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Supplementary Text 1: Structural Parameters of the
heart shape
The structure of the dimer has been designed using three key
structural parameters: a, b and c. Fig. 1 shows the geometrical
significance of the parameters. These structural parameters give
the width and length of each nanoparticle, which later helps to
calculate the aspect ratio.

Using these parameters, the area of the shape can be calcu-
lated. The following equations give the total area, A of the heart
shape that has been used, where A1 is the area of the upper half
of the shape, and A2 is for the lower half of the shape:
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According to equation S1 and equation S2, the Area A1 is the
part of the entire shape in the positive Y-axis region. Likewise, the
area A2 is the part of the shape in the negative Y-axis region. As
the shape extends from - 2

b to 2
b along the X-axis, the width, W =

4
b . And the shape extends from -c to a, along Y-axis, making the
length, L = c + a. These values together, give the aspect ratio of
the hear shape as given by equation(3) of the main text.

For a particular aspect ratio, r, and a particular area of the
shape, A the value of the parameters a, b and c can be derived by
solving the following equations simultaneously:
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Fig. 1 A graphical outline of the heart shape, marking the structural
parameters a, b and c, along with the width and length of the nanopar-
ticle.

In our simulations, we have kept the area of the heart shape as
8000 nm2.

Supplementary Text 2: Preparation of heart-shaped
Gold nanopartcile (Au-NP) on PDMS
To fabricate the heart shaped Au-NP dimer with 5 nm gap, we
propose the “Focused Ion Beam” (FIB) milling based “Sketch &
Peal Lithography” (SPL) technique developed by Chen et. al.1.
This enables, as demonstrated by this group, rapid patterning of
arbitrary shaped plasmonic nanostructures with high-fidelity that
are often difficult to achieve with conventional FIB milling pro-
cess. The fabrication process is as follows:

(a) Determining the outline of the cardiac structure with spe-
cific aspect ratio: We have modeled the cardiac shape with
analytical mathematical equation as given in the equation
(1) and (2) of the manuscript and discussed in details in
Supplementary Text-1. The corresponding parameters with
specific aspect ratios, studied in this paper are also given in
Table S1 of the supplementary. Once, a specific aspect ratio
is selected, equation (1) and (2) can be used to determine
the (x, y) coordinates of the outline of the cardiac shape
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Fig. 2 Dependence of Plasmonic characteristics on aspect ratio of the
heart-shaped NP- Peak wavelength of Scattering efficiency for two dif-
ferent heights (a), Scattering to Absorption ratio at various wavelengths
for different aspect ratios(b).

structure for milling process.

(b) Preparation of PDMS substrate: PDMS is fabricated by a mix-
ture of main agent and a curing agent. The ratio of these
agents (main: curing) determines the optical and mechan-
ical properties of the PDMS. The preparation and effect of
this ratio on PDMS layer is discussed by Zhang. et. al.2. In
our proposed wearable sensor, we have used the PDMS layer
with 20:1 ratio.

(c) Deposition of Gold (Au) layer on PDMS: Gold layer with spe-
cific thickness is to be then deposited in the PDMS substrate.
This can be achieved by using electron-beam evaporator sys-
tem (i.e Lab-Line, Kurt J. Lesker Company etc.)

(d) Focused He+ Ion Beam Milling: The determined outline in
step-a now can be realized in the deposited Au layer by He+-
FIB using a digital pattern generator, which will isolate the
heart-structured nanoparticle from the continuous Au layer
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Fig. 3 Electrical field enhancement map for various aspect ratio when
the gold dimer height, h = 35 nm.

(as depicted in Fig. 2(iii) of the manuscript). Ga+ ion beam
can also be used for milling, but we propose He+-FIB since
it offers better capability for direct patterning of nanostruc-
tures in the sub-10 nm scale7.

(e) Stripping of the remaining Au layer: An adhesive layer such
as Scotch tape with suitable strength can now be attached
to the Au film and be used to strip away the remaining
Au layer, that are outside the closed contour of the cardiac
shaped structures. As discussed by Chen et. al.1,3 in the
mechanism of the SPL, due to the closed contour, the metal-
lic layer inside it, is adhered to the substrate more strongly
than the outside layer and thus the outside layer can be eas-
ily “peeled-off”, creating an array of isolated nanoparticles.

Supplementary Text 3: Plasmonic Response of
Heart-shaped Dimer
We studied the plasmonic response of the heart shaped dimer, for
various aspect ratios and at different heights, to deduce the best
parameter for the dimer shape. The peak wavelength shows a
non-linear blue shift with increasing aspect ratio while the height
has negligible effects( Fig.2-a). For an aspect ratio of 0.5-0.8, the
peak wavelength is in the vicinity of 785 nm. The scattering-to-
absorption ratio at different wavelength for various aspect ratios
is given in Fig.2-b.

Supplementary Text 4: Dependence of electric field
enhancement on the height of Nanoparticles
If the nanoparticle’s height is decreased to 35 nm, the dependence
of electric field enhancement on aspect ratio remains quite the
same and heart-shaped nanoparticles with an aspect ratio of 0.75
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Fig. 4 Comparison of SERS Enhancement Factor for different shapes
of structures.

or less produce high field enhancement close to the excitation
wavelength (785 nm) analogous to the nanoparticle with a 45
nm height. The electric field is magnified more than 600 times at
a ratio of roughly 0.7. Reducing the height causes a very small
amount of change. More significantly, even though the level of
enhancement is about the same, lowering the height of the NPs
may result in a smaller hotspot. Table. S1 shows the derived
parameters for different aspect ratios. As seen from the table, for
a decreasing value of a, b and c the aspect ratio increases.

Supplementary Text 5: Comparison of SERS perfor-
mance with different shapes
In our study, we conduct an extensive analysis of the SERS per-
formance by evaluating various shapes of nanoparticle dimers,
including rod-like, triangular, elliptical, and our proposed heart-
shaped nanoparticles. The results, as shown in Fig. S4, clearly
demonstrate that the heart-shaped nanoparticles exhibit orders
of magnitude higher SERS enhancement compared to the other
highly sensitive structures. Both the maximum enhancement fac-
tor (EFmax) and the average enhancement factor (EFavg) are cal-
culated over a volume of 10 nm ×10 nm×10 nm. These findings
further support the superior performance of our proposed heart-
shaped nanoparticles in achieving enhanced SERS signals.

Supplementary Text 6: Comparison of SERS perfor-
mance on different substrates
In addition to PDMS, we have evaluated the SERS performance of
our proposed heart-structured nanoparticles on three other com-
monly used substrates in wearable sensing applications. Polyethy-
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Fig. 5 Electrical field enhancement map for various aspect ratio when
the gold dimer height, h = 35 nm.

lene terephthalate (PET) is a widely employed polymeric material
in the healthcare industry due to its biocompatibility, high homo-
geneity, and mechanical strength4. Zang et al.5 recently demon-
strated the use of an Au nanoworm-covered PET substrate for
SERS applications, achieving an enhancement factor on the order
of 108. Polymethyl methacrylate (PMMA) is another flexible sub-
strate that has been utilized in SERS applications. Gushiken et
al.6 demonstrated a SERS substrate comprising Au nanoparticles
and PMMA. Additionally, polyimides (PI), commercially available
as Kapton, are widely used due to their flexibility and biocompat-
ibility.

To assess the SERS enhancement on these four substrates
(PDMS, PMMA, PET, and PI), we calculated the enhancement
factors for our proposed heart-shaped nanoparticles. The com-
parison of SERS enhancement factors is presented in Fig. S5. The
refractive indices for PMMA and PET were obtained from Zhang
et al.2, and for PI (Kapton), they were referenced from French et
al.7.
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Table S1 | Parameter a, b and c associated with aspect ratios, AR = 0.3 to AR = 2.0,
of the heart shaped nanoparticle

ba cAR
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0.038256.9235 59.42320.9

0.036354.8688 55.32411.0
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0.030645.2356 48.13511.4

0.028743.4110 43.69701.6
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