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A predictive model is developed to assist in the design and manufacture of structures by inkjet based 3D
printing (IJ3DP)/additive manufacturing. IJ3DP often exploits photopolymerisation to rapidly convert a
photoreactive liquid ink into a solid product. Unfortunately, deviations from the intended design and pro-
duct performance are often observed and a lack of understanding of the underlying processes and their
interactions prevents users from resolving these issues. We develop and validate a predictive model that
incorporates the critical processing parameters, including UV source pathway, UV intensity, printing
strategy, and interlayer attenuation, such that we are able to predict the degree of ink conversion
throughout the product. We show how this model can then be used to guide users by demonstrating
the coupling of this description with a cost model and illustrating how printing strategy affects descrip-
tors of both the quality and cost of production.
� 2021 The Authors. Published by Elsevier Ltd. This is an openaccess article under the CCBY license (http://

creativecommons.org/licenses/by/4.0/).
1. Introduction

Photoreactive materials have been widely used for the Additive
Manufacturing (AM) of electronics [1–7], pharmaceutical devices
[8–10] and implants [11,12]. The quality of the product is directly
related to the level of photopolymerisation [13]. However, one diffi-
culty of using photoreactive polymers is the lack of understanding
and control over the level of photopolymerisation achieved during
the manufacturing process. This can cause product performance
issues, such as cytotoxicity [14,15], reduced mechanical perfor-
mance [16,17] or application performance inconsistencies [17,18].
A commonly used optimisation methodology is to experimentally
attempt a variety of processing parameters and ink formulations
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Nomenclature

A area
B absorbance
C concentration
D evaluation score
f function
G gap
k rate constant
L light intensity
l length
n number
Q quality indicator
R reaction rate
r radius
s position
t time
V vinyl group
v moving speed
W width
x x direction/distance
y y direction/distance
z z direction/distance

Greek symbols
a molar extinction coefficient

k UV radiation dose
s time
/ quantum yield
v degree of vinyl group consumption
x Gaussian radius
Subscripts
0 initial condition/constant
A attenuated
a autoacceleration
I printed point
i initiation
L one layer
l light
n the layer number
P product
p polymerisation
r reaction
s user-determined
t termination
U unattenuated
v local element
x x direction
y y direction
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[6,18–23] to determine the optimum production conditions itera-
tively. Adopting this strategy generally proves to be costly and
time-consuming. Post-curing is another commonly used method
to improve the level of polymerisation at the end of production.
However, post-curing has limitations in some applications, such
as: 3D printed tablets where the pre-dissolved drug can crystalise,
leading to an opaque sample [9] which increases UV attenuation
in post-curing; 3D print electronicswhere the degree of polymerisa-
tion of each dielectric layer is crucial, to avoid unwanted interaction
between the conductive tracks and dielectric layers [24]; and high
accuracy printing where uncured ink can lead to edge sagging
effects, which affects the product’s geometry accuracy [16]. There-
fore, an alternative approach is to automate the print design process
by carrying out theoretical studies and deploying predictive models
[25–28], anduse inversemethods to determine the optimal process-
ing strategy with a minimum of experimentation.

The fundament of constructing such a predictive model is the
relationship between UV dose and the level of photopolymerisa-
tion. The level of photopolymerisation is a function of the supplied
energy dose (e.g. UV or laser beam) [25–27,29], quantum yield and
absorption properties [30]. Predictive models have previously been
developed for vat polymerisation processes in order to investigate
the printability of the ink formulations [31,32], the level of pho-
topolymerisation [33], and the product quality [34–36]. Both
Emami and Rosen [34] and Li et al. [35] developed predictive mod-
els to optimise the dimensional accuracy of the cured features,
considering the UV dose distribution and curing depth. By imple-
menting a comprehensive reaction–diffusion model, Shusteff
et al. [37] predicted the level of polymerisation within a holo-
graphic projection model and successfully optimised the process
parameters to achieve micron-scale features. A more detailed
model was built by Westbeek et al. [38], which predicted ink print-
ability and specimen defects through multi-physics modelling of
irradiation, conversion, mechanical solidification and chemical
shrinkage. However, to the authors’ best knowledge, a comprehen-
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sive study of the photopolymerisation in inkjet based 3D printing
has not been carried out, which motivated the present study.

Compared with the vat polymerisation process, inkjet based 3D
printinghas amore complexanddynamicUVdosing strategy,which
leads to localised processing defects. For example, to ensure the ink
is cured as soon as it lands, a ‘UV pinning’ strategy is normally used
especially for fine patterns, in which a UV unit is mounted to the
printhead and moves with it, irradiating the ink as soon as possible
after deposition [39,40]. However, during this process, instead of
accurately delivering the UV dose according to the layered design,
themoving UV unit repeatedly sweeps thewhole printing platform,
leading to repeated UV exposure to the developing printed struc-
tures. Additionally, theUVdose for each element is considerably dif-
ferent depending on its position and the print progression [16,17].
The element where the print starts receives far more UV dose than
the element where the print finishes and leads to under cured bot-
tom edge as well as a sagging effect [16]. In addition, because the
UV light attenuation varies with time for each element, due to the
moving UV light, the system kinetics also need to be taken into con-
sideration in developing an accurate predictive model.

In light of existing photopolymerisation chemical kinetics stud-
ies, as well as their application to modelling the level of conversion
invat polymerisation,wedevelopedanewpredictivemodel thatnot
only considered chemical kinetics but also introducedanovelway to
calculate the cumulative UV dose of each element under the
dynamic UV scanning scenario during IJ3DP. Such a model can be
further adapted to other printing andUV scanning strategies utilised
in IJ3DP. By additionally implementing a cost model, we created a
novel design framework that helps the user to optimise their print-
ing strategy for both part quality and cost effectiveness.

2. Methodology

3D printing is a layerwise manufacturing technique that
sequentially stacks layers of materials to form the final product
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(Fig. 1a). This study commenced with assessing the ink polymeri-
sation during the process of printing a single layer (Fig. 1b and c).
At this stage, the ink polymerisation relies on direct UV exposure
from the UV unit (Fig. 1d). This method was then extended to multi-
layer printing (Fig. 1e), where attenuation of UV by subsequently
printed layers was also taken into account.

During a single layer printing (Fig. 1a), liquid monomer ink is
selectively deposited onto the substrate swathe by swathe and
coalesced to form a continuous film. As a UV pinning inkjet print-
ing, the printing unit moves at a constant speed along the X direc-
tion to print a single swathe. The UV source was attached and
moved with the printing unit to trigger photopolymerisation of
the liquid monomer after each swathe. It then moves in the Y
direction once each swathe has been printed. After the printing
of each layer is completed, the whole unit moves upwards in the
Z direction to maintain the standoff distance (i.e. the distance
between the print head and the printing surface). By repeating this
process, a 3D structure is achieved.

The kinetics of the UV initiated polymerisation and the UV dose
accumulation per user-defined element
(0:1 mm� 0:1 mm� 0:01 mm in this study) are the two core
aspects of the model developed in this study. The study com-
menced by developing a predictive model, by deriving a relation-
ship between the accumulated UV radiation dose and the level of
Fig. 1. Schematic of the inkjet-based additive manufacturing process and the mo
photopolymerisation of TPGDA during the printing process; c) the printing of a componen
planar; e) UV radiation distribution during multilayer printing.

3

photopolymerisation with consideration of the auto-acceleration
effect [41]. A descriptive model is proposed to calculate the total
accumulated UV dose for each element over the entire production
period; the proposed model considers the spatial UV intensity dis-
tribution of the UV source, the time-dependent distance between
the UV source and a specific element and light attenuation
throughout the object based on a Gaussian UV beam profile
[34,42,43] and the Beer-Lambert light attenuation law [44]. The
multi-physics model derived enables prediction of the level of
polymerisation that would be seen in each element following any
print pattern; thus delivering a novel development for IJ3DP design
optimisation and quality control.
2.1. Kinetics of UV curing during inkjet printing

Photopolymerisation is a type of free radical polymerisation
process that is generally described in four stages: decomposition,
initiation, propagation and termination. A photoinitiator (I) is initi-
ated by a UV source to generate free radicals (A�). These free radi-
cals react with vinyl groups (V) to form a chain of large free radical
molecules (Vn�), which can then terminate into stable polymer
chains. The process can be described using the following kinetic
relations [45,46]:
dels used: a) the standard printing process used to establish the model; b)
t in a Dimatix DMP-2830 Inkjet printer; d) UV radiation intensity distribution in X-Y
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Decomposition:

I!kd 2A� ð1Þ
Initiation:

A � þV ! AV � ð2Þ

Ri¼ 2fkd I½ � ¼ 2:3/iai I½ �LðtÞ ¼ 2kiLðtÞ ð3Þ
Propagation:

Vn � þV !kp Vnþ1� ð4Þ

Rp ¼ � d V½ �
dt

¼ kp V½ �½V �� ð5Þ

Termination:

Vn � þVm � !kt terminated polymer chain ð6Þ

Rt ¼ 2kt½V ��2 ð7Þ
where I is the reagent initiator molecule, A is the decomposition
product radical, kd is the rate constant of decomposition. f is the
efficiency of the initiator i.e. the radicals reactivity to the monomer,
which is typically 0:3� 0:8 for thermolysis. Ri, Rp and Rt are the ini-
tiation, propagation and termination rate respectively andki, kp and
kt are their respective rate constants. /i is the initiation quantum
yield, ai is the molar extinction coefficient of the photoinitiator, ½I�
is the photoinitiator concentration, LðtÞ is the light intensity, t is
time, ½V �� is the radical concentration and ½V � is the vinyl group con-
centration. In practice, there are two types of termination mecha-
nism, defined as combination and disproportionation. In this
study, as both are dependent on two radicals meeting, they have
been represented in this single general equation. Details of the ter-
mination mechanism are described in Supplementary Section 10.

Within this study, it was assumed that; (a) kp and kt are inde-
pendent of the size of the initiator radical and are constant
throughout the processing event when using a specific monomer/-
combination of monomers and (b) a steady-state assumption,
which defines the net rate of free radicals production as zero, i.e.
the initiation and termination rates are equal [45]. Therefore, the
initiation rate can be expressed as [45],

Ri ¼ Rt ¼ 2kt ½V ��2 ð8Þ
After substitution of Eqs. (3) and (8) into Eq. (5), the photopoly-

merisation rate is obtained,

Rp ¼ � d V½ �
dt

¼ kp½V � kiLðtÞ
kt

� �1=2

ð9Þ

After integration of Eq. (9) and further simplifications, the vinyl
group consumption is defined as,

vp ¼ 1� V½ �
V½ �0

¼ 1� ekr;pk ð10Þ

where kr;p is defined as below:

kr;p ¼ �kp
k1=2I

k1=2t

ð11Þ

k is UV radiation dose, defined by

k ¼
Z t

0
L1=2ðtÞdt ð12Þ

In this study, the curing process is a free radical bulk polymeri-
sation process with no diluent, and so all the material can poten-
tially participate in the reaction to form the final product [46]. In
4

this situation, a higher polymerisation rate is often evident, since
the reaction is exothermic and the medium progressively increases
in viscosity as the reaction proceeds. Thus the increase in temper-
ature and reducedmass/heat transfer within the medium leads to a
local temperature rise, in the extreme case of this process, the reac-
tion will auto-accelerate (also known as the Trommsdorff–Norrish
effect). To accommodate this, the kinetic model developed by Jaso
et al.was adopted [41]. This kinetic model is comprised of two sub-
models, one is the classical theory of free radical polymerisation,
and the other describes the autoacceleration effect. The polymer
concentration is introduced as an extra factor to describe the auto
acceleration [41]. We applied this kinetic model to the photon-
triggered free-radical bulk polymerisation, thus the photopoly-
merisation rate at the autoacceleration stage can be expressed as:

Ra ¼ � d V½ �
dt

¼ kp½V �½V �� ¼ kpa½V � kiLðtÞ
kt

� �1=2

� ½R� ð13Þ

where ½R� is the reacted vinyl group concentration, kpa is the rate
constant of auto-acceleration. Through the integration of Eq. (13)
and further simplifications, the degree of vinyl group consumption
at the autoacceleration stage is defined as,

va ¼
1

1þ ekr;a ðk�kC Þ ð14Þ

where kC is the required UV radiation dose to achieve half of the
maximum degree of vinyl group consumption at the autoaccelera-
tion stage. kr;a is the constant for the autoacceleration stage,

kr;a ¼ �kpa
k1=2i

k1=2t

ð15Þ

The total degree of vinyl group consumption of the bulk poly-
merisation consists of two parts: (a) classical theory of free radical
polymerisation, and (b) autoacceleration theory [41], leading to,

v ¼ vp þ va � 1 ð16Þ
Additionally, the polymerisation rate is limited by the diffusion

capability of both the free radicals and the monomer as the reac-
tion progresses. Both of these factors will change at a higher degree
of vinyl group consumption [47]. The free movement of free radi-
cals and monomer becomes more difficult with the increasing vis-
cosity caused by polymerisation. Hence, both the classical free
radical polymerisation and the autoacceleration polymerisation
models have a maximum degree of vinyl group consumption that
can be achieved [48–50], i.e. in the extreme case the steady state
assumption breaks down. Therefore, we introduce the maximum
degree of vinyl group consumption as a correction factor, which
is expressed as follows,

v ¼ vmax;p 1� ekr;pk
� �þ vmax;a

1þ ekr;a ðk�kC Þ ð17Þ

where vmax;p and vmax;aare the maximum degrees of vinyl group con-
sumption that can be achieved by the classical free radical poly-
merisation and the autoacceleration polymerisation respectively.
Details of the predictive model derivation are described in Supple-
mentary Section 11.

2.2. Dynamic UV dose accumulation per element during production

The amount of UV exposure that each element experienced dur-
ing processing varied depending on its specific illumination condi-
tions. To accommodate this, the proposed model accounts for the
history of exposure throughout the printing process. We started
with a 2D model that considered a single layer printing process.
The 2D model was then extended to 3D by considering the extra
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UV exposure in existing layers as subsequent layers of ink are
deposited. During this process, the UV source was elevating in
the Z direction as layers stacking up, so the distance to the UV
source is changing for each layer.

As shown in Fig. 1d, on the basis of observation, we defined UV
light illuminating area was always more extensive than the print-
ing area of each swathe. Therefore, the UV light will deposit extra
UV energy onto the ink printed in a previous swathe, which will
initiate further polymerisation of the monomer of deposited ink.
After a designed layer has been completed, the following layer will
be printed on to it.

Various light intensity distribution profiles such as linear, circu-
lar, quadratic and Gaussian have been used in other studies to sim-
ulate the light distribution [51]. In this case, a Gaussian beam
profile was used [52,53] and so the UV light intensity profile is
defined as [42,43],

L tð Þ ¼ L0f ðtÞ ¼ L0exp �2r2ðtÞ
x2

0

� �
ð18Þ

where L is the light intensity, L0 is the peak intensity,f ðtÞ is a Gaus-
sian function, r is the radial coordinate of distance from the centre
of the beam, x0 is the radius at which the intensity values fall to
1=e2 of its value on the axis, and the intensity is 0.0003 of its peak
value at 2x0 or twice the Gaussian radius.

It was assumed that there were negligible surface reflectivity,
non-reactive scattering and no diffraction during photoreaction
doing the processing. Additionally, the exact radial coordinate of
the distance between the centre of the beam and the printed point
was calculated to estimate the light intensity of a printed point at
any time (Fig. 1d). Details are described in Supplementary Section 3.

During a multilayer printing process, the instantaneous photo-
chemical reaction and the light propagation of the printed ink also
have to be taken into consideration. Light will penetrate and reach
the previously printed layer that will lead to further polymerisa-
tion. The Beer-Lambert law was used to describe the relationship
between the attenuation of the travelling light and the characteris-
tics of the subsequent reaction and thus properties of the material
[44].

B ¼ log10
L0

Lðz; tÞ
� �

¼ z arCr z; tð Þ þ aPCP z; tð Þ þ amCm z; tð Þ½ � ð19Þ

where B is the absorbance of the sample; I0 is the peak intensity,
Lðz; tÞ represents the light intensity at a depth z below the irradiated
surface z0 and at the time t; Cr z; tð Þ are the concentrations of reac-
tants, CP z; tð Þ are that of products and Cm z; tð Þ are that of an inert
medium, ai ði ¼ r; P;mÞ are the respective molar extinction coeffi-
cients, and t and z refer to time and location along the light direc-
tion, respectively.

In this study, the UV light attenuation through the printed ink
was found to be negligible when measured by a UV–vis spectrom-
eter (Supplementary Section 4). On the basis of this observation,
we assume that the photoinitiator concentration in this study is
low and will not cause UV light attenuation. There is also no inert
medium in the ink, so we assumed that all the UV light attenuation
was caused by the polymerised monomer. The value of aP was
obtained by measuring the equivalent UV–Vis absorbance of differ-
ent printed layers, the methods by which this was achieved are
shown in Fig. S2 in Supplementary Section 4 and in Section 2.4.
The attenuated light intensity was simplified to be,

L z; tð Þ ¼ L0f ðtÞ � 10�z�aPCP tð Þ ð20Þ
The UV radiation dose at the nth layer is expressed as,

kn ¼
Z t

0
L1=2 z; tð Þdt ¼ L1=20

Z t

0
f 1=2ðtÞ10�1=2�zaPCP tð Þdt ð21Þ
5

In multilayer inkjet printing, the typical standard jetting and UV
radiation process procedures are to progress from the first swathe
to the last swathe across a layer and from the bottom layer to the
top layer in building the Z height, as shown in Fig. 1a and 1e. In this
study, a new description of the effect of UV dose attenuation was
applied: every layer of printed ink here is considered to be trans-
parent to UV light before polymerisation. The UV light will attenu-
ate when travelling through each layer once the ink is solidified.
Each time a fresh layer is deposited on top of an existing one, the
existing layer will start with being directly exposed to UV light
until being gradually covered by the fresh layer. From this point
and afterwards, the UV light that reached the existing layer will
be attenuated (e.g., Layer 2 in Fig. S3). By taking these into consid-
eration, the total UV radiation dose kn of any printed point at layer
n can be estimated as (Fig. S3 and Supplementary Section 5),

kn ¼ kU þ
X1
n�1

kA;n�1 ð22Þ

where kU is the full X-Y planar of unattenuated UV radiation dose, kA
is the attenuated UV radiation dose. Details of UV radiation dose
calculation for different layers are shown in Supplementary
Section 5.

2.3. Determination of key model parameters for a specific ink
formulation

To apply the model to an actual printing process using a specific
ink formulation, it was necessary to determine a set of parameters
related to the polymerisation kinetics and the UV attenuation
before and after polymerisation. In this study, the ink formulation
comprised of tripropylene glycol diacrylate (TPGDA, 99 wt%, tech-
nical grade purchased from Sigma-Aldrich, � 82:5% purity, which
is a mixture of isomers, which contained MEHQ and HQ as inhibi-
tors) as the structural monomer, and 2, 2-Dimethoxy-2-
phenylacetophenone (DMPA, 1 wt%, � 98:5% purity, Sigma-
Aldrich) as the photoinitiator. TPGDA [54] and DMPA [55] are
assumed to have negligible absorbance at the illumination wave-
length of 365 nm on the basis of UV–vis spectrometer measure-
ments before polymerisation (Supplementary Section 4).
Therefore, the concentration of the unreacted/undecomposed com-
ponents of these reagents left in the mixture did not need to be
taken into consideration when calculating UV attenuation. By mea-
suring the ink residual reagent distribution (i.e. level of cure) and
absorbance at the UV source wavelength within a specimen, it
was possible to extract the model coefficients needed to predict
the conversion to polymer achieved for this selected ink, under a
range of printing conditions. The model was then validated by
printing and analysing specimens under various different printing
conditions, including differing UV intensity levels and printing
strategies.

The photopolymerisation of TPGDA is shown in Fig. 1b. The
printing was carried out using a Fujifilm Dimatix DMP-2830 mate-
rial printer contained within a glovebox contains an inert dinitro-
gen atmosphere. This environment was chosen to eliminate the
oxygen inhibition effect during the polymerisation. The schematic
of the machine set up is shown in Fig. 1c. The printing unit consists
of a printhead and a UV illumination unit, which moves as a whole
in the X (printing) direction. Photoreactive ink droplets were
deposited onto the substrate by the printhead located at the centre
of the unit. The UV unit next to the printhead scanned across the
printed area following the printhead. The UV energy triggered
the photopolymerisation process to convert the liquid monomer
ink to a solid. The fixed distance between the UV unit and print-
head was 45 mm, and the standoff distance between the substrate
and the printhead was 1 mm. All the printing was carried out with
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three nozzles, at 3 kHz jetting frequency and a 30 mm droplet spac-
ing. Further printing details are shown in Table S1 in Supplemen-
tary Section 1. An acetone-treated silicon dioxide/silicon wafer
was selected to be the substrate since it was found to offer reliable
droplet formation and coalescence in pre-trials. The UV unit had a
wavelength of 365 nm and a measured maximum light intensity at
a 1 mm standoff distance of 1245W=m2. The relation of UV level to
UV light intensity is shown in Supplementary Section 2.

2.4. Tracking the distribution of vinyl group to assess element
polymerisation

To experimentally determine the spatial distribution of the
residual vinyl group concentration, single and multilayer samples
(5 mm � 5 mm per layer) were printed and subjected to analysis
by confocal Ramanmicroscopy using a Horiba LabRAMHR confocal
Raman microscope with a motorised X-Y-Z stage. All Raman data
were produced using a 532 nm laser (at a power of 129 mW), a
100� objective lens and over the range 1047–1555 cm�1. Spectra
were acquired using a Synapse CCD with 1024 pixels. The instru-
ment was calibrated using a standard Si ( 1,0,0) reference band at
520.7 cm�1.

X-Y maps of the single-layer samples were obtained with a
500 mm confocal hole by collecting spectra in 100 mm steps across
a 5250 � 5250 mm2 region, totalling 2916 spectra per sample. Each
spectrum was obtained for 2 s with two accumulations each. The
optimal height for each point was determined a priori using the
autofocus function of the instrument. Z profiles of the multilayer
samples were obtained with a 50 mm confocal hole by collecting
spectra in 2.5 mm steps. Each spectrum was collected for 40 s with
two accumulations each. Besides mapping single and multilayer
samples, single-point measurements of the uncured TPGDA mono-
mer with 1 wt% photoinitiator were acquired with an acquisition
time of 200 s with two accumulations.

The normalised degree of unreacted vinyl domains was
extracted from the Raman data using an automated routine writ-
ten in a MATLAB script to measure the relative consumption of
vinyl groups (represented by the C = C band at 1639 cm�1): Each
spectrum was background-removed, and the areas A under the
C = C (1639 cm�1) and C = O (1723 cm�1) peaks were measured.
The relative vinyl group concentration [V]/[V]o was then calculated,
for a given spectrum, by:

½V �
½V �0

¼
AC¼C
AC¼O

� 	
AC¼C
AC¼O

� 	
0

ð23Þ

where 0 stands for the spectrum of unreacted ink. A Raman refer-
ence spectrum is shown in Supplementary Section 6. It should be
noted that the level of residual vinyl groups will never reach zero.
This is because the functional monomer is a difunctional monomer,
i.e. it contains two reactable acrylate groups. The polymer formed
will be a 3-dimensional, branched, cross-linked network, as the
monomer can react twice to link two independently growing chains
together. Thus, after a certain size has been reached the polymer
structure will not have the mobility to enable all the second acrylate
functions to find another monomer/chain to react with and so they
will remain unreacted even if all the monomer is consumed. Prior
publications found that for diacrylate monomers, there is a conver-
sion limit of 	 80%, that matches our experimental observations
[48,50]. This is mainly due to the free movement of free radicals
and monomer becomes more difficult with rapid increasing viscos-
ity caused by polymerisation. The thickness of a single layer of
TPGDA was 0.01 mm in this study (as shown in Table S1). As the
depth of the specimen increases the attenuation increases, and
the received peak signal measured at that depth will reduce and
6

approach the amplitude of the noise signal. Therefore we chose
ten layers (100 mm), as this is the maximum thickness for which this
method can resolve data before attenuation significantly depletes
the signal.

2.5. Cost model for inkjet printing

To evaluate the performance of a printing strategy, the quality
and cost [56,57] of the printed parts were both considered. Since
the quality of an inkjet-printed part is closely correlated to the sat-
isfactory level of ink conversion [16], we introduce a user-
determined threshold for the degree of vinyl group consumption
vs, which can represent the level of ink polymerisation, this also
takes into account the caveat above. Elements that were above this
threshold were counted as acceptable quality (¼ 1), where those
below it were counted as unacceptable (¼ 0) (Eq. (25)). A quality
control indicator Q was then defined as the ratio between elements
with acceptable quality and all the elements,

Q %ð Þ ¼
Pn

1D
n

� 100% ð24Þ

D ¼ 0; vv < vs

� �
1; vv � vs

� �
(

ð25Þ

where n is the total number of elements in the sample, vv is the
local degree of vinyl group consumption in an element, vs is a
user-determined threshold of the degree of vinyl group consump-
tion and D is the evaluation score.

The value of the quality indicator depends on the user’s expec-
tation of quality control. A higher value of the quality indicator
means the product quality was closer to the user’s expectation. A
cost model for additive manufacturing [58–60] was found to be
complicated to calculate, with a number of different cost cate-
gories, including machine indirect cost, non-machine indirect cost,
labour, material and energy consumption [58]. The machine indi-
rect cost is dependent on both machine cost rates and usage times.
Non-machine indirect costs are dependent on the cost rates of
infrastructures and overheads and the processing times. Research-
ers have simplified the cost model to a few main factors, such as
rawmaterial cost and printing cost [61–65]. By analysing and com-
paring the cost factors for different printing strategies, we find that
the main difference is the build time in this study. Therefore, in this
work, only the build time is considered to access the cost of differ-
ent printing strategies. The total build time tbuild is calculated as
[58],

tbuild ¼ ðtx þ ty þ t0Þ � nl ð26Þ
where tx is the time required for X-axis movement of a single layer,
ty is the time required for Y-axis movement of a single layer, t0 is
the time needed for the movement of printhead from the idle posi-
tion and nl is number of layers. Details of the calculation are given in
Supplementary Section 9.

3. Results and discussion

3.1. Parameters determination and model validation

This section details how the parameters of the model were
determined using the measured vinyl group consumption data
for both a printed single, individual layer and multilayer samples,
using the highest UV intensity of 1245 W/m2. As the highest UV
intensity was used, the data covered a UV dose range

(3:46� 1328:63ðkg=sÞ1=2) and monomer conversion range
(0:12� 0:78). Further samples were then prepared using lower
UV light intensities (1019;832 and 538W=m2) to validate these
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experimentally determined parameters. An element size indepen-
dency study was performed, to check the sensitivity of the predic-
tions with respect to the size of element used to calculate the
photopolymerisation physics, and is presented in Supplementary
Section 12. It was determined that, for the physical attributes of
the printer set up being modelled in this study, an element size
of 0.1 mm (3 droplets) � 0.1 mm (3 droplets) � 0.01 mm (1 dro-
plets) was sufficient, and further reductions in element size did
not produce significant changes in the predictions. For other prin-
ter configurations, the optimal element size may be different,
hence a new element size independency study is recommended
for each printer configuration.

Fig. 2a shows the distribution map of measured vinyl group
consumption for a single layer obtained by Raman microscopy.
When a square sample was printed with UV intensity of 1245 W/
Fig. 2. Predictive model parameters are determined on the basis of vinyl group consum
1245 W/m2 UV intensity: a) measured distribution of vinyl group consumption with
multilayers; c) calculated distribution of UV radiation dose within a single layer; d) calcu
consumption data with the best fitting curve; f) deviation assessment of the predictive
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m2, starting from the top left corner and ending up at the bottom
right, the degree of vinyl group consumption was found to vary
in the Y direction while it remained relatively constant in the X-
direction. The consumption gradient was noted to match the UV
dose prediction in Fig. 2c, where the ink that was deposited at
the end of the printing area will have received the lowest UV dose

(3:46ðkg=sÞ1=2) resulting in lower vinyl group consumption (0.12 at
the lowest UV dose compared with 0.70 at the highest UV dose).

The degree of vinyl group consumption in the Z-direction under
the same UV intensity is shown in Fig. 2b. The Z-axis origin is set at
the top of the printed sample. The degree of vinyl group consump-
tion at the bottom (0.77) is much higher than the top layer (0.69)
due to the fact that the bottom layer was continuously exposed to
UV when subsequent layers are printed on top. The degree of vinyl
group consumption at the bottom is close to the maximum
ption data measured by Raman microscopy, the chosen specimen is printed under
in a single layer; b) measured distribution of vinyl group consumption through
lated distribution of UV radiation dose through multilayers; e) degree of vinyl group
model.



Table 1
Fitted parameters for Eq. (17).

Parameters vmax;p vmax;a kr;p kr;a kC

Value 0.2079 0.5729 �0.0083 �0.1258 14.0719

Fig. 3. Validation of the established model by using single layer and multilayer samples printed under a range of different UV intensities: a) calculated distribution of UV
radiation dose in a single layer; b) calculated distribution of UV radiation dose through multilayers; c) predicted distribution of vinyl group consumption in a single layer; d)
predicted distribution of vinyl group consumption through multilayers; e) measured distribution of vinyl group consumption in a single layer; f) measured distribution of
vinyl group consumption through multilayers; g) distribution of the experimental data points of vinyl group consumption in comparison with the prediction curve; h)
deviation assessment experiment data versus prediction.
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Fig. 4. Demonstration of optimising the printing strategy with the established model’s help to address existing printing defect in the standard strategy: prediction and
validation of vinyl group consumption in three designed printing strategies a) UV exposure twice; b) halfway start; c) hollow square loop.

P. Zhao, Y. He, G.F. Trindade et al. Materials & Design 208 (2021) 109889
expected for a fully cured diacrylate [48,50]. The amount of UV

dose received by the bottom layer (1328:63ðkg=sÞ1=2) was more

than ten times higher than that of the top layer (82:79ðkg=sÞ1=2),
which is shown in Fig. 2d.

The relationship between UV radiation dose and degree of vinyl
group consumption of both single layer and multilayer inkjet print-
ing under the UV intensity 1245W/m2 is shown in Fig. 2e. The con-
sumption starts with a sharp increase when UV is applied, followed
by a plateau stage where the consumption is relatively stable,
despite further UV dosing. The sharp increase in the consumption
of the vinyl groups is consistent with efficient initiation, based on
the choice of initiator and good penetration of the UV energy. The
plateau is hypothesised to be a result of the process becoming
mass and heat transfer limited, as the local viscosity increases with
conversion to the polymer. The vinyl group consumption is 0.7 at

the UV radiation dose of 130ðkg=sÞ1=2. However, the degree of vinyl
9

group consumption only reaches 0.78 when the UV radiation dose
is five to ten times of this dose. Similar phenomena have been
observed in the literature. For a diacrylate monomer, the vinyl
group consumption limit was around 80% [48,50]. This indicates
that we are close to full monomer consumption with UV doses of

130ðkg=sÞ1=2.
The data points in Fig. 2e consist of a combination of single layer

and multilayer measurements. The experimental degree of vinyl
group consumption versus calculated UV radiation dose under
UV intensity 1245 W=m2 can be fitted by the proposed correlation
(Eq. (17)) with a coefficient of determinationR2 ¼ 0:99. The exper-
imentally fitted parameters for Eq. (17) (Fig. 2e) are shown in
Table 1,

Fig. 2f compares the variation between the measured degree of
vinyl group consumption distribution and predictions calculated
by Eq. (17). There is a good agreement between the predictions
and the experiments, with about 95% of data points within 5%
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error, and the agreement level is the lowest for two points at lower
values of degree of vinyl group consumption (15.8% error at the
consumption of 0.15 and 6% errors at the consumption of 0.12).
Experimental measurement errors, including excessive film
spreading and oxygen inhibition [66], are likely to cause the over-
estimation of the degree of vinyl group consumption in this case.

To validate the feasibility of the correlation (Eq. (17)) and fitted
parameters (Table 1) in the application of a wide range of UV light
intensities, samples printed at different UV intensities were charac-
terised. Fig. 3a-f shows the calculated UV radiation dose and pre-
dicted and measured degrees of vinyl group consumption under
different UV light intensities. Comparison of predicted UV radiation
dose and measured degree of vinyl group consumption is shown in
Supplementary Section 8. Single layer inkjet printing (Fig. 3a, 3c
and 3e) showed that the UV radiation dose was constant in the X-
direction and decreased in the Y-direction from the starting point.
For the multilayer inkjet printed samples (Fig. 3b, 3d and 3f), it
was found that there was little vinyl group consumption difference
in Z except for the top two layers ( 	 20lm), even when the UV
intensity had 25% difference (1019 W/m2 and 832 W/m2). The
results also show that, no matter how much the UV radiation dose
increases, the degree of vinyl group consumption did not change
for the bottom three layers, which is because they had reached the
expected maximum vinyl group consumption that is achievable
with a difunctional monomer. Fig. 3g and h show that the proposed
correlation (Eq. (17)) matches well with the measured data for the
degree of vinyl group consumption, with deviation below 10%. The
level of agreementdecreases somewhat at the lowerdegrees of vinyl
group consumption (<0.2), as noted previously.

3.2. Utilising the model to design an optimal printing strategy

The predictive model established in this work can be used to
construct the unreacted vinyl group distribution map in an inkjet
printed structure. This can help the user to predict potential sam-
ple defects as well as to optimise printing strategies to address
them. For example, by analysing the distribution of vinyl group
on the printed layer, we found the lowest degrees of vinyl group
consumption (0.12) appeared at the bottom edge of the printed
sample (Fig. 2a and 3e). This effect was likely caused by insufficient
UV radiation for the last few swathes and leads to a sagging effect,
which has been reported in previous studies [16,18,67]. This can
also causes product qualitity problems for example, when manu-
facturing personalized pharmaceutical and healthcare devices
[68], an insufficient cure can lead to unreacted chemical residuals
Fig. 5. Quality indicator vs. build time per 100 samples for different vs (u
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that could leach out during application. These ink residuls can
cause allergic effects, irritation, or inflammatory response of the
surrounding tissue in both the short and long term [69]. We chose
three printing strategies (Fig. 4) that are achievable with our prin-
ter to potentially address the problems discussed above.

1. UV exposure twice (Fig. 4a): After finishing a standard printing
process, the UV source re-scans, this time from the endpoint to
the start printing point. The UV dose at each element with this
printing strategy significantly increases compared with the
standard printing strategy.

2. Halfway start (Fig. 4b): this strategy divides the target square
into upper and lower halves. The print begins from the middle
of the square to complete the lower half first, and then the
upper half is printed. This strategy moves the lower UV dose
section to the centre and therefore minimized the sagging
effect.

3. Hollow square loop (Fig. 4c): To create a barrier at the begin-
ning of each layer to minimise the sagging effect, hollow
squares were printed repeatedly from the outer to the inner
until all space was covered.

By comparing the predictive data with experimental measure-
ment (Fig. 4a, b and c), we demonstrate that our predictive model
is qualified for validating printing strategies without the need to
carry out an actual experiment. This will help the user to accelerate
the product quality optimisation process with minimum effort and
cost. In addition, we choose squares for simplicity of analysis
where complex patterns are also applicable (Supplementary Sec-
tion 13). The predictive model and design framework developed
in this study work in different applications regardless of the print-
ing resolution or shapes. The UV pinning technique used in this
study can help improve the manufacturing accuracy, especially
when printing fine patterns. However, even by using the UV pin-
ning inkjet fine resolution technique, we still noticed a loss of man-
ufacturing quality at the bottom end of each layer due to the
sagging effect of the less cured ink [16]. The under-cured bottom
edge is unavoidable during the standard UV pinning inkjet printing
strategy, while the proposed design framework can be used to
optimise printing and minimise the resulting poor print geometry.

Besides product quality, the building time of different printing
strategies is also a factor that should be considered. We, therefore,
introduce a manufacturing time model (Section 2.5 and Supple-
mentary Section 9) to help further evaluate the efficiency of a cho-
sen strategy (Fig. 5).
ser-determined threshold of the degree of vinyl group consumption).
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To avoid experimental error, predicted results were used rather
than experimental data to calculate the quality indicator of four
different printing strategies. Here we define a 100% quality indica-
tor when all the elements of the sample achieve the user-
determined quality threshold ðvsÞ. The highest quality (i.e. 100%)
is always achieved when applying the ‘UV exposure twice’ strat-
egy. However, this strategy is very time-consuming, so only when
a high level of ink polymerisation is required does it become the
best choice when considering time and cost. When such quality
(100%) is not necessary, the build time can significantly be reduced,
and the halfway start and standard strategies become competitive,
providing 	 80% quality with only 	 50% build time (cost). It can
therefore be seen that selecting the user-determined threshold will
affect the quality indicator, which can then lead to a different opti-
mal scan strategy when time and cost of manufacturing are also
considered. Significantly, it is clearly demonstrated that the evalu-
ation methodology presented in this work can accurately predict
build quality and time. This methodology can be used as a simple
but powerful aid to determine the best commercial decision when
designing printing strategies.
4. Conclusions

In this study, a systematic investigation of UV curing in inkjet
printing was conducted by a combined experimental and mod-
elling study to understand the effect of UV illumination conditions
and printing strategies on the degree of vinyl group consumption
achieved during inkjet printing. A novel descriptive model and a
highly accurate predictive model for UV based inkjet printing of
polymeric materials were both developed and validated. These
models allowed printing strategies to be designed that deliver
the optimum print process by balancing the technical (quality of
product), environmental (reduced waste/scrap and commercial
(performance fit application) demands, dependent on the end-
user’s specifications. The modelling approach was shown to have
the capability to predict the degree of vinyl group consumption
both spatially and temporally, which in turn enabled the end-
user to make the best commercial and environmental decision,
so preventing over or under the engineering of the final inkjet arti-
cle. To do this, the model considered the processing parameters,
including UV source pathway, intensity, spatial distribution, and
interlayer attenuation. The model was verified and validated via
experimental work that demonstrated that vinyl group consump-
tion could be correlated with the amount of UV received. More-
over, a novel design framework was developed based on the
proposed model to help the user optimise the printing strategy
efficiently, economically and environmentally, only requiring a
limited number of experiments. A design demonstration showed
the performance of the optimised printing strategy could be signif-
icantly improved by the application of the model. This study shows
good application prospects for designing and optimising inkjet
printing with the free radical photopolymerisation process in sci-
entific research and industrial applications.
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