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FIGURE 1 » Applications where tactile properties are important.



TACTILE INTERACTION
Coatings

Soft Materials Based on Silicones and Siloxane-Polyol Urethanes

By Barry Arkles and Jonathan Goff, Gelest Inc., Morrisville, PA

hile the sensory appeal of coatings has always

been an important driver of consumer accep-

tance of devices and appliances, positive tactile

interaction properties of coatings are gaining
increased attention in an industry that has focused primarily on
their optical characteristics. Understanding both the aesthetic
and functional significance of these tactile characteristics is
therefore an area of opportunity. Physical human contact with
a surface can have positive and negative attributes; positive
attributes are often associated with terms such as “good-feel”
“soft touch,” “lubricious,” “warm,” “cushion,” and “slick,” but
are only meaningful in the context of a specific application. For
example, “slip” may be a positive attribute in one application,
but negative in another. Direct contact with metal, cellulosic or
polymeric substrates that are generally experienced as dull, or
even unpleasant, can be transformed into an interaction that
is functionally pleasant, or even luxurious, when mediated by
a coating that stimulates the mechanical and thermal receptors
of the skin differently. Applications that rely on positive tactile
interaction with coatings include healthcare appliances, mobile
devices, automotive interiors, synthetic leather, and, in a broad
sense, textile finishes as well as color and hair-care cosmetics.
Negative tactile interactions may simply result in touch-wear
failure of a coating; in textile coatings, they may be associ-
ated with friction and modulus properties that cause decubitus
ulcers. Finally, the issue of tactile properties has become critical
in the market acceptance of interactive devices ranging from
hand-held devices to human interfaces with robotics.

Figure 1 showsavariety ofapplications wheretactileinteractions
combine with functional properties. Synthetic leather finishes
require control of modulus and coefficient of friction. Capacitive
arrays for fingerprint recognition require a combination of tactile
interaction, dielectric properties, and permeability of gases and
moisture. Oxygen permeability, hydrophilicity and mechanical
properties in siloxane-urethane copolymers utilized in contact
lenses demonstrate extreme control in the medical arena that can
be translated from bulk molding to thick films.

The sensory appeal of a given coating is defined at a distance
by its positive visual attributes. However, when personal contact
involving touch and motion is an intrinsic consideration, the
acceptance of a coating depends on positive tactile interaction.
The interaction by a combination of touch and motion with an
object can be defined as “haptic interaction.”

While soft materials such as vinyl plastisols and polyurethanes
dominate the field of positive tactile interaction coatings as a whole,
silicones and siloxane-modified urethanes dominate in areas where
the precision of interaction is critical. Silicones and siloxane-modified
urethanes are well established in thermoset and thermoplastic
embodiments. This is particularly true in the medical arena, where
they have been used to fabricate devices such as catheters, pacemaker
leads and artificial heart valves. While biocompatibility is the salient
property associated with these materials, they often provide positive
tactile interactions. Measureable physical properties associated with

FIGURE 2 » Telechelic and macromeric siloxane structures.
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Positive Tactile Interaction Coatings

both the success of these materials and positive tactile inter-
action include hydrophobicity, flexibility, low surface energy,
and coefficient of friction (both dry and hydrodynamic).
Until now, these established properties have not been widely
translated to coating applications. This is in part because
the formulation of silicone-modified polyurethanes has been
handicapped by a lack of appropriate siloxane polyols, which
have been too high in molecular weight or too polydisperse
to achieve acceptable film mechanical properties. Further,
low-molecular-weight contaminants intrinsic to conven-
tional equilibrium polymerization silicones (volatile cyclics)
often interfere with film formation and substrate adhesion.
However, recent developments in the controlled polymeriza-
tion of polysiloxanes have enabled the production of siloxane
polyols with precise molecular structures, which can then
be reacted to form both silicones and urethanes suitable
for positive tactile interaction coatings. The new urethane
materials fall into two classes depending on the siloxane
polyol used: telechelic siloxane polymers (two termini with
the same functionality), and siloxane macromers (oligomeric
materials with functionality on one terminus). The specific
position and number of hydroxyl groups in these materials
enable the introduction of siloxanes into urethanes as seg-
ments, terminating blocks and, uniquely, pendant groups.
Figure 2 compares the structures of telechelic and
macromeric siloxanes. Compared to conventional
urethanes derived from polyether polyols, urethanes
derived from siloxane polyols demonstrate improved
performance in several areas - including optical,
dielectric, UV stability, coefficient of friction, nonstick/
release, low modulus and hydrophobicity (Table 1).
Human perception of tactile contact is complex, but
frequently focused on coefficient of friction, nonstick/slip,
modulus and relative hydrophobicity. While positive tactile
interaction materials are usually not intended to duplicate
skin, it is essential to understand the basic structure and
properties of skin as a benchmark for our interaction with
these materials. Skin's physical properties vary depending
on numerous factors such as location (on the body), age,
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gender and hydration. Broadly speaking, skin is incom-
pressible, anisotropic and nonlinear viscoelastic in the
normal range of deformation associated with tactile inter-
action. Figure 3 provides an illustration of skin structure,
while Table 2 summarizes the physical properties (typical
average values) of skin with data primarily selected from
hand and forearm areas.

There are two major classes of coatings associated
with positive tactile interaction in which the benefits
of siloxane-polyol-derived urethanes are enabling new
applications. Both of these classes’ physical properties
are broadly similar to those of skin. In the first class,
indirect - e.g., textural or capacitive — interaction with
the substrate is essential. A capacitive interaction is
exemplified in fingerprint recognition by submicron-
scale capacitive arrays that are coated for protection
but remain responsive to fingertip structure; these are
generally thin coatings (<250 microns), which is often
referred to as “conformal” coatings in electronic appli-
cations. In the second class of coatings, a specific resis-
tance, defined by use parameters, to physical displace-
ment - e.g., indentation or frictional displacement - is
desired. These coatings are generally >1000 microns in
thickness. Apart from the intrinsic properties of the

TABLE 1 » Urethane coating systems benefitting from
incorporation of siloxane polyols.

Coating Type Siloxane Type

Conformal Coatings

Dielectric properties Telechelic

Thermal stress management Telechelic

Flexibility Telechelic

Moisture resistance Telechelic

Release Coatings

Low surface energy Macromer
Lubricious Coatings

Abrasion resistance Macromer

Low coefficient of friction Macromer
Self-Cleaning Coatings

Hydrophobicity Macromer
Antifouling Telechelic, Macromer
Water repellency Macromer
Antigraffiti Telechelic, Macromer
Inks

Pigment dispersion Macromer

Abrasion resistance Macromer

TABLE 2 » Selected typical properties of skin.
|
Density 1.2 g/cc
Modulus, 22° 82% RH 0.5-1 x 106 Nm?
Hardness, Shore A 3-15 (fingertips 9-15)
Electrical conductivity,

. . 8.01 Sm’!
epidermis
Thermal conductivity, epidermis 0.23 Wm™'°C
Specific heat, epidermis 3590 J/kg °C

- - ) 0.2 (average) (forehead:
Coefficient of friction, dynamic 0.34, abdomen: 0.12)
Contact angle, water (cleaned,

degreased): >100




coating material, other factors such as coating thickness
and the ratio modulus of the coating to the modulus of
the substrate must be considered. In general, thin-film
or conformal coatings have high siloxane content that is
incorporated into the urethane as segments, while thick-
film or bulk coatings have lower siloxane content that is
incorporated as pendants.

Thin-Film or Conformal

Siloxane-Modified Urethanes

When either the structural features or texture of a substrate
must remain palpable, the conformality of the chosen coat-
ing becomes essential. Thin-film or conformal silicone coat-
ings rely on the flexibility of the silicone backbone (Figure 4).
For example, polydimethylsiloxane is thermodynamically
driven to spread and form monomolecular films, since its
surface tension (20.4 mN/m) is below the critical surface
tension of solid or constrained films (22.7 mN/m). The
higher the silicone content, the greater the tendency to
form conformal films. For polymers incorporating telechelic
siloxanes as blocks, it has been observed that flexibility is
limited when there are less than 6-8 siloxane units in the
blocks. As a result, most formulations use a minimum of
10 siloxane units to introduce conformality into coatings.
Table 3a summarizes the commercially available hydroxyl-
terminated siloxanes. In polyurethane technology, “poly-
ols” typically refers to molecular species with two or more
hydroxyl groups. Tabular information here utilizes the term
“carbinols” to refer to hydroxyl groups attached to a carbon
atom. This differentiates the chemistry from hydroxyl groups
attached directly to a silicon atom, termed “silanols,” which
do not form hydrolytically stable urethanes.

The selection of a particular telechelic depends on a com-
bination of mechanical property requirements, conformal-
ity, stain resistance and lubricity. In general, conformality
and stain resistance increase with siloxane block size, while
mechanical properties decrease. Other factors complicate
this simple trade-off, however. For example, if lubricity
requires a hydrodynamic water interface, a higher content
of poly(ethylene glycol) (PEG) content is desirable. On the
other hand, a large siloxane block with little or no PEG is
desirable if low modulus and minimal slip associated with
tactile positioning is required. These considerations are
further complicated by additional use requirements such
as coefficient of friction: while the relative coefficient of
friction must always be considered, the specific application
dictates consideration of more complex frictional variables
as well. If the static coefficient is higher than the dynamic
coefficient of friction, the material will exhibit nonstick-slip
properties. More commonly, materials will exhibit higher
dynamic coefficient of frictions higher than static, lead-
ing to the exhibition of stick-slip properties. Water is also
an ever-present consideration. In the case of skin against
cotton fabric, the coefficient of friction more than doubles
as the fabric becomes wet from 0.42 to 0.91. In other
cases, water provides a hydrodynamic lubricating layer.
While slip may be desirable in some applications, braking
characteristics may be more important in others (in order
to achieve braking characteristics, the CoF should exceed
1). Table 3b summarizes commercially available siloxanes
with pendant hydroxyl groups.

Thick-Film Siloxane-Modified Urethanes

In general, thick-film coatings mask or alter the underlying
texture or structure of substrates. Surface tactile interaction
is not discounted in these applications, but the hardness,
modulus and elasticity of the film become more important.

FIGURE 4 » Thin-film siloxane-modified urethane.
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TABLE 3a » Properties of carbinol (hydroxyl)-terminated siloxanes.
CHs CHs CHs
HO(CH,CH,0)(CH5)3—Si—O Sli—O Si—(CH,)3(0OCH,CH,),OH
CH3 CH3 n CHs
Molecular Viscosity ?:‘: Gll‘ylc,ol Specific Refractive
Weight (cSt) KOH/g)**  (m) Gravity  Index
DMS-C15 1000 30-50 65 1 0.98 1.417
DMS-C16 700 50-65 100 0 0.97 1.416
DMS-C21 5000 110-140 30 1 0.98 1.407
DMS-C23 10,000 300-350 20 1 0.98 1.406
DBE-C25*** 4000 400-450 - 25-30 1.07 1.450
DBP-C22%*** 3000 200-300 = 12-16 0.99 1.434

*Nominal number average molecular weight by GPC using polystyrene standard
(not correlated)

**Hydroxyl number +/- 5%

***A-B-A polyethyleneoxide-polydimethylsiloxane-polyethyleneoxide block
copolymer

***% A-B-A polypropyleneoxide-polydimethylsiloxane-polypropyleneoxide block
copolymer

TABLE 3b » Properties of carbinol (hydroxyl) pendant siloxanes.
O(CH,CH,0),H
CH3 (CH2)3 CH5 CH3
HsC-Si—O Sli—O Sli—O S|i—CH3
CH; (|ZH3 m C|H3 n CHs

OH# Equivalent Glycol
(mg Wt.(g/eq Chains/
KOH/g) OH)*  mol (m)
125-150 55-60 1000-1300 3-4 1.00 1.419

Molecular Viscosity Specific Refractive

Gravity Index

Weight  (cSt)

CMS-221 4000
CMS-222 5500-6500 150-200 28-36 1800-3200 2-3 0.98 1.411

1000~ 1500-
-832% - R
CMS-832* 2000-5000 2000 1117 10,000

CMS-626 4500-5500 550-650 75-80 1500-5500  1-3 1.09 1.458

0.5-1.5  1.09 1.505

*Nominal number average molecular weight/equivalent by GPC using polystyrene
standard (not correlated)
**(Hydroxypolyethyleneoxypropyl)methylsiloxane-(3,4-Dimethoxyphenylpropyl
methylsiloxane-dimethylsiloxane terpolymer



Positive Tactile Interaction Coatings

Since their mechanical strength is much greater than that TABLE 4 » Comparing contact angle, abrasion and friction in an IPDI-

of polysiloxanes, the general formulation strategy for poly- based urethane.

urethanes is to maintain an organic urethane backbone A B C
:m(: hlntlroduce s1lfoxanes as per;dtapt gtrl(l)ulplsl (Flgur(z1 5). Due it Block Pendant/
o the lower surface energy of trimethylsiloxy end groups Polymer side Chain

compared to the dimethylsiloxy groups that comprise the

. o Silicone DMS-T15 | DMS-C21 MCR-C62
F)ackbone of the telechelics, the use Of. pendants significantly Abrasion test failure, cycles | <100 <100 <100 4200
increases water repellency. Because siloxane macromers are - o
Coefficient of friction 0.61 0.12 0.74 0.16

relatively expensive, the organic polyol content of a stan-
Contact angle, water

dard formulation is generally substituted with the minimal bef brasi 56° 83° 72°0 82°0
amount of siloxane macromers to provide the desired effect: eore a rasllon ?

typically stain release or coefficient of friction. Synthetic gsg;z;ang e, water after 550 550 72° 80°
leather finishes, which use a silicone macromer and isopho- !

rone diisocyanate (IPDI) in combination with conventional Control (no siloxane), (A) introduction of siloxane fluid as a nonreactive additive, (B)
polyols, offer a successful example of this approach. telechelic siloxane added to form a soft block copolymer, (C) macromer forming a

Table 4 compares IPDI-based urethanes that were modi- brush polymer with siloxane pendant.

fied by addition of: (A) a nonfunctional polydimethylsiloxane
[DMS-T15]; (B) a carbinol-terminated telechelic silicone

incorporated in the polyurethane to form a block copoly-
mer (DMS-C21); and (C) a dicarbinol-terminated macromer
polymerized into the resin to introduce pendant siloxanes N- 8 O-CHz-(i—CHz-O-é -N N O-R -0-

TABLE 5 » Properties of siloxane polyol-modified urethanes.

(MCR-C62). The silicone content was 3.0-3.5% in all cases. H

While the additive approach increases contact angle, indi- &
cating an increase in hydrophobicity and release, the effect HZ
reduced with abrasion. The block polymer formed from the éHi
telechelic showed a moderate increase in contact angle that HsC 4 ~CH;,
was maintained after abrasion, but the coefficient of friction

was higher and abrasion resistance was not improved. The H3C:|:CH3
polymer formed from the macromer demonstrated increase

in hydrophobicity, decreased coefficient of friction, and a HaC st ECH3
significant increase in abrasion resistance. The results may Hs

be explained by maintenance of a nonsiloxane organic poly-

mer backbone and the free-rotational energy of a siloxane Siloxane Isophorone . Diphenylmethane
S s Diphenylmethane -
attached at only one end to the polymer backbone. Dicarbinol- Diisocyanate Diisocyanate (MDI) Diisocyanate
icti : Based Urethane  (IPDI) y (MDI)
Apart from friction and release properties, the ben-
efits of incorporating siloxanes as soft blocks into urethane 20-50 wt%
polymer structures are often associated with the reduc- . LD T IR T T telechelicin
tion of hardness and modulus to a range closer to that Siloxane Telkeahale in combination with combination with
of human soft tissues. Formulation considerations are dicarbinol polytetramethyleneoxide | with poly(alkyl)
more complex, and optimization of properties depends (PTMO) diols ordFaIrbonate
on the type and size of the siloxane block. Further, they . . lols
are frequently used in combination with other soft block Designation D_MS -C15 MCR-C62 DM5-C15
materials such as poly(tetramethylene oxide) and aliphatic Prepolymer Properties
polycarbonatediols. It is unusual on a weight percent basis Viscosity, cSt 4000-5000 T T
(liquid resin) (solid resin) (solid resin)
} ) ) o Free NCO, % 3.0-3.5 = =
FIGURE 5 » Thick-film siloxane-modified urethane. Resi .
esin Properties
o .
S/ Tensile
C Q 10.5-11. - 2-
r\.{ I\II—H—O—(CHZ)A(O(CHZ)A)O— strength, MPa U S
H [y )
CH
0 gHj o ;iongat'on’ 650-700 - 450-475
ot O'CHZ'EQZC e Tear, N/mm 2627 - 75-90
I
? Hardness, 50-55 60-80 80-85
GH2 Shore A
GHa Coefficient
C“z of friction, 0.71-0.74 0.16 0.60-0.75
HyC—Si -CH, )
3 dynamic
T i i
HaC—5i—CH; Abrasion <100 cycles >20,000 cycles 50-55 mg/1000
& resistance cycles
|n Contact angle,
H3C—Si-CHy . 70-72° 80-82° 90-110°
EHy water:




for the siloxane content to exceed 20%. At higher levels the
loss of tensile strength and other mechanical properties is
usually unacceptable. Table 5 provides mechanical proper-
ties of a range of siloxane urethane systems.

Thick-Film Silicone Coatings

Depending on the formulation, silicone coatings elicit a wide
range of tactile response. If they contained low-molecular-
weight, particularly volatile species, they are associated with
a “silky” feel and exhibit slip. On the other hand, silicone coat-
ings that have been depleted of low-molecular-weight species
are associated with a “tacky” feel. Common to both these
experiences is the extreme hydrophobicity of the polymer.
When silicone coatings are free of low-molecular-weight spe-
cies, they exhibit high coefficients of friction and, due to their
relatively low mechanical properties, failure by abrasive and
adhesive spalling during continuous tactile interaction. Well-
defined silicones with a central vinyl functionality, discrete
PEG2 (MCS-VX15), PEG3 (MCS-VX16), or tetrahydrofurfu-
ryl (THF) (MCS-VF14) pendant end groups can be used as
comonomers in addition-cure, platinum-catalyzed two-part
silicone elastomer formulations to introduce hydrophilicity
(Figure 6). In such formulations, the surface tribological
properties are modified by introducing a hydrodynamic
lubricating layer of adsorbed water. The modified silicone
elastomers retain optical clarity and mechanical perfor-
mance characteristic of this class of material with up to 15
wt% comonomer in the two-part formulation. Contact angle
measurements of deionized water on the silicone elastomer
surface showed improved wettability with comonomer con-
tent: the elastomer surface shifts from hydrophobic (contact
angle ~120°) to hydrophilic (contact angle < 90°) at ~8 wt.%
comonomer (Figure 7a). Coefficient of friction measurements
of the modified silicone elastomers demonstrate increased
surface lubricity with comonomer loadings (Figure 7b).

Conclusion

Applications for tactile coatings that require specific bio-
interface response will continue to grow in demand and
in complexity of performance specifications. In the area
of response-critical soft interactions, both urethane- and
silicone-based materials will dominate. Reactive siloxane
telechelic and macromeric siloxanes with their intrinsic
physical properties and control of structure are now able
to extend the range of performance for both urethane- and
silicone-based positive tactile interaction coatings. m
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FIGURE 6 » Thick-film silicone structures.
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FIGURE 7a » Effect of comonomer on contact angle and hydrophobicity

of silicones.
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FIGURE 7b » Effect of comonomer on coefficient of friction of silicone
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