dosing unit. The movement of the nozzle was controlled by the
CURA software independently from the dosing unit. However, the
dosing unit was independent from the CURA software and thus in this
proof-of-concept study any change in component ratio currently had to
be done manually, though in future it will be possible to automate. To
enable varying of the ratio of the materials during a change of location,
the movement of the nozzle was paused to allow adjustment of the molar
ratio in the dosing system. The printing was then resumed, and the
process repeated until printing was complete. The dosing unit can pro-
duce mixing ratios of feed materials A and B ranging from 9.00:1.00 to
1.00:1.00. The simple 3D bar design chosen was sliced in CURA and the
suitable GCode thus generated. Fig. 5A shows an illustration of the
generated GCode in CURA (the grey lined shape) as well as the orange
lines which determine the coordinates where the stop command was
applied. This figure also indicates the ratios and the corresponding
percentages of the SPU1 to RSPU-15% employed in the dosing unit.

The prepared inks were pushed to the dosing system using com-
pressed air. The dosing system can be programmed such that it controls
the amount of each ink to be deposited. The dosing was controlled by a
combination of gas air pressure and a secondary rotor arm unit. Preci-
sion dosing was achieved employing a suckback function to prevent any
leakage from the nozzle. The inks were mixed in a static Grop mixer head
and subsequently deposited onto acetate sheets on the print bed.
Therefore, adjusting the ratio of ink A from printhead A to ink B from
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printhead B during the printing on the dosing unit allows production of a
gradient material in a continuous manner (see Fig. 5B).

In addition to optimisation of the printer’s setting, the dosing unit
parameters had to be optimised to achieve a steady filament-like with-
drawal of the material from the nozzle. To that aim the parameters were
experimentally determined; the flow rate speed of 0.8 mL min™! and a
suck back of 0.2 mL at 3.00 mL min~! was employed to obtain a clean
stop at the end of the deposition of each composition. The modified
GCode was then sent to the printer and the skirt and walls were printed
at 1.00:1.00 ratio. When the printhead stopped moving, the dosing was
paused by the user, a new ratio set, and the nozzle was flushed carefully
to ensure withdrawal of the new composition. Printing was then
resumed. This process was continued until the printing of the desired
object was complete. Four bars (80 x 7 x 3 mm) of the MGP were
printed following the same procedure to provide enough repeats for
subsequent mechanical properties analysis. Fig. 5B shows a MGP bar
printed with this method, as evident from this image, the middle of the
bar is composed of softer material (90%) and it gradually becomes less
translucent nearer the edges, where the composition is 1:1.

These printed MGP bars were then left at room temperature for 2
days to dry slowly and were then put into a vacuum oven held at 40 °C
overnight to ensure the samples were totally dry for subsequent me-
chanical analysis. In order to study the difference in mechanical prop-
erties of each composition separately, which can be then correlated to
the mechanical properties of the sections within the MGP bar, 4 bars (40
x 10 x 2 mm) of each composition were printed for tensile testing. The
printed bars were dried following the same procedure as the printed
MGP bars.

3.4. Mechanical analysis of the printed samples

After drying the printed bars of each composition suitable for tensile
testing, the parts were placed in freezer for a few minutes and were then
peeled from the sheet. Since ethyl acetate has a relatively low boiling
point (77 °C) and high vapour pressure (9.70 kPa at 20 °C), it exhibits
high specific surface evaporation (9.3 m s™1) (Akterian, 2020). As a
result of quick evaporation of the organic solvent in ambient condition,
bubbles were generated within the printed bars, despite not heating the
samples.

After peeling the samples of individual compositions, they were
subjected to tensile testing in order to illustrate the change in tensile
properties by varying the feed ratio through testing the bars of each
composition. The bars were secured between grips of the tensile testing
machine and pulled at a rate of 10 mm min~!. The experiment was
repeated three times for each composition and the stress vs. strain was
recorded for each sample. The tensile properties of these bars were

] 1.77
2.00 =UTS
®Young's modulus
1.60 1 138 m Toughness
©
% 1.20 0.67 0.74
] 0.74
=] 0.58 0.61
S 080 1 0.53
'8 .56
= 0.40
0.40 4 0.31 0.32
0.16 0.1 045
0.00

50% 60% 70% 80% 90%
composition (% of SPU1)

Fig. 6. Calculated tensile properties of different compositions of SPU1 to RSPU-
15%. Error bars are standard deviation of three repeat experiments.
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calculated based on the data collected and the results are shown in
Fig. 6. The X-axis shows the composition percentage of feed A (SPU1) in
the sample. Regarding the ultimate tensile strength, by increasing the
content of SPU1 (which in turn decreases the amount of LMWA in the
formulation) a downward trend was observed. Likewise, upon
decreasing the LMWA content, the Young’s modulus also decreases,
which is indicative of an increase in the elastomeric nature of the ma-
terial. However, interestingly the modulus of toughness, which was
calculated based on the area under each stress-strain curve, remained
almost unchanged within the range of error. This can be explained by
the decrease in UTS while the elasticity increased upon increasing of the
composition percentage of SPUL. It must be noted that the relatively
large error bars originate from the fact that the tested specimens did
contain a few small bubbles which led to minor variability of the tensile
properties of these samples.

3.5. Digital image correlation of the printed MGP

After establishing the variation of mechanical properties for different
compositions of the mixed materials, their behaviour was explored
within a single graded sample. This was achieved by using digital image
correlation (DIC) to map the displacement fields across the specimen
surface (Kokkinis et al., 2018). DIC tracks the full-field displacement of a
random speckle pattern applied to the specimen surface from photo-
graphs of the specimen taken during the experiment. One advantage of
the DIC technique is that it can examine the whole surface, rather than
collecting a single point (Hensley et al., 2017). Additionally, since the
method involves taking photos/videos of the specimen and correlating
the movement of the points to strain, a visual understanding of the
full-field strain map can be obtained. Fig. S2 in the SI shows a speckled
sample of a printed MGP. The speckles were produced by airbrushing the
sample with paint using mesh against the sample. However, while the
speckle size was a highly uniform 3.9 pixel on smooth sections of the
specimen, some sections lost correlation early within this test because of
extremely high local strains arising from bubbles present in the sample.

To perform the experiment, a speckled specimen was tested in a
commercial screw-driven machine (Instron 5582) equipped with a 1 kN
load cell. The applied deformation rate was 20 mm min'. A digital
camera was used to image the specimen and was synchronised to the test
machine. The light source was polarised at 0°, and a linear polarising
filter at 90° was placed over the lens. This eliminated most spectral re-
flections from the specimen surface, reducing glare and improving the
quality of the images, see Fig. S3 and Table 2 for the experimental set up.
Several reference images were taken, and the pixel:mm scale was cali-
brated at the beginning of the experiment. Once the experiment began,
images were taken at 7 Hz.

As a result of the large final strains and displacements, the image
changed significantly throughout the test. In order to cope with this
change without loss of correlation, the DIC analysis was performed by
updating the reference image with each frame instead of comparing
each frame to the reference frame. This resulted in a significantly more
robust DIC formulation, but at the cost of slightly higher error. Fig. 7
illustrates a typical result from the DIC analysis, colours indicate the
strain field in the specimen. Interestingly, it was possible to observe the
presence of the subsurface bubbles via their effect on the strain field long
before necking or yielding occurred. Whilst the banding shown in Fig. 7
appears to be visually similar to the banding caused by aliasing when
using DIC to measure deformation fields, this banding is distinct from
that effect, and is caused by underlying bubbles in the structure of the
specimen. As such, the strain bands shown are a representative of a real
effect, rather than an experimental artefact. Figure 7 shows that the
specimen experiences larger strains in the centre, where there is lower
concentration of LMWA and hence the material is more elastomeric.
Moving towards the top/bottom of the sample, where the composition is
50% of SPU1 and RSPU-15%, the material is relatively stiffer and
therefore elongates less. However, it should be noted that, as mentioned
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Fig. 7. Strain field calculations in the specimen for different levels of stress
during loading, showing strains in the vertical direction (Eyy). Note that the
colour bar range is different for each image. The upper bound of each colour bar
was set to 3 standard deviations above the mean strain value. Images are
recorded every 10 s with select examples shown above.

previously, since the specimen contain bubbles, some areas of higher
strain can be seen in the stiff regions of the sample.

In order to further quantify these effects, strain-time data were ob-
tained from the images at a number of points along the specimen, Fig. 8.
These data are again consistent with the composition of the material,
with larger strains in the centre. The strain analysis reveals different
mechanical properties along the sample at different compositions,
relative to the concentration of the organic filler at the prospective
points. For example, point number 1 with 50% composition (i.e. the
stiffest composition) experiences 11 x higher strain when compared to
point number 5 with 90% composition (i.e. the most elastic
composition).

4. Conclusions and future work

In this prototype system we have demonstrated the use of organic
filler for generating gradient materials using 3D extrusion printing free
from UV cross-linkable monomers. By combining extrusion 3D printing
with supramolecular chemistry, it has been possible to demonstrate the
creation of structures with highly controlled material properties,
distributed spatially. The performance of our composite structures has
been assessed using DIC, which confirmed that the properties of our
structure closely correspond with the designed-in variation of the
composition. The approach releases additive manufacturing from only
having freedoms of shape, to one of being able to have freedom of
composition, all while using engineering materials capable of seeing
service. If backed with suitable design software that connects the
structure, composition and process, this could lead to being able to
design a priori and subsequently, manufacture structures that meet a
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Fig. 8. A) A schematic representation of the MGP sample representing the location of points selected along the sample to screen the strain changes by time (The
numbers in black are in mm). B) the strain vs. time graph showing the increase in strain over time. C). changes of strain upon application of force.

highly bespoke need and be highly tailored to a specific requirement.
This approach can be translated to the majority of supramolecular
polymers by introduction of a complementary LMWA. A clear advantage
of using supramolecular polymeric materials and their composites in
conjunction with extrusion deposition is the expansion of the material
set away from photocurable materials and towards more sophisticated
chemistries. A biological example of such an application requiring
tailored, personalised and spatially varying properties is artificial skin,
requiring the deposition of mechanically varying materials capable of
responding to joint movements, combined with conducting elements
that provide actuation or sensory awareness of specific joints.
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