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Abstract. The hardness of elastomers has been known to be directly related
to the Young modulus of elastomers, whereas the Young modulus is
generally inversely proportional to the adhesion strength of an adhesive pad.
In this research, the Taguchi Design of Experiments was applied to
investigate the effect of mixing time, degassing, curing, and post curing
temperature on the Shore hardness of Vytaflex 10 pads. The adhesive
pressure of the adhesive pads was then measured. The results show that there
is an inverse relationship between Shore hardness and adhesive pressure,
although the corelation is weak.

1 Introduction

The gecko adhesion mechanism comprises a complex hierarchical system which includes the
leg, which facilitates the movement and application of the preload force at a macro scale, the
toe, enables the attachment and peeling at a meso scale, nearly half a million setae at a micro
scale, and millions of spatulae at a nano scale. The hierarchical structure on the gecko enables
adhesion on surfaces with different surface roughness, enables it to attach to uneven surfaces
and facilitates the attachment and peeling mechanism [1]. Whereas the gecko adhesion
mechanism is based on the spatulae and its hierarchical system for effective adhesion,
artificial dry adhesive pads depend on the properties and geometry of the material of the pad
[2].

The adhesion force of an adhesive pad is affected by the roughness of the surface on the
nanoscale, as presented by the Rabinovich model [3]. The adhesion force is high at very small
surface roughness (< 100 nm), decreases to a minimum at a surface roughness of around 200
nm, and then increases again for large surface roughness (> 300 nm) as shown in Fig. 1. This
is attributed to the spatula being able to attach well to the surface at a roughness of less than
100 nm, resulting in strong molecular interactions (Fig. 2a). At intermediate roughness
between 100 - 200 nm, the spatula can attach to the top of the asperities, resulting in a smaller
true contact area and a decrease in adhesion (Fig. 2b). At surface roughness greater than 200
nm, the spatula attaches to the side of the of the asperities which increases the area of contact
and adhesion force (Fig. 2¢) [3,4]. The adhesion pad attaches to surfaces when a preload force
is applied and detach when it is peeled off from the surface. The higher the preload force, the
higher the adhesion force if the saturated force is not reached. A greater peeling force is
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required when a spatula peels at a smaller peeling angle (less than 30 ) compared to when
the peeling angle is large (greater than 30°) [5,6].
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Fig. 1. Relationship between surface roughness and pull-of force [4].

Fig. 2. Spatula adhesion in different surfaces roughness [3].

Adhesion force is generally used when measuring adhesion at nano and micro scale. The
measurement used in this paper are at macro scale therefore adhesion strength which is
equivalent to the pressure applied by the pad will be used. Practically, the relationship
between the Shore hardness and adhesion strength of an adhesive pad is complex. In the
literature, no direct relationship between the Shore hardness of a pad and its adhesion strength
has been investigated. This is because the effect of other factors such as the adhesion
mechanism, surface roughness, shearing motion, stiffness, elastic modulus, pad motion,
environmental conditions, and surface energy outweigh the effect of Shore harness on
adhesion strength.

The main challenge in trying to investigate a direct relationship between Shore hardness
and adhesion strength is that Shore hardness, being a mechanical property of the material, is
expected to be constant for all pads made from the same polymer if casted in the same
condition. The polymers rarely have Shore hardness sliding across the Shore hardness scale,
unless their chemical properties have been altered, which might result in the loss of the
desired physical properties, i.e. the adhesion from van der Waals forces in this case. For
example, an adhesive pad made from Vytaflex 10 should have a Shore hardness of 10 and is
not expected to have a Shore hardness of 20 unless its chemical properties have been altered.

In this research, we investigate how Shore hardness affects the adhesion of a Vytaflex 10
pad to a substrate. The significance of the study is that it will assist in the selection of the
material used to fabricate an effective dry adhesive to be used in the development of a wall
climbing robot. The expectation is that the lower the Shore hardness of a pad, the higher the
adhesion strength as a softer material conforms to a substrate better than a harder one as a
softer pad can conform to the profile of the substrate more than a harder pad. Our
investigation is twofold; first, we monitor the process parameters during the mixing of the
resin and hardener, degassing, during curing, and after curing a Vytaflex 10 pad. The process
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parameters investigated are mixing time, degassing method, curing temperature, and post
curing temperature. The second part of the investigation is to investigate the effect of Shore
hardness on the adhesion strength of a pad.

2 Literature review

2.1 Shore hardness and Young’s modulus

A closer correlation between Shore hardness and adhesion strength can be obtained by
investigating the relationship between stiffness and Young’s modulus with adhesion strength.
The adhesion strength of a dry adhesive is affected by the stiffness of its backing layer. At
low stiffness during contact, the fibrils can conform to the surface, increasing the adhesion
strength. If stiffness increases after initial contact, there is a better load distribution between
fibrils, which also increases adhesion strength [7]. The investigations carried out by Gent
established that the hardness of an elastomer is directly proportional to Young's modulus,
whereas Young's modulus is inversely promotional to the adhesion strength of the pad. This
corelation is probably attributed to differences in the strength of the chemical bonds, which
affect both the modulus and the tensile strength. A pad with a lower Young’s modulus has a
higher conformability to the surface, allowing more surface contact and maximising the van
der Waals forces acting on the surface [8-10].

2.2 Modification of dry adhesive mechanical properties

The hardness of a polymer can be altered by modifying the chemical or physical structure or
the fabrication process [11]. Although the intention might be to alter the hardness of the
polymer, it must be noted that other chemical and mechanical properties of the polymer are
altered. Chemical modification alters both the chemical and physical properties, while
physical modification and process modification mainly alter the physical properties of the
polymer.

The mixing time of the urethane resin and hardener determines the initial homogeneity,
stoichiometry, and air content of the final product. Inadequate mixing can result in
incomplete reactions and under-linked regions, which reduces the joint strength and
durability of the urethane [12 - 15]. Vigorous and prolonged mixing leaves air bubbles,
lowers the density of the material, and introduces stress concentrators, which degrade the
properties of the material.

During moulding, when the elastomer is poured into a mould, air bubbles develop, leading
to holes and other defects in a cured dry pad, increasing the porosity of the pad, which affects
the Shore hardness of the pad. Degassing the dry adhesive pad can be achieved by vacuum
degasification or pressure ovens, which take advantage of Henry’s law [16]. The application
of a vacuum will create a pressure drop, which reduces the solubility of air in the elastomer,
resulting in air bubbles coming out of the elastomer and floating on the surface where they
pop, increasing the hardness of the pad. If an elastomer is cured at different vacuum levels,
the resultant dry adhesives will have a different hardness.

The cure temperature of the elastomer influences the degree of cross-linking between the
elastomer chain molecules, mechanical properties, and adhesion strength [17]. Increasing the
post-curing temperature of an elastomer improves its properties by enabling the process of
cross-linking of the elastomer molecule chains to be completed, improving the mechanical
properties of the dry adhesive [18]. Post-curing also increases the temperature at which
molecular mobility begins to take place, resulting in the elastomer transition from the glassy
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state to the rubbery state, which improves the adhesive pad’s surface hardness, tensile
strength, flexural strength, colour stability, and glass transition temperature [19-23].

3 Methodology

In this research, Vytaflex 10 manufactured by Smooth-On was used. The research was carried
out on two levels, investigating the process parameters that will produce a Vytaflex10 pad
with the smallest Shore hardness and determining the relationship between Shore hardness
and adhesion strength. The Taguchi Design of Experiments was applied to determine the
effect of mixing time, degassing method, curing temperature, and post-curing temperature on
the Shore hardness of the pad. The adhesive pressures of the pads were measured to
investigate the relationship between Shore hardness and adhesion strength.

3.1 Taguchi design of experiments

The effect of mixing time, degassing, curing temperature, and post-curing temperature on
Shore hardness was investigated at three levels shown in Table 1. The mixing time was the
time the Vytaflex resin and hardener are mixed. After mixing, the mixture was slowly poured
into 60 *30 mm moulds until the depth is about 10 mm. The moulds were then degassed in a
vacuum chamber for 2 minutes and a centrifuge for 5 minutes at the levels and sequence
shown in Table 1. Curing was carried out in an air-conditioned room to maintain the
temperature for 24 hours. The post-curing was carried out for 8 hours in an air-conditioned
room at 25 ° C and in a furnace at 45 ° C and 65 ° C. Eight hours is the recommended time
for the heat treatment of Vytaflex according to the manufacturer's recommendation for the
post-curing treatment. An air-conditioned environment was used to maintain the
temperatures of 20 and 25 ° C. An L9 orthogonal array with a 9-factor level combination was
chosen to determine the levels of factors for each experiment. The Shore hardness of the pads
was measured according to ISO 7619-2 standard using an Insize Shore A durometer, as
shown in Fig. 3(a). For each measurement, the indenter was pressed onto the pad for 5
seconds at each of the positions indicated in Fig. 3(b).

Table 1. Factors and levels of Taguchi experiments.

Factors Level 1 Level 2 Level 3

Mixing time (min) 2 4 6

Degassing No degassing (A) | Centrifuge & Vacuum (B) | Vacuum & Centrifuge (C)
Curing Temp (°C) 20 25 30

Post Curing Temp (°C) 25 45 65

Fig. 3. a) Measurement with durometer. b) Positions of measurement on the adhesive pad.
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The Taguchi smaller-the-better signal to noise (S/N) ratio shown in Equation 1 was

adopted.

s _ Ty?

2= —10+1og (T) )
where y is the result of each experiment and n is the number of replications of each
experiment.

3.2 Adhesion strength measurement method

The adhesion strength of the pad is determined from the force applied to the pad and the area
of the pad. The force applied to the pad was measured using the force measurement jig shown
in Fig. 4. The force exerted by the pad on the glass was measured by a 5 kg load cell which
is calibrated in grams for simplicity as the weights used in the calibration of the load cell are
in grams. The real-time data from the load cell were captured using a software called
CoolTerm [24]. A plot obtained from CoolTerm showing the preload and adhesion masses
(x-axis) against time (y-axis) is shown in Fig. 5.

Adhesive pad
holder
Adhesive pad
Glass surface Load cell
Fig. 4. Force measurement jig.
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Fig. 5. Preload and adhesion force.
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The adhesion strength was assumed to be uniformly distributed and was calculated from
the pressure obtained from the jig using the formula.

p= T8 OBD/I000 _ g 4y pg (@)
A (0.06%0.03)

where m is the mass reading from the measuring jig, g is the gravitational acceleration, and
A is the cross-sectional area of the dry adhesive in contact with the glass surface.

4 Results and analysis

4.1 Taguchi analysis

The results of the Shore harness obtained from the Taguchi experiments are shown in the L9
orthogonal array in

Table 2. MiniTab [25] was used to determine the responses to the means, S/N ratios, and
ANOVA analysis. From the S/N ratios plot in Fig. 6 it can be observed that the best setting
to produce an adhesive pad with the lowest hardness is a mixing time of 2 minutes, degassing
in a vacuum and then a centrifuge, a curing temperature of 30 °C and a post curing
temperature of 65 °C. Shore hardness appears to be more sensitive to the change

Table 2. L9 Orthogonal array.

Trial N{::([:zg Degassing Curing |Post-curing | Shore | Shore | Shore | Shore A

(min) method temp (°C)| temp (°C) | A1 A2 A3 | Average
1 2 A 20 25 10 9,5 | 10,5 10
2 2 B 25 45 9 9 9
3 2 C 30 65 8 8,5 8
4 4 A 25 65 9,5 9 9 9
5 4 B 30 25 7.5 7 6,5 7
6 4 C 20 45 10 11 11,5 11
7 6 A 30 45 7 7 6,5 7
8 6 B 25 65 10 10,5 10 10
9 6 C 20 25 9 9 9 9

in curing temperature than other factors. Changes in the mixing time, degassing method,
curing temperature, and post-curing temperature appear to have very little effect on the Shore
hardness. When considering the ANOVA results shown in Table 3 the factor that affects the
hardness the most is the curing temperature followed by the degassing method, then the post-
curing temperature and lastly the mixing time. A factor is considered significant if the p-
value is less than 0.05 and the F value is very high. All p values except for mixing time are
less than 0.05. The curing temperature is the only factor with a very high F value that makes
it the only significant factor that corresponds to the results indicated by the S/N values.
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Fig. 6. Main effects plot for SN ratios.
Table 3. ANOVA analysis.

Source DF | Adj SS Adj MS F-Value | P-Value
Mixing Time 0,796 0,398 2,53 0,108
Degassing method 2 2,46 1,23 7,82 | 0,00400
Curing Temperature 40,8 20,4 130 0
Post-curing Temperature 1,13 0,565 3,59 0,0490

Error 18 2,83 0,157

Total 26 48,0

4.2 Relationship between Shore hardness and adhesion strength

The relationship between Shore hardness and the adhesive pad is indicated in Table 4 and
Fig. 7. The adhesion strength generally decreases as the Shore hardness increases, although
there is a weak correlation between the two, as indicated by the R-Squared value of 0,53

obtained.

Table 4. Shore hardness and adhesion strength.

Shore hardness (A) | Adhesion strength (kPa)
10 4,71
9 4,07
8 5,54
9 4,6
7 4,6
11 3,12
7 5,31
10 3,84
9 4,07
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Fig. 7. Relationship between Shore harness and adhesion strength.

5 Discussion

Treating a polymer under different conditions during mixing, degassing, curing, and post-
curing can alter the Shore hardness of adhesive pads created by the polymer. Having
established that there is a relationship between Shore hardness and adhesion strength, if one
wants to continuously improve the adhesion strength obtained from the pads, one will need
to determine the optimum curing temperature of the dry adhesive. This is because it is the
one that has a significant impact on the Shore hardness of the pad. For further studies, the
effect of Shore harness on adhesion strength can be compared with the effect of other physical
properties that have been extensively covered in the literature, such as Young's modulus [8-
10], stiffness [26], surface roughness [3,4], to determine the physical property that most
influences adhesion strength.

The Shore harness measured may also be affected by the heterogeneous material
properties resulting from air bubbles remaining in the Vytaflex 10. Further investigation of
the distribution of the material characteristics needs to be carried out. This work only focusses
on the Shore hardness obtained from Vytaflex 10, which gives a relationship of Shore
hardness around 10. The results cannot be extrapolated outside the Shore hardness of 10,
since if one wants to obtain Shore hardness of 20, they will need to use a different material,
e.g. Vytaflex 20, which has a different chemical composition.

6 Conclusions

The main objective of the research was to determine a direct relationship between Shore
hardness and adhesion strength of the Vytaflex 10 elastomer. The Taguchi methods were
used to determine the process parameters that will produce an adhesion pad with the least
Shore hardness. This was achieved by moulding Vytaflex 10 at different mixing time,
degassing, curing, and post curing temperatures levels. The experiments conducted produced
adhesive pads with different Shore hardnesses whose adhesion strengths were measured to
investigate the relationship between Shore hardness and adhesion strength. The results show
that there is an inverse proportional relationship between the Shore hardness and the adhesion
strength, although there is a weak correlation.
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