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In the pharmaceutical industry, the ability to improve the understanding of the effect of surface roughness on
interparticulate interactions is critical. Dry powder inhalers often possess poor efficiency, as the powder formu-
lations are inherently adhesive and cohesive due to their size. The complex interplay of factors that affect
interparticulate interactions, means it has been difficult to isolate the effect of surface morphology. Using two
photon polymerisation, this study shows the fabrication of bespoke sub-micron geometric structures,with a con-
sistent surface chemistry. These are used to investigate the effect of surfacemorphologies on particle adhesion by
utilising AFM force-volumemapping, tomodel spheres and carrier particles. This demonstrates the significant ef-
fect varying surfacemorphology can have on particle-surface adhesion. This approach allows for the first time an
in-depth examination of the local variation effect of surface features on particle adhesion and may facilitate the
design and optimisation of powder processes.

© 2022 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://
creativecommons.org/licenses/by/4.0/).
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1. Introduction

Understanding of particulate adhesion and cohesion is a critical as-
pect of the operation and process efficiency of several industries. For in-
stance, adhesion of fine particles to electronics in the semiconductor
industry [1], and to surfaces in nuclear fusion facilities [2] as well as
soiling of solar panels, reduces performance [3]. In the pharmaceutical
industry, interparticulate interactions are particularly crucial, due to
the use of powders in many formulations and manufacturing steps, in-
cluding; tablet punch sticking [4], powder flow for tablet die filling [5],
and inhaler actuation [6].

Focusing on pulmonary drug delivery specifically, for drug parti-
cles to exert a pharmacological effect on their target, particles must
possess an aerodynamic diameter less than 5 μm [7]. Due to this size
restriction particles are cohesive [8] and adhesive [9], due to their
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high surface to volume ratio. With adhering of particles to the device
walls [10,11] and failure to de-aggregate during aerosolization, dry
powder inhalers (DPIs) often struggle to produce a fine particle frac-
tion efficiency above 15% [12], with device powder retention reported
as high as 60% [13].

Therefore, gaining new fundamental insight to evaluate and reduce
particle adhesion is essential in improving device performance. It is
known that there is a combination of highly inter-related factors
which affect interparticulate interactions in a complex manner includ-
ing; surface roughness, surface chemistry, particle size/ shape and parti-
cle mechanical properties (e.g. elastic modulus) [14,15]. The capability
to elucidate in detail the particle adhesion effect of systematically al-
tered surface morphology, in isolation of other factors affecting particle
adhesion would greatly assist in gaining such fundamental insight. Sur-
face roughness has a particularly important role in the extent of
particle-surface adhesion [1,16]. For small particles, the primary adhe-
sive force results from van derWaal interactions, whichmainly operate
over very short distances. Therefore, the presence of small-scale rough-
ness (less than the dimensions of the particles involved) can reduce the
effective particle-surface contact area, resulting in a reduction of adhe-
sion. As the scale of the roughness increases however, a phenomenon
called mechanical interlocking can ensue with the entrapment of a
the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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particle or asperity in the surface roughness, dramatically increasing
particle-surface adhesion [17].

Previous attempts to evaluate the impact of varying surface
morphologies, often use destructive techniques to generate different
degrees of roughness [18] with no effective control over the morphol-
ogies generated, and often produce a change in surface energy and
hence a convolution of factors that influence adhesion.

This paper aims to demonstrate the production of well-defined mi-
cron scale morphologies with a consistent and controllable surface
chemistry by combining two photon polymerisation 3D printing (ge-
ometry) and a plasma polymerisation coating approach (chemistry).
The resultant surface morphologies can then be altered in a controllable
fashion and hence used to evaluate trends in particle adhesion, without
changing other factors.

Two photon polymerisation (TPP) is a high- resolution 3D printing
technique, similar to stereolithography, based upon localised curing of
a photoinitiated polymer resin. The principle of multi-photon absorp-
tion [19] is used, cross-linking the photoresist by focusing the beam of
a femto-second infra-red laser [20]. By spatial and temporal compres-
sion, a sufficient photon density is achieved overcoming the threshold
for two photon absorption. As the polymer resin molecules cannot be
excited by a single infra-red photon, this effect is extremely localised
in all directions allowing a high degree of design control and 3D struc-
ture capability [21,22]. Therefore, TPP can achieve a sub-diffraction
limit lateral resolution of 120 nm or better [23], demonstrating at least
an order of magnitude improvement in spatial resolution over other
current state of the art 3D printers. Both nano-and micro-scale rough-
ness can therefore be produced and systematically varied.

Particle adhesion measurements can be obtained by a variety of
techniques. Many, like the centrifuge [24,25], drop [26] or vibration
technique [27], rely on ensemble bulk powder adhesionmeasurements,
producing a distribution based on the varying numbers of particles de-
tached for a given force. Although often useful for evaluating a general
ranking of particle-surface interactions, it is difficult to evaluate how in-
dividual local surface features are affecting the interaction with these
approaches.

Atomic forcemicroscopy (AFM), has been widely used for a range of
biological and pharmaceutical applications, due to its high degree of
sensitivity to local surface interactions and topographical resolution
under ambient or liquid conditions [28]. AFM works by scanning a
sharp probe across a surface and monitoring the deflection of the
supporting force sensitive cantilever, utilising a laser reflected from
the cantilever. This is normally conducted with a nanoscale sharp tip
as the probe, however colloidal probemicroscopy as used here, involves
the attachment of a particle to a tipless AFM cantilever [29]. The cantile-
ver,withparticle attached, is lowered until particle contactwith the sur-
face is detected, on removal, the particle will adhere to the surface
resulting in a deflection of the cantilever being recorded [30]. As the
probe continues to rise, adhesive force will eventually be exceeded
and the probe (particle)will snap off the surface returning to its equilib-
rium position [31]. By collection of a range, or map, of such force-curves
over a surface, topographical imaging and particle-surface interactions
can bemapped [32,33]. By evaluating the force required to pull the par-
ticle away from the surface, the force of adhesion can be calculated, as
well as other material properties, such as elasticity and hardness [34].

In this study we use 3D printing to produce well defined surface to-
pographies and demonstrate the ability to decouple the effects of sur-
face energy in powder interactions, allowing greater insight into
fundamental DPI formulation and device development.

2. Materials and methods

All photoresists and solvents were used as sourced. The UV curable
photoresist IP-L 780 was obtained from Nanoscribe GmbH, Germany.
All solvents were obtained from Sigma- Aldrich. All AFM probes were
purchased from Bruker (Cambridge, UK).
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2.1. Two photon polymerisation

Well defined geometric designs were created using the three-
dimensional computer aided design software, Creo. These micron
scale surface topographies were fabricated by a commercially available
TPP printer (Photonic Professional GT, Nanoscribe GmbH) equipped
with an inverted microscope (Zeiss) and a 63× immersion objective,
numerical aperture = 1.3. 50 μm length ridges were polymerised, on a
glass coverslip coated with the photoresist IP-L 780, using Piezo mode,
with a laser power of 40 mW and power scaling of 0.6 using perfect
shape quality, a path optimisation feature. The unexposed region of
the resist was dissolved using two, thirty minute submerges of the
glass coverslip in propylene glycol monomethyl ether acetate (PGMEA
≥99.5%) followed by a two minute isopropanol (≥99.5%) wash.

Tomodify the height, the original CAD file was altered to change the
aspect ratio of the TPP ridges, to produce ridges of three differing design
heights; 1 μm, 3 μm and 5 μm.

A pattern of ridges was then printed for each height, with varying
spacing; 1 μm, 3 μm and 8 μm.

2.2. Fabricated structure analysis

A Zeta-20 Optical profilometer (Zeta Instruments, CA, USA) was
used to capture 2D and 3D images of the structures, to evaluate ridge
spacing, using 100 x magnification with 0.013 μm step size.

AFM Images were then captured to verify the ridge height, in quan-
titative nanomechanical mode using a Dimension ICON (Bruker, Cam-
bridge, UK). Bruker RTESPA-300 Antimony doped Silicon tips were
used with spring constants of around 40 N/m and resonant frequencies
of 320 kHz. Gwyddion software (version 2.22) (Czech Metrology Insti-
tute, Brno) was used for image analysis. Images were tilt corrected be-
fore use.

2.3. Plasma polymerisation

Plasma polymerisation coating was used to produce a consistent
surface chemistry and surface energy without significantly altering sur-
face topography. Plasma polymerisation has been shown to deposit
evenly producing a very low surface roughness [35].

The custom built reactor used for the application of plasma polymer
on substrates has been described elsewhere [36], but briefly the setup
consists of two circular electrodes with 12.5 cm spacing encased in a cy-
lindrical reactor (35 cm high, 17 cm diameter) connected to a
13.56 MHz radio frequency power source (Coaxial Power System Ltd.)
to initiate the plasma. ppHex was generated using a power of 50 W
and an initial monomer pressure of 300 mTorr until a deposition of
40 nmwas reached asmeasured by the in-built quartz crystalmicrobal-
ance (Leica).

Successful polymerisation was verified using control coverslips, by
Tof-SIMS (Supplementary Information, Fig. 2) and water contact angle
measurements. The static contact angle for ppHex coated substrates
was measured as 96° ± 4° (Supplementary Information, Fig. 1), which
is consistent with the hydrophobicity of this coating and in line with
previous literature [37].

2.4. Colloidal probe attachment

AFM silicon nitride tipless V-shaped cantilevers (MLCT-010 A), were
selected and calibrated using the thermal tunemethod [38], with spring
constants calculated as 0.58–0.83 N/m. The cantilevers were then mod-
ified with a colloidal probe of either a 10 μm or 5 μm polystyrene bead
(Sigma-Aldrich, Dorset, UK) or a Respitose SV003 particle (DFE Pharma,
Goch, Germany) (Fig. 1). A 5 μm spherical particle was chosen as a
model, to represent an API, with the 10 μm highlighting differences
due to particle size and the Respitose particle used as an exemplar respi-
ratory carrier particle.



Fig. 1. SEM image of an example A) polystyrene 10 μm bead and B) Respitose SV003 par-
ticle used for colloidal probe microscopy.

Fig. 3. A comparison of frequency curves of particle adhesion to the non-printed ppHex
substrate for a polystyrene 10 μm bead (green Δ), a polystyrene 5 μm bead (yellow ◊)
and a Respitose SV003 particle (blue □).
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Three of each type of colloidal probe were produced, attaching the
particles using a MMAFM-2 Multimode AFM system (Digital Instru-
ments, Santa Barbara, CA). Epoxy resin was dotted onto a silica wafer
and spread into thin lines using a sacrificial probe. The tipless cantilever
to be functionalisedwas then lowered until visual contactwith the glue,
and then withdrawn. This cantilever was then moved to an area with
the powder and aligned with an isolated particle and then lowered
manually onto the particle for attachment. The glue was left to dry for
24 h and then probe attachment was verified using low vacuum SEM
images taken on a JEOL 6490 LV. This was achieved by placing the
Fig. 2. A series of Two Photon Polymerised 3 μm high ridges shown by A) AFM as a 3D represen
pattern with varying spacing used for force mapping.
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colloidal probe on a previously sputter coated AFM tip mount. Those
particles centrally mounted and free from glue on the surface were
used.

2.5. Adhesion measurements

All adhesion measurements were conducted using the auto ramp
mode with a ramp rate of 0.93 Hz, on an Enviroscope AFM
(BrukerNano), fitted with a Triton humidity controller, set to RH 10%.
In order to convert the photodiode signal to distance the deflection sen-
sitivity must be calculated to add to the piezo position. To achieve this,
25 force curves were collected over a 2.5 × 2.5 μm area on acetone
cleaned silicon wafers. The deflection sensitivity can then be calculated
using the gradient of the “constant compliance” region of the obtained
force-curves. Using Hooke's law, the force acting on the cantilever can
be calculated by multiplying the deflection and spring constant to-
gether, and force-distance curves could be plotted.

For non-printed control ppHex coated substrates, 100 force-curves
were recorded for each of three 10 × 10 μm areas, using a triplicate of
each colloidal probe particle type prepared.

For TPP printed surfaces, a pattern was produced with varying ridge
spacings which was positioned so the ridges were perpendicular to the
traverse direction of the colloidal probe. Force-curves were then col-
lected using the three colloidal probe types on 1 μm and 3 μm high
tation, demonstrating the height measurement and B) SEM, demonstrating the “barcode”



Table 1
Particle Adhesion to non-printed ppHex coated surfaces, and the particle adhesion
normalised by particle contact area.

Particle Adhesion
(nN)

Normalised adhesion for contact area
(nN/ μm2)

Polystyrene 10 μm bead 995 ± 228 0.16
Polystyrene 5 μm bead 570 ± 49 0.13
Respitose SV003 particle 409 ± 59 0.56

Fig. 5. SEM image of a polystyrene 10 μm bead used for force-volume mapping, showing
an asperity on the tip surface.
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ridges. There was an inability to collect force maps on the 5 μm high
ridges, when using the small polystyrene bead, owing to the cantilever
losing surface contact. An area of 60 μm by 10 μm was evaluated, with
measurements recorded every 200 nm on the X axis and every micron
on the Y axis, producing a total of 3000 force-curves per scan area.
Post scan, the coverage of all three spacings was established and if
misaligned a second scan was undertaken to ensure a sufficient data
set of each combination, all force-curves from both scanswere analysed
and included in the analysis. All the adhesion measurements on each
Fig. 4. Frequency curves displaying the force of adhesion calculated from the force-curves collectedwith all particles of each type. Each curve is normalised to total count. Adhesion to 1 μm
(blue), 3 μm(yellow) and5 μm(green) ridge heights for A) polystyrene10 μmbeads, B) polystyrene5 μmbeads andC) Respitose SV003particles is displayed. Inset shown for A andBwith
focusing on the 0–900 nN data region.
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Fig. 6. Force-VolumeMaps collectedwith CPMof a series of 1 μmhigh ridgeswith all ridge
spacings, showing the topography (top) and respective adhesion (bottom) collected over
the scan area with a polystyrene 10 μm bead.
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TPP printed patternwere repeated in triplicate for each particle probe to
ensure repeatability and account for any individual particle asperities.
To ensure no damage ormorphological changes occurred to the particle
during the adhesionmeasurements, whichwould invalidate the results,
particle probes were examined before and after each force curve scan
using a tip characterisation grating (TGT1, Moscow, Russia) to image
the contacting asperities of the particle [39].

Force-curves were then processed using an in-house macro, pro-
duced by Dr. Xinyong Chen to calculate the force of adhesion from the
cantilever displacement. This software evaluates each force curve col-
lected and calculates themaximum adhesion force as the difference be-
tween the cantilever free level and the trough of any discrepancy
between the traces of the descent and retraction trace (See Section 3,
Supplementary information).

Forces of adhesion to TPP printed substrateswere not normalised for
particle contact area, as this is likely to change based on the position of
the imaging particle on the ridge and the number of ridges contacting
with the particle, affecting the degree of particle-surface contact. This
is particularly problematic with the Respitose SV003 particles, which
possessed multiple surface asperities of different levels of surface
roughness (Supplementary Information, Fig. 3).

To gain a greater insight into how the adhesion varied over the de-
fined morphologies; topographical images and their respective adhe-
sion maps were plotted for each scan, using Origin 2017 (OriginLab,
Massachusetts).

3. Results and discussion

3.1. Characterisation of fabricated surfaces

To effectively decouple the effects ofmorphology and surface energy
on particulate adhesion, surfaces with well-defined geometries on the
micron scale are required. A range of semi-circular ridges were printed,
with a length of 50 μm and width set to 1 μm. Due to the nature of two
photon polymerisation these structures can be bespoke designed, so
three ridge heights were fabricated; 1 μm, 3 μm and 5 μm which was
verified by AFM (Fig. 2A). The ridge height of the patterns used for
force mapping was confirmed to be 0.9 μm, 2.93 μm and 5.2 μm respec-
tively. All ridges of a given height showed similar profileswith good sur-
face definition and so these were deemed acceptable for testing particle
adhesion.

Ridges of each height were then printed in a “barcode” pattern,
encompassing three sections of differing inter-ridge spacing of 1 μm, 3
μm and 8 μm (Fig. 2B). Optical Profilometry was used to confirm inter-
ridge spacing. This spacing was confirmed to be within 0.1 μm using the
measurement marker tool software available with the ZDot profilometer.

3.2. Particle adhesion measurements to non-printed surfaces

Force -volume mapping was conducted in three areas on ppHex
coated non-printed substrates with all particle types. All 900 force-
curves collected for each particle type and calculated forces of adhesion
were then included in the analysis.

Fig. 3 shows that the mean forces of adhesion (± s.d.) were 995 ±
228 nN, 570 ± 49 nN, and 409 ± 59 nN for the polystyrene 10 μm
bead, polystyrene 5 μm bead and the Respitose SV003 particle respec-
tively. By evaluating the images obtained from the tip characterisation
grating for each probe (particle), the contact areas at 0.5 nmwere deter-
mined, using amethod previously reported in our group [29]. As Table 1
showswhen the adhesion forcewas normalised for contact area, the av-
erage force of adhesion per μm2 for the three particleswas; 0.16nN, 0.13
nN and 0.56 nN for the polystyrene 10 μm, polystyrene 5 μm and
Respitose SV003 respectively.

Due to the consistent chemistry and materials involved, when the
force of adhesion to the substrate is normalised for contact area, the ad-
hesion is very similar for the two polystyrene beads, which is to be
5

expected. However, the Respitose SV003 particle exhibits more than
three times the normalised particle adhesion, this can be explained by
various factors. Firstly, as Respitose SV003 is a lactose particle, it pos-
sesses a more hydrophilic surface, and so a higher surface free energy
[40], which will result in higher forces of adhesion per unit area, com-
pared to the hydrophobic polystyrene beads. Also, surface protrusions
present on the particle may deform slightly during the press on stage
of the force mapping, resulting in an increase in effective contact area
[39], and hence particle adhesion.
3.3. Particle adhesion measurements to printed surfaces

For all three particle types, particle adhesion was calculated for each
ridge height from a series of force-maps, aligned to include the three dif-
ferent spacings. Fig. 4 shows the resultant forces of adhesion from all
force curves and their repeats, normalised to total count. Due to difficul-
ties of contact continuitywith the surface, the results of polystyrene 5 μm
beads for the 5 μm high ridges was excluded. A reduction in force of
adhesion to all the printed surface morphologies compared to the non-
printed surfaces was observed. However, for the polystyrene beads, the
forces of adhesion measured have a wider spread with a series of peaks.

To investigate this further, the topography and respective adhesion
map were plotted for each data set, Fig. 6 and Fig. 7 shows an example
of each of the three particle types interaction to 1 μm high ridges. This
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clearly shows some differences between the forces of adhesion of the
three particle types to the same set of ridges. Initially, for the polysty-
rene beads, a peak in adhesion around 1000 nN and 650 nN for the 10
μmand5 μmbead respectively, can be seen in the 8 μmspacingbetween
the ridges. This is likely due to the particle being in complete contact
with the substrate, demonstrating similar forces of adhesion to the
non-printed forces of adhesion. This similarity shows the successful iso-
lation of the effect of morphology on the particle adhesion measure-
ments.

For the polystyrene 10 μmbead there is a localised area of low adhe-
sion in this region, for this particlemeasurement. On evaluating the SEM
for this particular bead, thiswas shown to be likely due to a small asper-
ity on the bead's surface (Fig. 5), resulting, we propose, in a reduction in
surface contact. This localised area was absent for the other polystyrene
10 μm beads.

However, the Respitose SV003 shows no such high force of adhesion
peak. As a larger particle (~ 50 μm by 30 μm) it was unable to penetrate
between the ridges and contact the substrate, which is confirmed by the
lack of corresponding drop in sample height in these areas on the AFM
topography map.

For the polystyrene 10 μm bead, the forces of adhesion to the ridges
show three adhesion intensity peaks (Fig. 4A). On the adhesion map,
Fig. 7. Force-VolumeMaps collected with CPM of a series of 1 μm high ridges with all ridge spa
scan area with a A) polystyrene 5 μm bead and B) Respitose SV003 particle.
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Fig. 6, these can be seen as dark blue, light blue and turquoise vertical
lines. The dark blue low adhesion regions are aligned on the right side
or in the gap between ridges, especially those of 3 μm spacing. A second
adhesion region (light blue) of around125–200nNcorrespondswith an
interaction with the ridges and then a slightly higher adhesion seen in
turquoise, with an adhesion of around 250–300 nN, which seems to
occur off-centre on the ridges. The pattern of the turquoise higher adhe-
sion region is less consistent and shows a reduction in intensity for the
polystyrene 5 μm bead in Fig. 7A and is almost completely missing for
the corresponding Respitose SV003 particle adhesion map (Fig. 7B),
which is consistent with the overall frequency curves seen in Fig. 4.

3.3.1. Particle adhesion measurements to printed surfaces – effect of ridge
height

As an overall data set in image form, it is difficult to highlight and
evaluate trends to identify how surfacemorphologies affect particle ad-
hesion. Therefore, a plotwasdoneof the average adhesion force for each
ridge height – particle combination. To isolate the effect of ridge height,
force of adhesion data was excluded from the 8 μm spaced ridge region
of the barcode pattern. This is because for this section of the results,
higher forces of adhesion were recorded when the particle was able to
contact the substrate. This data would therefore skew an analysis on
cings, showing the topography (top) and respective adhesion (bottom) collected over the
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the effect of ridge height. As the surface chemistry has been controlled
to be consistent between all the surfaces, such an approach allows direct
examination of the effect of local topography and contact geometry.

As can be seen in Fig. 8, there is a clear trend of decreasing particle ad-
hesion with increasing ridge height for both sizes of polystyrene beads.
This is seen to be a significant difference for all three ridge heights, for
both ridge spacings and for both polystyrene bead sizes (p < 0.0001).

Whenconsidering the initial ridgeCADdesign, thewidthwaskept con-
sistent for all three ridge heights, however due to the voxel nature of TPP,
the top of the ridge is rounded. As a consistent width base was used with
Fig. 8. An overview of the mean force of adhesion (± interquartile range), to evaluate the effe
beads, B) polystyrene 5 μm beads, C) Respitose SV003 particles.
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three different heights this creates a differing aspect ratio. Therefore, the
rounded ridge top, will possess a smaller radius of curvature with increas-
ing ridge height (Fig. 9). When the polystyrene beads are unable to pene-
trate the gaps, thismeans there is a reduction in effective contact areawith
the ridge tops as seen in Fig. 9, which is likely to be the reason for the dif-
ference in particle adhesion. To verify this, further structures of differing
heights, with identical aspect ratio should be assessed.

For the Respitose SV003 particle, however this trend of decreasing
particle adhesion with increasing ridge height was absent. One possible
explanation could be due to asperities on the particle surface able to
ct of changing ridge height for 1 μm and 3 μm ridge spacing against A) polystyrene 10 μm



Fig. 9. A schematic representation of a 5 μm polystyrene bead interaction with 1 μm (left)
and 5 μm (right) high ridges, with 1 μm spacing. This drawing is to scale and the contact
area between the particle and the ridges is shown in red. (For interpretation of the refer-
ences to colour in this figure legend, the reader is referred to the web version of this
article.)

Fig. 10. An overview of themean force of adhesion (± interquartile range), to evaluate the effe
beads and B) polystyrene 5 μm beads.
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penetrate between the ridges and therefore contact the substrate at
lower ridge heights. As the ridge height is increased the asperities or
particle surface may be able to interact with the sides of the ridges dif-
ferently. However, it is difficult to isolate out exactly which asperities
would be in contact with which part of the ridge from the data set,
ruling out a conclusive explanation. Clearly with particles of irregular
shape such as Respitose, a variety of complex contact geometries is pos-
sible. The approach presented here provides a basis for these to be stud-
ied further in a controlled manner.

3.3.2. Particle adhesion measurements to printed surfaces – effect of ridge
spacing

In order to assess the effect of ridge spacing, the results were evalu-
ated for the 1 μm and 5 μm ridge heights. This is to avoid the results
being biased based on whether there is a discrepancy between the
two polystyrene bead sizes being able to contact the substrate (polysty-
rene 5 μm bead able to contact the substrate in 3 μm spacing for 3 μm
ridge height, whereas polystyrene 10 μm will not). For the purposes of
this analysis, the results focus on thepolystyrene beads due to their abil-
ity to descend between the ridges. These results are plotted in Fig. 10.

When evaluating these results, it is difficult to see a clear trend.
When the geometry allows the bead to penetrate the ridges and contact
the substrate (8 μm spacing), there is a clear increase in adhesion
(p < 0.0001). However, for the other spacings, two different trends
ct of changing ridge spacing for 1 μm and 5 μm ridge heights against A) polystyrene 10 μm
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are seen, depending on ridge height. For 1 μmhigh ridges, there is a sig-
nificant decrease in mean adhesion between 1 μm and 3 μm spacing, p
=0.0004 and 0.0481 for the polystyrene 10 μmand 5 μmbeads respec-
tively. However, the adhesion shows the opposite trend for the 5 μm
high ridges, with a non-significant increase between the 1 μm and 3
μm spacings for the polystyrene 10 μm bead (p = 0.0714) and signifi-
cant increase for the polystyrene 5 μm bead (p = 0.0060).

It is difficult to hypothesise a reason for this difference in trends due
tomultiple contributing factors. Firstly, both bead sizeswill be unable to
contact the substrate for the 1 μmand 3 μm spacing, but a portion of the
polystyrene bead can descend into the spacing. For the 3 μm spacing a
greater proportion of the sides of the beads will be available for contact
with the ridges, this means an increase in adhesion would be expected.
However, asmentioned earlier the curvature at the top of the ridges dif-
fers depending on ridge height, adjusting the available ridge contact
area. Therefore, the sum difference in bead-ridge contact area may
vary, resulting in the differing adhesion trends.

4. Conclusions

In conclusion, this paper has demonstrated the ability to produce
well-defined micron scale morphologies, with varying dimensions and
constant surface chemistry, of an appropriate size for particle adhesion
testing. By utilising AFM force-volumemapping, the capability to eluci-
date the reasons behind particle-surface interaction changes has been
demonstrated. Crucially, by having a map of adhesion forces, the local-
ised fluctuation of adhesion can be investigated in detail, allowing con-
clusions aboutwhich aspect of a surface roughness feature is likely to be
causing adhesion issues or potential solutions. This should provide sig-
nificant insight allowing an optimised surface feature to be selected
based on particles known to adhere. TPP can then provide the funda-
mental fabrication control to generate these bespoke designs.

For the initial test structures used here, the micron scale morphol-
ogies are shown to significantly reduce particle-surface adhesion com-
pared to the flat reference substrate. Increasing ridge height is seen to
significantly reduce polystyrene bead adhesion but shows no clear pat-
tern for the irregularly shaped Respitose SV003 lactose particle. How-
ever, varying the ridge spacing produced two differing trends in
adhesion to the polystyrene beads.

It would be interesting to explore the effect of particle and surface
aspect ratio to confirm the likely causes of the particle-surface relation-
ships seen. To further investigate the effect of spacing, it would be inter-
esting to also explore a larger variety of ridge spacings. Currently this
work has focused on the production of parallel ridges, and hence limited
possible contact zones in a traverse direction. A logical progression,
however, would be to print cross-hatch patterns allowing the interroga-
tion of the effect of numerous contact zones frommultiple directions. Fi-
nally, it would then be useful to explore different types of surface
roughness to understand how the interparticulate interaction changes
over different structures.
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