
Eur. Phys. J. Plus         (2023) 138:644 
https://doi.org/10.1140/epjp/s13360-023-04187-8

Regular Art icle

Examination of gecko-inspired dry adhesives for heritage conservation
as an example of iterative design and testing process for new adhesives

Jacek Olender1,2,a , Christina Young1,b

1 Kelvin Centre for Conservation and Cultural Heritage Research, College of Arts, University of Glasgow, Glasgow, UK
2 Image Permanence Institute, Rochester Institute of Technology, Rochester, NY, USA

Received: 15 October 2022 / Accepted: 10 June 2023
© The Author(s) 2023

Abstract Rarely within the conservation of cultural heritage have conservation professionals been lucky enough to have materials
custom-designed to meet their requirements. Most of the time the field must adapt solutions developed for other applications. The
research presented here was initiated as part of a long-term aim to develop new adhesives for heritage conservation. Gecko-inspired
dry adhesives (GDAs) are polymer tapes with micropatterns that are based on the adhesive properties of the pads of gecko lizard
feet: they have strong normal and shear adhesion with low peel adhesion. They present potentially versatile and reversible adhesives
for heritage conservation applications; which do not require solvents for activation or for removal, and do not migrate or off-gas.
In nature, geckos can adhere with their feet to any surface they walk on. This is possible because of micro- and nanostructures on
their feet that attach to surface via van der Waals forces. Practical studies aimed at comprehensively assessing their properties, and
biomimetic solutions in heritage conservation are still sparse at present. This research has the objective of assessing GDAs properties
by mechanical testing of adhesive joints, as well as physical and chemical characterisation of the materials used. The research has
also included a museum case study and a two-year natural ageing test. The testing has shown that the GDAs can perform very well
as an adhesive patch on the reverse of gelatine-based photographs, achieving shear forces between 0.80 N and 48.10 N on 8 cm2

lap joints (depending on the type of the GDA) and peel forces between 0.20 N and 0.47 N over 2 cm of peel front. This is lower
than forces exceeding 1 N recorded in widely available pressure-sensitive tapes. This shows that GDAs may have the potential of a
sufficiently strong, yet easily removable adhesive that works well on materials widely present in museum collections.

1 Introduction

1.1 Principles of adhesive design and protocol for conservation adaptation

Gecko-inspired dry adhesives (GDAs) are a biomimetic solution. Meaning that a phenomenon observed in nature is deemed an
interesting engineering solution and designs have been developed into prototypes that follow the same working principles providing
at least some of the properties of the naturally occurring phenomenon [1–4]. It may be argued that conservation and biomimetics
are complementary disciplines because one is a discipline in constant need of solutions, while the other is a discipline in constant
search for applications. To date, the use of GDAs has been investigated empirically for their applicability for use with objects of
cultural heritage and a safe application [5, 6].

Adhesives are one of the essential materials of heritage conservation. They are omnipresent in heritage material and a necessary part
many conservation treatments which require structural intervention. Adhesives are applied both as temporary (facings, fixings, and
exhibition mounts) and permanent (consolidation and reattachment) solutions [7]. As such, they must fulfil not only the technical
requirements for the effectiveness of their application, but also several ethical considerations [8, 9]. Both are crucial factors in
developing assessment and testing protocol before introducing new adhesives into the field of conservation.

An iterative design flow chart is proposed (see Fig. 1); using our GDA research as an example we discuss its application. The flow
chart has eight key points, which can be used from a conservation perspective (i.e. problem at hand) and biomimetic perspective
(i.e. material with potential applications). In the points below, the adhesion of the “material-adhesive” systems is discussed, and by
“material” the heritage material being treated is described. Adhesives are used as an example, but the iterative design process can
be successfully applied to other treatment solutions.

a emails: jacek.olender@glasgow.ac.uk; jacek.olender@rit.edu (corresponding author)
b e-mail: christina.young@glasgow.ac.uk

0123456789().: V,-vol 123

http://crossmark.crossref.org/dialog/?doi=10.1140/epjp/s13360-023-04187-8&domain=pdf
http://orcid.org/0000-0002-9588-4237
mailto:jacek.olender@glasgow.ac.uk
mailto:jacek.olender@rit.edu
mailto:christina.young@glasgow.ac.uk


  644 Page 2 of 21 Eur. Phys. J. Plus         (2023) 138:644 

Fig. 1 A work flow chart for the
proposed testing protocol for
introducing new adhesives in
heritage conservation

A Question or application:

• What is the nature of the adhesion problem?
• What are the promising properties of the new adhesive?

B Initial assessment:

• Are there any potential solutions that have not been tested before?
• What materials can the new adhesive be used on, based on its known properties?

C Choice of materials:

• What new materials have the best chances of succeeding?
• What materials are the best suited for the application of a new solution?

D Materials characterisation:

• What are the relevant basic properties of the materials chosen for investigation that will determine successful outcome?

E Design/modify:

• Are there changes that need to be made in the material of choice to ensure the success of future application?

F Adhesion testing:

• What tests can be conducted on the material-adhesive pairing that will provide the necessary information for the final method
assessment?

G Redesign or application:

• If the material-adhesive pairing fails to perform as desired, what changes could be made to improve the design?
• If the material performs well–can it be now applied?

H Feedback:

• Is the material-adhesive system working well or failing?
• Did the tests conducted provide all the necessary information for correct assessment?
• If not, what changes should be made to the adhesive and the testing methodology?

This simple protocol can serve as handy checklist for researchers and conservators alike.

2 The principles of gecko adhesion

In order to introduce a biomimetic adhesive into conservation practice, the principles of its adhesion mechanism need to be understood
and assumptions have to be made on how it can be put to work (Point A of the protocol). Gecko-inspired dry adhesives (GDAs) are
materials that are created to mimic adhesive properties of pads found on the undersides of gecko feet. Geckos are group of lizard
species recognized for their ability to stick to any surface, vertical or even upside down, without an adhesive chemically interacting
with the surface. This ability has raised questions and interest since ancient Greece [10], but the mechanism was not understood until
2000, when Autumn et al. [11] explained it in their seminal paper. Geckos can walk as they do because of rows of micro-hairs on
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Fig. 2 Details of gecko
locomotion system. A single seta
micro-hair; B spatulae tips; C
attached gecko; D rows of setae; E
detached gecko foot; F attached
gecko foot showing the digits
pressed against the surface; G
gecko foot during detachment,
showing rolling back of geckos’s
digits for the ease of removal.
Scalebars: A � 5 μm, B � 1 μm,
D � 50 μm. A–E: Image by Gorb
and Autumn, reproduced with
permission from [13]. F–G: Image
reproduced and edited with
permission, from [18]. Not
included in CC license, copyright
lies with the respective journals
and authors

their feet called setae. Setae are between 30 and 130 μm long and approx. 2 μm thick.1 Each one of them branches into hundreds of
spatulae–thinner, few microns long hairs with spatula-shaped tips. Each such tip is approximately 150 nm wide and 5 nm thick [12],
as can be seen in Fig. 2A–D. The adhesive attraction between the spatulae and the surface on which a gecko walks occurs through
the van der Waals secondary bonding forces [11, 13], with probable influence of capillary [14, 15] and electrostatic forces [16]. The
presence of these other phenomena is probably contingent on the environment in which the lizard happens to find itself. However,
assuming ideal conditions with all the spatulae perfectly attached to the surface, a gecko would stick with a normal adhesion force
exceeding its weight by at least 100 times [17, 18]. At the same time, geckos run away from predators because they can detach their
feet very easily. They do this by rolling back their toes, a process that breaks the connection of one micro-hair at a time. Therefore,
they detach feet via this peeling process, and resulting force is a fraction of the shear or normal adhesion of the entire pad. This digit
roll-back process is illustrated in Fig. 2E–G.

This mechanism inspired engineers to create artificial adhesive gecko pads as soon as its principles were understood. The first
attempts at creating GDAs were made almost immediately after the Autumn et al. paper, who had themselves already speculated
about a possibility of creating synthetic gecko pads [19, 20]. Such efforts have significantly expanded in the last few years [21]. The
application potential of the GDAs was noticed by the conservation community, and in 2011 Julia Fenn from the Canadian Conservation
Institute presented a paper in which she suggested adapting GDAs for conservation practice [22]. Preliminary assessment of GDAs
used in conservation came with the early results of this present research (testing only one type of GDA) [23] and the work by Izadi
et al. [24] who tested a fibrillar adhesive for its ability of removing dirt particles from fragile surfaces.

GDAs offer potential solutions for some treatment and museum procedures in which physical immobilisation of an object, or its
parts is necessary. GDAs do not require solvents or any chemical interaction with the substrate surface in order to adhere to it. They
also provide immediate maximum adhesion with minimal preload, which is strong in normal and shear directions, but with relatively
low peel. Therefore, GDAs can potentially make a temporary patch, a securing layer for transport, as a facing, or immobilisation of
an object during a conservation treatment or in a showcase.

This research is aimed at assessing such applications using data from application of commercially available GDAs and of proto-
types developed in-house. Multiple testing set-ups for the GDAs, each in a set range of environmental conditions, are investigated.

1 Data of the gecko anatomy presented are for the Tokay Gecko (Gekko gecko), the largest and probably the most-studied of the adhering gecko species.
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Table 1 List of tests conducted in this research, sorted according to the environmental conditions

Tests conducted Relative Humidity

Temp 33% 55% 75%

5 °C Tensile of PH Tensile of PH, GB2 & GB3 Tensile of PH

Shear & Peel of GB2 GDA on PH Shear & Peel of GB2 GDA on PH Shear & Peel of GB2 GDA on PH

Shear & Peel of GB3 GDA on PH Shear & Peel of GB2 GDA on PH Shear & Peel of GB3 GDA on PH

21 °C Tensile of PH & GB1 Tensile of PH, GB2 & GB3 Tensile of PH

Shear & Peel of GB1 GDA on PH Shear & Peel of GB2 GDA on PH Shear & Peel of GB2 GDA on PH

Shear & Peel of GB2 GDA on PH Shear & Peel of GB2 GDA on PH Shear & Peel of GB3 GDA on PH

Shear & Peel of GB3 GDA on PH Stress relaxation of GB2

Stress relaxation of GB3

Peeling of PSA tapes (TSELL &
TARC)

35 °C Tensile of PH Tensile of PH, GB2 & GB3 Tensile of PH

Shear & Peel of GB2 GDA on PH Shear & Peel of GB2 GDA on PH Shear & Peel of GB2 GDA on PH

Shear & Peel of GB3 GDA on PH Shear & Peel of GB2 GDA on PH Shear & Peel of GB3 GDA on PH

Codes: PH–photographic prints, GB1 & GB2–two versions of commercial GDAs with a PSA backing, GB3–a commercial GDA without backing,
UOG–custom-made GDA, TSELL–Sellotape ®, TARC – Archival tape

3 Materials and methods

Initially, a wide range of GDAs was considered2 (as suggested in point B of the flow chart). This was narrowed to three types of
GDAs manufactured by the Gottlieb Binder GmbH and two prototypes prepared by the team at the James Watt Nanofabrication
Centre at the University of Glasgow. To find an applicable testing substrate and to devise a systematic testing protocol (cf. point C)
the GDAs selected were initially tested on a range of substrate materials. These materials included: stainless steel, wood (coated and
not coated), poly(methyl methacrylate), copper and variety of coated papers. The collection was diverse, based on samples easily
available at the time. The basic properties of the surfaces were recorded including electrostatic characteristics or roughness (judged
by eye). Among the coated papers, photographic prints were eventually selected as the substrate material to test the GDAs. They were
chosen for their ease of acquisition and testing and after consultations with professionals researching and conserving photographic
prints [23] as having the greatest potential as a useful GDA application. A range of tests were conducted on the substrate materials
and on the GDAs to identify their physical and chemical properties before testing adhesive properties (cf. point D). GDAs were
examined using all of the methods listed below. The photographic prints were not examined with DMA or stress relaxation testing
because the potential results were not deemed informative.

1. Optical Microscopy
2. Fourier Transform Infrared Spectroscopy–Attenuated Total Reflectance (FTIR-ATR)
3. Environmental Scanning Electron Microscope (ESEM)
4. Dynamic Mechanical Analysis (DMA)
5. Tensile testing
6. Stress relaxation testing

In this design of a new adhesive (point E) was not necessary, since several GDAs were available. Therefore, testing of adhesive
joints could proceed (point F). Mechanical testing of adhesive joints was conducted in shear and peel configurations, with peeling
set in a T-Peel arrangement, widely used methods for characterisation of adhesives [25–27]. The mechanical tests of both joints and
individual materials were conducted in a range of temperature and relative humidity values (see Table 1). The temperature ranged
between 5 °C and 35 °C and the relative humidity ranged between 33% and 75%. However, some materials were not available in
later part of the project, as they had been discontinued and could not be tested in all environmental conditions.

Additionally, peel tests of two types of commercially available pressure-sensitive tapes with different backings (plastic and paper,
respectively) were conducted on photographic print substrates for comparison. The tapes were Document Repair Tape, manufactured
by Lyreco® and Sellotape®. Samples used in adhesive joints tests were subjected to post-fracture analysis, using optical microscopy
and ESEM. This research also included a long-term natural ageing trial and a museum application case study.

2 Due to limited access to samples or incompatibility of the materials with goals of this research, some of the samples considered could not be eventually
examined. Authors would like to thank representatives of the institutions, materials from which could not have been included here, for their willingness to
help and share insights into the technology and helping with preliminary assessment: Institut für Nueue Materialen (Germany), Phelsuma Inc. (USA), and
nanoGriptech (USA).
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Fig. 3 GDAs in macroscale. A
Fragment of the GB3 GDA tape,
10 cm wide; B Box with a round
patch of the UOG2 GDA, 15 cm
in diameter

Three types of GDAs acquired from the Gottlieb Binder GmbH were supplied as rolled strips, 10 cm wide and 1 m long. The first
material, GB1,3 was milky yellowish while the next two, GB2 and GB3 were colourless, almost transparent. Materials were supplied
with release liners on both sides in the double-sided versions (GB2 and GB3) and on one side in the GB3 GDA. An example fragment
of the GB3 material is shown in Fig. 3A. The three types of the GDAs supplied by Gottlieb Binder GmbH were: (1) first generation
(since discontinued) of a double-layer GDA with a pressure-sensitive adhesive (PSA) as backing–marked here as GB1; (2) second
generation of a double-layer GDA with a PSA backing–marked here as GB2; and a single-layer GDA, with no backing–marked
here as GB3 (see Fig. 4A). Two more GDA types were prepared at the University of Glasgow: (1) thin sheets with 1cm2 patches of
adhesive areas (UOG1); and (2) thicker sheets fully covered in adhesive micropillars (UOG2; see Fig. 4B). Gelatine-based, colour
and glossy photographic prints were ordered in a commercial photograph laboratory in London. The materials designed at the
University of Glasgow (UOG GDAs) were delivered as round sheets of patterned transparent Polydimethysiloxane (PDMS). The
first prototype (UOG1) was a round sheet, 5 cm in diameter, with square patches of pillared pattern, 1×1 cm each. The sheets were
0.9 mm thick. The second version of the Glasgow (UOG2) material was supplied as round sheets, each 15 cm in diameter, as shown
in Fig. 3B, this material was between 1.5 and 3.1 mm thick. Two PSA tapes were bought from suppliers of stationery and office
materials and colour photographic prints were ordered at a commercial photographic studio in London. Both tapes were bought in
rolls 2.48 cm wide (1 inch). Photographic prints were ordered in 15×10 cm format with gloss finish on the recto (print) side.

Samples of each material were cut to size with utility knife at a±0.5 mm tolerance, between 24 and 48 hours prior to the test.
All samples were kept in the set testing conditions for at least 24 hours before testing (up to 30 h). Joints were prepared immediately
before testing to minimise contamination of sticky surfaces with dirt.

The protocol for mechanical testing of the joints was based on earlier stages of this research [23, 28]. The research presented
here expanded relative humidity values in which the tests were conducted: 33%, 55%, and 75%. Similarly, the range of testing
temperatures was increased: 5 °C, 21 °C, and 35 °C. This resulted in final set of nine testing environments (see Table 1). Tensile
testing of photographic papers was conducted in all nine environments, while the GDAs were tested in tension in three temperatures,
but only one RH. This decision was made because the polymers from which the GDAs were made of are hydrophobic, so the

3 Shorthand codes were assigned by the authors and are not coming from any of the manufacturers.
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Fig. 4 Optical images of two
types of the GDA micropillars. A
GB2 GDA, micropillars with
mushroom caps; B UOG2 GDA
with straight cylindrical
micropillars

influence of changes in relative humidity would be negligible. Sampling material was also hard to obtain. The joints were tested in
shear and peel in all nine testing environments.

Joints tests were also used to conduct comparison peel tests in order to provide comparative values for the GDA adhesion. Samples
of tape were attached to strips of photographic prints with just finger pressure, in the same way as in the GDAs tests. The tapes were
left in ambient conditions for two weeks before peeling, in order to allow for the adhesive to bond properly [29, 30]. These peel
tests were conducted in one set of environmental conditions–55% RH and 21 °C, with crosshead speed of 10 mm/min.4 The DMA
tests of the GDAs were conducted in film tension configuration with a temperature ramp, from − 150 °C to 35 °C, increasing at the
rate of 3 °C/min. Tests were performed at 1 Hz and 10 Hz. Tan delta was calculated automatically by the software.

Mechanical tests were conducted with an Instron 4301 universal tester equipped with a 1 kN load cell and selected tests were
later repeated as control with an Instron 5543 universal tester equipped with a 100 N load cell. Presented peel results have been
smoothed to reduce the noise caused by the low resolution of the 1 kN load cell at low loads. Smoothing was achieved with local
regression (rloess function) in MATLAB software. The resulting load-extension curve was fitted to start at (0,0) point. The average,
minimum and maximum peel force of each sample was calculated between 30 and 60 mm of peel length. Statistical analysis of the
results was conducted on the account of the influence of the testing environment (the main variable in the tests) on shear adhesion
in the IBM Statistical Product and Service Solutions (SPSS) software.

4 Results

4.1 Material characterisation

All materials were imaged using optical microscopy and ESEM. All three generation of the GB GDAs showed the same pattern of
micropillars: 50 μm in height, spaced approximately 50 μm (centre-to-centre) from each other, with rows shifted against each other,

4 Tapes were tested in only one set of conditions because these tests were treated as supplementary and providing only ballpark numbers for comparison
with the GDAs. However, environment-related changes in adhesive behaviour of PSA tapes have not been – to authors’ best knowledge –as of yet tested.
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Table 2 Basic dimensions of the
GDAs tested. Data in microns.
Codes as in Table 1

GB1 GB2 GB3 UOG1 UOG2

Overall thickness 450 750 350 ~ 900 ~ 1500–3000

Gecko layer thickness w/o pillars 250 300 300 ~ 850 ~ 1850

Backing layer thickness 150 400 – – –

Pillars length 50 50 50 45 45

Pillars diameter w/o cap 20 20 20 45 45

Pillars cap diameter 30 30 30 – –

Pillars spacing (centre-to-centre) 50 50 50 60–70 60–70

Fig. 5 ESEM images of the GDA
micropillars arrays. A GB1 GDA
array with mushroom caps; B
UOG2 GDA cylindrical pillars

creating a rhomboidal lattice. The thickness of the shaft below the mushroom cap was estimated to be less than 20 μm. The cap takes
approximately 10% of the micropillar’s height and is approximately 30 μm wide (in diameter), as shown in Fig. 4. The difference
between the three types of the GB material was the thickness of the PDMS under the micropillars and the thickness and colour of
the backing layer in the two-sided materials (GB1 and GB2). The PDMS in the gecko layer of the GB1 material was 300 μm thick,
and thickness of this layer increased to 350 μm in GB2 and GB3 GDAs (see Table 2 and Fig. 4). The colour of the PDMS layer has
not changed at all. The backing colour has changed between the two types of bilayer GDA, from yellowish to colourless transparent.

The UOG2 GDA images showed micropillar structures on the surface of the PDMS layer. The micropillars on the surface of the
PDMS had approximately cylindrical shape, with some irregularities in their cross-sectional outline and were slightly wider at the
base than at the top. The micropillars had 45 μm in height and between 41 μm and 45 μm in diameter. The rows of micropillars
were again shifted against each other, creating a rhomboidal lattice. This GDA did not have a regular lattice. In horizontal lines the
pillars were spaced at 60 μm (centre-to-centre) and in diagonal lines they were spaced at 70 μm (centre-to-centre). ESEM images
of both types of gecko pillars as shown in Fig. 5.

FTIR-ATR measurements were conducted to ascertain the polymers of the GB GDAs. Scans of the ‘gecko’ sides of the GB
GDAs resulted in identical spectra on all three types of the GDAs. These spectra matched the reference spectra of PDMS films.
In both GB GDAs that had PSA backing (GB1 and GB2), this adhesive was found to match polyurethane reference spectra (see
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Fig. 6 FTIR spectra of two sides of the GB2 GDA. A Spectrum of the gecko layer matching PDMS pattern; B spectrum of the adhesive backing matching
polyurethane pattern

Fig. 6). The FTIR-ATR on the UOG materials matched the PDMS reference spectra. The polymer used to make the UOG GDAs
was known (Sylgard 184 PDMS elastomer by DOW Chemicals). Therefore, these FTIR results from the UOG GDAs could be used
as references. The stationery adhesives tapes were also examined using FTIR-ATR. The scans of the Archival Tape revealed an
adhesive based on polyurethane and the carrier based on cellulose (most likely wood pulp paper). The examination of Sellotape
showed an adhesive layer made of polyurethane-based polymer (with spectrum almost identical to this of the Archival Tape) and a
carrier made of polyethylene.

The GB1 GDA tests with DMA were conducted at 1 Hz, with two tan delta peaks measured at − 118 °C and − 18 °C. The other
bilayer material, GB2 GDA was tested at 1 Hz and 10 Hz. Test resulted in two tan delta peaks at each frequency: at − 115 °C and
at − 10 °C in the 1 Hz test, and at − 115 °C and at − 5 °C in the 10 Hz test. The UOG2 material was tested at 1 Hz, and only one
tan delta peak was measure, at − 115 °C (see Fig. 7). Frequencies were selected as the most appropriate from previous research on
glass transition temperature (Tg) in artistic and conservation materials [31].

Table 3 shows results of tensile tests conducted on GDAs at three temperatures and two RH levels.5 Tensile samples were
rectangular stripes, with a 70 mm gauge length between clamps. All samples were subjected to the same testing regime, with
constant crosshead speed of 10 mm/min, and with maximum extension set at 50 mm. Maximum stress measured in GB1 GDA was
10.1 MPa±0.43 MPa at the maximum 0.71 tensile strain (equal to the preset maximum extension). All GB1 samples yielded at an
average strain of 0.034±0.003 and at an average stress of 5.74 MPa±0.20 MPa.

GB2 GDA reached overall average stress of 0.53 MPa±0.01 MPa at 0.71 strain. No sample had yielded. In GB3 GDAs maximum
stress reached 0.91 MPa±0.04 MPa at 0.71 strain and none of the samples yielded within the boundaries of the testing parameters.
The UOG samples, apart from one broke at the clamps of the instrument. Therefore, the results are less than ideally reliable. However,
the one sample that broke at its centre did so at a 0.65 strain and at stress of 1.83 MPa.

Finally, stress relaxation tests were conducted on the GB2 and GB3 GDAs. Samples were prepared in the same way as the tensile
tests samples and tensioned to 50 mm extension (0.71 strain) at 10 mm/min. The reduction in stress was recorded over time. GB2
sample lost 15% of its maximum stress after first 15 min, after which the stress plateaued, after 5 h the reduction in stress was 23%

5 GB1 was tested earlier than other GDA types and the choice of preferred testing conditions was adjusted afterwards. However, this is not believed to have
important influence on the results.
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Fig. 7 DMA tan delta graphs of
double- and single-layer GDA
tapes. A Double-layer GB2 GDA
with two peaks, one for PDMS at
approx. − 115 °C and approx. −
10 °C; B Single-layer UOG2 with
one peak at approx. − 115 °C

from the maximum value. GB3 GDA lost 17% of the maximum stress value after first 15 min, after which period the stress also
plateaued. After 3 h the stress fell by 23% from the maximum value (see Fig. 8).

The photographic prints were characterised with optical microscopy, ESEM, FTIR-ATR and tensile testing. Both sides were
imaged with optical and electron microscopes, and the cross sections were imaged under optical microscope in visible and UV light.
The images showed a standard mass-produced photographic paper. Images of the recto showed a layer of transparent binder with
coloured dots over a layer of white substrate, which can be assumed to be the photosensitive salts suspended in a layer of gelatine on
polymer-coated paper. Images of the recto showed paper fibres coated with a layer of transparent resin. FTIR-ATR tests confirmed
the standard composition of the prints, indicating gelatine as the binder on the recto side (characteristic peaks at 1536, 1632 and
3287 1 cm wavenumber) and polyethylene as the coating on the paper (characteristic peaks at 718, 1462, 2846 and 2914 1 cm
wavenumber) from the verso side [32–35]. In tensile tests, prints samples were tested with the same parameters as the GDAs. All
samples fractured during testing with an average calculated ultimate tensile strength of 407.9 MPa±7.3 MPa, at an average strain
of 0.06±0.02.
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Fig. 8 Stress relaxation graphs showing strong early response and quick plateauing of the slope. A is the GB2 GDA graph and B is the GB3 GDA

4.2 Joints testing

The results from shear tests are shown in Table 4 and the results of peel tests are shown in Table 5. Each test was repeated five times
for each environmental condition. Shear samples were prepared as a single lap joint with 8 cm2 of overlap area (4×2 cm). T-peel
strips were 2 cm wide and 7 cm long, with 2 cm on one side left for mounting the sample in the instrument clamps. All tests, both
in shear and in peel, were conducted at a crosshead speed of 10 mm/min. The results are not given in Newton’s per area or length
because these GDA properties do not usually linearly change with size.6 Thus presenting results normalised can be misleading
without repeating the tests over a range of samples sizes.

6 Due to its fibrillar structure, crack initiation and resulting detachment of GDAs occurs at the level of individual fibre tips. From this it can be assumed that
the detachment process is dependent mostly on the resistance of individual fibres to crack initiation and their stiffness once a crack occurs at a weak spot.
Each of these two factors is independent from the size of the GDA patch. And although a bigger patch can withstand larger shearing or pull-off forces due to
the material working as one, once the crack initiation occurs at a weak spot, it spreads as quickly in each sample, and the size of the "buffer zone" in fibrillar
adhesive is less important than in a continuous one. Furthermore, a larger sample has a higher probability to cover imperfections in the substrate surface that
would serve as crack initiation spots.
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Fig. 9 Example graphs of load in testing of mechanical joints. A Shear test of the GB1 GDA. High load peak with following sliding visible. B GB1 GDA
in peeling test. Initial peak was probably caused by the backing sticking to instrument clamps. Average load calculated from the section between 30 and
60 mm of extension

GB1 GDA was tested in peel and shear only at 21 °C and 33% RH. The average tensile shear force measured for five samples
was 48.09 N±1.64 N at an average extension of 1.64 mm±0.21 mm. After that extension the force reduced but the GDA stayed
connected to the photographic print and continued sliding along the substrate until extension exceeded the length of the joint overlap.
The average peel force of the GB1 GDA was 0.30±0.06 N (see Fig. 9 for example graphs).
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GB2 GDA was tested in peel and shear in all nine environmental conditions (see Tables 4 and 5), each with 5 repeats. The mean
maximum forces was calculated at 9.29 N±1.39 N, at a calculated average 36.67 mm±5.05 mm of extension. Shear force versus
extension curves in all tests were similar, with a plateaux at the top of the curve, visually identified as being caused by the elastic
extension of the GDA, predominantly in the area between the overlap part of the joint and the instrument grip. The lowest average
shear force occurred at 35 °C and 75% RH and was 6.89±0.13 N, while the highest average shear force was 11.04±1.68 N, at
5 °C and 75% RH. In peel, GB2 material achieved overall force of 0.28±0.08 N. The lowest average peel force occurred at 35 °C
and 33% RH, 0.22±0.05 N and the highest peel force of 0.42±0.04 N occurred at 5 °C and 75% RH.

Similarly, GB3 GDA was also tested in nine environmental conditions, each with 5 repeats (see Tables 4 and 5). The average
shear force was calculated at 7.79 N±1.12 N, at an average extension of 45.85 mm±4.29 mm. The curves of GB3 GDAs were
flatter than the GB2. This was because the GDA contracted transversally (Poisson effect) after approx. 2 mm of extension, followed
by the elastic deformation until the end of the test. The lowest average shear force of 5.90±0.50 N occurred at 35 °C and 55% RH
and the highest average shear force of 9.24±0.48 N occurred at 5 °C and 33% RH. In peel, the lowest average force was 0.20±0.10
N, at 5 °C and 55% RH and the highest average peel force was 0.47±0.10 N, at 21 °C and 55% RH. The average peel force of all
GB3 GDA samples was calculated at 0.28±0.10 N.

The UOG1 and UOG2 GDAs were tested at 21 °C and 55% RH only, due to scarcity of the material. UOG1 GDA reached average
shear force of 0.8 N±0.31 N, but from 1cm2 overlap at an average extension of 0.55 mm±0.20 mm. This GDA has not detached
after reaching maximum shear force, but it stayed connected and continued to slide along the substrate print with a pronounced
ringing pattern, i.e. with the load cyclically falling and coming back up again, albeit to a slightly lower lever than in the cycle before.
UOG2 reached an average shear force of 1.37 N±0.18 N, with maximum shear loads registered on average at 0.63 mm±0.11 mm.
The connection had not broken in any of the samples but the GDA kept on sliding until reaching the end of the substrate. In the case
of UOG2 shear tests, the ringing pattern was more pronounced. UOG1 samples, due to their size could not have been peeled off, as
the stiffness of the PDMS prohibited such small patches to be stretched back without immediate springing away from the substrate.
UOG2 samples were peeled in 21 °C and 55% RH, and their average peel force was 0.27±0.02 N (see Tables 4 and 5).

Peeling of the PSA tapes was conducted only at one environmental condition of 21 °C and 55% RH. Sellotape reached average
peel force of 1.13±0.14 N, with peaks reaching 1.45 N. Archival tape reached average peel force 4.06±0.44 N, with peaks reaching
5.10 N.

4.3 Long-term and in situ testing

As a form of separate, long-term testing, set of 10, 2×1 cm2 patches of the GB1 GDA was attached to ten various surfaces around the
conservation studios, where it remained in place for two years, exposed to changes in environmental conditions as well as ambient
levels of dirt and light. Surfaces used as substrates included lacquered wood furniture, PVC-coated chipboard, PMMA glass, regular
glass and acrylic house paint. Samples were not disturbed mechanically for the entire period but were visually checked every two
months. After two years the materials were detached, photographed and attached back again for additional 24 h period in order to
test whether they have lost their ability to stick after detachment (as usually occurs with most pressure-sensitive adhesives.

Finally, a short experiment in practical use of the material has been conducted at the Silesian Museum in Katowice, Poland. A
small (outline measurements 25×50×20 mm, weight 12 g) polyester resin sculpture was immobilised in its exhibition showcase
with a 1 cm2 patch of the GB2 GDA (see Fig. 10). The sculpture had to be fixed to the glass pedestal on which it was placed, due
to fear of a visitor accidently pushing the case and causing the sculpture to slide along the glass and damage. Both GB3, GB2 and
UOG2 materials were tried for this application, but double-sided nature of the GB2 GDA was decisive in the choice of the material.
The sculpture was attached directly to the PDMS gecko layer, while the PSA backing was adhered to the glass slate base inside the
showcase. The GB2 GDA remained in this function for the entire length of the exhibition, which lasted just over three months. After
deinstallation of the exhibition, the GDA patch that was used was examined with a colourimeter against a patch of the material that
was kept in the museum, in the same conditions, but shielded against light.

4.4 Post-fracture analysis

After the adhesive tests, all samples were examined under 4×optical magnification. Samples showing possible damage were then
examined with an optical stereomicroscope at magnifications between 5 and 50×and ESEM (magnifications 40–200×). No traces
of residue or of mechanical damage were found on either the GDAs or the substrate photographs, only surface dirt on both sides of
all materials was found and it was identified as a result of handling (see Fig. 11).

5 Discussion

Material characterisation revealed the key features of the GDAs. In all materials from Gottlieb Binder GmbH the FTIR examination
suggests that the ‘gecko’ layers were made with Poly(dimethyl siloxane) or a very closely related polymer, with very probable
presence of additives. This latter conclusion is drawn from the fact that the pure PDMS is transparent, and these GDA films are
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Fig. 10 Image of Szapocznikov’s
“Mouth” polyester sculpture with
A GB2 GDA patch holding it in
place (GDA marked by the arrow,
width of the patch is 20 mm)). B
Colourimetry with used GB2
GDA on the left and the unused
sample on the right. Images by
Małgorzata Momot. Sculpture
from the collection of Dr Werner
Jerke, presented at the
“Perspective of Adolescence. Sza-
pocznikow–Wróblewski–Wajda”
Exhibition, at the Silesian
Museum in Katowice, Poland

not. Microscope imaging confirmed the architecture of all of the GDAs and their dimensions. FTIR examination also showed that
the pressure-sensitive backings of the double-layered GDAs were made of either polyurethane, or its copolymer, or a polymer very
closely related to polyurethane. However, despite showing almost identical spectra under the FTIR-ATR examination, there is a stark
difference in tensile strength between the two generations of the Gecko Nanoplast® bilayer GDAs (GB1 and GB2). This difference
is likely to be a result of a change in composition or manufacturing of the backing material. However, more analytical research
would be needed to fully explain the difference in the mechanical behaviour between these two materials. The unsuccessful attempt
at conducting tensile tests on the UOG GDAs was not a big setback, because the exact polymer used for their manufacture was
known and the data for its mechanical properties are available in literature [36]. Only one PDMS sample fractured in the centre at a
strain of 0.65, with a peak stress of 1.83 MPa Calculated Young’s modulus was 2.47 MPa, fitting closely data presented in [36] for
PDMS cured at 150 °C [5, 28].

DMA examination showed that the polymers used have glass transitions temperatures firmly below zero, close to the literature
data for the PU and PDMS: − 15 °C and − 125 °C, respectively. Both these polymers have melting temperatures significantly
above the temperatures used this research: crosslinked PDMS stays stable until at least 300 °C and most of the PUs is stable until
approx. 90 °C. Therefore, the polymers that make up the GDAs tested were firmly in the viscoelastic regions when being examined
with tensile tests. Changes in testing temperature did not influence neither the ultimate tensile strength in any of the GDAs, nor
any their elastic behaviour. This corresponds well with the DMA obtained and literature data for the polymers identified in the
FTIR examination. Interestingly however, only one GDA, the GB1, showed any signs of plastic behaviour during testing, while
all the other materials remained in their elastic regions within the testing parameters. It also showed much higher tensile strength
than other GDAs within the testing strain. Changes in temperature and humidity did influence the behaviour of the photographic
papers. Interestingly, temperature seemed to have more influence than RH on the behaviour of the prints. It can be speculated that
this is caused by the polymer coatings on both sides of the paper that are there precisely for the purpose of minimising the effect of
humidity ingress, yet they are responding to changes in temperature themselves.

Changes in RH and temperature did not significantly influence either the shear or the peel tests for any of the material pairings
tested. There are some differences between various materials and their peel and shear forces, but no significant temperature or RH
effect was found. In order to quantify the influence of testing environment on the shear adhesion, statistical analysis (anova) was
conducted on the shear test results. As it is shown in Fig. 12A, B, in shear testing of GB2 material increase in RH had an impact
on the performance of the adhesive-material system, while changes in temperature had negligible influence. It is suggested that this
is caused by the changes in behaviour of the photographic prints rather than in the adhesive. In general, the overall stiffness of the
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Fig. 11 ESEM Post-fracture
images. They show no mechanical
damages, only dirt. A GB2 GDA
and B surface of the photographic
paper

entire system is crucial for effectiveness of the GDA shear adhesion, as it prevents peeling from occurring. Because of the low peel
strength, bending of the system that changes the geometry towards peeling, or the Poisson effect to occur, will increase chances of
system failure. Similar results were identified in analysis of the GB3 shear tests. However, as it can be seen in Fig. 12C, D, changes
in temperature did cause a fall in shear adhesion, but only in the batches tested in 75% RH. Reasons behind this are unclear. One
explanation is that in 75% RH the overall increased elasticity of the system strengthens other factors weakening the joint. However
that result is not consistent with the tensile testing of photographic papers as individual materials, and as such it requires further
investigation.

It has been shown that the commercial GDA with mushroom caps on the tips of its micropillars had better performance than
the custom-made UOG GDA with micropillars with straight tips. In shear tests GB GDAs have shown over 4×higher strength
(comparing the lowest GB GDA shear strength with the UOG GDA), while keeping very similar levels of peel strength. This
comparison offers a key insight into two problems of the GDAs. Firstly, the GDA adhesion does not scale up linearly. The results
achieved with 8 cm2 lap joints were 58% higher than the results achieved from the 1 cm2 overlap (1.37 N versus 0.8 N). Secondly,
there probably is influence of the overall thickness of the GDA material. It is possible that some if not all of the difference between
the increase of the joint’s overlap area and the increase in the shear strength of the joint described above was caused by the greater
thickness of the UOG2 GDA. The thickness of the UOG2 material could cause a shift of the pulling axis during shear testing what
as a result would introduce a bending moment. What in turn would turn detachment into peeling process, speeding up the failure of
the joint.

GDAs have been shown to fulfil the key promise of the technology: the properties of high adhesive shear strength with very low
peel. Especially when the peel for the GDAs are compared with the commercially available PSA tapes. Peel forces registered in
GDAs were over 50% lower than these of PSA tapes, even if the highest result of a GDA is compared with the lowest result of a PSA
peel test. Sellotape peeled at an average force of 1.13±0.14 N from the 2 cm wide sample, while the highest peel force registered
in all GDA tests was 0.47±0.10 N from 2 cm peel front (GB3 GDA in 21 °C and 55% RH). This means the potential for incurring
damage is much lower for the GDAs than for the PSA tapes, with better reversibility. The composition and physical properties of
the backing layer in the GDA material have significant impact on the overall performance of the GDA, comparable to the impact
of the mushroom caps on the tips of the micropillars. The GDA with the highest stiffness (GB1) had over 4×higher shear strength
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Fig. 12 Parametric graph showing the results of Anova analysis on the results of GB2 (graphs A and B) and GB3 (graphs C and D) GDAs shear testing. A
and C graphs comparing influence of change in RH on batches tested in a given temperature; B and D graphs comparing influence of change in temperature
on batches tested in a given RH

than the second best-performing GDA (GB2 GDA in 5 °C and 75% RH). The elastic modulus for the GB1 GDA was calculated to
be 0.23 GPa, while the elastic modulus of the GB2 GDA was calculated to be 0.0008 GPa. This correlation partially corroborates
the results obtained by Bartlett et al. [37], who have tested soft, viscoelastic polymers without fibrillar structures. In their research
they suggested that a soft adhesive layer with backing which is linearly stiff in the shearing direction offers the strongest adhesion
in that shearing direction.

The GB1 GDA in the long-term ageing test remained attached without any naturally occurring detachment between the gecko
layer and any of the substrates it was attached to. In the reattachment test at the end of the 2 years period the GDA samples remained
as capable of adhering to the same substrates as two years prior. They remained in place for another 24 hours without detaching.
Samples examined under an optical microscope, 5–50×magnification, show no obvious changes to their GDA layer. However, the
PSA backing had yellowed significantly and started detaching from the gecko layer, as well as collecting significant amount of dust
(see Fig. 13). There was also dust observed around the GDA patch on the substrate surfaces that just settled there. Presumed presence
of chemical modifiers or additives in the PDMS layer is a potential issue in long-term use of the GDAs. However, the gecko layer
in the GDA tested has not visibly aged over the two-years test and did not lose its elasticity as estimated by eye and touch. The PSA
backings containing polyurethane are a more urgent issue, potentially mitigated by the availability of single-layer GDAs.

In the museum showcase experiment, after the end of the exhibition the GB2 GDA and the object it was securing were examined
under an optical microscope (20×magnification). The sculpture showed no visible changes and no traces of the adhesive on its
surface, unfortunately this inspection was not documented. Further analysis was not possible due to time constraints, but it would be
advisable in the future. The GDA, however, showed some change in colour. The change was identified as coming from the pressure-
sensitive backing. The change in colour was measured with a colourimeter, comparing with another GB2 GDA patch that was stored
in dark, cold place for the same period. Measurement conducted in the L*a*b space showed Delta E � 3.16, a visible difference in
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Fig. 13 GB1 GDA samples left in
open laboratory space (on the side
of a fume hood). A Just after
attachment and B after 2 years

colour, identifiable with naked eye (see Fig. 10B). The case study showed no adverse effects of the GDA in the showcase, as the
object was insulated from direct contact with the polyurethane layer by the PDMS layer. Because of that the main danger coming
from the polyurethane decomposition is off-gassing. It was not tested in this research so its influence remains a potential problem
for future research.

Following the proposed flow chart steps allowed to assess the performance of a new adhesive technology and its potential
application in conservation. The last step of the flow chart, H—Feedback, in this research is the importance of understanding the
overall composite structure of the adhesive. The potential new areas for investigation include the importance of the stiffness and
thickness of the entire GDA composite, as well as the geometry of the micropillar tips. On the other hand, it has been shown that
the GDAs can easily perform in a wide range of temperatures and relative humidity without significantly losing their strength. The
key importance of the flow chart is highlighting the need to test of the entire adhesive-substrate material systems. Only this kind of
research into adhesive behaviour within the system makes it possible to establish the safety margins for a new technology.

6 Conclusions

This project has demonstrated that GDAs do have a strong potential for applications in heritage conservation. So far, their range of
potential use is limited to smooth surfaces [5]. However, there are significant advantages of using the GDAs. When a substrate is
receptive to GDA adhesion, then the GDA will stick to it potentially indefinitely. The effective lifetime is limited only by eventual
decomposition of the PDMS, which is a polymer of considerable chemical stability. It was confirmed that a GDA adheres immediately
with full strength under only gentle finger pressure.7 The anisotropic behaviour of the GDAs has been confirmed, and the peeling
was shown to be significantly easier, requiring far less force than breaking the connection in the shear direction.

In the future, the surface properties of the potential substrates which affect the capability of the GDAs to adhere should be
investigated. This would facilitate the design of materials with wider applications in the field of heritage conservation. Additionally,
a range of composite backings should be tested in order to allow for better tailoring of the properties of the adhesive. For example,
the lowering of the GDAs Poisson’s ratio should in turn result in materials capable of sustaining greater loads in shearing. GDAs
have proven useful in a short-period application in an in situ test. More controlled tests are necessary to definitively declare GDAs
as safe, but currently it can be assumed that short- and mid-term applications (several months of continuous use) are fully within
reach of the state-of-the-art technology.
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