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Abstract

In this work, a surface plasmon resonance (SPR) multiparameter sensor for simultaneous determination of refractive index
and temperature was manufactured through a novel and low-cost approach. Monitoring these parameters is useful when bio-
sensors are developed by exploiting SPR phenomena. A polymer planar optical structure was realized via inkjet 3D printing,
by using photo-curable resins having tailored refractive index for device’s core and cladding, respectively. The multiparameter
sensor was fully designed, manufactured, and experimentally tested to check the numerical analyses run on a preliminary
phase. In such a way, a temperature resolution equal to about 0.5 °C and a refractive index resolution equal to about 2x 10~
RIU (refractive index unit) were obtained. Next, even a quality control analysis of the 3D printed surface was carried out
by following a novel approach that relies on the profile monitoring technique, with the aim to evaluate the suitability of the
design and the geometric accuracy control. In addition, thanks to the cost analysis performed through a properly model, it
was proved that the multiparameter sensor designed, manufactured, and tested satisfies the low-cost requirements, being the
estimated cost~23 €, which is an absolutely competitive cost if compared with other traditional sensors. In the end, even
the performance of the sensor in terms of bulk sensitivity (equal to about 900 nm/RIU) resulted to be higher than similar
devices already presented in the state-of-the-art, thus proving the validity of the developed SPR multiparameter sensor both
in economic and performance terms.
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1 Introduction

The simultaneous measurement of refractive index (RI)
and temperature plays a crucial role in several application
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environmental monitoring, food quality, and point-of-care
test (POCT). In fact, the refractive index solution is highly
influenced by the ambient temperature. At the same time,
the binding properties (e.g., the affinity constant, kinetic)
strongly depend on the external temperature conditions. For
this reason, the contemporaneous determination of these
parameters becomes a fundamental task since, by monitor-
ing and so compensating the temperature effect, it is possible
to improve the measurement process accuracy and reliability
[1,2].

In literature, numerous experimental configurations that
perform this kind of measurements, like the ones based on
interferometers [3-5], no-core optical fibers [6, 7], fiber
Bragg and long period gratings [8—10], and many others
[11-14], are present.

Among all the others, surface plasmon resonance (SPR)
is often utilized as physical phenomenon to measure both
refractive index and temperature at the same time [15-18].
For instance, Liu et al. have recently presented a plasmonic
parallel polished plastic optical fiber (POF) where a polydi-
methylsiloxane (PDMS) layer acts as thermosensitive mate-
rial [19]; along the same line, Wang et al. have developed
a platform based on double-sided photonic crystal fibers
(PCFs) in which an arc groove covered with gold and filled
with chloroform acts as thermosensitive channel, whereas a
distinct channel with silver performs RI measurements [20].

Nowadays, the traditional configuration for commer-
cial or bench-top SPR biosensor is the prism-coupled one.
Although this approach is sensitive, robust, and simple, it
is not suitable for miniaturization and integration [21]. For
this reason, the alternative approach based on planar opti-
cal waveguide structure is taking hold in this field. Moreo-
ver, since the use of SPR sensor is moving beyond simple
laboratory applications, ease of manufacture combined
with low-costs and reliability are required. Commonly,
injection molding allows to satisfy these requirements
[22—-24]. In addition to the latter, even other fabrication
techniques are also commonly used to realize SPR sensor,
i.e., Laser-LIGA technique [25], hot embossing technique
[26], computer numerical control machining technology
[27, 28], and PDMS molding technique [28]. However,
even the 3D printing technique turns out to be promising
for the optical waveguide fabrication, allowing the rapid
fabrication of digital geometry into physical form with
micron accuracy [29]. 3D printing was used for the first
time to fabricate a POF in 2015 [30]. Several are the mate-
rials which have been used for the scope. At first, common
filaments like acrylonitrile butadiene styrene (ABS) and
polyethylene terephthalate glycol (PETG) were used, since
they were commoditized and easily accessible. However,
they have scarce optical properties and high loss. Thus,
at a later time, optical grade resins with lower material
losses, i.e., cyclic olefin polymer (COP), poly(methyl
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methacrylate) (PMMA), polycarbonate (PC), and poly-
styrene (PS) have been used to 3D print POF [31]. In this
way, it was possible to improve the POFs’ optical prop-
erties, approaching the performance of the material that
represents the gold standard for the SPR sensors manufac-
turing, that is glass.

Starting from the state-of-the-art information discussed
so far, we propose a novel SPR sensor based on an inkjet 3D
printed waveguide and photocurable resins, in which two
distinct channels are derived for simultaneous determination
of refractive index and temperature. A similar manufacturing
process has been already used to build an SPR sensor based
on a single channel [32]. In particular, the used 3D printed
photocurable resin is a transparent material that simulates
the waveguide’s cladding. In addition, to fulfill the wave-
guide’s working principle, the latter was properly combined
with a photocurable optical adhesive, which was used to
realize the core. In fact, to obtain a performing waveguide,
the refractive indexes of the used materials for manufac-
turing are important parameters to be taken into account:
the core and cladding must have higher and lower refractive
index values, respectively [31].

In the end, when working in the manufacturing of pho-
tonic devices and optical fibers, a further issue must be taken
into consideration: currently, the major loss in POFs is due to
the poor control over core symmetry [31]. Thus, since in this
study the core geometry is defined from a planar 3D printed
substrate having a channel equal to 1x 1 mm?, a quality
control of the 3D printed surface was carried out. Within
the manufacturing processes, quality control’s methods may
include different activities with related various scopes, such
as ensuring the correctness of designed 3D CAD models,
verifying prepared process data, and performing visual prod-
uct control [33]. On the same line, in this work, the authors
focused on controlling the correctness of designed 3D CAD
models based on the 3D printing machine’s dimensional
accuracy, which is a known data. Generally, comprehensive
results can be collected by carrying out this kind of geo-
metric accuracy analysis using volume-based methods, like
computed tomography (CT) [34-36]. However, these proce-
dures require specialized equipment and are also expensive
and time-consuming. For this reason, a novel and cost-effec-
tive quality control approach is proposed from the authors:
it is based on a previous profile monitoring study run by M.
A. Mahmoud and W. H. Woodall in 2004 [37].

Briefly, in this experimental work:

e an innovative approach, based on inkjet 3D printing,
opens the way to new manufacturing strategies on planar
SPR multiparameter sensors fabrication;

e an SPR sensor with two different channels properly tai-
lored with gold, silver, and thermosensitive polymer
coatings for carrying out simultaneous measurements
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of refractive index and temperature has been properly
designed and manufactured;

¢ awide experimental campaign was run in order to verify
how it works if compared with similar devices already
existent and realized through different manufacturing
technologies;

e a cost-effective quality monitoring approach, based on
profile monitoring of geometric profiles by means of con-
trol charts, was carried out to monitor the stability of the
3D printing process. The selected technique, originally
proposed in literature for the Phase I implementation of
control charts in a long run manufacturing process, has
been adapted to the small run scenario, which character-
izes the production of the investigated device.

The paper is organized as follows: Section 2 presents both
the working materials (Section 2.1.) and the chosen meth-
ods to design, manufacture, and test the proposed device.
The low-cost experimental setup to test the device opera-
tion by collecting simultaneous measurements of refractive
index and temperature is presented in Section 2.2. Next, all
information about the design and manufacturing workflow
is presented in Section 2.3. The Phase I profile monitor-
ing analysis to carry out quality control of manufactured
devices is described in Section 2.4. In Section 2.5, the cost
input parameters to manufacture the proposed SPR sensor
are shown. The obtained results are presented in Section 3.
In particular, the findings resulting from the quality con-
trol study are reported in Section 3.1. Then, the numerical
and experimental results collected from the simultaneous
measurements of refractive index and temperatures are
shown in Sections 3.2. and 3.3, respectively, to evaluate the
performance of the developed SPR multiparameter sensor.
Finally, the manufacturing cost of the device is calculated
in Section 3.4. Conclusions and future research directions
complete the paper.

2 Materials and methods
2.1 Materials

The splitter was manufactured using two different resins:
VeroClear RGD810 and NOASS.

VeroClear RGDS810 is an acrylic liquid photopolymer
having a refractive index equal to 1.531 at 650 nm. In addi-
tion, it presents a tensile modulus equal to 2.5 GPa and a
heat distortion temperature (HDT) of 45-50 °C, while it is
stiff at room temperature. The formulation, which is propri-
etary, was developed by Stratasys for PolyJet 3D printing.
According with the safety data sheet (SDS), it is made of a
complex mixture of acrylate monomers and photoactivators.
By using VeroClear RGD810, the splitter was 3D printed on

a 3D printer Stratasys Objet260 Connex 1 (Stratasys, Los
Angeles, CA, USA), while FullCure705 was used as break
away support material. It is a mixture of acrylic liquid pho-
topolymer, polyethylene glycol, propane-1,2-diol, and glyc-
erol, and it is simply removed by water jetting after printing.

The waveguide core of the 3D printed device was fabri-
cated by filling the channel of the part with the optical adhe-
sive Norland Optical Adhesive NOASS. It is a low viscosity
(250cps) UV-curing adhesive with a refractive index equal
to 1.56 at 589 nm. Moreover, it has an absorption range
between 315 and 395 nm; hence, it was UV-cured by using
a universal lamp bulb with UVA emission (365 nm).

VeroClear RGDS810 and FullCure705 were purchased
from OVERMACH S.p.A. (Parma, Italy). While, Norland
Optical Adhesive NOAS8 was purchased from Edmund
Optics LTD (UK).

Positive PMMA E-Beam Resists AR P 679.04 was pur-
chased from AllResist GmbH (Strausberg, Germany). It was
used as thermosensitive materials by realizing a coating of
the multiparameter sensor, thus allowing measurements of
temperature.

2.2 Testing experimental setup

To test the proposed multiparameter sensor, a simple and
low-cost experimental setup has been implemented, as
shown in Fig. 1. In particular, it consists of a halogen lamp
as white light source (model HL-2000LL, manufactured
by Ocean Insight, Orlando, FL, USA) and a spectrometer
(model FLAME-S-VIS-NIR-ES, manufactured by Ocean
Insight, Orlando, FL, USA). Finally, two plastic optical fiber
(POF) patches, having a total diameter equal to 1 mm, have
been used to launch the light at the input and collect it at the
sensor’s output, respectively.

2.3 Multiparameter sensor design
and manufacturing process

The multiparameter sensor was realized by designing four
different parts which were then assembled. The solid model
of each part of the assembly was designed with Autodesk®
Fusion 360. The four parts’ axonometric views are shown in
Fig. 2, while each 3D printed part and the final assembly of
the sensor are shown, respectively, in Fig. 3a and b.

The geometry of the substrate (bottom part) was
designed starting from a previous design [29], but apply-
ing some modifications needed for the purpose. This part
was modeled with a central channel having a square sec-
tion of dimension equal to 1.2 x 1.2 mm?, which branches
off into two different arms. These ones, in turn, are con-
verge to a single output channel at the opposite end of the
device. The channel’s dimension in the CAD model has
been selected as to account for the accuracy of the 3D
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Fig. 1 Experimental setup
used to test the multiparameter
sensor

Fig.2 Axonometric view of
the substrate (a), cover (b),
mask (c), plastic optical fibers’
(POFs’) support (d), and sub-
strate and mask assembly with
cross-section view showing the
working principle for channel
functionalization with noble
metals (e)

(d

Uncovered channel
for noble metals deposition

Covered channel (@)

printing process manufacturing the sensor. Therefore, by
design, the nominal channel’s width was set equal to 1 mm.
Actually, accounting for the process accuracy required an
offset (bias setup) equal to 200 pm in the design phase with
respect to the nominal dimension. The two branches were
needed to run refractive index and temperature measures at
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the same time, by sputtering them with two different noble
metals. The geometry is totally defined in Fig. 4.

To insert the input/output POFs with a perfect align-
ment with respect to the core, customized supports were
designed (Fig. 2d). In fact, three holes were designed in
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Fig.3 a 3D printed disassem-
bled parts and b assembled SPR
splitter
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Fig.4 Substrate geometry in phase of design. For the channel’s
width, a bias equal to 200 pm was set taking into account the accu-
racy of the 3d printing, thus obtaining the desired size

the support to perfectly fit with the substrate and cover’s
centering pins (Fig. 2 a and b).

Moreover, starting from the geometry of the substrate,
for cladding the uncovered part of the core, a cover was
designed. The fitting between the latter and substrate was
ensured by predisposing a hole-pin system, as shown in
Fig. 2a and b.

Finally, to trigger the SPR phenomenon, it was neces-
sary to sputter a thin layer of two different noble metals
on each arm of the channel: gold and silver. So, based
on the geometry of the substrate, a customized mask was
designed to sputter the two metals exclusively on the core
waveguiding. In detail, the mask’s window was designed
having a width (3 mm) larger than the core one (1.2 mm)
to avoid the presence of shadow areas during the deposi-
tion process, thus allowing to obtain a uniform coating on
the optical waveguide. The working principle is schema-
tized in Fig. 2e.

The splitter manufacturing involved several typical steps
of generic additive manufacturing (AM) process. First, using
Autodesk® Fusion 360 the splitter device was designed and
the STL file was generated. Next, the latter was processed,
by using the proprietary software Objet Studio™, to create
the G-Code instructions for the 3D printer. Once the build
preparation was completed, the splitter creation started. This
last step was accomplished by using the PolyJet 3D printer
Stratasys Objet260 Connex 1. Thus, through an inkjet print
head, small droplets of liquid photopolymer ink (VeroClear
RGD810) were jetted on a build platform, and then, they
were immediately photocured (solidified) by mean of a
light source, that is a UV light. The latter comes from a UV
lamp that is located on the print head itself. In this way, the
fabrication process of the sensor proceeds layer-by-layer.
Moreover, by following the same procedure, the support
material (FullCure705), near complex geometries, is jet-
ted and solidified simultaneously with the model material
to guarantee the structure’s stability. Each step followed to
manufacture the splitter device is shown in Fig. 5.

Once the 3D printing process was finished, the core
waveguide of the optical splitter was fabricated. Hence,
the NOA8S UV photopolymer adhesive was microinjected
into the channel. The microinjection was performed with a
syringe equipped with a needle having a gauge of 0.5 mm.
To cure the photopolymer adhesive, it was irradiated for
15 min with a universal lamp bulb with UVA emission at
365 nm (Fig. 6). To avoid liquid NOAS8S spilling into the
areas made for the insertion of input and output POF wave-
guides, these portions of the cavity were occluded with cus-
tomized 3D printed tool having a quite fine surface to limit
the waveguide’s surface roughness.

With regard to the simultaneous measurements of refrac-
tive index and temperature, an e-beam resist nano-layer, hav-
ing a thickness equal to about 220 nm, has been considered
as thermosensitive material. More in detail, the production
process of the multiparameter sensor can be summarized as
follows: at first, a 60-nm thick gold film has been sputtered
on a single channel (named as “channel 1) of the splitter,
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Fig.5 Steps pursued for the device manufacturing

Fig.6 NOASS optical adhesive curing under UVA irradiation

Fig. 7 Produced device for
simultaneous measurements of
refractive index and tempera-
ture, together with schematic
cross section of the channels

Silver (40 nm) «———
E-beam resist (220 nm) «~—

by taking advantage of the 3D printed mask previously
described; in a second step, an e-beam resist layer has been
spun over the entire splitter; finally, a 40-nm-thick silver film
has been sputtered on the other channel (named as “channel
2”) of the splitter, once again by using the designed mask.
In fact, since the design of the sensor is symmetrical with
respect to the central axes parallel to both the longer and
shorter sides, it was sufficient to simply rotate the mask to
perform the sputter coating on channel 2 (silver sputter). A
picture of the produced device, together with the schematic
cross sections of each channel, has been reported in Fig. 7.

2.4 Quality monitoring of the 3D printed surfaces

For the production of disposable all-plastic devices and sen-
sors, the inkjet 3D printing technique can be considered as

E-beam resist (220 nm)
Gold (60 nm)

Cross section

]

Channel 1

Cross section

Channel 2 «+——
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a valid alternative to silicon-based approaches, because it
allows to customize and create complex shapes and geom-
etries with high accuracy, repeatability, and resolution [38,
39]. To prove quality of manufacturing for the multiparam-
eter sensor designed, manufactured, and tested in this study,
a profile monitoring study was carried out, as proposed by
M. A. Mahmoud and W. H. Woodall [37], on an pilot run of
devices. The objective was testing the stability of the chan-
nels’ width, which strongly influences the sensor perfor-
mance. Profile monitoring has been pursued by implement-
ing Phase I control charts aimed at checking the stability of
the generated channels’ profiles. A Phase I control chart is
usually implemented on a finite retrospective sample (in this
case, the pilot run): thus, the proposed approach fits well
the 3D printing of a small run of devices. In particular, by
carrying out the quality monitoring activities, two important
aspects of the investigated 3D printing technology have been
considered:

e the accuracy — i.e. how much the dimensions of the
channel obtained through 3D printing are close to the
nominal CAD’s dimensions;

e the precision — i.e. the consistency of the machine,
which provides an indication about the random error
affecting each 3D printing manufacturing operation.

It is worth highlighting that quality monitoring only
allows the generated profiles stability to be checked by draw-
ing a posteriori conclusions on the parameters characterizing
the generated profiles’ geometry. Any further improvement
on this geometry can be obtained by implementing quality
improvement techniques, whose implementation is out of
the scope of this paper and is settled in the suggested future
research directions.

The 4-step procedure (see Fig. 8) to investigate the sta-
bility of observations collected for the channels’ width was
organized as in the following steps.

e Step 1. Geometry characterization. Since the geometry
of the channel is symmetrical with respect to the central
axis of the device, by using a digital microscope, appro-
priate images were acquired for each half of the device.
Then, to get the observations of the channel’s width for
each manufactured device, each image showing half of
device has been divided into s = 3 different sections: the
rationale behind this decision was accounting for the
variable geometry of the channel itself. The first section
coincides with the diverging geometry within the input
channel; the second section corresponds to the divergent
geometry where channel splits into two branches; finally,
the third section is the geometry having a constant width
for the two branches. The obtained sections are illustrated
in Fig. 9.

-
Geometry characterization
J
"
Measurements collection
J
"
Bias and profile geometry definition
J
"
Quality monitoring
J

Fig.8 Flow chart of the implemented 4-step quality monitoring pro-
cedure

o Step 2. Measurements collection. By using the Imagel
software, the total length L  of each identified section
s, fors = 1,2, 3, has been divided into a number (1, — 1)
of equal parts, each having length Ax = 500 um. For
the s-th section, let us denote with wl(ff) the measured
channel’s width at the i-th endpoint xgs of each part for
the j-th available profile, with i=1,2,...,n,,
j=12,...,k;and s = 1,2, 3, see Fig. 9. The same pro-
cedure has also been carried out on the CAD model of
the device by using Autodesk® Fusion 360 to collect
at each i-th endpoint xl(.s) the values of nominal design
channel’s widths Wl.(s) . Therefore, for each investigated
section, the following datasets of observations wl(;) have

been gathered:

— 1% section (s = 1) — section length: L; = 3 mm,
width observations (sample size): n; = 7; number
of profiles: k; = 8; total number of observations: N,
= 56;

— 2™ gection (s = 2) — section length L, = 5.5 mm,
width observations (sample size): n, = 12; number
of profiles: k, = 11; total number of observations:
N, =132;

— 3" gection (s = 3) — section length L; = 5.5 mm,
width observations (sample size): n; = 12; number
of profiles: k; = 12; total number of observations:
N, = 144.

e Step 3. Bias and profile geometry definition. The

observed 3D printing process accuracy (bias) yl(.js) at
each abscissa xl(.‘v) was calculated as the deviation of
each width observation from the nominal channel’s

width:

@ Springer
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Fig.9 Splitting the sensor’s

1st section

2nd gection 3rd section

waveguide into s = 3 contiguous
sections, each characterized by
its own geometric complex-

ity. All sections’ lengths L,

s = 1,2, 3, are divided into
equal parts, each having length
Ax =500 pm

© = W) _

) i y

fori=1,2,...n,j=12,...,k;and s = 1,2,3.
Therefore, for the j-th profile collected over time at

section s, there are n couples (xl@, ygjs) ), fori =1,2,...n,

j=12,...,k;and s = 1,2,3. Assuming a linear model
relating the abscissa Xi(s) to the bias Y, .(js), we get:

(8) _ A(s) () () (s)
Yij _Aoj +A]in +6ij (1)

2\ .
where e;‘?) ~N (0, oj(s) ) is the random error at each sec-

tion, which accounts for the 3D printing precision. If the
width bias is stable, then Af) = AP, AT =A{ and
o) = o0, fors=1,2,3,j=12,...k

e Step 4. Quality monitoring. For each section s, with
s = 1,2, 3, we have checked the accuracy and precision
of 3D printing by performing a Phase I linear profile
study according to the method proposed by Mahmoud
and Woodall (2004) [37], which compares several regres-
sion lines to identify the presence of out-of-control pro-
files. Firstly, the proposed method implements a univar-
iate control chart to check the stability of the error
variance (monitoring the precision of 3D printing) o,
fors=1,2,3,j=1,2,...

J
, k,. This chart plots the resid-
ual mean squared error MSEJ@, for s=1,2,3,

j=12,...,k, from each model vs a control interval.
Then, the method performs a multiple regression lines
study based on a F statistic to check for the stability of
the regression parameters (monitoring the accuracy of

@ Springer

3D printing). A detailed description of formulas used in
the proposed method is not reported here for the sake of
brevity and can be found in Mahmoud and Woodall
(2004).

The accuracy declared by the 3D printing machine manu-
facturer fixes an upper specification limit for the bias error
equal to USL = 200pm.

2.5 Background and protocol of the measurements

The performances of the developed sensor, in terms of tem-
perature sensing, were evaluated by determining two dif-
ferent parameters, i.e., the sensitivity (§) and the resolution
(AT). The former was determined by evaluating the ratio
among the variation in the measured parameter (6M), that
is the resonance wavelength or intensity at the resonance
wavelength, caused by a variation of the temperature for the
encompassing medium (67'). So, we get:

g oM

=57 2
Whilst, the latter parameter was evaluated as follow:
AT = L5k = Lsp[c) 3)

oM S

where OF is the max experimentally measured variation of
the considered parameter. A similar approach can be used
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to evaluate the sensor performances in the refractive index
measurements.

To carry out the temperature measurements for the sen-
sor, at first it was tested by using water at room temperature
(18 °C) as encompassing medium for both the channels.
Then, the sensor was tested by conducting experimental
measurements at various temperatures of the surrounding
medium (from 18 up to 30 °C). During this experimental
process, the solution’s temperature was monitored through
a thermocouple having a resolution of 0.1 °C (RS 206-3750.
Corby, UK).

While to run the refractive index measurements, the sen-
sor was tested by using several water/ethanol solutions char-
acterized by various refractive index values ranging between
1.332 and 1.350. The refractive index value for each used
solution was measured by exploiting an Abbe refractometer
(Model RMI, Exacta + Optech GmbH, Munich, Germany).

2.6 CTE evaluation for PMMA layer

By varying the external solution temperature where the SPR
multiparameter sensor was tested, the ultra-thin PMMA
layer expands, so reducing in turns its refractive index value.
To prove this phenomenon, the thermal expansion of the
PMMA layer was properly evaluated. In detail, to achieve
this aim, it used the definition of the coefficient of thermal
expansion (CTE) as property of the material, i.e.:
1 Al

CTE = TAT 4)
being AT the change of temperature which cause the sam-
ple’s variation in length A/, which before the thermal expan-
sion phenomenon has an initial length /. The CTE evaluation
was carried out by using a previous study of W. D. Drotning
et al. [40], where the effect of the moisture content on the
CTE of PMMA was demonstrated. In particular, they have
experimentally defined a function which provide an expres-
sion for the CTE against the % weight gain (W) once the
PMMA is immersed in water and temperature (7)) expressed
in (°C) as follows:

CTE(% x 10—6) =593 +4.26W + 0.222T + 0.139WT

&)

Thus, by immersing the PMMA sample in water, the

parameter W was empirically determined. Moreover, by

using the Eq. (5) the CTE was evaluated for different values
of interests of temperature (7).

2.7 Cost modelling

A cost model was implemented to evaluate the cost of the
3D printed splitter. Similar to our previous work [32], the

cost parameters were categorized as material costs, machine
costs, and process costs. In Table 1, the input parameters
used to evaluate the final device cost are itemized. Going
more deeply, it was considered both the raw materials costs
and their related consumption to manufacture the designed
splitter. Next, being known the purchase, installation, and
maintenance costs of the 3D printing used, the depreciation
of the machine was considered. Moreover, being known the
building time for all the parts of the 3D printed splitter, the
power costs were evaluated, while labor cost was not taken
into account, since the operator has spent few minutes dur-
ing the start printing step and to remove the part from the
building platform at the end of the 3D printing process.

3 Results and discussion
3.1 Quality monitoring: Phase | study.

In this section, we show the obtained results from the Phase
I linear profile study for section s = 1. Detailed results con-
cerning other sections are available upon request by authors.
Figure 10 a shows the regression models fitting the abscissa
XEU to the bias Y;l).

For section s = 1, all collected measures of width bias are
below the maximum bias error USL = 200pm. Similar
results have also been obtained for the other sections. The
control chart monitoring the MSE;U vs profile j, for
j=1,2,...,k;, is shown in Fig. 10b: the control limits are
equal to (LCL, UCL)=(0 pm, 200 um). Each circle point
plotted on the control chart has a value corresponding to a
profile’s MSE;”. The control chart reveals that all points are
within control limits, thus proving that the 3D printing
machine precision is under control. After eliminating some
out-of-control points, the same result is also achieved for
sections s = 2, 3.

Table 1 Cost model input parameters

Input parameters Unit Value

Material VeroClear RGD810 €/kg 393.11
FullCure705 €/kg 126.74
Norland Optical Adhe-  €/ml 2.50

sive NOA 88

Part Model kg 0.024
Support kg 0.013
Printing time h 0.63
Optical adhesive ml 2.00

Machine Depreciation cost €/kg 10.00

Process Power cost €/kWh 0.10
Labor €/h 0
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Table 2 Accuracy monitoring for each investigated section. Global F
test results

Section F-value Fic Accuracy
0.835 2.213 In-control

10.146 1.836 Out-of-control

3 13.962 1.790 Out-of-control

The outcomes of the global F tests on multiple regres-
sion lines to prove the accuracy stability are summarized
in Table 2.

Where F_, is the critical value of the F test. The
accuracy can be considered in-control for section s = 1
(F < F,,;). Conversely, it is out-of-control for sections
s =2,3(F > F_,;): this reveals a statistically significant
difference among profiles generated on the investigated
devices. This outcome from the ANOVA study depends
on the very small values of mean squared error MSE of
profiles measurements obtained for sections s = 2, 3. Fur-
thermore, a deeper investigation on profiles generated at
sections 2 and 3 reveals that all measurements of width
bias are far below the accuracy threshold equal to 200um,
with a very small precision error, (as explained by the
small MSE values). This is an index of high process capa-
bility that allows for small process deviations among pro-
files, without having practical consequences on quality of
manufactured parts. Moreover, it has been proved that the
set bias equal to 200pm during the design phase was the
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right one in order to obtain the desired value for the chan-
nel’s width of the sensor.

3.2 Numerical results

To predict the optical response of the SPR multiparameter
sensor, a numerical study was accomplished by exploiting a
N-layer approximation and making use of the transfer matrix
formalism already described in [32] to determine the influ-
ence of the thin PMMA resist layer on the channel with gold
nanofilm. In particular, it was defined how on channel 1 the
additional PMMA layer deposited on the gold layer affected
the SPR spectra at two fixed different refractive index values,
i.e., 1.332 and 1.340. In Fig. 12, the simulated numerical
results both in the presence and in the absence of the PMMA
top layer are shown. According with the obtained results, the
presence of the polymeric layer (PMMA) produces two dis-
tinguishable resonance peaks: the first one at around 780 nm
is relative to an SPR phenomenon; on the opposite, the anti-
resonance peak at around 710 nm is relative to a lossy-mode
resonance (LMR) phenomenon. With regard to the latter,
it is important to underline that the LMR phenomenon can
be excited by thin metallic oxides and polymers [40—42].
Furthermore, the spectra reported in Fig. 11 clearly denote
that the anti-resonance peak is present only when the PMMA
resist nano-layer is considered as an overlayer on the gold
nanofilm.

Next, a second numerical simulation (similar to the one
used for the results reported in Fig. 11) was carried out by
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Fig. 11 Simulated SPR spectra
at varying of the external refrac-
tive index relative to the SPR
sensor with gold and with (or
without) PMMA resist layer

on top

Fig. 12 Simulated SPR spectra
relative to channel with silver
film. Changes effects in PMMA
resist under the metal film: a
fixed refractive index value
(equal to 1.50) and variable
thickness (ranging from 160 to
280 nm) and b fixed thickness
(equal to 220 nm) and variable
refractive index values (ranging
from 1.49 to 1.51)
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considering the channel coated with the silver film (channel
2) to determine how the resonance wavelength relative to
the SPR phenomenon triggered in this channel was affected
by varying either the thickness or the refractive index of the
PMMA layer beneath the metal film. In Fig. 12, the SPR
spectra acquired by considering both a variable thickness of
the polymeric layer at a fixed nominal PMMA resist refrac-
tive index value (see Fig. 12a) and a fixed nominal thickness
of the polymeric layer with a variable refractive index (see
Fig. 12b) are reported. The simulated results indicate that
both a reduction of the refractive index and a decreasing
thickness, which is substantially equivalent to an expansion
of the PMMA resist layer under the silver film, causes a blue
shift of the resonance wavelength.

3.3 Experimental results

The experimental results obtained by testing the SPR
multiparameter sensor with water at 18 °C are shown in
Fig. 13. In detail, the normalized SPR spectrum shown in
Fig. 13a was obtained by considering simultaneously the

two sensitive channels and normalizing with respect to
the one gathered by assuming air as surrounding medium
for both the channels. As can be clearly seen, three distin-
guishable resonance peaks can be noticed: the first one,
at about 460 nm, is relative to the SPR phenomenon on
channel 2 (with e-beam resist nano-layer and silver film on
the top); the second one, at about 680 nm, is relative to the
SPR phenomenon on channel 1 (with gold film and e-beam
resist nanolayer on the top); the third one, at about 590 nm
is ascribable to the ultra-thin resist layer on the gold film
and is relative to a lossy-mode resonance (LMR) phenom-
enon. More in detail, Fig. 13b reports the SPR spectra,
acquired with water at 18 °C, obtained by using the two
sensitive channels individually, i.e., one at time. As it is
shown, the LMR peak is not present when considering
the channel 2 (with silver) whereas it is clearly present
when considering channel 1 (with gold). This aspect is
in accordance with the simulation results previously dis-
cussed, since they have shown that this phenomenon is up
to the ultrathin polymeric layer upon the gold nanofilm
(see Fig. 12).

Fig. 13 SPR spectra acquired
with water at room temperature
as surrounding medium on a
both channels and b channels
considered once a time
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Fig. 14 SPR spectra acquired T
with water at different tempera- 0.984
ture values ranging from 18 to
30 °C. Inset: zoom of the reso-
nance wavelength area relative
to the peak at around 460 nm
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3.3.1 Temperature measurements

The SPR spectra experimentally obtained by using the sen-
sor for running temperature measurements at different tem-
perature values of the water have been reported in Fig. 14.
From the latter, it is possible to observe that when the water
temperature changes, only the resonance peak relative to the
channel with silver significantly changes. In particular, as
temperature raises, the resonance wavelength (at about 460
nm) shifts toward lower values (blue shift). On the opposite,
the resonance peak (at about 680 nm) relative to the channel
with gold is basically not influenced by temperature vari-
ations, whereas the intensity of the peak at about 592 nm
gradually increases with growing temperature values.
More specifically, at varying of the external solution tem-
perature, the ultra-thin PMMA layer expands, so reducing
its refractive index value. To confirm this aspect and to esti-
mate the expansion of the PMMA it was used a combination

Table 3 Estimated expansion of PMMA in terms of length (A/) for
each value of CTE estimated through Eq. (4) and for different values
of AT

CTE (1/°C) AT(°C) Al(mm)
3.03E-04 2 1.52E-02
3.13E-04 4 3.13E-02
3.23E-04 6 4.84E—02
3.33E-04 8 6.66E — 02
343E-04 10 8.57E—02
3.53E-04 12 1.O6E—01

of Egs. (4) and (5), previously defined. By immersing the
PMMA sample in water, the parameter W (% weight gain)
empirically determined was equal to 34%. Next, by using
Eq. (5), the CTE was evaluated for different values of inter-
ests of temperature (7). The obtained results are plotted in
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Fig. 15a. Once the CTE was determined for each value of
temperature, the expansion of PMMA in terms of length (A/)
was calculated starting from Eq. (4) at each possible (AT)
for the experimental testing of the multiparameter sensor
designed. The obtained results are reported in Table 3, while
the Al versus AT plot is shown in Fig. 15b.

Thus, through the used model in Eq. (5), it was proved
that by increasing the external solution temperature, the
ultra-thin PMMA layer is subjected to an expansion pro-
cess, since the Al tends to increase, so reducing its refractive
index value. This effect causes two distinct phenomena on
the splitter channels. In fact, with regard to the channel with
silver, the PMMA layer dilation under the metal film pro-
duces a remarkable blue shift of the resonance wavelength
(see Fig. 14), as already demonstrated by the simulated
results in Fig. 12.

On the contrary, for what concerns the channel with gold,
the expansion of the PMMA resist layer above the metal film

Fig. 16 a Absolute value of the

is mainly verifiable with the anti-resonance peak at about
592 nm, whose intensity markedly changes together with a
slight blue shift of the resonance wavelength value.

So, in order to monitor the solution temperature changes,
it is possible to examine both the resonance wavelength
variations of the peak at 460 nm and the intensity varia-
tion, considered at the resonance wavelength, of the peak
at 592 nm. For both cases, Fig. 16 reports both the consid-
ered parameters, i.e., the absolute value of the resonance
wavelength (1AM ,,|) variation, and intensity variation at
the resonance wavelength (Alsq, ), calculated with respect
the corresponding values obtained with water at room tem-
perature (7= 18 °C) as surrounding medium. In the view of
a first-order analysis, the linear fittings of the experimental
data are also reported in Fig. 16.

Moving on the sensor’s performances evaluation, by
using Eq. (2), in both cases, its sensitivity can be approxi-
mated as the slope of the linear fitting functions reported in
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Fig. 16. In Table 4, the performance values (sensitivity and
resolution) relative to both the parameters considered for the
temperature measurements are summarized.

3.3.2 Refractive index measurements

With regard to the refractive index measurements carried
out, the SPR spectra obtained at different refractive index
values of the surrounding aqueous medium are reported in
Fig. 17. As it is clear, a shift toward higher values (red shift)
can be observed for each considered peak. More specifically,

since only a slight variation in resonance wavelength has
been obtained with regard to the peak at 592 nm, the bulk
sensitivities have been calculated in relation to the peak
associated to the channel with silver (at 460 nm) and to the
one related to the channel with gold (at 690 nm).

In similar way to the temperature measurements, Fig. 18
reports, for both the considered peaks, the wavelength reso-
nance variations calculated with respect to water (n=1.332)
along with the linear fitting of the experimental data. As for
before, also in this case the bulk sensitivity can be approxi-
mated with the slopes of the linear fitting functions.

Table 4 Performances values relative to the resonance wavelength variation relative to peak at 460 nm and the Intensity variation at the reso-

nance wavelength relative to peak at 592 nm

Parameter Sensitivity (S) Error (OF) Resolution (AT)
Resonance wavelength variation relative to peak at 460 nm 0.43 (nm/°C) 0.2 (nm) 0.46 (°C)
Intensity variation at the resonance wavelength relative to peak at 0.0014 (a.u./RIU) 0.001 (a.u.) 0.71 (°C)

592 nm

Fig. 17 SPR spectra acquired
with several water/ethanol solu-
tions having a refractive index
ranging from 1.332 to 1.350
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Table 5 Cost allocation and
total cost evaluation

Total Cost for % €
one Splitter

Depreciation 27 6.33
Material 70 16.08
Power 3 0.63
Total Cost 23.05

Depreciation
27%

Fig. 19 Allocation of total cost

The obtained results show a similar bulk sensitivity for
both channels, equal to about 880 nm/RIU for what regard
the channel with silver and equal to about 920 nm/RIU in
relation to the channel with gold. Both these values are
higher with respect to the one calculated with a similar
device based on a single channel and gold [32]. In a similar
way to the temperature, the refractive index resolution, that
resulted equal to about 2 X 10~* RIU, can be obtained from
the bulk sensitivity (about 900 nm/RIU) and the max experi-
mentally measured variation of the resonance wavelength
(0.2 nm).

3.4 Cost modelling: numerical results

Based on the assumptions made so far in the model, the cost
allocation was performed. The results are summarized in
Table 5 and Fig. 19.

According with the results obtained from the imple-
mented cost model, the material costs have the greatest
impact on the splitter final cost (70% of the total). This result
is justified by high cost of the raw materials used on the
Objet260 Connex 1 3d printer, in that Stratasys uses closed
machine with proprietary materials. Conversely, power costs
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and depreciation have a low impact on the total cost, respec-
tively equal to 3% and 27% of the total cost.

4 Conclusions

In this work, a multiparameter SPR sensor for simultane-
ous refractive index and temperatures measurements, by
exploiting two different channels properly tailored with
different metals coatings, was developed by following a
novel planar approach, which was already proposed by the
authors for a simple SPR sensor [32].

The proposed sensing approach relative to the simulta-
neous monitoring of these two parameters is particularly
advantageous when dealing with biosensors based on SPR.
In this case, the bulk solution and the binding properties
are strongly influenced by temperature environment varia-
tions. So, the proposed sensors could be used in this appli-
cation field.

The SPR multiparameter sensor was fully designed and
manufactured by using a standard inkjet 3D printing and
commercial resins having suitable refractive index values,
especially in terms of combination for core and cladding.

The profile monitoring analysis used as quality control
method for the dimensional accuracy and correctness of
the designed 3D CAD model resulted to be a cost-effective
approach, which revealed no issues for the quality of the
manufactured parts by using the chose inkjet 3D printing
method. Indeed, small process deviations among profiles
were detected, so obtaining a high process capability,
which confirms the suitability of the selected manufactur-
ing technique for a mass production.

The multiparameter SPR sensor was numerically and
experimentally tested, and the results confirm that its
performances, in terms of bulk sensitivity, are even bet-
ter than other SPR sensors previously proposed in other
experimental works.

The cost modelling resulted in an overall cost of 23€
for the developed device, so proving its low-cost manu-
facturing if compared with other traditional SPR sensor.
However, being this cost mainly related to the high cost
of Stratasys raw materials, it can be decreased in further
studies by using cheaper photocurable resins which have
already been developed by several companies for vat pho-
topolymerization 3D printing.

Furthermore, to minimize mass and manufacturing costs,
design optimization methods, such as generative design and
topology optimization, are essential. These methods enable
the fabrication of complex geometric models that are diffi-
cult or impossible to produce by using conventional manu-
facturing technologies. To carry out an optimization for the
sensor’s shape, we have to preserve the waveguide cores and
the hole-pin systems, incorporating these bodies in the final
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shape of the design, and model the part of the sensors as
lightweight structures, such as trabecular or lattice design,
according to the load and external constraints.

In conclusion, all the obtained results in terms of per-
formances, quality control, and cost modelling are suf-
ficient to assess that the developed sensor is suitable as
a novel biochemical multiparameter sensor for disparate
applications in biological, chemical, and environmental
industries. So, several kinds of novel SPR sensors which
work as SPR array for simultaneous measurements of dif-
ferent parameters (number of channels bigger than two)
can be further developed using the proposed approach,
especially by exploiting either different combination of
metal coatings for each device’s channel or even n-layers
of different noble metals to tailor the same channel.

Finally, further investigation of quality engineering
techniques applied to the proposed 3D printing process is
worth of investigation, as well. In particular, the selection
of proper quality monitoring techniques for small produc-
tion runs with a finite production horizon of customized
parts, as it usually occurs in additive manufacturing, must
be carefully considered. For example, distribution-free
control charts are suggested for application, thanks to the
fact that they can immediately started at the beginning
of the production. Furthermore, the investigation of qual-
ity improvement approaches based on efficient design of
experiments (DoE) on the most important process param-
eters should be carefully considered, due to the very small
number of parts available to be collected and measured at
each production run.
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