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ABSTRACT: Rubber  products  used  in  shoe  soles  and  tires  require
high friction, especially under lubrication, to ensure safety in daily life.
The  frictional  behavior  of  rubber  under  lubrication  is  influenced  by
various  parameters,  including  the  properties  of  the  rubber  tread,  the
lubricant, the mating surface, and the sliding conditions. The effects of
these  parameters  on  friction  have  been  investigated,  but  the
mechanisms  for  enhancing  friction  under  lubrication  have  not  been
studied  systematically.  This  review  provides  a  summary  of  the
methods used to enhance rubber friction under lubrication, including
optimizing  the  tread  groove  geometry  to  improve  drainage,
increasing  the  contact  area,  preventing  liquid  from  flowing  into  the
contact  interface,  increasing  hysteresis  friction,  and  controlling  the

surface  free  energy  of  rubber  to  promote  dewetting.  Additionally,  suction-based  attachment  is  emphasized  as  an  effective
mechanism for liquid-covered surfaces. Integrating these approaches may significantly advance the design of high-friction rubber
treads, enabling the development of materials that maintain high friction regardless of lubrication conditions.
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1  Introduction
Soft materials, such as polymers, gels, foams, and biomaterials [1],
have  characteristically  low  elasticity  and  deform  easily  under  the
influence  of  external  forces,  even  at  room  temperature  [2, 3].
Rubber  is  a  polymer  with  unique  friction  and  sealing  properties,
and it  has  a  wide  range  of  industrial  applications,  including  tires
[4], shoes [5], robotic fingers [6], wiper blades [7], and mechanical
seals [8].

Rubber  materials  have  greater  friction  than  other  materials
under  dry  conditions  because  of  their  high  adhesion  friction  [9,
10] and hysteresis friction [10, 11]. Adhesion friction, which is the
product  of  the  real  contact  area  and  interfacial  shear  strength,  is
necessary  to  shear  the  bonds  formed  at  a  contact  interface  [9].
Hysteresis  friction  is  caused  by  energy  loss  associated  with  the
internal  damping  effects  within  a  viscoelastic  body.  When  a
viscoelastic  elastomer  slides  against  a  rough  surface,  hysteresis
friction  is  dominant.  In  contrast,  when  the  mating  surface  is
smooth,  adhesion  friction  is  the  main  source  of  friction  [12].
However, the friction coefficient of rubber decreases under liquid
lubrication  [12, 13].  Under  such  lubrication  conditions,  a  liquid
film  forms  at  the  contact  interface  because  of  the  fluid  pressure
generated  by  the  wedge  and  squeeze  action  [14].  The  boundary,
mixed,  and  hydrodynamic  lubrication  regimes  are  influenced  by
the  lubricant  viscosity,  sliding  velocity,  and  contact  pressure,

respectively  [15].  The  contact  pressure  between  hard  materials,
such  as  metals,  is  typically  approximately  3–4  GPa,  whereas  that
between  soft  materials,  such  as  rubber,  is  as  low  as  1  MPa  [16],
facilitating  the  formation  of  liquid  films  at  the  contact  interface
[17].  Consequently,  adhesion  friction  significantly  decreases,
leading to low friction under liquid lubrication [12].

Enhancing  the  friction  of  soft  materials  under  lubrication  is
crucial  for  real-world  applications.  For  example,  the  frictional
properties  of  tires  directly  affect  automobile  safety.  The  risk  of
traffic accidents increases on road surfaces with low skid resistance
[18−20].  On  wet  roads,  the  skid  resistance  decreases  by
approximately 20%, resulting in lower friction and thus a greater
risk  of  traffic  accidents  [21, 22].  Accordingly,  many  studies  have
been  conducted  on  the  prevention  of  hydroplaning,  where  the
surfaces  of  a  tire  and  the  road  are  separated  by  a  high-pressure
water film [23−28]. Similarly, the friction properties of shoe soles
help  determine  the  risk  of  slip-and-fall  accidents.  Falls  are  a
leading  cause  of  occupational  injuries  worldwide  [29−32],  with
slip-induced  falls  accounting  for  approximately  40% of  total  fall-
related accidents in 2011 [32]. Slip-induced falls are more likely to
occur  on  wet  surfaces  because  of  the  reduced  friction  between
shoe  soles  and  the  ground  under  wet  conditions  [32−37].
Furthermore,  grippers  are  often  required  in  robotics  to  handle
objects  covered  in  water,  soap,  oil,  or  biofilms  [38].  Objects  are
difficult  to  grasp  with  sufficient  strength  and  reliability  under
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slippery contact conditions. Increasing the normal force to ensure
that the grip is not always viable, especially when handling fragile
objects.  Therefore,  maintaining  a  high  friction  coefficient  under
lubrication is essential across various fields.

In  summary,  the  friction  of  rubber  treads  under  liquid
lubrication  should  be  enhanced  to  improve  safety  in  daily  life.
Rubber  friction  under  lubrication  is  influenced  by  various
parameters,  such  as  the  properties  of  the  rubber  tread,  the
lubricant,  the  mating  surface,  and  the  sliding  conditions  (Fig.  1).
Although these factors have been investigated, the mechanisms by
which friction can be enhanced under liquid lubrication have not
been  systematically  clarified.  Therefore,  the  strategies  for
increasing  the  friction  of  rubber  materials  under  lubrication
should be comprehensively understood.

In  this  review,  we  summarize  methods  for  enhancing  the
friction  of  rubber  used  in  shoe  soles,  tires,  and  robotic  hands
under  lubrication.  Furthermore,  on  the  basis  of  this  review,  we
identify current challenges and propose future research directions
for enhancing rubber friction in wet environments.

2  Parameters affecting friction enhancement

2.1  Tread geometry
Tread  geometry  influences  friction  under  lubrication;  different
tread designs exhibit varying frictional properties, primarily due to
their  drainage  capabilities.  Hemler  et  al.  [39]  conducted  friction
tests  on  shoe  soles  that  were  worn  with  an  abrasive  belt  under
glycerol  solution  lubrication.  They  reported  that  the  friction
coefficient decreased and the fluid force at the interface increased
as  the  shoes  became  more  worn.  This  was  attributed  to  the
disappearance  of  tread  grooves  with  wear,  which  inhibited
drainage at the contact interface. Consequently, liquid remained at
the  interface,  increasing  fluid  pressure  and  reducing  friction.
Other  studies  have  shown  that  the  disappearance  of  grooves

increases fluid pressure [40−42] and decreases friction [39, 43−50].
Therefore,  efficient  drainage  through  tread  grooves  is  crucial  for
maintaining  or  enhancing  friction  under  lubrication.  Several
parameters  influence  drainage  performance,  including  the  tread
groove  width  [51−53],  the  tread groove  depth  [54, 55],  the  tread
groove  orientation  [24, 25, 55−57],  the  edge  shape  of  the  tread
block  [58−60],  and  the  roughness  of  the  tread  block’s  bottom
surface [61, 62].

The  width  and  depth  of  tread  grooves  affect  the  volume  of
drainable  liquid,  with  larger  groove  dimensions  being  associated
with  higher  friction  coefficients  [51−54].  Gupta  et  al.  [52, 53]
reported  that  the  friction  coefficient  of  shoes  under  water
lubrication  increased  with  the  tread  groove  width  (Fig.  2).
Additionally,  Li  et  al.  [54]  conducted  friction  tests  on  rubber
treads with varying groove depths on different floors under water,
detergent,  and oil  lubrication.  They reported that  deeper grooves
promoted  drainage  and  increased  friction,  particularly  under
water  and  detergent  lubrication.  Thus,  increasing  the  width  and
depth of tread grooves enhances drainage and reduces the positive
fluid pressure  at  the contact  interface,  thereby enhancing friction
(Fig.  3).  Notably,  these  experiments  were  conducted  under  high
normal  load  conditions  to  simulate  shoe-wear  environments,  as
drainage contributes to friction under such high-load conditions.

The  orientation  of  tread  grooves  influences  the  flowability  of
liquid at the contact interface, and friction tends to increase under
water  lubrication  when  the  longitudinal  direction  of  the  tread
groove  is  perpendicular  to  the  sliding  direction  [24–56].  Li  and
Chen [56] conducted friction tests on rubber treads with different
tread  groove  orientations  under  water,  detergent,  and  oil
lubrication.  Here,  rubber  treads  with  grooves  oriented
perpendicular or at a 45-degree angle to the sliding direction (Fig. 4)
exhibited  better  drainage  and  greater  friction  coefficients  than
rubber treads with grooves aligned parallel to the sliding direction,
particularly under water and detergent lubrication. Blanchette and
Powers  [57]  also  investigated  the  effect  of  groove  orientation  on

 

Fig. 1    Parameters affecting friction of rubber.

 

Fig. 2    Effect of tread groove width on friction coefficient under wet conditions.
Reproduced with permission from Ref. [53], © The authors 2023.

 

Fig. 3    Schematic diagram of effect of groove size on drainage performance.
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the friction of shoe soles under water lubrication. Compared with
grooves  oriented  perpendicular  to  the  sliding  direction,  those
inclined  at  45  degrees  in  the  sliding  direction  resulted  in  greater
friction.  Furthermore,  researchers  have  used  computational  fluid
dynamics  (CFD)  to  investigate  the  relationship  between  tire
grooves  and  hydroplaning  risk  [24−26]  and  reported  that
perpendicular  grooves  were  less  prone  to  hydroplaning  than
parallel  grooves  because  they  provided  more  efficient  drainage.
Specifically,  vertically  intersecting  groove  patterns  reduce
hydroplaning  risk  by  increasing  the  effective  groove  volume.
These  simulation  results  indicate  that  improved  drainage
effectively  maintains  friction  and  reduces  hydroplaning  under
high-speed sliding conditions.

The edge shape and surface roughness of the rubber tread affect
liquid  accessibility  from  the  leading  edge  of  the  tread  block.
Through friction tests and contact surface observations of rubber
treads  with  different  end-face  corner  radii  under  glycerol
lubrication,  Ishizako  et  al.  [58−60]  reported  that  the  friction
coefficient  increased  as  the  end-face  corner  radius  decreased.  As
shown in Fig.  5,  under glycerol  lubrication,  samples with smaller
corner  radii  exhibited  greater  friction  than  those  with  larger
corner radii.  Moreover,  the difference in the friction between the
two  increased  significantly  with  increasing  sliding  velocity  [60].
Thus, a smaller end-face corner radius reduced fluid flow into the
contact interface, resulting in a thinner film and/or larger contact

area,  thereby  enhancing  friction.  Yamaguchi  et  al.  [61]
investigated  the  effect  of  the  surface  roughness  of  rubber  treads
under 90 wt% glycerol solution lubrication on a smooth stainless-
steel  plate.  They  reported  that  a  smooth  rubber  tread  (Ra =
0.98  μm)  exhibited  a  low  static  friction  coefficient  and  a  high
kinetic  friction  coefficient,  whereas  a  rough  rubber  tread  (Ra =
30.4  μm) showed high static  and low kinetic  friction coefficients.
Furthermore,  combining  smooth  and  rough  tread  surfaces
increased  both  friction  coefficients.  Using  the  total  reflection
method,  the  authors  reported  that  rough-surface  rubber  had  a
larger  contact  area  at  the  initiation  of  slip  than  smooth-surface
rubber,  but  the  opposite  result  was  observed  during  steady-state
sliding.  They explained that  the high static  friction in the rough-
surface sample was due to the breakdown of the lubricant film at
the  asperity  tips  caused  by  the  high  local  contact  pressure.  In
contrast,  the  high  kinetic  friction  in  the  smooth-surface  sample
was attributed to its leading edge, which inhibited the infiltration
of  the  glycerol  solution  into  the  contact  interface  during  sliding.
This  effect  was  also  confirmed  in  a  study  involving  actual
shoes [62].

These  findings  indicate  the  importance  of  designing  rubber
treads  that  enhance  drainage  for  high  friction  under  lubrication.
However,  enlarging  tread  grooves  reduces  the  stiffness  of  the
rubber  tread,  thereby  decreasing  the  contact  area.  Therefore,
simply designing large grooves is insufficient. Maegawa et al. [63]
conducted friction tests on rubber treads with varying numbers of
grooves  and  surface  roughness  levels  under  mineral  oil
lubrication.  The  kinetic  friction  coefficient  increased  with  the
number  of  grooves  in  the  samples  with  rough  surfaces  (Ra =
12.0  μm),  whereas  the  kinetic  friction  coefficient  of  the  samples
with  smooth  surfaces  (Ra =  0.15  μm)  decreased  with  increasing
groove number. For a rough mating surface, the localized contact
pressure at the leading edge of the contact interface increased with
the  number  of  grooves,  thus  enhancing  drainage;  for  a  smooth
mating surface, the real contact area of each tread block decreased
as  the  number  of  grooves  increased.  Through  friction  tests  on
rubber  treads  with  different  groove  heights  and  orientations  on
glass surfaces under glycerol solution lubrication, Yamaguchi et al.
[55] reported that a thin tread block (height: 2 mm) with grooves
parallel  to  the  sliding  direction  yielded  the  highest  friction
coefficient. This result contradicts the friction test results obtained
by Li et al. [54] and Li and Chen [56] under water and detergent
lubrication. Yamaguchi et al. [55] reported that as the stiffness of a
rubber tread decreased,  the blocks became more easily  deformed
by  frictional  torque  [64−66],  thus  reducing  the  contact  area  and
friction. These findings suggest the presence of a trade-off between
drainage and the real contact area of a rubber tread. Therefore, the
optimal  tread  groove  geometry  for  achieving  high  friction  likely
depends on the specific lubrication conditions.

The  influence  of  the  tread  geometry  of  the  rubber  block  on
friction under lubrication is summarized in Table 1.

2.2  Material properties
Various fillers, such as carbon black, silica, and calcium carbonate,
are  often  added  to  rubber  to  improve  its  mechanical  and
viscoelastic  properties  [67, 68].  Mechanical  properties,  such  as
hardness,  influence  the  contact  area  between  the  rubber  and  the
mating surface, whereas viscoelastic properties influence hysteresis
friction.  In  addition,  the  surface  free  energy  of  rubber  varies
depending on the rubber type [69] and the filler type [70, 71]. The
surface free energy influences the drainage of the thin liquid film
at  the  contact  interface  by  dewetting.  Therefore,  the  effects  of
rubber  material  properties  on  friction  enhancement  should  be
clarified.

 

Fig. 4    Schematic diagram of tread groove orientation.
 

Fig. 5    Effect  of  end-face  corner  radius  on  friction  coefficient  under  glycerol
lubrication.  (a)  Cross-sectional  profiles  of  tread  blocks  with  different  end-face
corner  radii r.  (b)  Effect  of  sliding  velocity  on  kinetic  friction  coefficient.
Reproduced with permission from Ref. [59], © Elsevier Ltd. 2023.

Enhancing friction in rubber treads under lubrication: A review 9441202-3

https://doi.org/10.26599/FRICT.2025.9441202
 

https://doi.org/10.26599/FRICT.2025.9441202


Rubber  hardness  influences  the  contact  area  and  contact
pressure. In particular, a lower hardness results in a larger contact
area  and  greater  friction  [72−74].  Gupta  et  al.  [73]  conducted
friction  tests  on  commercial  shoe  soles  with  different  hardness
levels  under  water  and  detergent  lubrication.  They  reported  that
the  friction  coefficient  increased  as  the  Shore  hardness  of  shoe
soles decreased (Fig. 6). Thus, softer shoe soles deform more easily
to  conform to  the  mating surface,  thereby increasing the  contact
area  and  friction,  as  shown  in Fig.  7.  In  addition,  friction  tests
conducted  under  high-normal-load  conditions  using
commercially  available  shoes  indicate  that  rubber  hardness
effectively  enhances  friction  under  such  conditions.  However,  a
decrease  in  rubber  hardness  does  not  necessarily  increase  the
friction  coefficient.  For  example,  Walter  et  al.  [48]  conducted
friction  tests  on  shoe  soles  with  identical  designs  but  different
hardness levels on a tiled floor under glycerol solution lubrication.
They reported no significant effect of rubber hardness on friction.
Hence,  as  in  the  experiments  of  Walter  et  al.  [48],  the  friction
coefficient  remains  unchanged  under  high-viscosity  liquid
lubrication  because  the  liquid  is  less  easily  drained  from  the
contact interface.

The  viscoelastic  properties  of  rubber  are  critical  for  achieving

high friction through hysteresis  friction when it  contacts a rough
mating  surface  under  lubrication.  The  viscoelasticity  of  rubber  is
characterized  by  a  complex  elastic  modulus,  which  includes  the

 

Table 1    Summary of studies on influence of tread geometry on friction under lubrication

Study (year) Variable Lubricant Normal load/
contact pressure Sliding velocity Major result

Li and Chen (2004) [51] Tread groove width Water, detergent, and
vegetable oil —/— — Tread grooves should be sufficiently wide to

ensure better drainage.
Gupta

et al. (2023) [52] Tread width and gap Water 250 N/— 0.50 m/s Large tread gaps enhance traction
performance.

Gupta
et al. (2023) [53] Tread width and gap Water 250 N/— 0.50 m/s Large tread gaps improve traction

performance.

Li et al. (2006) [54] Tread groove depth Water, detergent,
and vegetable oil 44.5 N/— — Deep tread grooves provide high friction.

Yamaguchi et al. (2017)
[55]

Tread block
orientation and groove

depth
Glycerol solution 66 N/264 kPa 0.20 m/s Parallel and thin tread grooves exhibit high

friction.

Li and Chen (2005) [56] Tread groove
orientation and width

Water, detergent,
and vegetable oil —/— — Perpendicular and oblique grooves exhibit

high friction.

Blanchette and Powers
(2015) [57]

Tread groove
orientation, width, and

depth
Water 400 N/— 0.50 m/s Oblique grooves exhibit high friction.

Ong and Fwa (2007) [24] Tread groove width,
height, and orientation Water —/— > 80 km/h

Simulations showed that perpendicular
grooves have higher skid resistance than

parallel grooves.

Fwa et al. (2009) [25] Tread groove pattern Water 2.41 kN/— > 80 km/h
Simulations showed that perpendicular
grooves have higher skid resistance than

parallel grooves.

Kumar et al. (2009) [26] Tread groove pattern Water 2.41 kN/— > 80 km/h
Simulations showed that a combination of

perpendicular and parallel grooves improves
skid resistance.

Ishizako et al. (2022) [58]
Lubricant viscosity

and end-face corner
radius

Glycerol solution 38.2 N/— 0.01–0.20 m/s Small end-face corner radii result in high
friction.

Ishizako et al. (2023) [59] End-face corner radius Glycerol 38.2 N/— 0.01–0.20 m/s Friction increases as the corner radius
decreases.

Ishizako et al. (2024) [60] End-face corner radius Glycerol 87.2 N/70 kPa 0.01–0.20 m/s Small end-face corner radii result in high
friction.

Yamaguchi et al. (2012)
[61]

Surface roughness of
rubber tread Glycerol solution 56.6 N/90.5 kPa 0.20 m/s

Rubber blocks with rough and smooth
surfaces exhibit high static and kinetic

friction.
Yamaguchi and

Hokkirigawa (2014) [62]
Surface roughness of

rubber tread Glycerol solution 514.5 N/— < 0.50 m/s Shoe soles with rough and smooth surfaces
exhibit high static and kinetic friction.

Maegawa
et al. (2016) [63]

Number of tread
grooves Mineral oil 30 N/— 0.1–10.0 mm/s

The effect of grooves on kinetic friction
depends on the surface roughness of the

rubber slider.

 

Fig. 6    Effect  of  Shore  hardness  on  friction  coefficient  under  wet  conditions.
Reproduced with permission from Ref. [73], © The authors 2022.
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storage  elastic  modulus  and  loss  elastic  modulus.  Persson  [75]
proposed  a  theory  of  rubber  friction  and  contact  mechanics  on
hard,  rough  surfaces,  demonstrating  that  the  friction  coefficient
due  to  hysteresis  friction  could  be  calculated  via  the  viscoelastic
properties  of  the  rubber  and  the  power  spectral  density  of  the
surface  roughness.  This  theory  has  been  validated  by  several
studies.  Conducting  friction  tests  between  rubber  and  asphalt
blocks  under  water  lubrication,  Lorenz  et  al.  [76]  reported  good
agreement  between  the  rubber  friction  calculated  via  Persson’s
contact  mechanics  theory  and  adhesion  theory  and  the  corres-
ponding measurements at low sliding velocities (< 0.001 m/s). Liu
et  al.  [77]  estimated  the  friction  coefficient  between  tires  and
asphalt  under  water  lubrication  using  Persson’s  theory  and
reported  good  agreement  between  the  calculated  and  measured
values  at  sliding  velocities  of  5–20  m/s.  He  et  al.  [78]  integrated
Persson’s  theory  with  CFD  simulations  and  identified  a  strong
correlation  between  the  calculated  and  experimental  results.
Similarly,  Ing  et  al.  [79]  applied  Persson’s  theory  to  estimate  the
friction coefficient between shoes and floors under oil lubrication
and  reported  a  good  correlation  between  the  calculated  and
measured  values  when  the  smallest-scale  surface  features  were
excluded  from  the  roughness  spectrum.  On  the  basis  of  these
theoretical  and experimental  findings,  we consider approaches to
enhancing  rubber  friction  under  liquid  lubrication.  According  to
Persson’s  theory,  a  higher  loss  elastic  modulus  and  a  lower
complex  elastic  modulus  lead  to  greater  hysteresis  friction.
Therefore, a higher loss tangent (ratio of the loss elastic modulus
to the storage elastic  modulus)  leads  to  greater  hysteresis  friction
[80], as shown in Fig. 8. However, the loss tangent depends on the
deformation  frequency  of  rubber,  which  depends  on  the
roughness and sliding velocity of the mating surface. Therefore, to
achieve  high  friction,  the  rubber  material  should  be  designed  to
have  a  high  loss  tangent  under  the  assumed  road  surface
conditions and sliding velocity.

The  surface  free  energies  of  rubber,  lubricant,  and  mating
surfaces  affect  wettability  or  microscopic  drainage  at  the  contact
interface  due  to  dewetting.  Therefore,  the  surface  free  energy  of
rubber should be controlled to promote drainage from the contact
interface  and  enhance  friction.  The  stability  of  the  liquid  film
depends on wettability, as quantified by the spreading coefficient S
(Eq. (1)) [81, 82]:

S= γSR− (γSL+ γLR) (1)

where γSR, γSL,  and γLR are  the  interfacial  tensions  between  solid
and rubber, solid and liquid, and liquid and rubber. If S < 0, then
the liquid dewets. Figure 9 shows the relationship between S and

drainage  by  dewetting.  Nishi  et  al.  [83]  conducted  friction  tests
between isoprene rubber and a marble floor under water, ethanol,
and  glycerol  lubrication  using  liquids  with  different  surface  free
energies.  They  reported  that  a  smaller S resulted  in  a  higher
dynamic  friction  coefficient  (Fig.  10).  Furthermore,  maintaining
nonuniform wettability across the rubber surface may enhance the
dewetting  effect.  Nishi  et  al.  [70]  applied  a  hydrophilic  hydrogel
patch to hydrophobic silicone rubber and conducted friction tests
on  a  silicone  rubber  hemisphere  with  nonuniform  wettability
under water lubrication. They reported that silicone rubber with a
hydrogel  patch  size  of  100  μm  exhibited  a  higher  friction
coefficient than silicone rubber without the hydrogel patch under
lubrication. In a subsequent study, Nishi et al. [71] confirmed that
real  contact  formation  in  silicone  rubber  with  a  hydrogel  patch
was  promoted  by  nonuniform  wetting.  Leveraging  this
mechanism  for  friction  enhancement,  they  further  developed
rubber  surfaces  with  nonuniform  wettability  by  incorporating
activated  carbon  and  sodium  chloride  [84]  and  silicone  rubber
particles  [85]  to  create  microdimpled  structures;  these
modifications  enhanced  friction.  Therefore,  maintaining
nonuniform  wettability  on  rubber  surfaces  promotes  dewetting
and  enhances  friction  under  lubrication.  The  influence  of  the
material  properties  of  the  rubber  block  on  friction  under
lubrication is summarized in Table 2.

2.3  Surface texture
As  shown  in  Section 2.2,  microscopic  drainage  influenced  by
surface  free  energy  contributes  to  high  friction,  indicating  the
importance  of  real  contact.  To  enhance  real  contact  and  achieve
high  friction  under  lubrication,  researchers  have  explored

 

Fig. 7    Schematic diagram of relationship between rubber hardness and contact
area.

 

Fig. 8    Schematic  diagram  of  relationship  between  loss  tangent  of  rubber  and
hysteresis loss.

 

Fig. 9    Relationship between spreading coefficient and drainage by dewetting.

 

Fig. 10    Effect  of  spreading  coefficient  on  dynamic  friction  coefficient.
Reproduced with permission from Ref. [83], © Japanese Society of Tribologists
2016.
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bioinspired textures, such as those of human fingerprints [86−89]
and the legs of frogs and crickets [90−94].

Human  fingerprints  exhibit  high  friction  coefficients  under
lubrication.  Kim  and  Yun  [86]  demonstrated  that  the  friction
force  of  silicone  rubber  with  rectangular  fingerprint  patterns
under  water  lubrication  was  higher  than  that  under  dry
conditions, suggesting that the presence of water in the fingerprint
grooves  generated  additional  adhesive  force.  Nishi  et  al.  [87]
conducted friction tests between a glass plate and an artificial skin
block  with  a  fingerprint  pattern  under  water  lubrication.  They
found reported higher friction under water lubrication than under
dry  conditions  because  real  contact  formation  was  promoted  by
negative pressure at the meniscus (Fig.  11).  On the basis of these
findings,  fingerprint-inspired  high-friction  textures  for  robotic
hands are being actively studied. Hao et al. [88] conducted object-
grasping  tests  in  water  and  oil  using  robotic  hands  with  and
without  silicone  rubber  surfaces  with  fingerprint-like  patterns

(Fig. 12). They confirmed that the fingerprint-textured robot hand
had a higher friction coefficient under lubrication.

Researchers  are  exploring  the  legs  of  species  that  live  in  wet
environments.  The  toe  pads  of  tree  frogs  are  soft  and  have  a
regular  hexagonal  microstructure  with  a  diameter  of
approximately 10 μm. The flattened surface of each cell has much
finer  microstructures  (pegs  with  diameters  of  approximately
0.1–0.4 μm) originating from hemidesmosomes [95]. Persson [96]

 

Table 2    Summary of studies on effects of material properties on friction under lubrication

Researcher (year) Variable Lubricant Normal load/
contact pressure

Sliding
velocity Major result

Jones et al. (2018)
[72]

Hardness and contact
area of shoes

Water, detergent,
and vegetable oil 250 N/— 0.5 m/s Low-hardness shoe soles achieve high

friction.
Gupta et al.
(2022) [73]

Hardness and contact
area of shoes Water 270 N/— 0.5 m/s Low-hardness shoe soles achieve high

friction.
Walter et al.
(2021) [48]

Hardness and worn
region of shoes Glycerol solution 250 N/— 0.5 m/s No effects were observed due to shoe

hardness.

Ido et al. (2019) [80] Mating surface roughness
and viscoelasticity Water —/1–3 MPa

(pin on disk test) 1.0 m/s High loss tangent and high surface roughness
improve wet-grip performance.

Nishi et al. (2016)
[83]

Spreading coefficient
of lubricant

Water, ethanol,
and glycerol 1.96 N/— 1.0–

100.0 mm/s
Friction coefficients positively correlate

with dewetting velocities.
Nishi et al. (2021)

[70] Hydrogel patch size Water 0.098 N/138 kPa 0.10 mm/s Silicone rubber with a 100-μm hydrogel
patch achieves high friction.

Nishi et al. (2022)
[84]

Content of rubber (carbon
sodium) Water 0.196 N/— 1.0 mm/s Outsole materials filled with activated carbon

or sodium chloride achieve high friction.

Nishi (2022) [85] Content of rubber (silicone
rubber particles) Water 0.196 N/— 1.0 mm/s Diene rubber containing silicone rubber

particles exhibits high friction.

 

Fig. 11    Schematic  diagram of  difference in liquid film distribution depending
on surface texture.

 

Fig. 12    Friction properties of fingerprint-inspired surface texture under water and oil lubrication. Reproduced with permission from Ref. [88], © The author(s) 2022.
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developed  a  capillary  bridge  model  and  proposed  a  theory  that
frog-toe-pad channels serve three functions: reducing the bending
elasticity of toe pads to increase the contact area; supplying liquid
to  the  rough  substrate  surface  for  strong,  fast  adhesion;  and
facilitating  drainage.  On  the  basis  of  this  theory,  many  studies
have explored tread designs with hexagonal microgroove patterns
inspired by frogs’ toe pads [90−93, 97]. Zhang et al. [92] fabricated
hexagonal  textures  with  10  μm  diameters  on  a
polydimethylsiloxane  surface  via  ion  etching,  which  was  then
rendered hydrophilic using oxygen plasma. The boundary friction
in the textured sample was ~20 times higher than the dry or wet
friction.  Furthermore,  Guo  et  al.  [94]  reported  that  the  toe  of  a
Chinese  bush  cricket  features  a  unique  hierarchical
micro–nanostructure, where micropillars are embedded with long
nanofibers  and  covered  by  smooth,  thin  films.  Thus,  they
conducted friction tests using tread patterns simulating the cricket’s
toe  and  reported  that  the  cricket-inspired  pattern  generated
greater  shear  stress  than  the  frog-inspired  pattern  under  water
lubrication  (Fig.  13).  The  cricket-inspired  pattern  maintained  a
large liquid-film area because the rear side of the tread block did
not  peel  off  when  the  tread  was  deformed  by  friction  forces.
Bioinspired  surface  textures  are  expected  to  enhance  friction,
particularly  in  low-load applications  such as  medical  devices  and
wearable  electronics.  However,  under  high-load  conditions,  this
improvement  may  decrease  because  the  effect  of  surface  tension
diminishes relative to the applied load.

A  summary  of  studies  on  the  effects  of  surface  texture  on
friction under lubrication is presented in Table 3.

3  Summary and research prospects
We  summarize  existing  methods  for  enhancing  rubber  friction
under  lubrication,  especially  under  wet  conditions.  The  first  step
involves draining the liquid from the contact interface between the
rubber and the mating surface. Effective drainage can be achieved
by increasing the size of the tread grooves and orienting the tread
longitudinally perpendicular to the sliding direction.

Moreover, liquid inflow from the front edge of the rubber block
can  be  prevented  by  reducing  the  end-face  corner  radius  while
reducing the surface roughness of the rubber block. Additionally,
micropatterns  inspired by the body characteristics  of  species  that
inhabit  wet  environments  can  be  designed  to  ensure  efficient
drainage  and  a  large  contact  area.  The  material  properties  of
rubber are also critical for increasing friction. Rubbers with a low
hardness—i.e.,  a  low  storage  elastic  modulus—can  easily  deform

to conform to  the  mating surface,  thereby increasing the  contact
area and increasing adhesion and hysteresis friction. Rubbers with
a high loss elastic modulus can exhibit high hysteresis friction due
to increased energy dissipation. Furthermore, the contact area can
be increased via the dewetting effect by controlling the surface free
energy  of  the  rubber.  This  effect  can  be  induced  by  creating
dimples  or  fingerprint-like  patterns  on  the  rubber  surface,
promoting  bubble  formation  at  the  interface  and  establishing
partial  wetting  conditions.  Integrating  these  approaches  can

 

Fig. 13    Effects  of  bioinspired  microtextures  on  friction  coefficient  under
lubrication: (a) microscopy images of different types of pillars: a bulk pillar (BP)
array, inspired by a tree-frog’s toe; a nanofibrous pillar array covered with thin
films (NFPF), inspired by a cricket’s toe; and a hexagonal pillar array composed
of self-assembled nanofibers (PSAN); (b) shear stress for different pillar surfaces.
Reproduced with permission from Ref. [94], © The authors 2023.

 

Table 3    Summary of studies on effects of surface texture on friction under lubrication

Researcher (year) Variable Lubricant Normal load/
contact pressure

Sliding
velocity Major result

Hao et al. (2023) [88] Presence of fingerprint-
like pattern Water and oil —/7.79 kPa 0.5 mm/s Fingerprint-inspired surface textures achieve high

friction under oil lubrication.

Hao et al. (2024) [89] Presence of fingerprint-
like pattern

Water, oil, and
hyaluronic —/2.39–11.79 kPa — Fingerprint-inspired surface textures achieve high

friction under oil lubrication.
Drotlef et al. (2013)

[90]
Micropillar geometry

and wettability Water 1 mN/— 5–200
μm/s

Tree-frog-like patterns lead to increased friction
only when the liquid wets the surface.

Chen et al. (2015)
[91] Micropillar geometry Water 3 mN/—

5000 mN/50 kPa
300 μm/s
500 μm/s

Hexagonal pillar patterns achieve improved
wet friction performance.

Zhang et al. (2020)
[92]

Bioinspired hierarchical
pillar surface Water 5 mN/— 200 μm/s Boundary friction on bioinspired concave pillars can

be 3.5 times higher than on a smooth surface.
Chen et al (2022)

[93]
Frog-inspired tread

pattern Water 5–15 N/— 1.5–
35 mm/s

Bionic hexagon tread pattern achieves high friction
and directional stability.

Guo et al. (2023) [94] Bioinspired hierarchical
pillar surface Water Without applying

additional force 200 μm/s Unique hierarchical microfibrous–nanofibrous pillars, such
as those inspired by bush cricket, achieve high friction.
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advance  the  design  of  high-friction  rubber  treads  under  wet
conditions.

In  recent  years,  alternative  mechanisms  for  achieving  high
friction  have  been  discovered  or  proposed  under  conditions
involving  highly  viscous  liquids,  where  the  liquid  is  difficult  to
drain  and  van  der  Waals  or  capillary  forces  have  limited
effectiveness.  Many  aquatic  species  perform  suction-based
attachments,  such  as  remora  [98],  octopus  [99, 100],  and  gobies
[101], in water. Given its effectiveness in water, this suction-based
attachment  mechanism  has  been  used  to  develop  transport
devices. Wang et al. [98] reported that a remora-inspired adhesive
disk generated high pull-off and friction forces in water. Baik et al.
[99]  measured  the  attachment  force  of  silicone  rubber  whose
texture  resembled that  of  an octopus  sucker  under  water  and oil
conditions  and  reported  that  it  exhibited  a  greater  attachment
force  than  silicone  rubber  without  such  a  texture.  Furthermore,
instead of relying on suction cups, researchers have reported that a
negative  dynamic  pressure  generated  at  the  contact  interface
during  sliding  can  increase  friction  [60, 102, 103].  Ishizako  et  al.
[60, 102]  conducted  friction  tests  on  rubber  treads  with  varying
end-face  corner  radii  and  different  groove  orientations  under
glycerol lubrication and measured the fluid pressure at the contact
interfaces of the rubber treads. They reported that a negative fluid
pressure was generated at the contact interface and that increasing

 

Fig. 14    Schematic of tread block deformation during sliding in liquid.

 

Fig. 15    Friction coefficient of inclined groove rubber tread: (a) schematic of flow channel model of tread block contact interface, (b) distribution of Ffluid_pred as a function
of length of constant gap L1 and groove depth D, (c) cross-sectional shape of each rubber tread sample, and (d) kinetic friction coefficient for each rubber tread sample.
Reproduced with permission from Ref. [103], © The authors 2025.
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the magnitude of this negative fluid pressure increased the friction
coefficient. Figure  14 shows  the  deformation  of  a  tread  block
during  sliding  in  liquid.  During  sliding,  the  tread  block  deforms
due  to  friction-induced  torque  [64−66].  Consequently,  the  rear
side  of  the  rubber  tread  peels  off  the  mating  surface,  creating  an
expansion gap between the  rubber  tread and the  mating surface.
This  gap  promotes  the  generation  of  a  negative  fluid  pressure
through  a  mechanism  opposite  to  wedge  action  [104, 105].  This
negative  fluid  pressure  reduces  the  liquid-film  thickness  during
sliding, thereby increasing the real contact area, viscous resistance,
and friction.

On  the  basis  of  these  results,  Ishizako  et  al.  [103]  proposed  a
tread  design  that  intentionally  generates  negative  fluid  pressures
via  the  abovementioned  expansion  gap  mechanism.  They
conducted  friction tests  using  a  tread  pattern  with  inclined tread
grooves  designed  to  generate  a  negative  fluid  pressure  at  the
contact  interface  under  glycerol  lubrication.  The  friction
coefficient  of  the  inclined-groove  rubber  tread  was  up  to  four
times  greater  than  that  of  the  rubber  tread  without  inclined
grooves (Fig. 15).

These approaches, which are based on adsorption forces, differ
from  conventional  methods,  which  rely  on  drainage  to  increase
friction. They are particularly effective in cases where the liquid is
difficult  to  drain.  Integrating  these  adsorption-based  approaches
into  conventional  friction-enhancing  methods  may  lead  to
breakthroughs  in  the  design  of  high-friction  rubber  treads,
enabling the development of materials that maintain high friction
regardless of lubrication conditions.

On  the  basis  of  the  above  literature  review,  we  summarized
previous  efforts  to  improve  friction  in  rubber  treads  in  the
flowchart shown in Fig. 16. When the mating surface is rough, the
use  of  high-loss-tangent  rubber  increases  hysteresis  friction,
thereby  achieving  high  overall  friction.  However,  under  high-
viscosity  or  high-sliding-velocity  conditions,  thick  liquid  films
tend  to  form,  reducing  hysteresis  friction;  in  such  cases,
promoting  drainage  is  necessary  to  restore  hysteresis  friction.  In
contrast,  when  the  mating  surface  is  smooth,  hysteresis  friction
does  not  occur,  and  a  different  approach  is  required  to  enhance
adhesive  friction.  Specifically,  high-viscosity  lubricants  have
difficulty  draining  from  the  contact  surface;  in  this  situation,

friction can be improved via fluid pressure control, i.e., generating
negative  fluid  pressure.  Conversely,  with  low-viscosity  lubricants,
drainage and surface-tension effects can be exploited. Under a low
normal  load,  the  influence  of  surface  tension  becomes  more
pronounced,  making  bioinspired  high-tension  surface
textures—such  as  fingerprints  and  tree-frog’s  toe  pads—effective
in  enhancing  friction.  Achieving  optimal  friction  with  these
textures  requires  partial  wetting  conditions;  when  the  liquid
amount  is  excessive,  fine  menisci  cannot  form,  reducing  the
friction  enhancement.  In  addition,  under  high-load  conditions,
this  improvement  may  decrease  because  the  effect  of  surface
tension  diminishes  relative  to  the  applied  load.  Under  a  high
normal  load,  maintaining  a  sufficient  contact  area  becomes
crucial;  this  can  be  achieved  using  low-hardness  rubber  or  by
improving  drainage  through  tread  pattern  design.  Improving
drainage  is  particularly  effective  under  high  sliding-velocity
conditions, where hydroplaning may occur.

Notably,  the  flowchart  in Fig.  16 does  not  account  for
interactions  among  these  factors.  For  example,  improving
drainage may increase hysteresis friction or surface-tension effects
by reducing fluid film thickness, but introducing tread patterns for
drainage may simultaneously reduce the contact area. Therefore, a
tread pattern that provides high friction under certain conditions
does not necessarily perform the same under different lubrication
conditions.  Future  work  should  consider  these  complex
interactions and evaluate friction from a multifaceted perspective
to further enhance rubber performance.
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Fig. 16    Flowchart for enhancing friction approach.
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