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Abstract: In the field of encapsulation, microcapsules containing perfume have emerged as effective
vehicles for delivering active ingredients across various applications. The present study employed
a multivariate analysis framework to examine polyacrylate microcapsules for household products
synthesized using different acrylate monomers. The advanced multivariate approach allowed us
to quantify critical properties such as the Molecular Weight between Cross-links (MWc), mechanical
attributes, Encapsulation Efficiency (EE), and On-Fabric delivery. It is worth noting that the mechanical
properties were gauged using a novel nanoindentation technique, which measures the Rupture Force
per unit diameter (RFD). Both Encapsulation Efficiency and On-Fabric delivery were assessed using GC-
MS. Our findings identified the optimal microcapsule system as one synthesized with 100% aromatic
hexafunctional urethane acrylate, showcasing a 94.3% Encapsulation Efficiency and an optimal RFD of
85 N/mm. This system achieved an exemplary On-Fabric delivery rate of 307.5 nmol/L. In summary,
this research provides crucial insights for customizing microcapsule design to achieve peak delivery
efficiency. Furthermore, by designing acrylic monomers appropriately, there is potential to reduce the
amount of active ingredients used, owing to enhanced delivery efficiency and the optimization of
other microcapsule properties. Such advancements pave the way for more environmentally friendly
and sustainable production processes in the fast-moving consumer goods industry.

Keywords: microencapsulation; nanoindentation; delivery efficiency; structure–performance correlations

1. Introduction

Fragrances, essential in consumer goods, present challenges such as volatility and
chemical instability [1–3]. Microencapsulation emerges as a solution, enhancing stability
and controlled release in diverse applications, from personal care products to textiles [4].

The wall composition of these microcapsules, which can encompass materials such
as polyamide and polyurea, is pivotal [5]. In this context, our study leverages acrylate
monomers, recognized for their beneficial properties [6,7].

The mechanical properties of perfume microcapsules are paramount. They dictate
the precise content release at the desired target, ensuring no premature rupture [8]. The
wall material’s molecular structure profoundly influences these properties. Polymer con-
centration, solubility, and solvent removal rate are crucial in encapsulation efficiency [9].

Several studies have focused on the mechanical properties of microcapsules. For
instance, Vinogradova and Radtchenko explored the role of wall materials and their mi-
crostructures on system performance [10,11]. Relevant to our scope, Yeo et al. emphasized
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the importance of optimizing rupture load in drug delivery microcapsules, demonstrating
that a low polymer concentration could result in poor mechanical properties and inefficient
drug release [12].

Nonetheless, although extensive research on microcapsules exists, the connection
between the chemical structure of the capsule wall and the mechanical properties and
delivery efficiency of microcapsules has received comparatively less attention. Indeed, a
comprehensive understanding of the relationships between the molecular structure of
the capsules and their performance remains a crucial research gap.

Our study introduces an innovative multivariate approach to address this research
gap and the limitations of traditional methods. Our primary objective is to establish
correlations between the molecular structure and the mechanical properties, specifically
focusing on the link between mechanical properties and delivery efficiency in products
like Liquid Fabric Enhancers.

Hence, we employed various acrylate monomers to craft capsule walls with distinct
chemical structures and analyzed their delivery efficiency, among which the characteriza-
tion of mechanical properties is a distinctive feature within this multivariate approach.

State-of-the-art experimental techniques for analyzing microcapsules’ mechanical
properties include optical tweezers, shear flow apparatus, micropipette aspiration, micro-
manipulation, and atomic force microscopy [13,14]. Often combined with mathematical
solutions like finite element modeling, these methodologies shed light on the stress–strain
relationships in core–shell structures. However, while FEM has advanced our understand-
ing, it often falls short in simulating rupture dynamics. Given the importance of rupture in
encapsulation and delivery, our research emphasizes a novel methodology grounded in
experimental validation. This approach addresses the complexities often overlooked by
FEM and traditional methods, which often lack the sensitivity and precision required for
nuanced analysis.

Some authors, moreover, have investigated the coupled effects of encapsulation and
mechanical properties for specific polymeric core–shell systems. Valuable examples in-
clude, for instance, the work from Fernandes et al., who highlighted how the release of
encapsulated perfume dye was demonstrated to be a function of deformation [15], and
Su et al., who investigated Young’s modulus and the hardness of microcapsules within
loading ranges that did not exceed the ‘yield point’ or ‘rupture point’ [16].

In this study, we advocate for the innovative use of nanoindentation for precise
characterization [17]. This technique offers a high-resolution approach, measuring the
force required for capsule rupture. It stands out as a method that can provide insights into
the mechanical behavior of microcapsules under compression, a facet scarcely explored
in the existing literature [18]. Thus, a novel nanoindentation-based methodology has
been developed for high-throughput automated testing of fragrance-filled microcapsules.
The technique is designed to produce vast amounts of statistically consistent data for a
comprehensive multivariate analysis, allowing it to discern intricate relationships between
the capsules’ properties, microstructures, and performances.

Through this investigation, we anticipate a deeper understanding of how the poly-
meric wall’s molecular structure relates to the microcapsules’ mechanical properties and
On-Fabric delivery. The findings of this study will provide valuable insights into the design
of microcapsules by leveraging molecular design to tune their delivery efficiency.

2. Materials and Methods
2.1. Raw Materials

In the context of the synthesis of microcapsules, the commercially available monomers
aromatic hexafunctional urethane acrylate, dipentaerythritol penta-/hexa-acrylate, and
1,2-(oligoglycolate diacrylate) ethylene glycol (herein referred to as monomer A, monomer B,
and monomer C, respectively) were used as-purchased without any further purification. Sar-
tomer Americas (Exton, PA, USA) provided monomer A; Sigma-Aldrich (St. Louis, MO, USA)
provided monomer B, while monomer C was synthesized by Ecosynth (Deinze, Belgium). 2,2′-
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Azobis(2-methylbutyronitrile), 2,2′-Azobis(2-methylpropionitrile), 4,4′-Azobis(4-cyanovaleric
acid), isopropyl myristate (IPM), and polyvinyl alcohol (PVA) (85,000–124,000 g/mol) were
provided by Sigma Aldrich (St. Louis, MO, USA).

Fragrance mixture A, consisting of a mixture of perfume raw materials with a volume-
weighted average logP of 3.4 and LFE (Liquid Fabric Enhancer), was provided by The
Procter & Gamble Company (Strombeek Bever, Belgium).

IEC A Base detergent was supplied from WFK Testgewebe GmbH (Brüggen, Germany)
to measure the On-Fabric delivery.

2.2. Synthesis of Microcapsules

The acrylate monomers employed are listed in Table 1, where their MW is calculated as
the average number of acrylate moieties per molecule. Monomer A consists of an aromatic
hexafunctional urethane acrylate, monomer B is Dipentaerythritol pentaacrylate, while
monomer C is 1,2-(triglycolate diacrylate) ethylene glycol.

Table 1. Chemical structures and MW of acrylate monomers employed.

Name Structure MW [g/mol] # Acrylate Moiety

A 770 6

B 578 5

C 344 2

The detailed composition of the batches under investigation is shown in Table 2. The
monomer mixture employed is the sole parameter that differed in making the various sam-
ples. Precisely, the monomer composition and weight proportion variations are introduced
to establish a structure–performance correlation.

For the sake of clarity, the names of the samples are defined as follows: CAP|A|B|C|,
where A, B, and C correspond to the weight ratio of Monomer A, Monomer B, and Monomer C.

The core/wall ratio for all the samples equals 95/5, where the core is defined as the
weighted sum of the fragrance and IPM, while the wall is defined as the sum of acrylic
monomers.

Table 2. Monomer composition of capsules synthesized.

Sample Name Monomer Mixture Composition
Core:Wall Ratio% A % B % C

CAP|1|0|0| 100 0 0 95:5
CAP|0|1|0| 0 100 0 95:5

CAP|0.3|0.7|0| 30 70 0 95:5
CAP|0.5|0.5|0 50 50 0 95:5
CAP |0|0|1| 0 0 100 95:5

CAP |0.3|0|0.7| 30 0 70 95:5
CAP|0.5|0|0.5| 50 0 50 95:5
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The capsules were synthesized via an in-situ polymerization process [19]. It consists
of the dispersion of one phase containing a reactive monomer into a second immiscible
phase [20]. Hence, two immiscible phases were prepared: water and oil phases, as shown
in Figure 1.

Figure 1. Workflow for the synthesis of microcapsules via in situ polymerization.

A preliminary oil phase, consisting of 42.9 g of fragrance mixture A and 5.84 g of
the acrylate monomer mixture reported in Table 2, was mixed until the monomer was
fully dissolved. A second oil phase consisting of 26.9 of fragrance mixture A, 50.21 g
isopropyl myristate (IPM), and 1.8 g of oil-soluble initiators (precisely 1.0 g 2,2′-azobis
[2-methylbutyronitrile] and 0.8 g 4,4′-2,2′-Azobis[2-methylpropionitrile]) was prepared
separately and mixed until complete homogenization. The two oil phases were then mixed
at 500 rpm with an overhead stirrer Eurostar 200 digital from IKA (Staufen, Germany)
using a 90-degree 4-blade stirrer [19].

The water phase, containing 178.6 g of a 2% water PVOH solution, 0.67 g of the
water-soluble initiator (4,4′-azobis[4-cyanovaleric acid]), and 0.79 g of 21.5% NaOH, was
prepared and mixed with an IKA Eurostar power control visc E20-MX-1 at 3000 rpm until
the 4,4′-azobis[4-cyanovaleric acid] dissolved.

The water phase was added to the oil phase, and high shear agitation was applied to
produce an oil-in-water (O/W) emulsion using an overhead stirrer Eurostar 200 digital
from IKA (1200 rpm) with a 90-degree four-blade stirrer for 30 min. The emulsion was
included in a glass jacketed flask reactor vessel of 500 mL equipped with a reflux condenser
and overhead anchor stirrer. The temperature was increased to 75 ◦C in 30 min, held at
75 ◦C for 4 h, increased to 95 ◦C in 30 min, and held at 95 ◦C for 6 h. Finally, the batch was
allowed to cool to room temperature. As a result, a population of microcapsules dispersed
into the aqueous phase was obtained, which is herein defined as capsule slurry.

As represented in Figure 2, the wall’s growth occurs within the oil phase, as the
monomer is a component of the oil phase. The in-situ polymerization approach provides a
unique and potentially more effective mean of achieving desired encapsulation outcomes
than traditional interfacial polymerization commonly documented in the scientific litera-
ture, where the monomer is typically present in the water phase [21]. Within this specific
process, the mass transfer of the acrylate monomers to the water/oil interphase is essential
for successful encapsulation. Hence, the role of IPM is vital to optimize the partition
coefficient of the core materials and, as a result, improve the mass transfer of monomer to
the interphase.
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Figure 2. Schematic representation of wall formation via in situ polymerization.

2.3. HSP Distance to Characterize Monomer Solubility

During capsule synthesis, it is essential to characterize the solubility of the monomers
in the fragrance mixture since the solubility impacts the transfer of monomers, which, in
turn, impacts the quality of the capsule’s properties. The solubility of monomers is deter-
mined using the Hansen solubility parameters (HSP), which consider the combined effects
of dispersion forces (δd), polar forces (δp), and hydrogen bonding forces (δh) [22]. For each
of the monomer mixtures employed, the distance in Hansen solubility parameters between
the encapsulated fragrance mixture and the monomer mixture itself (HSP Distancei) is
defined via Equation (1):

HSP Distance =
√

4
(
δdM − δd0

)2
+
(
δpM − δp0

)2
+
(
δhM − δh0

)2 (1)

where δdM, δpM, and δhM are the mass-weighted HSP parameters for the monomer mixture,
while δd0, δp0, and δh0 are the mass-weighted HSP parameters for the fragrance mixture.
The lower the distance in the Hansen space between the two mixtures, the higher the degree
of miscibility.

The HSP parameters were calculated via HSPiP 5.4.08 software.
To preserve the fragrance composition’s confidentiality, each sample’s HSP Distance

was normalized to the HSP Distance of a reference sample (CAP|1|0|0|), which was
defined in Table 2.

2.4. Micro-Mechanical Compression Testing

Historically, techniques for testing the mechanical properties of microcapsules, as
reviewed by Gray et al., while comprehensive, often relied on intricate compression ge-
ometries to discern the microcapsules’ behaviors, from elasticity upon contact to failure
behaviors. Moreover, finite element modeling (FEM) has been instrumental in extrapo-
lating stress–strain relationships for core–shell structures [13,14]. Notable works, such as
Mercadé-Prieto et al., have provided insights into microcapsules’ mechanical characteriza-
tion and failure stress estimation [23]. However, while these methods have advanced our
understanding, they often lack the precision and sensitivity required for nuanced analysis.
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Transitioning to our approach, we recognized the need for a more refined and pre-
cise methodology. Nanoindentation measurements were performed using a nanoindenter
iNano (KLA Corp., Milpitas, CA, USA) equipped with an inForce50 actuator (KLA Corp.,
Milpitas, CA, USA) to measure the compressive strength of the hollow polymeric mi-
crospheres. The experimental setup utilizes the nanoindenter actuator with a flat punch
diamond tip with a diameter of 100 µm, which applies controlled compression to the
microspheres until rupture occurs.

The microcapsule slurry was diluted in 5 mL of deionized water with a dilution
ratio of 1:1000. Small droplets of the diluted solution were deposited on laboratory slides
previously glued on top of nanoindentation stubs with hot mounting compounds. The
solvent evaporated before testing.

The compression process consists of two distinct phases. In the initial phase, the
displacement of the punch is controlled, ensuring precise measurement and control of the
applied force.

The surface identification procedure begins with the initial determination of the sub-
strate position in an area adjacent to the microsphere of interest. Once the substrate
position is identified, the system is positioned above the microsphere, and the inden-
ter tip oscillates at the resonant frequency specific to the nanoindentation system be-
ing used. These oscillations are performed under force control, with an amplitude of
approximately ±10 nm around zero position.

The compression phase is conducted without imposed oscillation, and rupture is
identified through the derivative of the load signal. Rupture manifests as a sudden change
in the load–depth curve. In load-controlled instruments, this sudden variation corresponds
to a rapid change in displacement, while in displacement-controlled instruments, it corre-
sponds to an immediate change in the applied load. The employed instrument implements
a pseudo-displacement-controlled protocol between the two characteristics above.

Figure 3 illustrates the relationship between load and depth as the compression of a
single microcapsule progresses. The different point labels are linked to the time-lapse of
the compression, which is presented in Figure 4.

Figure 3. Load vs. Depth compression test of a single microcapsule. Stages comprise: (a) microcapsule
approach by nanoindenter tip; (b, c), the tip comes into contact with the microcapsule, leading to
a subsequent increase in load as the microcapsule is compressed; (d) the microcapsule ruptures;
Subsequently, at point (e), the tip compresses the substrate, resulting in an exponential rise in Load.
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Figure 4. In situ nanoindentation time-lapse of the capsule compression: (a) flat-punch indenter
approaching microcapsule; (b,c) compression stages; (d) rupture event and capsule structural integrity
collapse; (e) substrate loading; (f) microcapsule post-mortem image with fracture view. The rupture
force corresponds to the maximum load applied just before rupture, which in the load vs. depth
graph of Figure 3 corresponds to point (c).

To determine the diameter of the microsphere, a mechanical approach is utilized. The
displacement position at which the surface is identified is compared to the displacement
position at which the substrate is initially detected.

Compression tests are conducted at a constant velocity of 2 µm/s. This uniform veloc-
ity ensures that any potential effects related to strain rate on the behavior of the polymeric
membranes, which are sensitive to such factors, are decoupled and minimized. The com-
pressive strength of the microspheres is ultimately determined by various factors, including
the force exerted by the contents encapsulated within the microsphere, the chemistry and
microstructure of the polymer membrane, and the thickness of the membrane.

2.5. Formulation into Household Products

The microcapsules were formulated in a Liquid Fabric Enhancer (LFE) to evaluate the
delivery efficiency. The microcapsules were added to the LFE to achieve a final perfume
concentration of 0.3% through the use of microcapsules. The concentration of perfume in
the microcapsules was defined as the percentage in weight of active (perfume) to the total
weight of the microcapsule slurry. The composition of the LFE is shown in Table 3.

Table 3. LFE formulation comprising microcapsules.

Ingredient wt.%

Softening active 7.0 × 100

Formic acid 4.5 × 10−2

Sodium hydroxyethane diphosphonic acid 7.1 × 10−3

Silicone antifoam 2.0 × 10−3

Perfume via microcapsules 3.0 × 10−1

Water Balance to 100%
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The Softening active is a diester quaternary ammonium compound (Ci-DEEDMAC =
Ditallowoyl Ethoxy Ester Dimethyl Ammonium Chloride [MDEA based, Methyl Di-Ethanol
amine based quat, available from Evonik, (Essen, Germany)]).

2.6. Encapsulation Efficiency Determination

The percentage of Encapsulation Efficiency in the microcapsule slurry was determined
via gas chromatographic mass spectrometric analysis. Solid-phase microextraction (SPME)
(50/30 µm DVB/Carboxen/PDMS) was employed.

Following the procedure outlined in the Formulation into Household Products section,
two LFE products were made: microcapsules in LFE and reference oil in LFE.

The microcapsules in the LFE product were made by adding the capsule slurry to LFE,
resulting in a perfume weight fraction of 0.3%. The reference oil in LFE was prepared by
substituting the microcapsules with 0.3% of the same perfume oil used for the encapsulation.
This ensured that the quantity of perfume was equal in both products. Two replicates
of each product (microcapsules in LFE and reference oil in LFE) were injected into sealed
headspace vials and then allowed to equilibrate for 3 h at room temperature before being
analyzed by GC-MS. The GC-MS analyses were performed by sampling the headspace of
each vial via SPME with a vial penetration of 25 mm and an extraction time of 1 min at
room temperature. Ion extraction of the specific mass for each component was obtained.
The SPME fiber was subsequently on-line and thermally desorbed into the GC using a ramp
from 40 ◦C (0.5 min) to 270 ◦C (0.25 min) at 17 ◦C/min. The perfume raw materials with a
molecular weight between 35 and 300 m/z were analyzed by GC/MS in full scan mode.

The sum of all the areas under the chromatogram peaks corresponding to the perfume
in the microcapsules in LFE and reference oil in LFE were calculated as AreaMicrocapsules in LFE
and AreaRe f erence Oil in LFE, respectively.

The Free Oil % was then calculated by Equation (2):

Free Oil % =
AreaMicrocapsules in LFE

AreaRe f erence Oil in LFE
·100 (2)

The Free Oil % is defined as the perfume outside the capsule core. Hence, it indicates
the amount of perfume that either was not successfully encapsulated or that had already
leaked out in the outer slurry formulation at the time of analysis. The Free Oil % values
were then calculated in terms of Encapsulation Efficiency (EE) by Equation (3):

EE % =
100− Free Oil%

100
·100 (3)

In synthesis, EE % represents the amount of perfume present in the core compared to
the theoretical perfume concentration added during the capsule synthesis.

2.7. GC-MS On-Fabric Delivery Assessment

The On-Fabric delivery evaluation utilized the P&G standard method TMD01389. Pre-
cisely Miele w1714 washing machines for fabric treatment were employed. Each machine
was loaded with 3 kg of fabric, consisting of “terry towel cotton fabric tracers” and a mixed
variety of fabrics. The terry towel cotton weighed approximately 870 g. The mixed load
comprised roughly 1065 g of knitted cotton fabric and 1065 g of polyester–cotton fabrics,
maintaining a 50/50 ratio between cotton and polyester. This fabric load also included
twenty terry towel tracers.

Before the washing procedure, the machine was thoroughly cleaned. Four ethanol
wipes were used: one for the first half of the inox drum, another for the second half, a
third for the washing machine’s rubber seal, and the fourth for the detergent drawer. The
washing machine door was left open for at least a minute. A cleansing cycle was then run
at 95 ◦C. Before the test treatment, the fabric load underwent two pre-conditioning cycles at
95 ◦C using the short cotton cycle, each time with 79 g of unscented IEC A Base detergent
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from WFK Testgewebe GmbH (Brüggen, Germany). Two more 95 ◦C washes followed this
without any detergent.

For the actual test treatment, the fabric was washed on a 30 ◦C short cotton cycle at
a spin speed of 1200 rpm. We used 79 g of the IEC A Base detergent, introduced at the
beginning of the cycle in the designated dispenser. Additionally, 40 mL of the LFE fabric
treatment composition, as detailed in Table 3, was added to the correct dispenser.

After the washing cycle, the fabric tracers were taken out and line-dried overnight for
approximately 12 h in an enclosed space. Two fabric samples, each 4 × 4 cm in size, were
cut from two of the terry towel cotton tracers and placed into 25 mL headspace vials. The
headspace above these samples was then analyzed using the SPME headspace GC/MS
method, as outlined in the Encapsulation Efficiency Determination section. The perfume
concentration in the headspace is presented in nmol/L.

3. Results

The molecular weight between cross-links (cap M cap W sub c) is defined to provide a
quantification parameter to characterize the molecular structure of the capsule wall. The
MW between Cross-links is a parameter that characterizes the average distance between
cross-linking points in the polymer network. Since acrylic monomer conversion is reported
to reach full conversion [24,25], it was reasonably assumed that the acrylic conversion
was completed. Under this hypothesis, the MW between Cross-links can be calculated by
dividing the average molecular weight of the monomers (Mav) by the number of acrylic
groups per molecule (c) [26], as shown in Equation (4):

MWc =
Mav

c
(4)

In Table 4, the batches of capsules are characterized in terms of their molecular struc-
tures, such by MWc and HSP Distance. The volume-weighted mean diameter (VW mean
diameter) is reported as calculated via AccuSizer 780 AD, which leverages single-particle
optical sensing (SPOS) [27].

Table 4. Characterization of capsule batches in terms of MWc and Hansen solubility distance.

Sample Name Monomer Mixture MW between
Cross-Links

HSP Distance
VW Mean

Diameter [µm]% A % B % C

CAP|1|0|0| 100 0 0 128 1 20
CAP|0|1|0| 0 100 0 172 0.46 18

CAP|0.3|0.7|0| 30 70 0 147 0.58 24
CAP|0.5|0.5|0| 50 50 0 139 0.69 24

CAP|0|0|1| 0 0 100 105 0.34 21
CAP|0.3|0|0.7| 30 0 70 112 0.52 22
CAP|0.5|0|0.5| 50 0 50 117 0.65 21

The morphology of the prepared batches was characterized by scanning electron
microscopy (SEM) using a FlexSEM 1000 from Hitachi (Chiyoda City, Tokyo, Japan). The
images for the batches of Table 4 are shown in Figure 5.

When the capsules with the highest MWc (CAP|0|1|0|) were included in the SEM
environment, they completely collapsed, presenting a highly distorted morphology. In
contrast, the other capsules with lower MWc exhibited a more intact appearance. This visual
discrepancy suggests that CAP|0|1|0| is characterized by poor encapsulation quality. The
reason for this poor structural integrity will be discussed in the Discussion section.
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Figure 5. SEM photographs of the microcapsule slurries: (a) CAP|1|0|0, (b) CAP|0|1|0|,
(c) CAP|0.3|0.7|0|, (d) CAP|0.5|0.5|0|, (e) CAP|0|0|1|, (f) CAP|0.3|0|0.7|, and (g) CAP|0.5|0|0.5|.

The batch samples were then mechanically characterized with the abovementioned
nanoindentation protocol. The rupture force of the individual capsules versus their diame-
ters was then plotted in Figure 6.

Figure 6. Rupture force for each sample population plotted in function of the diameter. Linear
regression and 95% confidence intervals are reported for each sample.
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A linear relationship between the force required to break a capsule and its diameter
can be evidenced, as highlighted in Figure 6. In other words, the size of the capsule has a
direct impact on its mechanical properties. Larger capsules have a greater surface area and
volume compared to smaller ones. This increased surface area allows for a more extensive
stress distribution when external forces are applied. As a result, the load is distributed over
a larger area, reducing the stress concentration on any particular point within the capsule.

Consequently, the force required to cause rupture increases in proportion to the
diameter of the capsule. Furthermore, the internal volume of the capsule also influences
its mechanical properties. This higher internal volume for larger capsules can contribute
to the capsule’s overall structural stability and strength, requiring a higher force to break
the capsule.

A first-order linear regression analysis with a zero intercept was conducted to predict
the value of rupture force as a function of the capsule diameter. As a result, the relationship
between rupture force and diameter is highlighted by Equation (5):

Rupture Force = K ∗ Diameter (5)

The zero intercept was chosen to interpolate the boundary condition for an infinitely
small capsule, equivalent to a capsule with a diameter of zero, which would theoretically
have an infinitely small rupture force. In Equation (5), the variable K represents the linear
regression slope, establishing the relationship between rupture force and diameter. As
such, this ratio is the average Rupture Force per unit diameter (RFD), representing the change
in rupture force per unit diameter. The term average refers to the interpolation over the
distribution of diameters, making RFD a material characteristic property of each tested
wall composition.

RFD is believed to provide a more realistic measure of a microcapsule’s ability to
withstand compressive stress before rupturing, compared to rupture stress, as defined by
Long et al. [28]. The rupture stress depends on specific geometric elements, such as the
surface area before deformation, while RFD remains constant within the same capsule
population, regardless of the microcapsule size. Moreover, using the rupture stress (given
its bulk-equivalent parameter nature) might lead to incomplete interpretations:

• The stress distribution within the membrane might not be uniform [29]. Due to
geometry and material properties, different membrane regions might experience
different stress levels. Using simple average stress might not accurately capture this
non-uniform distribution.

• Polymeric materials often have complex microstructures that can influence their me-
chanical behavior [30]. A bulk-based calculation might overlook microstructural
effects that significantly affect fracture toughness at the micro-scale.

• At the micro-scale, the membrane size becomes comparable to the characteristic length
scales of the material microstructure. This can lead to size-dependent mechanical
behavior, such as enhanced increased brittleness. Simply scaling down bulk properties
might not account for these size effects.

In summary, using the rupture stress alone might oversimplify the polymeric mem-
brane’s mechanical behavior during compression testing at the micro-scale. The RFD
parameter, instead, is not related to the computation of the stress distribution in the mem-
brane at incipient failure; it can provide several advantages for this specific application:

• Calculating stress distribution within a complex micro-scale membrane can be chal-
lenging. It might require advanced techniques like finite element analysis, which
can be computationally intensive and require accurate material property data [31–33].
Using the rupture load is simpler, making it a practical choice when detailed stress
analysis is complex.

• The RFD provides a conservative estimate of the material’s strength. It represents the
maximum load the population of microcapsules can withstand before failing.
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• Comparative analysis: The RFD provides a direct and easy-to-understand metric
when comparing different populations. It allows, indeed, quick assessment of which
compositional population is stronger or more resistant to rupture.

An example illustrating the significance of RFD can be demonstrated through the
influence of wall thickness. As the capsule consists of a core/wall structure, the wall
thickness plays a crucial role in determining the overall strength of the capsule. RFD, being
a holistic material characteristic property, considers the contribution of the wall thickness
to the capsule’s overall strength. This allows RFD to effectively capture the variations in
wall thickness within the population of capsules.

In summary, RFD comprehensively characterizes the material’s behavior under the
incipient loading limit relative to the diameter.

In Table 5, the RFD is reported for each sample along with the standard error associated
with the calculation of RFD via the regression slope between rupture force and diameter.

Table 5. Mechanical characterization of the different capsule batches.

Sample Name MW between Cross-Links [g/mol] RFD [N/mm]

CAP|1|0|0| 128 8.5 × 101 ± 6.1 × 10−1

CAP|0|1|0| 172 7.7 × 100 ± 5.1 × 10−1

CAP|0.3|0.7|0| 147 6.0 × 101 ± 4.8 × 10−1

CAP|0.5|0.5|0| 139 7.5 × 101 ± 5.2 × 10−1

CAP|0|0|1| 105 1.1 × 102 ± 9.7 × 10−1

CAP|0.3|0|0.7| 112 9.1 × 101 ± 7.4 × 10−1

CAP||0.5|0|0.5| 117 9.9 × 101 ± 7.8 × 10−1

The capsule batches were analyzed for their performance regarding Encapsulation
Efficiency and On-Fabric delivery.

The results are reported in Table 6.

Table 6. Performance characterization of the capsules in terms of Encapsulation Efficiency and On-Fabric
delivery.

Sample Name Encapsulation Efficiency [%] On-Fabric Delivery [nmol/L]

CAP|1|0|0| 94.3 ± 0.2 307.5 ± 45.7
CAP|0|1|0| 0 50.02 ± 12

CAP|0.3|0.7|0| 83.8 ± 0.3 319.6 ± 19.5
CAP|0.5|0.5|0| 89.6 ± 0.2 322.1 ± 47.9

CAP|0|0|1| 95.1 ± 0.3 201.3 ± 51.3
CAP|0.3|0|0.7| 94.8 ± 0.2 248.1 ± 49.8
CAP|0.5|0|0.5| 94.3 ± 0.3 260.7 ± 9.6

In Figure 7, a multivariate analysis was conducted by generating a scatterplot matrix
to assess the correlation between the parameters related to the chemical structures of
the monomer mixture employed (MWc, HSP distance), and the parameters related to the
performance of the capsules (RFD, Encapsulation Efficiency, On-Fabric delivery). A logarithm
transformation was applied for the Encapsulation Efficiency % values to address the data’s
non-normality, as explained in the Supporting Information Document.
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Figure 7. Scatter plot matrix between the chemical structure variables (MWc, HSP distance) and per-
formance variables (RFD, Encapsulation Efficiency and On-Fabric delivery). The structure–performance
correlations are presented as follows: Row 1 and Column 1 represent the correlations comprising
the molecular weight between cross-links (MWc); Row 2 and Column 2 represents the correlations
comprising the HSP distance; Row 3 and Column 3 represent the correlations comprising the RFD;
Row 4 and Column 4 represent the correlations comprising the Encapsulation Efficiency %; Row 5 and
Column 5 represent the correlations comprising On-Fabric delivery.

4. Discussion

The correlation between MWc and RFD reveals that as MWc increases, the force
necessary to rupture each capsule decreases, supported by an R2 value of 0.9.

A lower MWc implies a denser cross-link network within the encapsulation shell. This
dense interconnectedness augments capsule resilience against external forces, necessitating
greater force to breach the capsules. Conversely, a higher MWc suggests a looser network,
diminishing the capsule’s resistance. The polymer’s activity and cross-linking density
significantly impact the elastic modulus and hardness, driven by the microstructural alter-
ations stemming from these parameters. The activity of the polymer, often linked to the
glass transition temperature (Tg), dictates polymer chain mobility. Enhanced polymer ac-
tivity, either through elevated temperatures or increased chain flexibility, boosts segmental
mobility, leading to a decline in elastic modulus and hardness. This is because polymer
chains can deform more readily under stress during nanoindentation [34,35].

Conversely, cross-linking density profoundly impacts the mechanical properties of
polymers. Cross-links serve as physical barriers, curtailing chain mobility and augmenting
polymer network rigidity. A surge in cross-linking density typically raises both the elastic
modulus and hardness since the network is less susceptible to deformation, resulting in a
more rigid and harder material [36–38].

In summary, MWc is a robust predictor for both RFD and Encapsulation Efficiency
(EE), underlining their collinearity. This relationship can be attributed to higher EE val-
ues, signifying superior encapsulation quality and enhanced mechanical strength. The
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close association between RFD and EE suggests potential interchangeability, evidenced by
samples such as CAP|0|1|0|, which presented an EE of 0% and the lowest RFD in the
study. Conversely, CAP|0.5|0.5|0| manifested a high EE alongside the maximum RFD.
Nevertheless, it is crucial to acknowledge that EE and RFD are not entirely interchangeable.
For instance, the collinearity is not consistently evident within the EE% range of 94% to
96%. Samples like CAP|0|0|1|, CAP|0.3|0|0.7|, and CAP|0.5|0.5|0| demonstrated
similar EE values, but a discernible difference in RFD, underscoring the unique significance
of each parameter and necessitating individual consideration.

The HSP Distance provides valuable information on the solubility of the monomer
mixture in the perfume mixture, which is expected to be a relevant parameter in the
encapsulation process since it affects the transfer of the monomer to the interphase during
encapsulation. However, in this specific case, solubility does not seem to be a parameter
strongly influencing the performance of these samples since the correlation between EE
and HSP Distance was not statistically significant, as highlighted by a low R2. Since all the
samples, except CAP|0|1|0|, exhibited good morphological characteristics, according
to the SEM pictures, and relatively high EE, it appears that for all these samples, the HSP
Distance between the monomer mixture and the perfume mixture is enough to enable a
satisfactory transfer of monomer to the interphase, hence a successful encapsulation.

Overall, the higher correlation between RFD and EE indicates that MWc is the pre-
dominant chemical parameter in determining the encapsulation outcome, rather than the
HSP Distance. This suggests that controlling MWc is crucial for achieving the desired
encapsulation results within the molecular structures included in this study.

To further understand the influence of monomer solubility on the capsule, it would be
valuable to test monomer differences with higher differences in HSP Distance. Similarly, in
future studies, it would be worth evaluating perfume leakage over time, as the HSP distance
can strongly influence this parameter since the more the perfume is soluble in the wall
membrane, the more effortlessly it would permeate through. Lastly, solubility parameters
beyond the HSP Distance, such as solubility computed via COSMOtherm [39], should
be considered for further research to broaden the understanding of monomer–perfume
interactions beyond HSP Distance.

The relationship between all variables and On-Fabric delivery is not linear; instead, a
quadratic model is more fitting, attributed to the intricate dynamics of perfume microcap-
sule delivery to fabrics during washing. This complexity is due to unpredictable factors
such as capsule deposition and retention [40]. The deposition and retention of capsules
are influenced by the surface affinity between the capsule wall and the fabric, which in-
volves steps not thoroughly investigated in this study. Hence, the correlation appears more
intricate than a linear relationship.

Figure 7 underscores that RFD is the primary parameter correlating with On-Fabric
delivery. It implies that washing cycles, encompassing both low-speed and high-speed
rotations [41], profoundly impact the mechanical integrity of the capsules. Hence, the me-
chanical robustness of the capsules directly influences On-Fabric delivery. The data reveals
a parabolic relationship between RFD and On-Fabric delivery, suggesting an equilibrium
between capsule resilience and perfume discharge.

An increasing relationship for RFD values lower than 6.0 × 101 N/mm is observed,
while beyond the 6.0 × 101 N/mm threshold, the relationship changes to decreasing.
Stronger capsules are believed to resist rupture better and remain intact under the mechan-
ical stress of the washing machine. Their increased strength enables them to withstand
rigorous conditions, avoiding premature rupture and maintaining structural integrity. As
a result, more capsules can be deposited onto the fabric surface without breaking, lead-
ing to a linear rise in On-Fabric delivery. However, beyond the optimal balance point of
6.0 × 101 N/mm, further increases in rupture force may not necessarily result in a propor-
tional increase in the number of deposited capsules. Excessive increases in capsule strength
can hinder perfume release: indeed, when the capsules become excessively strong, they
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may be less prone to rupture even under normal usage conditions, thus limiting the release
of the encapsulated perfume.

5. Conclusions

The proposed multivariate approach facilitated insights into the influence of the wall’s
chemical structure on mechanical properties and delivery efficiency.

For acrylic-based microcapsules, a reduction in the MWc of the monomer mixture
from 172 g/mol to 100 g/mol led to enhanced performance. Specifically, there was an
improvement in RFD (rising from 7.7 ± 5.1 × 10−1 to 1.1 × 102 ± 9.7 × 10−1 N/mm) and
Encapsulation Efficiency (increasing from 0% to 95.1 ± 0.3%). It is postulated that this trend
primarily stems from an augmented cross-linking density. This density serves as a physical
barrier, curtailing chain mobility and amplifying the rigidity of the polymer network.

Within the purview of this investigation, samples CAP|1|0|0|, CAP|0.3|0|0.7|, and
CAP|0.5|0.5|0|—comprising mixtures of (oligoglycolate diacrylate) ethylene glycol and
aromatic hexafunctional urethane acrylate—registered the pinnacle of On-Fabric delivery
(roughly 300 nmol/L) in the context of Liquid Fabric Enhancers (LFE). The 100% aromatic hex-
afunctional urethane acrylate system emerged as the most favorable, attributed to its opti-
mal MWc of 128 g/mol. This resulted in the prime On-Fabric delivery (307.5 ± 45.7 nmol/L),
bolstered by an RFD of 8.5 × 101 ± 6.1 × 10−1 N/mm and an Encapsulation Efficiency of
94.3 ± 0.2%.

By strategically selecting the molecular structure of the capsule wall, primarily through
pinpointing the ideal MWc range, it is feasible to manipulate the cross-linking density. This,
in turn, impacts the mechanical attributes of the encapsulating shell. Such adjustments are
paramount for tailoring the delivery efficiency to suit specific applications.

Consequently, more efficacious microcapsules pave the way for reducing the quantity
of perfume and actives in formulation. This offers a more judicious utilization of chemicals,
enhancing sustainability, and also ensures the potential for refining other microcapsule
attributes, including environmental ramifications and affinity to core materials.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/polym15204158/s1, Paragraph S1: Encapsulation Efficiency, Figure
S1: Distribution of values (left-side) and Shapiro-Wilk statistic test on the EE data (right side);
Equation (S1). Reference [42] are cited in the Supplementary Materials.
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