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ABSTRACT

Pressure sensitive adhesives (PSAS), such as tisesein packaging and adhesive
tapes, are very often encountered in forensic biyeggons. In criminal activities,
packaging tapes may be used for sealing packetainorg drugs, explosive devices,
or questioned documents, while adhesive and etattapes are used occasionally in
kidnapping cases. In this work, the potential eing Atomic Force Microscopy
(AFM) in both imaging and force mapping (FM) modeslerive additional analytical
information from PSAs is demonstrated. AFM has besed to illustrate differences
in the ultrastructural and nanomechanical propemiethree visually distinguishable
commercial PSAs to first test the feasibility ofingsthis technique. Subsequently,
AFM was wused to detect nanoscopic differences etwehree visually

indistinguishable PSAs.
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1. Introduction

A reliable characterisation of the items of recgvétom a crime scene
requires the most accurate forensic analyses ukagtate-of-the art techniques [1].
Atomic force microscopy [2] has recently emergedaapossible useful tool for
surface characterisation of a variety of mater#sough the analysis of their
morphology and mechanical properties. Amongstoueriother materials, such as
hair [3], body fluids [4], documents [5], textile fibres [@], and polymers [8],
pressure sensitive adhesives (PSAs) [9-11] are a&lisoountered in forensic
investigations.

Pressure sensitive adhesive tapes are employedanety of criminal activities such
as the restraint of an individual during robberyl affences against a victim, the
concealment and packaging of controlled drugs, e enclosure of explosive
devices. Packaging materials including PSAs aoelymed in vast amounts and are
ubiquitous in our modern society. It is broadly mokledged that routinely used
techniques (e.g. Fourier transform infrared spscopy, FT-IR, and pyrolisis-gas-
chromatography-mass-spectrometry, Py-GC-MS) innfgite science laboratories to
identify chemical constituents [12-16] for discrimting PSAs are mostly effective
[17,18]. However, AFM can provide supplementary arseful analytical data on
PSAs due to its capability to map the surface maigaical and mechanical
properties of the adhesives. Also, since PSA telcgy is based on finding the right
balance between the cohesive and viscous propatftiaespolymer, their properties
vary on different length scales ranging from madm+Hano- scales, and AFM can
render the nanoscopic information. The value fransic analysis lies in its ability
to interpret the physical data obtained from itevhsecovery found at a crime scene
and, hopefully, to link a particular suspect/soué. The Scientific Working Group

for Materials Analysis (SWGMAT) of the Federal Bateof Investigation (FBI) have



reported the standards and guidelines for the $iceexamination of pressure-
sensitive tapes [19].

In this work, the potential of using AFM in the igiag mode to examine the
morphology of the specimens, as well as in the goncapping (FM) mode to
investigate their mechanical properties to charseePSAs is demonstrated. The
ability of AFM to observe the nanostructural anchermechanical differences of
commercial PSAs was first tested by analysing thieeally distinguishable adhesive
tapes viz. transparent OPP packaging tapes, broaokaging tapes, and green
electrical insulation tapes. Subsequently, cokssland transparent OPP packaging
tapes from three UK distributors were analysed IByMAto verify the capability of
this nanotool to show the finest surface differeancesimilar PSAs that are visually

indistinguishable.

2. Experimental
2.1 Commercial pressure sensitive adhesives

Three different common commercial adhesiwés transparent cello tape
made of regenerated cellulose, brown packagingteame of a waterproof low-static
polypropylene film, and green electrical insulaticmpe made of a PVC
(polyvinylchloride) film (Advanced Tapes Internata Limited, Leicester, England)
were investigated. These were followed by the stigation of colourless and
transparent OPP packaging tapes from three UKildistrs, namely Niceday - Large

core office, Henkel — Adhesion J1626, and Eurekarge clear tape.

2.2 Atomic force microscopy (AFM) imaging
The ultrastructure of the commercial PSAs was datesd by using a
commercial NTEGRA - AFM (NT-MDT, Moscow, Russia)h&@ surface of each

adhesive was scanned in semi-contact mode. 2oteach adhesive was mounted on



a microscope glass slide by using a double-sidee ¢asuring that the adhesive was
levelled and strongly adhered to the slide.

The surface topography of each adhesive was imdmedising silicon
cantilevers (ATEC-NC, Nanosensors, Switzerlandhwithominal spring constant of
45 N/m and a high resonance frequency (330 kH)e AFM images (fum X 5 um
in size and 51% 512 pixels) were collected using a scan speed5tf Hz. A lateral
resolution of 30 nm was estimated for all the cegatumages.

The imaging experiments were repeated on threeomalydchosen areas of
each slide and five samples were scanned, thelgmga total of 15 measurements
on each adhesive. Apart from the visual obseraatibthe surface morphology of
each adhesive which was found to be consistentdastvdifferent measurements,
surface roughness analysis performed on each indearly confirmed the
repeatability and reliability of the AFM measureten The roughness of the
adhesive surfaces was analysed by measuring then@an square roughnessmf
on the whole AFM height image. (R is defined as the standard deviation from the
mean data plane of the(height) values of the AFM images within a seldategion

on the surface:

A, (1)

whereh; is the current height valudy, the height of the mean data plane, Ahdhe
number of points within the selected region of\aegiarea. This analysis was carried
out on raw AFM images (i.e. images that were neiftadtened nor elaborated with
any filter) by using the NT-MDT software. The rdsuare reported in Table 1 as
average surface roughnesstandard deviation.

The amplitude of the oscillation when the tip wascontact with the PSA
surface was kept just below the free amplitude cwhwas typically 295 nm, in order

to image the PSA surface in “soft-tapping” condigoto minimize indentation [8,
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20,21] and damage to the surface. A simultaneaysherated phase image provided
information on the energy dissipation between theahd the sample surface [8,22].
Dark regions in the phase images represented grera¢egy dissipation between the
tip and cantilever. The greater viscous comporenthe viscoelasticity [23] is

responsible for causing this dissipation of enerByighter regions were attributed to

a surface with a lower viscous component and gregdsticity.

2.3 AFM force mapping (AFM-FM)

The nanomechanical properties of each of the cowialePSA were
investigated by using the same AFM in force spacpy (AFM-FS) mode in order
to create property maps of adhesive force and authesergy of the PSAs [8]. The
AFM cantilevers (CSG10, NT-MDT, Moscow, Russia) dise the FS experiments
were made from gNs. These cantilevers were very soft with a nomisgiling
constant ~ 0.14 N/m and a resonant frequency ~H20 K he tip (radius of curvature
< 10 nm) microfabricated on the AFM cantilever waeught into contact with the
surface of the adhesive tape. The AFM-FM experisarere carried out over a grid
of 20 x 20 points on a 5 x 5 |frarea of the adhesive, and the FS curve on each poi
was recorded. These measurements were again edpgatthree randomly chosen
areas of each slide and five samples, thus givitageh of 15 measurements for each
adhesive. During the AFM-FM experiments, an averagrmal force of 2 nN was
applied by the AFM cantilever onto the adhesiveetaphe sample was lowered away
from the tip at a speed of 0.45 um/sec. In eagem®ment, the maximum adhesive
force of the particles forming the film to the t{pmay, the maximum distance of
deformation of these particled.{;,), and the adhesion energy (vere measured (Fig.
1). All AFM-FM experiments were performed in cortanode in air at room

temperature.



The FS curves obtained during an AFM-FM experimeate in fact force-
height curves. To transform the force-height carwveo force-distance~(d) curves,
the real distanced, between the sample and the AFM tip was calculdigd
subtracting the deflection of the cantilevez, from the height values that
corresponded to the measured piezo displacemgi,

d = Ziezo— Z (2)
Force spectroscopy experiments on adhesive filrds2B have previously been
performed to determine their nanomechanical pragertHowever, in the AFM-FM
experiments presented in this work the surfacehef @adhesive film was mapped
point-by-point and 400 FS curves were collecteddanh experiment repeated over 15

areas for each adhesive that allowed us to cdtagistically significant data [8].

2.4 Nanomechanical properties

A commercial software (Gigasoft ProEssentials v8kBge) was used to display
theF-d curves. Each of the 400 curves in a data seindadadually shifted to remove
its offset. The maximum adhesive force of thadigurface Emax/ NN), the maximum
distance of deformation of the sampiia.d/ pm), and the adhesion energy/ (L0 J)
were calculated from th&-d curves by using a dedicated program written with
Borland Delphi 7.0 software. The adhesion enepgwas obtained by integrating the

area under the-d curve.

3. Results and discussion
3.1 Nanostructure of three visually distinguishaB&As

To test the ability of AFM to visualise the finadifferences between PSAs,
three visually distinguishable commercial adhedsees were studied. The AFM

phase images (sizex55 pm?) of these tapes are depicted in Fig. 2. Portidrteese

images zoomed to 2 2 ym? are also shown. The images for all the tapes shew
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existence of two phases — a hard phase which ssdeergy dissipative and a soft
phase that is more energy dissipative. It maydmeted out here that if the regions of
lower and higher viscosity are dispersed in theeate tape or film, the interaction of
the AFM tip with the film surface can vary. Forstance, when the tip comes in
contact with the more viscous region on the surfatae energy gets dissipated and
the area being scanned appears dark in coloueiphhse image [9]. Due to similar
reasoning, less energy is dissipated on a loweosity region on the surface and it
appears brighter in colour in the phase image [1B]is thus clear that the phase
image can render important information about thecais properties of different
constituent components of the PSA, as well as tlstribution and relative
abundance on the adhesive film surface. The bligtan of the two (hard and soft)
phases in each of the three investigated tapesusdf to be different. The
morphology of the transparent cello tape (Fig. &&ws the presence of individual
adhesive polymer particles (dark spots) and posshbifactant molecules (bright
spots). In the brown packaging tape (Fig. 2b) lyaady individual polymer particles
are discernible, indicating that the particles maye coalesced in this adhesive film.
The bright spots in Fig. 2b are probably the sudiatcmolecules. The topography of
the electrical insulation tape (Fig. 2c) is engirdifferent from the other two tapes,
and a comparison reveals that the harder phasgh{bspots) in it is present in
relatively very small amounts.

The morphological differences observed in the AFvages were confirmed
guantitatively by surface roughness analysis (Tahl&he brown packaging tape was
found to be smoother, R = (35.3% 2.6) nm, while the insulation tape turned out to
be rougher, Rs = (96.7% 3.8) nm, possibly due to the presence of “crevioesthe
tape surface. These results prove the capabilityABM to image the finest

topological features of visually different PSAs.



3.2 Nanostructure of three visually indistinguislea®PP transparent PSAs

The AFM phase images (sizex55 um?) of three colourless and transparent
OPP adhesive tapes are shown in Fig. 3. Portibtisese images zoomed tox22
pum? are also shown. On the surface of the Henkel pamesit cello tape individual
adhesive polymer particles (dark spots) are visititd only a few very small hard
particles (bright spots), possibly surfactant moles, present (Fig. 3a) with a
homogeneous distribution. This makes the surfadeeoHenkel tape quite smooth as
confirmed by the roughness analysig &R (23.0+£ 3.8) nm, see Table 1).

On the contrary, the surface of the Niceday trarespgacello tape shows two
distinct hard and soft phases (Fig. 3b). Only sandgkvidual polymer particles are
visible (dark spots in % 2 pm?image) with most of them having coalesced in this
more dissipative (soft) phase. The less dissipdtiaed) phase probably constitutes of
surfactant particles (bright spots). The presenicéwo distinct phases makes the
surface of this tape rougher{R= (38.8+ 2.1) nm, see Table 1) as compared to the
Henkel tape.

Finally, the Eureka transparent cello tape showedeasonably uniform
morphology (Fig. 3c). Some polymer particles (dsphts) are still visible but most of
them seem to have coalesced making the surfacepeaarelatively uniform with a
randomly distributed hard (bright spots) phase emesThe more uniform nature of
the adhesive surface is also shown by a decreati®isurface roughness (R =
(32.2+ 2.7) nm) as compared to that of the Niceday traresg cello tape (see Table
1).

These results demonstrate the ability of AFM to gmathe finest

morphological differences of even otherwise visuaitistinguishable PSAs.



3.3 Nanomechanical properties of three visuallyidgiishable PSAs

Figure 4 shows thE-d curves obtained on three visually distinguishahpees.
The transparent cello tape depicts two well distisiged set ofF-d curves as shown
in Fig. 4a. The curve on the left encompasseshg&sidn peaks and shows a very
large deformation, indicating that polymer fibriln probably occurs during the
unloading cycle of the AFM-FM experiment. This belour indicates the presence
of a very soft and highly viscous phase (possibly adhesive polymer). THed
curve on the right (Fig. 4a) shows only 1 very phand narrow adhesion peak,
corresponding to a very hard phase probably comisitf of surfactant molecules.
These results endorse the previous observatiors §eetion 3.1) from, the AFM
phase images (Fig. 2a) where two distinct phasasl (and soft) were clearly visible.
The brown packaging tape (Fig. 4b) also shows tifferdnt sets of-d curves. On
the left, a typicalF-d curve with 2 adhesion peaks and a broad deformato
presented, indicating the presence of quite a audt viscous phase. However, the
height of the first adhesion peak.Lx = 120 nN) is lower than that of the first
adhesion peak for the transparent tdpg,(= 148 nN), see Fig. 4a (Left). Moreover,
the deformation of the brown tapdtx= 6.2 pm) observed in Fig. 4b is smaller than
the deformationdmnax= 8.7 um) seen in Fig. 4a for the transparent. tapieese results
indicate that although both the transparent anavibrtapes are made of highly soft
and viscous adhesive polymers, the transparentisapmre viscous and softer than
the brown tape, suggesting a higher degree of naski of the transparent tape
compared to the brown tape. TRed curve on the right of Fig. 4b shows only 1
adhesion peak corresponding to the hard phaseeobtbwn tape. However, the
height and width Emax = 75 nN; dmax = 3.8 um) of this peak are higher than those
observed in Fig. 4a (Right) for the hard phasehefttansparent tap&{ax = 55 nN;
dmax= 1.1 pum), indicating that the hard phase of tleavio tape could be a surfactant-

rich phase in a mixture rather than pure surfacéanbbserved for the transparent



tape. The electrical insulation tape (Fig. 4c)veh@ similar behaviour to that of the
transparent tape (Fig. 4a) with a very soft andous phase (Left, Fig. 4c) and a
harder phase (Right, Fig. 4c). However, the sbése of the electrical insulation tape
seems to be harder than that of the transparelt tsgle as shown by the smaller
heights of the peaks in Fig. 4c (Left) as compatedihose in Fig. 4a (Left).
Comparison of theF-d curves of the hard phases for the electrical atgi,
transparent and brown tapes indicates that thdaitisn tape has a much softer hard
phase than that of both the transparent and brawest This is suggested by the
height of the single adhesion peak observed inetketrical insulation tape being
much higher Emax = 130 nN) than those measured for the hard phatdabe
transparent and brown tapes (see Fig. 4). Thimsae imply that in the insulation
tape the hard phase mainly results from an enrichmiethe adhesive polymer with
the surfactant rather than from pure surfactameblahich seems to be the case for
the transparent tape. These results are in agreemith the AFM phase images (see
Section 3.1 and Fig. 2c) that show a relativelyfam topography with just a small
amount of surfactant present in the electricallatsan tape.

The Fmax Omax and y distributions over 40@-d curves obtained from AFM-
FM experiments are shown in Fig. 5. Two distinctpylations can clearly be
observed in all the three distributions for theethinvestigated tapes. Undoubtedly,
these correspond to the two distinct phases redesdier by the AFM phase images
in Fig. 2 and theF-d curves in Fig. 4. Certain differences are newdets
discernible. Unlike the transparent cello tap&ig. 5a, for instance, the brown and
electrical insulation packaging tapes in Figs. 5l &c, respectively show two
subpopulations, in particular for the softer phas€éhis seems to stem from the
variation in the nature and composition of the pady, copolymer, acrylic, surfactant,
and tackifier in different types of adhesive tapbst differ in their detailed

formulation. It is known for example, that tackifs are usually added to acrylic
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formulations or polymers to increase the adhesivength and energy, thereby
boosting the peeling force and performance of t88&4$ Poor miscibility can often
lead to heterogeneity, thereby resulting in phapasation. Different approaches are
commonly wused in the formulation processes, such @dymerisation,
copolymerisation and blending, and such processesomtinually being developed in
order to improve the performance of the PSAs fotigaar applications in mind.

The 2D AFM-FM adhesion energy maps, constructeca arid of 20 x 20
points over a 5 x 5 pfrarea of the adhesive tape, shown in Fig. 6, a® falund to
be different for the three investigated tapes. Haddesion energy map allows
visualisation of the precise localisation of difiet components of the adhesive. Each
square in the 2D map corresponds to one of the pifiats of the AFM-FM
experiments and the grey scale is indicative of nfegnitude of adhesion energy.
The brighter (darker) the square in the grid, tlghér (lower) the adhesion energy,
and therefore the softer (harder) that particutangonent of the adhesive. As also
shown by the AFM images (see Fig. 2), the distrdyuiof the hard phase (darker
squares) is less uniform in the transparent tape @) in comparison to the brown
tape (Fig. 6b). In the transparent tape the hadlsaft phases are reasonably well
separated with a high contrast between them. Tleeggnmap for the electrical
insulation tape (Fig. 6¢) shows greater homogenaitypared to the map for the
transparent tape, and this observation is consiatéim the information obtained from
the AFM images (see Fig.2).

The above results clearly demonstrate that the hobogy of the PSAs
revealed by AFM imaging, the AFM-d curves obtained from AFM force mapping
(FM) experiments, the statistical distributiondgf.,, dmax andyover 400F-d curves,
and the 2D AFM-FM adhesion energy maps are allerbfit for visually

distinguishable commercially available adhesivesap
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3.4 Nanomechanical properties of three visuallyistidguishable OPP transparent
PSAs

The nanomechanical features of three visually sim@PP transparent cello
tapes investigated by AFM-FM are shown in Fig. The transparent cello tape by
Niceday shows two different setsefd curves (Fig. 7a). In the curve on the left, the
presence of three adhesion peaks confirms a vegg ldeformation of the adhesive
polymer. This could be due to polymer fibrillatibppening during the unloading
cycle of the AFM-FM experiment. This behavioupisssibly caused by the presence
of a very soft and highly viscous phase (adhesoignper). TheF-d curve on the
right of Fig. 7a shows only 1 very sharp and narradhesion peak, which
corresponds to a very hard phase, possibly a $arfiac These results agree with the
AFM phase images (see Fig. 3a) where two phaseasl @ad soft) were clearly
visible.

Unlike the cello tape by Niceday, the OPP transgacello tape by Henkel
(Fig. 7b) shows only one set Btd curves. This confirms the smooth surface of the
PSA observed in the AFM images (Fig. 3b). Figdeépicts a typicaF-d curve with
2 adhesion peaks, a very large peak and a quité peek. This broad deformation
could be caused by the presence of quite a softmedus phase. Interestingly, the
height of the first adhesion pedk.{x= 88 nN) is lower than that of the first adhesion
peak for OPP tape by Niceddy.{ix = 135 nN, see the leR-d curve of Fig. 7a). In
addition, the deformation of the OPP tape by Heliitglx = 6.6 um) is smaller than
the deformation observed in the |€Hd curve of Fig. 7a for the transparent tape by
Niceday @max = 9.0 um). These findings seem to indicate thttoalgh both of the
three transparent tapes are made of highly softvaswbus adhesive polymers, the
OPP tape by Niceday is more viscous and softer tih@inby Henkel. This different
behaviour could be due to a higher degree of taskirof the OPP tape by Niceday

compared to the OPP tape by Henkel.
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The OPP cello tape by Eureka shows two populatidrish, however, do not
differ much from each other, both showing 1 adhesgseak. The height of the
adhesion peak is slightly different for each popata(Fmax= 91 nN for the=-d curve
on the left andr,ax= 80 nN for the~-d curve on the right), indicating the presence of
two phases (soft and hard). The fact that thesepwypulations appear similar could
be due to coalescence of the hard and soft phaatss@ashown earlier by the AFM
images (Fig. 3c).

Comparison of thé&-d curves of the soft phases for the three OPP teaesp
tapes indicates that the soft phase of the Nicéalag is softer than that of the Henkel
and Eureka tapes.

The Fmax Omax and y distributions over 40@-d curves obtained from AFM-
FM experiments are shown in Fig. 8. Two well sefmtgopulations can be seen in
the Fmax and y distributions for the Niceday tape (Fig. 8a). Séedistributions
correspond to the two distinct phases observetienAFM phase images in Fig. 3b
and theF-d curves in Fig. 7a. The Henkel tape shows only dis&ibution forFpax
anddmax which agrees with both the AFM images (Fig. 3a) #reF-d curves (Fig.
7b). Surprisingly,y distribution in Fig. 8b shows the presence of aesophase
probably due to the presence of two different comemds (one soft and the other
harder) in the adhesive formulation that were nsible in the AFM phase image.
The Eureka tape shows the presence of two phasess¢dt and the other hard) in all
the three distributions, indicating the presencénaf components in the formulation
of the adhesive as also shown by the AFM images. F6). The adhesion peak of
softer phase dominates the statistical distribgtimm F,.x and y which could be due
to the coalescence of the hard phase with thepdaise as also seen earlier in the
AFM images (Fig. 3c).

The 2D AFM-FM adhesion energy maps, constructeca arid of 20 x 20

points over a 5 x 5 pfrarea of the OPP transparent cello tapes (Figar®),also
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different for the three investigated tapes. As alsown by the AFM images (see Fig.
3), the distribution of the hard phase (darker seglais quite uniform in the OPP
transparent tape by Niceday (Fig. 9a). The hard sofitl phases are very well
separated with a high contrast between them. Tleeggmmap for the OPP tape by
Henkel (Fig. 9b) shows greater homogeneity compéueithe map for the Niceday
tape, and this observation is consistent with tiermation obtained from the AFM
images shown in Fig. 3. Although the energy maptlie Eureka tape looks quite
uniform (Fig. 9¢), it is possible to see the preseaf two different components (hard
phase corresponding to darker squares and softe pt@sesponding to brighter
squares) as also confirmed by the AFM images @ignd the~-d curves (Fig. 7).

The above findings shed light on the potential dfMA as an additional
technique to investigate the finest morphologicad aanomechanical differences of

visually indistinguishable PSAs.

4. Conclusions

The present results have shown for the first tirhat thanotechnology
techniques, such as AFM imaging and AFM force magp{AFM-FM) can be
employed to obtain useful additional analyticalormhation from pressure sensitive
adhesives commonly found in forensic examinatiorhese AFM techniques have
been wused successfully to demonstrate differenaes uitrastructural and
nanomechanical properties of different pressuresise@ adhesive (PSA) tapes.
Statistical distributions of adhesion forcEnfy) and adhesion energy)(clearly
showed the existence of distinct phases in PSAs&kigstributions varied from one
adhesive to another. AFM techniques can thus peogigpbplementary data at the

nanoscale in the forensic examination of adhesives.
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Tables

Surface Roughness (nm)

Adhesive tape Sample Sample Sample Sample Sample

) ) ) ) ) Averagé
1 2 3 4 5
Transparent
40.263.5 44.43.2 43.51.0 39.1+1.3 42.4:2.7 42.(t3.0
cello tape
Brown
33.2t1.7 32.83.9 34.0:3.4 34.A25 34.0:t3.0 35.32.6
packaging
Green electrical
99.0t3.2 95.2t3.4 93.A43.7 95.A43.8 99.A43.9 96.#3.8
insulation
Transparent OPP
17.944.6 24.1+1.0 26.42.5 22.41.8 24.3:t3.1 23.0t3.8
(Henkel)
Transparent OPP
41.0t3.9 36.41.7 41.1+2.8 36.9:2.9 38.4t2.8 38.8t2.1
(Niceday)
Transparent OPP
27.5:2.7 33.%42.0 33.2t1.8 30.32.6 36.0t2.6 32.2+2.7
(Eureka)

" Average calculated over three randomly chosen amedlse same adhesive sample.

" Average calculated over the five replicates ofshme adhesive sample.

Table 1Surfaceroughness analysis on the six PSAs investigated
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Figure captions

Fig. 1. (a) Sketch of a force spectroscopy experiment explanation of a typical
force spectroscopy curve; (b) Ard curve. The meanings ¢fmax dmax and y are

identified.

Fig. 2. AFM phase images 5 x 5 jtrand high-resolution zoomed AFM images 2 x 2
unt of the zones marked in squares for (a): transpaedt tape (the phase degree is
78-83° for the 5 x 5 pfmimage and 80-88° for the 2 x 2 fAiimage), (b): brown
packaging tape (the phase degree is 81-89° fd5 th& uni image and 83-88° for the
2 x 2 unf image) and (c): electrical insulation tape (thagghdegree is 76-83° for the

5 x 5 unf image and 80-85° for the 2 x 2 fiimage).

Fig. 3. AFM phase images 5 x 5 jtrand high-resolution zoomed AFM images 2 x 2
unt of the zones marked in squares for (a): OPP traespaello tape by Henkel (the
phase degree is 80-81° for the 5 x 5%image and 80-82° for the 2 x 2 fiimage),

(b) : OPP transparent cello tape by Niceday (thesphdegree is 73-84° for the 5 x 5
un? image and 77-85° for the 2 x 2 fiimage) and (c): OPP transparent cello tape
by Eureka (the phase degree is 81-84° for the Jurfsimage and 80-85° for the 2 x

2 unf image).

Fig. 4. Typical trace and retracE-d curves obtained on (a): transparent cello tape,

(b): brown packaging tape, and (c): electrical ilason tape.

Fig. 5. Histograms showing the statistical distributionFgf dmax andyover theF-
d curves obtained at 400 different grid points distied evenly on a 5 x 5 [frarea
of the adhesive in (a): transparent cello, (b):wirgoackaging, and (c): electrical

insulation tapes.

Fig. 6. The 2D AFM-FM adhesion energy maps on a grid okZD points covering
a 5 x 5 prh area of the adhesive in (a): the transparent d¢afje, (b): the brown

packaging tape, and (c): the electrical insulateype. The brighter (darker) is the
17



square, the higher (lower) the adhesion energy,tand the softer (harder) is the
component of the adhesive film. The grey-colowedrt scale on the right-hand side
of each figure indicates the associated adhesierggrvalue in 18° J corresponding
to each colour shade. The adhesion energy valugsn/the range (a) 0 - 6220 x10
J for the transparent cello tape, (b) 0 - 390 %1Dfor the brown tape; and (c) O -

1025 x10*J for the electrical insulation tape.

Fig. 7. Typical trace and retracE-d curves obtained on (a): OPP transparent cello
tape by Niceday, (b): OPP transparent cello tapkldrykel, and (c): OPP transparent

cello tape by Eureka.

Fig. 8. Histograms showing the statistical distributionFgf dmax andyover theF-
d curves obtained at 400 different grid points distied evenly on a 5 x 5 [frarea
of the adhesive in (a): OPP transparent cello tap&liceday, (b): OPP transparent

cello tape by Henkel, and (c): OPP transparent ¢affe by Eureka.

Fig. 9. The 2D AFM-FM adhesion energy maps on a grid okZD points covering

a 5 x 5 pm area of the adhesive in (a): OPP transparent tatle by Niceday, (b):
OPP transparent cello tape by Henkel, and (c): @&Bparent cello tape by Eureka.
The brighter (darker) is the square, the highew€ld the adhesion energy, and thus
the softer (harder) is the component of the adeeBimn. The grey-coloured chart
scale on the right-hand side of each figure inégdhe associated adhesion energy
value in 10" J corresponding to each colour shade. The sc@le-i$§200 x13° J for

each map.
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