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Human finger contact with small, triangular ridged surfaces
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Abstract

Ridges are often added to surfaces to improve grip of objects such rés eqpaipment, kitchen utensils, assistive
technology, etc. Although considerable work has been carried astiidy finger friction generally, not much attention has
been paid to understanding and modelling the effects of sudatee. Previous studies indicate that at low roughness values
friction decreases as roughness increases, but then a sharp increasaftersaehreshold level of roughness is reached. This
is thought to be due to interlocking. In this study an analyticalainwas developed to analyse the different mechanisms of
friction of a fingerpad sliding against triangular-ridged surfaces thairporated adhesion, interlocking and hysteresis.
Modelling was compared with experimental results from tests on fiveetiffériangular-ridged surfaces, manufactured from
aluminium, brass and steel. Model and experiment compared wellstily showed that at low ridge height and width the
friction was dominated by adhesion. However, above a ridge heigtf.® um, interlocking friction starts to contribute
greatly to the overall friction. Then at a height of 250 wm, a noticeable contribution from hysteresis, of up to 20 % of the total
friction, is observed.

Keywords: kinetic friction, ploughing friction, adhesion.
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Nomenclature

p oo o>

Real area of contact

Longest distance from centre-line of ridge to contact with skin
Radius of contact predicted by Hertz

Young’s modulus

Friction force

Adhesive Friction force

Hysteresis Friction force

Interlocking Friction force

Height of ridge

Depth of deformation for a single ridge contact

Depth of deformation when there is an adjacent ridge in contact
Length of the ridge contact

Number of ridges in contact

Applied normal load

Equivalent normal load per ridge

Pressure along the contact area of the ridge and skin

Radius of undeformed finger

Pressure coefficient

Fraction of elastic energy lost due to hysteresis

Distance between ridge peaks

Angle between the side of the ridge or indenter and the vertical centre line

Intrinsic interfacial shear strength

1. Introduction

Ridges are often added to surfaces to improve grip of objectsasicdports equipment, kitchen utensils,
assistive technology, aids, etc. Although considerable work has been cartritx study skin friction, there is
very little work in the literature to suggest how these ridged pattdfect &iction or how any effects can be
modelled (for an overview see for example [1, 2]). A surveyaaisgd a previous study [3] examined a wide range
of textures found on 69 typical handheld objects including, astantper things, food packaging and household
utensils. Texture designs fell into four main categories; criss-cross patienmpes, pimples and ridges. The
most common category was a ridge pattern, either triangular or rectangeiassrsection and between 0.1 to 5.0

mm in height. This paper is concerned with fine surface texturebdhattriangular ridges at the small end of this

spectrum, ranging from@03to 026 mm in height.




Many important aspects of finger friction have been well investig&edlies examining the effect of load
[4, 5], have shown that above a normal load of around 1 N, contact area platelatiee adhesion mechanism
dominates finger friction on smooth surfaces made from various metdisngrs and glass. Other studies
concerned with the presence of moisture, have postulated that watgrtiabs@ossibly together with capillary
adhesion can cause increased adhesion friction due to an increase in ceat§8} and that moisture can also
cause a "stick-slip" feeling for a rubbing contact between a fingeadiiicial skin [7]. A study on the effect of
contact pressure, showed that for contact situations where the adhesion mecHamates, friction
coefficients decreased with increasing contact pressure, but if ddfonnplayed an important role, contact
pressure had less of a measureable effect [8].

Previous studies on the effect of surface roughness on frictiardancne that measured friction between the
finger and 21 different grades of paper (Ra values ranging fr@rto around 4.@um) and found that the rougher
papers had a lower friction coefficient than the smoother papers [9]. ielené@rFranklin studied Ra values from
0.1 to around 1Qum for metals and polymers and showed that at these levels of roughie&s) when in
contact with forearm skin decreased as Ra went up (see Fig®.1This was thought to be due to the decrease
in contact area that would be seen at higher roughness. Clearly the rsitoiatiee finger will be different to other
areas of the body at higher roughness values due to the ha@lghmess brought about by the ridge pattern
(values ofRq have been reported between 7 an@m3]). Another study by Derler et al. examined index
fingerpad (mean Rz values between 62 andr@pand edge of hand contacts (mean Rz values between 33 and 73
um) with smooth glass (Rz = 0.05 + 0.Qfn) and rough glass (Rz = 45.0 + uf) [8]. As with the study by
Hendricks & Franklin [10], they found that under dry conditiom&tibn coefficient decreased with surface
roughness (for both fingerpad and hand).
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Fig. 1. Friction as a Function of Roughness for Forearm Skin (fedwen[10])

One study involving larger scale texture [11] investigated the effeectdmgular cross-section ridges (made

from polycarbonate) on friction. The ridge height was 0.5 mm tlaadidge width and groove width ranged from



0.5 mm to 1.5 mm. The tests were done on 14 male volunteansbient conditions, and it was also found that
the friction decreased when ridges were added to the surface. This wageatttiba lower area of contact, and
therefore less adhesion.

Tomlinson et al. [4], however, showed that for surfaces with triangdiges (giving roughness values up to
100 um — see Figure 2 for examples of 2D profiles) a threshold existed abovk fsibi@on increased. This was
thought to be due to the initiation of interlocking of the ridges enfithger pad. The friction data is shown in
Figure 3. Interestingly, closer examination of the data at lower roughnéissites that friction remained
relatively stable rather than decreasing as seen in work with surface textures without “directionality”. It may be
that for this type of surface texture the interlocking actually initiates at relatowv values of roughness and then

has an increasing effect as roughness rises.
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Fig. 2. Profiles of Aluminium, Brass and Steel at 0.4 mm fe@dmbn cut and 0.5 mm feed, 0.3 mm cut. Ridge height is in

pm, width is in mm, roughness values arguin (taken from [4)).
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Fig. 3. Friction versus Roughness for a range of materials with tta@amges (taken from [4}) a) All data; b) Data for

surfaces with low roughness values.

Tests were carried out on aluminium (HE 30), brass (CZ 121)taat(S 275). A shaping machine was used
to put thin horizontal grooves in the metal. The tool used was a 60° poinaridalhe grooves were machined at
0.5 mm feed, 0.3 mm deep cut; 0.4 mm feed, 0.2 mm deef.8upm feed, 0.15 mm deep cut; 0.2 mm feed, 0.1
mm deep cut; and 0.1 mm feed, 0.05 mm deep cut.

Given the limited work in the literature on this subject there is cleared for more to be done in this area,
particularly modelling, to provide a basis for improved grip design.

One major driver for this is safety. In 2007/2008 there were 83rBfported accidents at work due to
handling, lifting or carrying [12]. If the grip on these products ba optimised, it is hoped that some of these
acddents can be prevented. In addition to safety aspects, improvedagriplso enhance the performance of

products, such as in sports equipment, or enable a larger group &t freape a product. For example; if screw



top bottles are easier to openogre independence could be given back to the elderly, who often struggpero
them.

The objective of this work was to advance the findings of the puevieork on triangular ridges by
Tomlinson et al. [4] and develop an analytical model for friction thatdcprovide a basis for designing more
effective surface textures for good grip.

2. Analytical Model Development

Previous work analysing skin friction has suggested that there arpritvaiple mechanisms; adhesion and
hysteresis friction [13]. For a finger contacting a flat surface, hsgters said to be negligible [4, 14] and this
was also found for a sphere contacting a forearm [15]. Howevéwr itrests carried out with triangular ridges [4],
the presence of ridges introduced hysteresis as an additional compoframioof so both mechanisms must be
analysed as well as the interlocking mechanism thought to cause thefristoim with roughness. The aim here
was to develop a model to compare against the experimental results présdtitade 3 for fingerpad sliding

contacts with triangular ridges in aluminium, brass and steel.

2.1. Adhesive Friction
The adhesive friction force g for a spherical probe contacting a forearm can be described using Eduatio
[13].
Fa=12.A+aN (1)

where Ais the real area of contact, N is the applied normal fagds,the intrinsic interfacial shear strength
anda is a pressure coefficient. The coefficiedsanda for the tested finger on the nominally flat surfaces of
brass, steel and aluminium, can be taken from previous experimgnengdare shown in Table 1. If it is
assumed that Equation 1 is applicable to a ridged surface, the averageepdessbution can be used and the
adhesive friction can be calculated. The appaasyat of contact can be calculated using Hertz contact theory and
an assumed radius of the finger (16 mm) (which is the radamsidering the spherical profile from the finger to
interphalangeal joint, of the test finger) and also increasing the coathias in one direction, due to the addition
of ridges to the surface. The real area is then assumed to be halp#rerapontact area, based on previous
studies [3].

Table 1. The adhesive friction coefficients for each material at theesudaghness shown (taken from [3])

M aterial Rq(um) | 7, (N/m?) a
Aluminium 1.62 5479 0.24
Brass 1.71 4870 0.21
Steel 1.44 2254 0.23




2.2. Hysteresis Friction
Greenwood and Tabor [16] formed a model for hysteresis frictiarrigid conical slider along a rubber or a soft
elastomer. This is shown in Equation 2. Their method of derivatisruged and adapted to derive the hysteresis

friction for a finger contacting a triangular ridged surface.

1 B coto (2)

h =
T

wherepu, is the coefficient of friction due to hysteresis alofiés the fraction of elastic energy lost due to
hysteresis, and is the angle the side of the conical indenter makes with the vertical centre line.

To estimate the hysteresis friction for this case, a single triangular ridgeowsislered; Figure 4 shows an
illustration of the ridge-skin contact. The skin is only displacethbyleading edge, so the deformation force is

only along this side of the ridge; however, the normal force is appligek whole ridge.

M oving finger
—

N

Fig. 4. Schematic of a single ridge contacting the finger(ldasl the normal force, t is the distance from the centre line of the
ridge, 8 is the angle of ridge, a is the largest distance from centre line to contiaetrmfge with the skin, p is the pressure
along the contact area of the ridge and sttifis the length of the contact area, W is the resultant force dueliecapressue

and Fis the deformation force)



There will be a pressure along the leading edge, which varies along thedéngthe force (W) due to the

pressure of the ridge pressing against the skin is:
W:J'p. L.dl (3)

where L is the length of the ridge contact normal to the plane of the paper.
Equation 3 can be re-written (see Equation 4), since the distancghfeocentral axis (t) varies such that dt =
dlsinf. Integrating this between the limits of 0 and a, accounts for titaataarea (since a is the distance t where

the skin leaves contact with the ridge).
w= [P ()

The hysteresis force due to deformation,JHs the horizontal component of the force due to the applied

pressure (W). Equation 5 describes this force.
thS:W~cosez.:[p-L-dt-cot9 ®)
The normal force (N) is described using Equation 6.
N:ipLut (6)

Therefore the deformation force can be described using Equation 7.

F, N, cotd ()

yS:

There will, however, be a limit to this friction, since the finger cdy deform so far, and the ridge is not of
infinite height. The ridges tested were not tall, andetfoe¢ the finger’s maximum deformation is not reached,
thus the ridge height is the limiting factor.

The model of a single ridge does not fully describe the deformation &ince, the adjacent ridges restrict the
finger from fully deforming. To take this into account, an equivadgplied load §’) can be calculated and used

to replace N in Equation. 7



To calculate the equivalent load, it was assumed that the finger deformatjonneetrical and can therefore
be estimated (in 2D) using circles (post ridge contact). This physicallysntieainwhen the whole finger deforms
due to contact with a ridge, at the point of leaving the ridge it fornrss@nThis arc can be modelled by a circle
at a tangent to the ridge (the tangent being the point at which the fimfgeresieaves contact with the ridge). This
is illustrated in Figure 5. In this figure the larger circle representdriberfthat is deforming on a single ridge,

and the smaller circle represents the deformation of the finger when theradgeaant ridge.

v

Fig. 5. Schematic of the Circular Representation of a Finger Deformiadradtge (r = radius of the circle without an

adjacent ridge and = radius of circle with adjacent ridge)

When Figure 5 is drawn to scale, it can be seen that the ratio of tfe reidii is equal to the ratio of
deformation depths. The deformation depths are considered to beh&dip of the ridge point to the tangent of
the circle with the ridge. For a single ridge contact, the depth of deformfti,) can be estimated using
Hooke’s Law, as shown in Equation 8 (for loads above 2 N, after which the majority of the fingerpad has
deformed and area of contact plateaus for contacts with flat surface¥Hi3]assumes the rough approximation
that the spring constant (k) is linear and since the finger i€@rpressed this assumption is believed to be

appropriate for this model [3].

h =N ©)

sing = k

The ratio of the radii to the finger deformation can then be rearrangédet@my equation for the depth of

deformation (hy), when there is an adjacent ridge.

, (/1 . cos@j
2 _ A-cosf (9)

_ r h
=~ ling = “Using =5 . “llsing
r h 2-Nigge

h

adj
ridge



Again applying Hooke’s law, an equivalent load can be calculated for the new modified deformation,

described by Equation 10.

A-cosf o)

N'=k -h,,
2.h 'sing

ridge

Since Ring can be estimated using Hooke’s law (Equation 8), the overall equivalent load per ridge (N',) can

be described using Equation 11.

~

N
o =—"

- cosl ey
n 2-h

NE

ridge

where n is the number of ridges in contact.

This equivalent load can then be used as the input to compare whether mabdfatmation has occurred
yet. If it has, the limiting load, N, (the load at which the deformation reaches a maximum) is used, rather than
the equivalent load. This deformation force (for a single ridge) is thétiphea by the number of ridges in the

contact, to calculate the total deformation.

The number of ridges in contact is calculated using Equation 12 whered,,=a, = radius of contact

predicted by Hertz (Equation 13).

12

%
a, :(3-N-Rj w3

The deformation force is an overestimate of the hysteresis frictigd, @nce the skin is able to return to its
original shape, which is a mechanism of energy return. Howevevjdbe-elastic nature of the skin means that
not all of the energy inputted to deform the skin is recoverédiks difference can be represented by the
viscoelastic hysteresis loss fractigh, Therefore, by rewriting Equation 7 to replace N with the total edgniv
loadN' (= n Nj,), combining it with Equation 11 and taking into account the lossidrag, the overall hysteresis
friction can be calculated as shown in Equation 14. The loss fracti@pendent upon loading and unloading

rate, so will vary between ridge patterns, and can be found experimentall

1C



ﬂ-N-M-COtH N'pf<NmaX

FE - 4- hridge 14

hys N
ﬁ-n-%-cot& N'permax

2.3. Interlocking Friction

Considering the friction between a steel indenter and a nitrile rubber Hst]apcertain level of roughness
(Ra= 1.6 um for the rubber and R, = 1.88 um for the steel) interlocking of the asperities causes an increase in
friction. The ridged surfaces in question for our model validatienaahigher roughness than this, ER0.98 -
82.73um; R; = 1.19-98.42 pm), and the roughness of the finger ig R7— 17 um [3] (the height of ridges
varies across the finger pad). This means an additional mechanifmotioh could be the fingerpad ridges
‘climbing’ over the metallic surface ridges leading to interlocking friction. Adams ¢$8inated the coefficient
of friction due to interlocking, of one spherical particle climbing over anoftteergal particle, to be equal to the
tangent of the angle between the normal force and the vertical. This calcakatidre repeated for the finger
ridges ‘climbing’ an incline with the same result; thus interlocking friction can be described using Equation 15. It
is assumed that the total friction force, will result from a total normal load, iévhis load is applied over a

number of fingerpad ridge-surface ridge interactions.
F =N-cotd )
Finally, the total friction can be found simply as
F=F, +F,+F (16)

3. Modedling Results

Assuming a loss fraction of 0.45 [19], and using Equations4larid 15, the friction force for a finger
contacting a triangular ridged surface can be predicted. Figure 6 showedirtend and measured values of
frictional force for the materials tested. Data is presented for three materialbagaahbeen used to create five
different fine-ridged surfaces and each surface having been tedteel different normal loads (giving 75 data
points in all). Tests were carried out using one participant (female, 25ye)e whe middle finger of the dominant
hand was drawn across the surface, in a direction perpendicular to thpaitiga [4].

There is a fairly good correlation between the predicted and measured faltke brass samples, both in
terms of accuracy and precision (i.e., both the slope and correlatiditieogfare relatively close to unity). The
profiles for brass (sekigure. 2) can be seen to be closest to the assumed triangular,paktiem may explain
why the model gave the best predictions for this matertdbwever, Figure 6 indicates that there was less

accuracy in the predicted values of friction for the other materials, steell@améhium, as the slopes were less

11



close to unity. The low slope values indicate that, generally, the meeigiredicted the friction forces for steel
and aluminium. It is hypothesized that this overprediction is baséteaassumption that the ridges had distinct,
sharp points, leading to the assumed values of interlocking frictioereab in reality (see Figure 2), the ridges
for steel and aluminium were slightly blunt. The predictions for steel weledbkeprecise (indicated by the low
correlation coefficient) and this is thought to be due to the inconsistefile f the steel ridges, particulgarfor
samples with low ridge height (see Figure 2).

There are also likely to be errors in some of the other assumptions snatleas the single assumed loss
fraction, and assuming the adhesion equation for a flat surfaceagpled to ridges, and using the interlocking

equation for a particle, since this may be reduced for the skin duevigcitselastic nature.
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Fig. 6. Comparison of Predicted Friction Force and the Measured Fiftaion, for the Ridge Patterns

The modelling results also allow an analysis of which mechanisrfrictibn are important in a particular
contact, so that these can be either maximised or minimised for opfiiction properties. Figure 7 shows the
predicted overall friction forces for tests done on the brass surfaces, lokeninto contributions of each
friction mechanismThis shows that for small ridges adhesive friction has the largest iofuem the total
measured friction. Once the applied loads are greater and the ridges areingéegecking friction starts to
account for a large percentage of the overall friction. Interestingly, éoridige dimensions chosen, hysteresis
friction contributed very little to the overall friction, as seen with a prev&tudy using a spherical indenter on

the forearm [15].

12
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4. Discussion
4.1. Mechanisms of Friction

The experimental data in Figure 3 indicates that the coefficient of friction péatéth roughness, however,
prediction made from the analysis of the different friction mechanigmsot support this (see Figure 8). This was

investigated further by analysing the different friction mechanesrbe finger moves over a fine ridged surface.
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Figure 7 shows that at low ridge height, adhesion is the most danfiiion mechanism. This is because
the surface profile is such that the ridges do not penetrate a great dehkistoface of the finger. At a greater
height and width, there is more penetration into the finger, therefore thenbaofidysteresis friction increases.

The main increase in friction, as the size of the ridges is increase@, tis thiterlocking friction. Interlocking
friction is mentioned by Chang et al. as contributing to rubber fricti6h it no models were applied in this
study In examining existing models, it was found that Adams’s model of a particle ‘climbing’ over another
particle can be applied [18]. This shows that if the angle of the isdgfearper, there will be a greater amount of
interlocking friction. In application of the interlocking equation, the constveast used, such that the amount of
interlocking was calculated as a percentage of the number of metallic ridgastheng the finger ridges. This is
based upon the fact that interlocking friction is usually observed wWieedimensions of an asperity are greater

than those of the contacting asperity [21].

4.2. Results in Terms of Surface Design and Work for the Future

A comparison of Figures 7 and 8 shows that there is very little ditferemthe coefficients of friction
(friction force divided by normal force) for each texture, until a width of 0.28 mm and height of 108 pm, where
there is an increase in friction. There is a substantial increase for theeswittacidges of 0.3 mm width and 250
um height. This shows that if designing a surface for the maximum friction, the larger and higher the ridges, the
better. There may of course be a limit to this height, which has not beendatex$tas part of this study.

In the design of grips, comfort is also important. A perception studydwadd to the understanding
developed in this paper, using the type of techniques outlined in theolv@#rnes et al[22]. This could then
provide a full catalogue of information for grip desighhis work can be improved and furthered, by looking at a
wider range of ridge heights and widths. Also, a better manufagtoréthod would ensure that the profiles were
regular. This would allow better comparison of the results to the mtiued, providing a better picture of the

mechanisms of friction present, and how the ridge shapes affect friction.

5. Conclusions

In this study a model was developed for addressing finger-textutactand predictions from the model
were compared to experimental values.

In the cases modelled, adhesion was the predominant mechanism (responsitde=fthan 50% of the total
friction force, and in some cases, up to 10086 samples with shallow ridges of a height lower than 42.5 pm
(note: the spacing of the ridges also has an effect, but for the samplés tnsedtudy, ridge height was the main
parameter that dictated the shallowness or sharpness of the ridges). Thimselibe ridges are so shallow, they
allow a relatively large contact area, and therefore adheslomever for the samples with ridge heights greater
than 42.5 pm (and therefore sharper ridges), the interlocking friction mechabisoomes more influential
accounting for more than 50% of the total friction for€be finger ridges, are novequired to ‘climb’ over the

metallic surface ridges to a greater extent. Finally, at a height offB58ysteresis starts to play a greater part in

14



friction as the ridges deform the skin to a greater extent; howeveristlsiill not a dominant mechanism

(responsible for no more than approx. 10% of the total friction force)
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