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Abstract

Additive manufacturing with degradable polymers have recently drawn significant attention due to its promising biomedical
applications including artificial tissue engineering, surgical, and orthopedic devices etc. This paper experimentally investigates the
direct-ink-writing of one of the widely used degradable polymers, carboxymethlycellulose. Through printing and geometric
characterization of simple test structures, effect of ink concentration, substrate material and direct-ink-writing process parameters
including printing pressure, printing speed and nozzle substrate distance on the process outcome is studied. Preliminary findings
on printing of micro-scale structures using nozzles as small as 10 um in diameter are also presented.
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1. Introduction

Biodegradable polymers have been widely used in
a myriad of applications including surgical, implanted
and orthopedic devices, drug delivery systems,
artificial tissue engineering and food packaging[1,2].
The importance of such applications directly involving
human health brought the need for accurate and robust
manufacturing  technologies  for  processing

2351-9789 © 2018 The Authors. Published by Elsevier B.V.

biodegradable polymers. Conventional polymer
processing methods have been successfully used for
such materials in the past decades. More recently,
emergence of biomedical device technologies
requiring complex, multi-material and personalized
parts with micron-level feature sizes, led to increased
research and technological investment in the additive
manufacturing with biodegradable polymers.
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Various commonly used polymer additive
manufacturing techniques have been utilized for
biodegradable materials. These methods include,
powder bed processing methods such as selective laser
sintering and melting [3,4] and binder jetting [5], vat-
photopolymerization methods such stereolithography
[6] and extrusion-based methods such as fused-
deposition modelling [7] and direct-ink-writing (DIW)
[8]. Primary application of the additively
manufactured parts have been the artificial tissue
scaffolds [9] which are complex porous structures that
are implanted in the patients’ body and facilitate the
tissue growth in a particular geometry by providing
mechanical support. Among these methods, powder
and photopolymerization based ones provide high
accuracy and resolution, however lack design and
material flexibility: Powder-based methods require the
feedstock to in a fine powder form, whereas the
photopolymerization methods requires the polymer to
be synthesized as photocurable. This limits the usable
set of materials, particularly composites including bio-
materials such as high density living cell aggregates,
growth factors, micro-carriers and decellularized
matrix components which are critical for target
applications. Furthermore, both types of methods are
significantly limited in multi-material
implementations and usually are costly [10].
Extrusion-based methods mitigate such issues owing
to its top-down nature and ease of multi-material
implementations. The low-cost FDM approach is
limited to thermoplastic polymers and require high
temperature processing and thus cannot be used for
processing of polymer composites including
biomaterials that are sensitive to temperature. On the
other hand, DIW, allows for room temperature
processing and capable of processing a wide range of
polymer composite “inks”, combining biodegradable
polymer matrices with additives such as micro-nano-
particles [11], living cells [12] and growth factors [13],
allowing high level of customization for many
biomedical applications. Due to these factors, DIW is
considered as the state-of-the art “bioprinting” method,
leading to emergence of numerous commercial DIW-
based bioprinters in the recent years.

DIW, in general, is an additive manufacturing
technique used for highly viscoelastic materials. The
research on the DIW processes to date primarily
focused on the non-Newtonian shear flow of the inks
during their dispensing through the millimeter to
micron-scale nozzles[ 14], effect of their viscoelasticity
on the printed structure geometry [15] and capillary

effects of the ink spreading and wetting of the substrate
surface [16]. Authors’ recent work demonstrated the
effect of the viscoelasticity on the flow of the inks and
the underlying deposition mechanisms during DIW,
which can be anywhere between pure extrusion and
pure fiber drawing depending on the process and
material parameters [17].

During DIW of biodegradable polymers, the inks
are usually prepared in the form of concentrated water
solutions of the polymers that gellate through water
loss or another cross-linking process such as UV-
curing [18]. The functional biomaterials are suspended
in the hydrogels, and deposited along with the inks
during the printing process. DIW of variety of natural
and synthetic hydrogels have been demonstrated in the
literature [19] towards fabrication of tissue scaffolds.
Most of these studies focused on the direct evaluation
of the functionality of these scaffolds in regards to
biodegradation and cell viability during in-vivo or in-
vitro cell culture while the manufacturing science
focus on these processes are generally lacking.
Particularly, there is only a few recent studies
investigated the effect of material and process
parameters on the ink-flow and printed structure
geometry[20].

This paper presents an analysis of the DIW process
using concentrated sodium carboxymethyl cellulose
(CMC) inks. CMC is a water dissolvable ether, derived
from naturally abundant and biodegradable cellulose
through its reaction with sodium monochloroacetate in
an alkaline medium [21]. CMC solutions have been
widely used in food industry, in detergents and soaps,
resin emulsion paints, adhesives and printing inks.
More recently it has been utilized for fabrication of
microneedles in intradermal drug delivery [22,23]. In
this work, simple test structures are printed using
nozzles as small as 50 um diameter, under various
material and process conditions and the corresponding
DIW outcomes have been studied. Particularly, the
effect of ink concentration, substrate surface, printing
speed, distance and input pressure on the ink flow rate
and the printed geometry are investigated. Some
qualitative observations is also presented regarding the
printing of CMC inks using ultra-fine nozzles as small
as 10 um diameter.

2. Materials and Methods
2.1. CMC Ink Preparation

Inks were obtained by dissolving sodium CMC
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Fig. 1. The custom DIW system

(90kDa molecular weight, Sigma Aldrich) powder in
dionized water in two concentrations of 30 and 40%
w/w. To obtain these highly concentrated inks, a 15%
w/w solution was first prepared by mixing at 300 rpm
using a high speed homogenizer (Cole-Parmer
Compact Digital Mixer System, 50 to 2500 rpm, 115
VAC) for 3-5 hours until a homogenous solution is
obtained. To reach the final concentration, the base ink
was kept in a vacuum oven (Lindberg Blue M
ThermoScientific) at 55°C temperature and 25 mmHg
vacuum to evaporate water at an approximate rate of 1
mL/hour. During this process, the ink was removed
from the oven occasionally and mixed at the high speed
mixer for 5 min to maintain homogeneity. For printing,
the inks were loaded in Scc syringe cartridges
(Nordson EFD) and centrifuged at 800 rpm for 2
minutes for air bubble removal.

2.2. Rheological characterization of the CMC Inks
The ink rheology was characterized using a strain

controlled rheometer (TA Instruments, ARES-G2)
through oscillatory frequency and amplitude sweep

experiments on a parallel plate setup (8§ mm plate
diameter). In the frequency sweep tests, the behavior
of the inks under varying shear rates were
characterized by varying the oscillation frequency at
constant oscillation amplitude to understand the shear
thinning characteristics of the inks. In the amplitude
sweep test, the shear rate is varied through varying the
oscillation amplitude by keeping the frequency
constant to understand the viscoelastic nature of the
inks by observing the variation of their viscous and
elastic moduli.

2.3. DIW system and parameters used

A custom made DIW system with integrated
profilometry capability pictured in Fig 1 is used for the
printing experiments. This system consists of a three
axis motion system (Aerotech ANTI180-ANT130
stages) having sub-micron accuracy within a working
space of 210 mm x 160 mm x 110 mm. A positive
pressure pump (Nscrypt Smart Pump Gen 1) is used to
regulate the dispensing process. The inks were
supplied to this pump through a pressure booster
(Nordson EFD HP5cc) which mechanically amplifies
the air pressure supplied to it by a factor of four as its
piston pushes the ink out of the syringe cartridge into
the pump. The pump controls the ink flow through a
needle valve that can be positioned with 10 pm
accuracy. Two types of nozzles have been used at the
pump outlet: For the quantitative analyses, a conical
brass nozzle with 50 pm nominal diameter (Fisnar
Micro-S Precision Micro Bore Nozzle), for ultra-fine
nozzle printing, glass capillaries with 30 and 10 pum
diameters were (World Precision Instruments, Pre-
Pulled Glass Pipettes). The geometry of the printed
structures were measured using a laser profilometer
(Keyence LT9031M).

We designed our experiments using a limited set of
parameters to preliminarily observe several deposition
mechanisms and effect of the process and materials on
such mechanisms. For each printing experiment, lines
of 15 mm length is printed using either the 30 or 40%
inks. These concentrations are selected with respect to
their flow behavior through the nozzles: lower
concentration inks formed a pendant drop at the nozzle
exit, indicating the flow behavior dominated by
capillarity. At 30%, a clear filament formation is
observed, indicating the prominence of the
viscoelasticity that is favorable for printing. For
concentrations higher than 40%, rapid ink drying at the
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Fig. 2. (a) DIW process parameters, (b) Analysis parameters,
(c) Two different deposition mechanisms during DIW

nozzle led to frequent clogging, preventing efficient
experimentation.

The process parameters varied in our study are
schematically described in Fig 2(a) and include
printing pressure (P), nozzle-substrate distance (d) and
printing speed (f). Three levels of printing pressure
(193, 386 and 579 kPa) was used for each type of ink.
Pressures lower than 193 kPa did not produce
continuous flow for any of the selected ink
concentrations. Pressures higher than 579 kPa
produced excessive flow for both ink concentrations
and did not yield discernibly different deposition
mechanisms under the conditions considered.
Similarly, three levels of nozzle-substrate distance (50
pm, 100 pm and 150 pm, namely, three integer
multiples of the nozzle diameter) were considered.
These distances were set by first contacting the nozzle
on the substrate while observing it through the system
microscope and prescribing the desired distance by
moving the substrate down in the vertical direction.
The printing speeds for different materials were
experimentally determined such that continuous lines
were formed under the aforementioned pressure and
nozzle-substrate distance ranges. These speeds ranged
from 1 to 25 mm/s. Each condition set is repeated 5
times for each material. Printing speed and distance
parameters were randomized during the experiments
since they can be automatically changed between each
experiment.

During the experiments, two types of substrates,
PDMS and acrylic, were used. PDMS is known for its
low surface energy (low wettability) and elastic

modulus compared to the acrylic. 30% inks were
printed on both substrate types, whereas the 40% inks
were printed only on the PDMS substrates. Circular
acrylic substrates with 4 inch diameter were laser cut
from commercially available Plexiglas sheets. PDMS
substrates were prepared by casting two part platinum
cured silicone (Slygard 184) into 4 inch circular petri
dishes and curing them at room temperature for 24
hours followed by heat curing at 60°C for an hour.
During the initial step of the curing process, the petri
dishes were kept on the printing system’s motion
platform to obtain flat surfaces for the experiments.

2.4. Analysis methods

Following the experimentation, cross-sectional
profile of each line is measured using the laser
profilometer. This profile is denoted by z(x) in Fig 2
(b) and is used to calculate the height (h) and width (w)
of the line. The non-dimensional aspect ratio of the line
is than calculated as AR = h/w. This profile is then
used to estimate the average flow rate and the nozzle
exit velocity (denoted by Vay, in Fig 2(a)). To this end,
the cross-sectional area of the line is used to estimate
the amount of ink deposited per unit line length which
is multiplied by the printing speed and divided by the
nozzle cross-sectional area:

-w/2
CTtR?

2f fw/z z(x)dx
= M

avg

where R is the nozzle radius (25 pum) and c is the
volumetric concentration of the inks. It should be
noted that the final line profile is obtained following
discernible water loss from the inks after they are
deposited through evaporation. Accordingly, the
estimated solid volume after evaporation should be
divided by the volumetric concentration (c) of the ink
to estimate the flow speed of the ink prior to
evaporation. It has been shown for concentrated
polymer solutions at room temperature, the volume
additivity of the solvent and the solute is an accurate
assumption [24]. As such, the volumetric
concentration of the inks can be estimated by

Ncmc

pcMcC
Nemc  1-Nemc )
pPcMc Pwater

c =
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Fig. 3. (a) Result of the frequency sweep test, (b) Result of the
amplitude sweep test

where Ncwmc i1s the w/w concentration of the ink,
pemc=1600 kg/m? is the density of pure CMC and
Pwater=1000 kg/m? is the density of water. Accordingly,
the volumetric concentration of the 30% and 40% w/w
inks were determined to be 21.9% and 29.4%,
respectively. Having calculated the average flow
velocity for each test, a non-dimensional velocity ratio
is calculated as the VR = V.4 /f. As illustrated in Fig
2(c), a high velocity ratio greater than 1 is likely to
produce bulging of the ink at the nozzle leading to
excessive spreading and potential obstruction of the
flow by the substrate. A low velocity ratio less than 1
leads to lagging of the printed ink filament behind the
nozzle causing elongational stresses to form. As
demonstrated in the author’s earlier work, continuous
deposition is not possible for inks with low elasticity
in this case [17]. For elastic inks which can withstand
the high elongational stresses, it has been shown that
low velocity ratios leads to filament drawing effects,
associated decrease in the nozzle exit pressure and
elastocapillary thinning of the filaments, allowing high
lateral resolution. In this work, we exclusively study
the effect of velocity ratio on (1) the aspect ratio of the
printed lines to understand the spreading effects and
(2) flow velocity variation with respect to nozzle-

substrate distance to explore the presence of flow
obstruction or drawing effects.

Table 1. Maximum and minimum absolute dimensions

of the printed lines .
Quantity Value Ink Subst. P f d
(kPa) (mm/s) (um)
802 30% Acrylic 193 5 100
Min Width 794 30% PDMS 193 5 150
(pm)
575  40% PDMS 193 10 100
iy JEL 0% Aetic 579 100
ax Widt
2780 30% PDMS 579 1 100
(pum)
pm
3048 40% PDMS 579 5 50
53 30% Acrylic 193 5 50
. 0
](\fl:l)He'ght 3.9 30% PDMS 193 3 50
7.1 40% PDMS 193 12 50
428  30% Acnylic 579 4 50
l(\f;i‘)ﬂe‘ght 564  30% PDMS 579 1 150
638  40% PDMS 579 2 150

3. Results and Discussions
3.1. Ink Rheology

Figure 3(a) presents the results of the frequency
sweep test for both inks considered. As shown, both
inks exhibit a shear thinning behavior which is a
favorable property for DIW, facilitating ink flow
under high shear stresses exhibited during deposition
[14]. The 40% ink exhibits discernibly higher shear
thinning consistent with the earlier findings for lower
concentration aqueous CMC solutions [25]. The
results of the amplitude sweep tests are given in Fig
3(b). Here, the vertical axis corresponds to the ratio
between the viscous (G’’) and elastic (G”) moduli of
the inks. A higher ratio simply indicates a more
viscous fluid-like rather than -elastic solid-like
behavior at any given shear rate. As shown, the 30%
ink showing a considerably more fluid-like behavior
at higher shear rates, whereas the 40% ink clearly
showing a more pronounced viscoelastic nature. For
both inks, the modulus ratio is around 0.3<1 at low
shear rates. This is also considered a favorable
property for the DIW process [26], since it indicates
that the deposited ink filament will “elastically resist”
the flow and spreading, leading to high aspect ratio
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Fig. 4. Variation of average flow velocity and velocity ratio with printing speed and nozzle substrate distance at printing pressures of (a),(b)
and (c) 193 kPa, (d), (e) and (f) 386 kPa, (g), (h) and (i) 579 kPa. Error bars represent the variation between five repetitions. An absent data
point indicate that no continuous line was obtained for that set of parameters.

structures that can be stacked-up layer by layer.
3.2. DIW Experiments

Table 1 provides the noteworthy findings on the
absolute geometries of the lines printed during the
DIW experiments. The minimum line width were
significantly higher than the nozzle diameter (50 pm)
for the 30% ink unlike the 40% due to higher ink
spreading after deposition. The highest amount of
spreading was observed on the acrylic substrate as
indicated by lowest maximum height and highest
maximum width values recorded. The results
presented in the later parts of the paper will primarily
focus on the non-dimensional aspect ratios and their
variation with the process parameters rather than the
absolute quantities.

Figures 4 and 5 present the bar plots showing the
average flow velocity (Vawg) and aspect ratio (AR)
obtained through the DIW experiments, respectively.
In the same plots, the velocity ratios for the same
experiments are also presented (line plots) to identify

data trends for various VR ranges and the associated
deposition mechanisms.

Throughout the pressure ranges tested, continuous
line printing was achieved at higher printing speeds
(up to 25 mm/s) using the 40% ink compared to the
30% ink. This result, despite the fact that the 40% ink
is more viscous and thus “harder to flow” at the same
pressure, can be explained by the higher
viscoelasticity of the 40% ink. Basically, the ink
filaments can withstand higher extensional stresses at
higher printing speeds leading to lower speed ratios.

It should be noted that without the influence of the
substrate-material interactions, the flow rates and thus
the average flow velocities are expected to stay
constant under constant dispensing pressure and not be
affected by the printing speed. As such the variations
in a given plot in Figure 4 provide clues about how
substrate-ink interactions affect the material flow. At
the lowest tested pressure, the printing speed did not
show a significant effect on the flow for the 30% ink.
In same printing speed ranges, a discernible increase
of the flow speed with printing speed was observed for
the 40% ink (Fig 4(c)). Such an increase may indicate
one of two phenomena: (1) the flow might be



Alyssa Brandley et al. / Procedia Manufacturing 26 (2018) 993—1002 999

Fig. 5. Variation of aspect ratio and velocity ratio with printing speed and nozzle substrate distance at printing pressures of (a),(b) and (c) 193
kPa, (d), (e) and (f) 386 kPa, (g), (h) and (i) 579 kPa. Error bars represent the variation between five repetitions. An absent data point indicate
that no continuous line was obtained for that set of parameters

obstructed by the substrate, an effect which would
reduce with decreasing VR as the substrate moves
faster to clear the deposited material away from the
nozzle or (2) the deposition is dominated by the
drawing mechanism and the substrate “pulls the
filament out of the nozzle” faster. Given the VR values
are only slightly above 1 for these experiments and the
higher viscoelasticity of the 40% ink, the latter
explanation is more suitable for the low pressures. At
the higher pressures and low speeds for the 30% inks,
a clear trend emerges as the flow velocities increase
with increasing printing speed and settles around 20
mm/s for P=386 kPa and 40 mm/s for 579 kPa (Fig
4(e)-(h)). Considering the high VR values for the low
speeds in these cases, it is likely that the flow
obstruction is observed for VR>5 for the 30% inks.
The nozzle-substrate distance (d) does not seem to
affect the flow rate under these conditions. It has been
shown in the literature that the flow rate-nozzle
substrate distance correlation is observed when this
distance is less than 50% of the nozzle diameter using
newtonian inks [27]. In this study, minimum distance

used is equal to the nozzle diameter, for which the
substrate effect is unlikely.

As shown in Fig 5, the effect of the substrate on the
final geometry is evident from the fact that
consistently less than 0.1 aspect ratio is observed on
the acrylic substrate. This is due to the high surface
energy and elastic modulus of the acrylic substrate
leading to excessive ink spreading. For the lines
printed on the PDMS samples, aspect ratios up to 0.5
is obtained due to PDMS’ low surface energy
(hydrophobicity) leading to high wetting angles of the
water based ink. In general, not a discernible
difference between the 30 and 40% inks have been
observed in terms of the aspect ratio. This can be
explained by the similar modulus ratios of the inks at
low shear rates as shown in Fig 2(b), leading to a
similar spreading behavior under similar inertial and
capillary forces following deposition. One distinct
observation that can be made is generally increasing
aspect ratios with increasing nozzle-substrate distance,
particularly for the 30% ink on the PDMS substrate
(Fig 5(b), (e) and (h)). This result indicates that the
deposited material is compressed under the nozzle for



1000 Alyssa Brandley et al. / Procedia Manufacturing 26 (2018) 993—1002

Fig.6.Results of the CMC DIW experiments using 10 and 30
wm diameter nozzles (a) 18 um wide line obtained using a 30
um nozzle and 45% w/w ink, (b) Deformation of the CMC
ink filament during DIW, (c) Lines printed using 10 pm
nozzle and 20% w/w ink, (d) and (e) Five layer square
structures printed using 30 um nozzle and 45% w/w ink

these experiments. This behavior is observed
specifically for the high velocity ratios where flow
obstruction was also observed. However, it is seen
even for some cases where VR<S5 and no apparent sign
of flow rate reduction is noted (Fig 5(b)). For the lines
printed on acrylic, no discernible variation with
respect to printing speed or nozzle-substrate distance
is noted. One can conclude that the capillary effects
due to high surface energy dominate the spreading
process for the acrylic surface rather than any
mechanical effects coming from the nozzle-material
interaction.

3.3. Preliminary observations on DIW with ultra-fine
nozzles

For emerging applications of biodegradable
polymers, there is a significant need for high
fabrication resolution. For instance, for tissue
engineering applications, the scaffolds fabricated
using such polymers need to mimic the native tissue
morphology which may show features <10 pum in size.
The results presented above clearly shows that
achieving in-plane feature sizes close to the nozzle
diameter during DIW of similar materials is quite
challenging and requires precise tuning of process

parameters and proper substrates. Therefore, one can
conclude that nozzles smaller than the desired
resolution level should be used. Our preliminary
results on the DIW with glass capillaries as small as
10 pm diameter is presented in Fig 6. Here, Fig 6(a)
shows the 18 um wide line printed with a nozzle
having a diameter of 30 pm and a CMC concentration
of 45% w/w. The line diameter being smaller than the
nozzle diameter can be explained by the increased
concentration of the ink leading to a more elastic
behavior and associated elastocapillary thinning of the
printed filaments. The stretching of the filament
during the printing process is apparent in Fig 6(b). For
the nozzle diameter of 10 pum, robust printing with
CMC concentration above 20% w/w was not possible.
This was primarily due to the fact that the high rate
drying of the ink at the nozzle tip led to periodic
clogging. At a concentration of 20% w/w, lines as
small as 22 um was achieved with these nozzles as
shown in Fig 6(c). It should be noted that this line
width is greater than what was obtained with a larger
nozzle and higher concentration inks. This is due to
increased spreading of the low concentration ink. This
finding highlights an important constraint in DIW of
these materials: Even though higher concentration
inks are more desirable to obtain higher aspect ratio
structures, they are not practical for low diameter
nozzles. It’s possible however, to utilize
elastocapillary thinning to achieve smaller structures
using larger nozzles, leading to an optimization
problem. Finally, Fig 6 (d) and (e) demonstrates two
S-layer structures obtained using a 45% w/w ink,
PDMS substrate and 30 um nozzle. Under these
conditions, the CMC ink exhibited ideal 3D stacking
capability: a single layer line had a height of 8 um and
a five layer structure exhibited a height of 43 um.

4. Conclusions

This paper presented the DIW process of
degradable sodium CMC inks. In particular, the effect
of ink concentration, substrate material and DIW
process parameters on the printed structure geometry
and flow characteristics are examined. It has been
shown that the increased ink concentration led to
higher viscoelastic behavior, especially at high shear
rates experienced during deposition. This led to
thinner lines and higher allowable speeds at low
pressures. At higher pressures and low printing speeds,
reduced flow rates were observed, indicating the
influence of the substrate on the ink flow. On high
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surface energy acrylic surfaces, the CMC inks
exhibited excessive spreading and significantly lower
aspect ratios compared to the PDMS surfaces. The
nozzle-substrate distance has been shown to influence
the aspect ratio of the printed structures, especially at
high velocity ratios, indicating the mechanical
compression of the printed material under these
conditions. Finally, observations on printing of CMC
inks using ultra-fine nozzles of 10 and 30 um is
presented. Features smaller than the nozzle size was
printed utilizing the elastic properties of the high
concentration inks at these sizes. Multi-layer three-
dimensional structures were successfully fabricated.

The results of this study can be utilized to determine
process and material parameters to achieve accurate
fabrication of micro- and meso-scale CMC parts and
structures. These findings also inform ink and process
design for DIW of other biodegradable materials,
contributing to emerging technologies such as
artificial tissue engineering.

The future work will focus primarily on more
comprehensive modeling and improvement of the
process towards higher resolution. On the modelling
side, we will follow this study up with a formal
experimental study incorporating a wider range of
material and process parameters and we will analyze
the results through statistical tools such as ANOVA.
This effort will reveal quantitative relationships
between the process inputs and deposition
mechanisms. In parallel, we will incorporate
biodegradable inks in our ongoing efforts in
computational modeling of the DIW process. This will
involve complete shear and extensional rheological,
capillary and thermal characterization of such inks and
using these characteristics in a multi-physics model to
predict the process outcomes. On the improvement
front, we will focus our efforts in mitigating issues we
face with high concentration inks when used with
ultra-fine nozzles to obtain highly resolved printing
with such inks.
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