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The goal of haptic engineering is to recreate the perception 
and experience of touch by applying mechanical forces to 
skin. Frictional sliding is closely associated with our sense of 

touch and has been extensively explored in tuning the mechanics of 
soft materials1–4. These advances have inspired robotic hands that 
capture basic tactile forces, but realistic force feedback remains far 
from realization5. In many applications where a lubricant is present, 
both surfaces are deformable and the forces depend both on their 
deformation and the fluid flow. Furthermore, many cases involve 
contact with deformable patterns with length scales ranging from 
tens to hundreds of micrometres. The ridges on healthy fingertips 
represent one such case. Despite the ubiquity of touch, the sliding 
friction between fingertips and patterned soft surfaces is not fully 
understood, which makes it challenging to recapitulate the full hap-
tic experience for robots and humans.

Most frictional sliding interactions involve rough surfaces. 
Such frictional processes are of fundamental interest in physics, as 
reflected in the research carried out over several centuries. They are 
also of great practical importance today in diverse areas of indus-
try. However, lubricated sliding on patterned surfaces is not fully 
understood due to the complex interplay between solid deforma-
tion, fluid dissipation and localized flow-directing effects. This 
so-called elastohydrodynamic lubrication (EHL) regime involves 
fluid films (‘hydrodynamic’) that lift and deform the two solid sur-
faces (‘elasto’)6,7. Limitations in our understanding of EHL have 
hampered progress in the design of processes that involve friction, 
especially in materials and technologies with tunable friction char-
acteristics such as robotic hands and materials with tactile attributes 
that enable grasping8.

Grasp involves the detection of frictional forces to facilitate 
manipulation9 and tactile perception10–16. Thousands of tactile 
mechanoreceptors in the skin provide the necessary feedback to 
the nervous system that enables rapid adjustment of grip forces17. 
Sliding friction on the skin is greatly affected by lubrication, for 
example, when sweat or sebum are secreted. More extreme wetting 
of the skin causes grip force to decrease in a way that is not well  

understood18. Inspired by human grasping abilities, the aim in 
robotic systems is to design grippers with mechanical attributes, 
sensors and feedback principles that improve grasp stability. For 
example, soft surfaces have been used for low-friction manipulation 
in underwater operations19. Emerging haptic technologies simulate 
the feel of natural surfaces by modulating friction through electroad-
hesion or ultrasonic vibrations13,20. Nevertheless, capturing the feel 
of realistic surfaces remains challenging because of the difficulty in 
predicting haptic forces, even with well-characterized surfaces and 
materials21. These challenges become even more pronounced in the 
presence of EHL. Such types of low-Reynolds-number EHL flows 
are common in slider bearings and soft tissues22,23. The surface pat-
terns found in these systems appear to alter the dissipation of shear 
and normal forces in the presence of thin layers of lubricant24,25. 
Understanding EHL friction is therefore important in fields ranging 
from manufacturing and telesurgery to touch screens20.

In this study, we generated a physical framework for how the EHL 
friction on patterned surfaces scales with reduced elasticity and pat-
tern geometry, so as to address the fundamental challenges that hin-
der the broad application of EHL theory. This framework was first 
constructed from triborheometry performed on model elastomers 
and polymers (Fig. 1a,d), and then validated with data from robotic 
and human fingers (Fig. 1b,c,e,f). The key observation was that 
patterns with length scales between 10 μm and 100 μm introduce a 
unique local peak in the EHL friction when they slide against another 
surface. To understand this effect and to provide a guiding framework 
for the design of EHL friction, Reynolds lubrication theory was used 
to model variations in the shear force FS and normal force FN with 
respect to the sliding speed U and the fluid film thickness h. Statistical 
analysis showed excellent agreement between the semi-analytical 
theory, linear regression and all experimental data points.

Lubrication film thickness h for patterned surfaces
Experimental studies have shown that patterned surfaces exhibit 
EHL tribology that is different from that of flat surfaces9,10, although 
the differences are not yet fully understood at a mechanistic level. 
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The data obtained from chevrons, diamonds and other patterns 
sliding against human skin suggest that some hexagonal patterns 
enhance lubricated friction while reducing dry friction during 
sliding contact26. This gap in knowledge can be traced to the chal-
lenges of obtaining analytical solutions in EHL tribology. Grubin27 
and Greenwood28 attempted the first analytical descriptions of EHL 
with reasonable accuracy by assuming that the contact line fol-
lowed a dry Hertzian contact distribution. Hamrock and Dowson 
then numerically solved the elasticity and Reynolds equations for 
macroscopically flat EHL tribopairs lubricated by a piezoviscous 

fluid by assuming the pressure is constant in a small element of the 
contact area29. In doing so, they used dimensional analyses that led 
to the development of structure−property correlations in tribology. 
Although modern numerical solutions are able to reproduce the 
complex conditions within sliding tribopairs, these methods pro-
vide less insight into experimental EHL systems, especially when 
micropatterns are involved. In fact, in their comprehensive review 
of studies investigating millimetre-sized textures and their frictional 
effects on slider bearings, Gropper et al. summarized the efforts by 
stating that ‘universal guidelines on texture selection are impossible 
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Fig. 1 | Experimental set-ups and Stribeck curves for flat and patterned soft materials. a,d, Photograph (a) and schematic (d) of the ball-on-three-plates 
triborheological accessory, in which the top ball and three substrates are in three-point contact. The ball rotates and slides against the three bottom 
substrates at a constant normal force FN. The friction force FS is obtained by converting the torque detected at increasing sliding speeds. b,e, Photograph 
(b) and schematic (e) of the lubricated friction between a robotic finger and a patterned surface with a fixated soft substrate. c,f, Photograph (c) and 
schematic (f) of the lubricated friction between a human finger and a patterned soft substrate. The soft substrate on the stage is moved by the robotic 
device against the fixated human finger. Both sets of haptic experiments were performed in fully flooded EHL conditions. The FN and FS values for the 
haptic experiments were captured by force sensors at the bottom of the sample stages. g,h, Optical microscopy (g) and three-dimensional (3D) confocal 
microscopy (h) images of the patterned soft substrates. Scale bars, 100 μm. i, Steady-state sliding friction μ as a function of the Sommerfeld number S for 
flat and patterned PDMS–PDMS tribopairs with a range of Newtonian lubricants. The solid black line represents an empirical fitting to the Stribeck curve 
of smooth PDMS–PDMS tribopairs. The pale-red region indicates the boundary and mixed lubrication regime, and the pale-green region indicates the EHL 
regime where full separation of the surfaces occurs. The error bars indicate the standard deviations from six independent measurements. The Stribeck 
curve across all S values was obtained using three sets of lubricant viscosities.
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to give’30. Our results directly address these scientific and techno-
logical challenges by showing that (1) it is quite possible to provide 
guidelines on texture selection and (2) these guidelines will become 
powerful tools in the future of haptic engineering.

In our system, h is defined as the distance between the top of 
the stationary pattern and the bottom of the sliding surface. The 
Reynolds equations predict that FS ~ U/h and FN ~ U/h2. The bulk 
friction coefficient μ of a tribopair is given by μ = FS/FN, where small 
changes in h generate substantial changes in μ. Although direct 
measurements of h are possible with specialized birefringence and 
interferometry7,31–33, the resolution of h measured this way is opti-
cally limited to below ~3 μm, even with refractive index-matched 
materials34, which is less than the film thickness (up to tens of 
micrometres) generated by many soft tribopairs35,36. Alternatively, 
mesh-based simulations are used to estimate h for flat tribopairs37. 
These numerical methods have provided a satisfactory model 
of μ that matches experimental data in the EHL regime, but are 
resource-intensive for complex geometries38 and may not fully cap-
ture the effect of wall slip32. Instead of using direct measurement 
techniques, which are not readily available for the sliding forces 
and velocities of interest in our study39 and are impractical to apply 
in many cases of interest, we estimated the absolute value of h for 
patterned tribopairs by combining measurements and correlations. 
There are three speed-dependent components in the estimated film 
thickness. The first component, ha, is the prediction of gap height 
obtained from Supplementary equation (S8), indicating that the 
lubricant pressure is concentrated on micropatterns with width a. 
The second component, cε, is the change in height of the patterns 
caused by the fluid’s normal load, which generates shear and com-
pression modes. The final component, Δh, is the difference in the 
gap height measured by the rheometer during sliding with respect 
to the zero-gap conditions, which are subject to squeeze flow40 
(Supplementary Fig. 3). Thus, h = ha + cε + Δh in our study.

EHL friction on flat and patterned substrates
We used a stress-controlled triborheometer to measure μ and 
h for 57 patterned substrates spanning four types of materi-
als with different Young’s moduli E. The four types of materials 
were poly(dimethylsiloxane) (PDMS; E = 2 MPa), mercaptoester 
(E = 137 MPa), polyester (E = 1.2 GPa) and poly(ethylene glycol) 
diacrylate–alginate double-network (DN) hydrogel (E = 3.4 MPa). 
In our set-up, a soft PDMS ball made a three-point contact with the 
substrates at a fixed FN = 1.5 N under all experimental conditions. The 
patterns consisted of raised stripes with widths 25 μm ≤ a ≤ 200 μm, 
valleys with widths 25 μm ≤ b ≤ 100 μm and fixed height c = 35 μm 
(Figs. 1g,h and 2a). Newtonian lubricants consisting of mixtures 
of glycerol and water provided the necessary span of viscosities 

(0.001 Pa s ≤ η ≤ 1.414 Pa s) for extracting the full flow curve. Sliding 
velocities of 500 μm s−1 ≤ U ≤ 35 mm s−1 were applied to the tribo-
pairs, generating Reynolds numbers of <3 × 10−3. More experimen-
tal details on the triborheometry measurements can be found in the 
Methods section. The data generated by the triborheometer plat-
form were first used to develop the scaling framework before con-
ducting robotic and human finger measurements with lubricants. 
The dimensionless Sommerfeld number S = ηU(R2/<h>)/FN is an 
independent parameter, where η is the lubricant viscosity and R is 
the radius of the static contact area (Supplementary Fig. 1). In defin-
ing the number S, the value of <h> is fixed for all materials that have 
the same pattern dimensions. It refers to the average film thickness 
at which a local maximum in μ is observed for all PDMS–PDMS 
(P–P) tribopairs (the peak of the patterned EHL curve, denoted μc, 
in Fig. 1i). The point S = 1 demarcates two regimes in EHL in which 
h scales differently with the sliding speed. The two EHL limits sepa-
rated by S = 1 are discussed in the following section. Similarly, R is 
defined for all materials using the measured radius for a P–P tribo-
pair having the same patterns. Figure 1i illustrates a representative 
Stribeck curve obtained from the triborheometer set-up for one of 
the patterned surfaces, demonstrating that patterns give rise to dif-
ferent frictional behaviour from flat surfaces in the EHL regime. The 
Stribeck curve is a standard way to characterize the steady-state bulk 
friction coefficient μ of tribopairs as a function of S.

Scaling framework with two EHL length scales
The transition friction coefficient μc is identified as the local maxi-
mum in μ, observed for patterned geometries but not smooth sur-
faces (Fig. 1i, EHL regime). Signs of these peaks have previously 
been observed in scratched stainless-steel−PDMS tribopairs41 and 
in fibrillated articular cartilage42. We hypothesize that the pres-
ence of μc is due to a transition from micro-EHL to macro-EHL, 
defined as the condition near the point where the lubrication film  
thickness jumps at intermediate values of S, which is denoted as 
Sc (Fig. 2b and Supplementary Figs. 4 and 6). The jump in h was 
only seen for patterned substrates and not for flat ones, and could 
mechanistically arise from changes in the fluid flow paths at higher 
S. The observation of two different scalings in h at different values  
of S led us to consider the length scales and forces responsible for  
EHL flows (Supplementary Fig. 3). We applied our estimated val-
ues of h to solve the Reynolds equations, along with contact area 
measurements enabled by fluorescent dye transfer (Supplementary  
Figs. 2 and 7 and Supplementary Tables 3 and 4) to compute μ in 
the micro- and macro-EHL regimes. The separation of flow regimes 
using this interpretation gives rise to two lubrication scalings (Fig. 3a).  
In the micro-EHL regime (S < Sc, h ≪ c), FS and FN are given by43

FN = PA ∼
ηUaAa
h2 +

ηUaAb
(h+c)2 ≈

ηUaAa
h2 and

FS = τA ∼
ηUAa
h +

ηUAb
h+c ≈

ηUAa
h ,

(1)

where τ is the shear stress, P is the normal pressure, Aa is the area 
of the raised patterns and Ab is the area of the valleys. To model the 
macro-EHL behaviour at S > Sc and h > c, we used

FN = PA ∼

ηURA
(h+ c)2

and FS = τA ∼

ηUA
h+ c , (2)

where A is the total contact area measured by the dye transfer method. 
Because equations (1) and (2) are scaling relations, the scaling pref-
actors kmicro and kmacro, which are material property-dependent, 
were used to generate solutions for each tribopair geometry 
(Supplementary Fig. 5). The prefactors display a linear dependence 
on the width a of the raised patterns in the micro-EHL but not 
in the macro-EHL regime (kmicro ~ a but kmacro ≠ f(a)). This linear 
dependence has been previously derived for the pressure gradients 
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Fig. 2 | EHL lubrication film thickness on patterned surfaces. a, Schematic 
of the tribopair contact. The solid orange line represents the surface of the 
top PDMS ball, the solid purple region represents the bottom patterned 
substrate and the streamlines indicate the direction of lubricant flow. b, Fluid  
film thickness h plotted as a function of S for patterned soft substrates 
with each blue curve representing measurements for a distinct surface 
geometry. The orange circles represent measurements on a flat surface.
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observed in stepped bearings43,44. The semi-analytical prediction of 
μc can be obtained from equations (1) and (2) at S = Sc. Figure 3b 
shows an example of the model data overlaid on the experimen-
tal data for a P–P tribopair (a = 100 μm, b = 100 μm, c = 35 μm). A 
number of simplifying assumptions were used to enable the compu-
tation of μc. The most important assumption was that the compli-
ance of the soft substrate generates a relatively even lubricant gap. 
Using this method, we were able to model the full EHL tribologi-
cal phenomena for patterned tribopairs of different materials and 
geometries (Supplementary Figs. 9 and 10); the semi-analytical the-
ory line showed good agreement with the linear regression fit to the 
triborheometry data (Supplementary Fig. 8), with a 4.2% difference 
in the slopes of the lines. Furthermore, a reduced chi-squared χ2 test 
conducted for the theory and regression fit45 showed an excellent 
goodness-of-fit (χ2 = 1.69, P < 0.0005).

Robotic and human haptic friction
The relevance of the EHL scaling law to soft haptics is highlighted in 
Fig. 4, in which its predictive power is demonstrated using human 
and robotic fingers. To generate the friction coefficients for the hap-
tic experiments illustrated in Fig. 4, we measured the dynamic shear 
forces produced by a soft robotic finger sliding on a subset of the 
patterned substrates (PDMS and polyester) under EHL conditions 
at speeds and normal forces relevant to wet applications (FN = 2 N, 
U = 5, 15, 30 and 50 mm s–1, Erobot = 0.8 MPa, 0.09 ≤ S ≤ 0.9; Fig. 
1b,e, Supplementary Figs. 1 and 11, Supplementary Tables 1 and 2, 
and Supplementary Video 1; see Methods for details). Separately, 
we measured the dynamic normal and shear forces produced by 
three different healthy human fingertips during frictional sliding 
against the same subset of patterned substrates under fully flooded 
EHL conditions (1 N ≤ FN ≤ 2 N, U = 5, 30, 50, 70 and 100 m s–1, 
<Efinger> = 0.65 MPa (ref. 46), 0.36 ≤ S ≤ 7.2; Fig. 1c,f, Supplementary 
Figs. 1 and 12, Supplementary Tables 1 and 2, and Supplementary 
Video 2; see Methods for details).

Figure 4 shows that the reduced EHL friction coefficient ⌢μ c falls 
on a master curve as a function of the pattern geometry (a and b), 
where ⌢μ c = μcE′

P−P/E′ and E′ is the conventional reduced modulus 
of the tribopairs. The friction coefficients measured in the haptic 
experiments are in excellent agreement with both the scaling law and 
a linear regression fit to the triborheometer measurements, despite 
the fact that the contact conditions, sliding velocities and normal 
forces applied by robotic and human fingers cannot be controlled 
as precisely. The χ2 test conducted for the linear regression and data 
from the robotic and human fingers provided further support for our 
argument (χ2 = 0.76, P < 0.0005). Importantly, Fig. 4 reveals that ⌢μ c 
values for the soft tribopairs correlate well with the geometry ratio 
a/(a + b)0.5 (see Supplementary Information for details). The correla-
tion between ⌢μ c and a/(a + b)0.5 can be explained by considering the 
length scale of each repeating unit comprising a stripe and its valley, 
where the isotropic fluid pressure on an effectively smooth surface 
is equivalent to the pressure on the top of the patterns at the EHL 
transition. Combining this length scale with the Reynolds equations 
captures the observed linear scaling between ⌢μ c,exp and a/(a + b)0.5.

Outlook
The applicability of this design principle to three different systems 
opens up many opportunities in which patterns on soft surfaces can 
be used to alter lubricated friction. EHL friction is dependent on a 
number of factors, such as wetting, surface geometry, applied pres-
sure and temperature23,47. There is much room for the development 
of an integrated, experimentally accessible and completely analytical 
theory based on well-characterized tribological systems. Effective 
models that identify salient structural and material properties, such 
as the one presented here, provide a foundation that may be further 
expanded to irregular textures and rough surfaces. As our findings 
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show, the scaling behaviour of tribopairs extends to human and 
robotic fingers, and elucidates factors affecting friction in grasping 
and tactile exploration of patterned surfaces. This information is 
needed for the future design of product surfaces and soft robotic fin-
gers that are better suited to grasping in wet and dirty conditions19, 
and may aid the design of algorithms that allow variable-friction 
touchscreens to reproduce the tactile properties of real surfaces. 
Our model also holds considerable promise for the design of medi-
cal devices that require specific levels of friction at different pres-
sures and velocities22,48. More broadly in the physical science world, 
EHL friction is important in the bulk mechanics of particulates49, 
in the design of food and cosmetics50, and in landscape evolution51 
as they feature deformable tribopairs that slide against one another.

Online content
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mation, acknowledgements, peer review information; details of 
author contributions and competing interests; and statements of 
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Methods
Fabrication of micropatterned PDMS. The micropatterned silicon wafers (wafer 
radius R = 76.2 mm) used to generate the model substrates were produced using 
standard lithographic techniques. The PDMS patterned surfaces were prepared 
by pouring 12 g Sylgard 184 (Dow Corning) with a ratio of base to curing agent 
of 10:1 (wt/wt%) onto the wafers and curing at a temperature of 70 °C overnight. 
The cured substrate has a Young’s modulus of 2 MPa and a thickness of 1.9 mm 
(ref. 52). They were cut into 0.6 cm × 1.5 cm rectangular slabs for use in tribological 
characterization. The same curing process was used to fabricate spherical PDMS 
balls with a radius of 1.27 cm in a custom stainless-steel mould.

Fabrication of micropatterned mercaptoester and polyester. Micropatterned 
surfaces made from mercaptoesters and polyesters were produced by replica 
moulding53–55. The elastic moduli for polyester and mercaptoester are 1.2 GPa 
(ref. 56) and 137 MPa (ref. 57), respectively. Before casting, a micropatterned PDMS 
mould was created as described previously. Polyester resin (Clear-Lite Casting 
Resin), styrene monomer and methyl ethyl ketone peroxide (MEKP) catalyst 
were purchased from TAP Plastics. The mercaptoester used was Norland Optical 
Adhesive 65 (NOA 65, Norland Products). The resin was mixed with styrene 
monomer in a 40:1 mass ratio. Following this step, one drop of MEKP catalyst 
was added for every 4 g polyester resin used. The mixture was then mixed and 
degassed. For the polyester substrates, 12 g resin was poured over the PDMS mould 
and left at room temperature overnight before being treated at 70 °C for 1 h prior 
to removal from the mould. The plates for tribological testing were then cut to size 
using a vertical bandsaw. For the mercaptoester substrates, 12 g NOA 65 was poured 
over the PDMS mould, covered in aluminium foil and allowed to sit until all the 
bubbles had dissipated. The NOA 65 was then exposed to ultraviolet (UV) light 
(λ = 254 nm) using a Mineralight XX-20S UV Bench Lamp (UVP) for 1 h before 
being flipped and exposed for another 1 h. The cured NOA 65 was then removed 
from the mould and plates for tribological testing were cut using a razor blade.

Fabrication of micropatterned DN hydrogel. The micropatterned poly(ethylene 
glycol) diacrylate (PEGDA) and alginate DN hydrogel substrates were similarly 
made by replica moulding. To prepare the patterned hydrogel, the PEGDA and 
alginate monomers were crosslinked in two steps. Alginic acid and PEGDA, 
obtained from Sigma-Aldrich, were used without further purification. Both alginate 
and PEGDA were each mixed with deionized water at a concentration of 5 and 40%, 
respectively. A mixture of the monomers was obtained by mixing the PEGDA and 
alginate monomer solutions in a 10:1 (wt/wt%) ratio. The photoinitiator 2-hydroxy-
2-methylpropiophenone or Darocur (Sigma-Aldrich) was added to the mixture in a 
ratio of 0.5:99.5 (wt/wt%). The resulting mixture was stirred for 10 min before being 
transferred to a glass vial. The entire container was covered in aluminium foil and 
allowed to tumble at 25 r.p.m. for at least 24 h. After 24 h, the sample was placed in a 
centrifuge at 10,000 r.p.m. for 20 min. The sample was then poured slowly (to prevent 
the entrapment of bubbles) into the middle of the PDMS mould and placed under 
UV light for 1 h (λ = 254 nm). Once completely crosslinked, the hydrogel sample was 
removed from the PDMS mould and soaked in a 1 M calcium chloride solution for 
24 h. DN hydrogel plates for tribological testing were cut using a razor blade.

Tribological characterization. The tribology experiments were conducted with 
a ball-on-three-plates geometry on a stress-controlled rheometer (DHR-2, TA 
Instruments) at a temperature of 20 °C. The geometry has a ball attached at the top 
and three plates inserted in the bottom tray (Fig. 1d). The ball was lowered to make 
contact with the three plates at a fixed normal force of FN = 1.5 N in the presence 
of a lubricant. The lubricant consisted of a mixture of deionized water and glycerol 
(Sigma-Aldrich, ≥99.5%). The water–glycerol mixtures were prepared in ratios 
(wt/wt%) of 0:100, 30:70, 10:90 and 100:0 (η = 0.001, 0.024, 0.768 and 1.412 Pa s, 
respectively). The relative sliding velocity ω between the ball and the plates ranged 
from 1 to 80 rad s–1.

Because the gap-zeroing procedure used for the tribological measurements 
was different from traditional rheometry experiments, we provide a detailed 
description here to highlight the difference. The top geometry (PDMS ball) was 
lowered against the bottom substrate until a normal load of 5 N was reached. The 
ball could not be directly lowered onto the pattern substrate with a fluid lubricant 
as the lubricant would result in squeeze flow, which would give incorrect zero-gap 
values, and there would also be a high risk of damaging the soft patterns when 
the load was applied. Instead, we used a flat substrate with no fluid to zero the 
gap. Then, we replaced the flat substrate with a patterned substrate and added the 
lubricant before conducting the experiments.

Sliding friction on a robotic finger. Lubricated friction on a bioinspired robotic 
finger was captured by sliding a fluid-filled elastomeric tactile sensor (BioTac, 
SynTouch) on flooded micropatterned soft substrates in a sliding direction 
orthogonal to the patterns. The BioTac sensor is a multimodal bioinspired sensor 
comprising a rigid core wrapped in an elastomeric skin and filled with fluid to 
recreate the compliance of a human fingertip. The sensor was mounted on a 
seven-degrees-of-freedom (DOF) robotic manipulator (WAM with BarrettHand, 
Barrett Technology), which performed the sliding across the substrate. The 
substrate was attached to the top of a 7.6 cm × 7.6 cm black polycarbonate surface. 

We measured the lubricated friction of six PDMS and three polyester patterned 
surfaces (Supplementary Table 1). The polycarbonate surface was mounted on 
a 3D-printed component with an embedded six-DOF load cell (Nano 17, ATI 
Industrial Automation). The robot was programmed to slide against the soft 
substrate at velocities of 5, 15, 30 and 50 mm s–1 (Supplementary Table 2). A 
friction coefficient was computed for each surface and speed as the ratio of the 
average tangential force to the average normal force over the time interval in which 
quasi-steady-state sliding contact occurred. The procedures relating to the analysis 
of these data are provided in the Supplementary Information.

Sliding friction on human fingers. These experiments were conducted with 
three healthy human fingers (one female age 30, two males ages 27 and 29) 
and tribopairs involving six PDMS and three polyester patterned surfaces 
(Supplementary Table 1) at sliding speeds of 5, 30, 50, 70 and 100 mm s–1. 
This subset of conditions was common to the tribometer and robotic finger 
experiments. Three independent measurements were conducted for each tribopair 
and speed. For each human finger, digit 2 of the right hand was positioned at a 
fixed location and orientation with a clamp and metal stand through adhesives 
applied to the fingernail (Fig. 1f). A custom apparatus based on a computer 
controlled the robotic device (Omega 3, Force Dimension) by applying a lateral 
sliding contact between the volar fingertip and the patterned surfaces as the forces 
were continuously measured. Each patterned surface was mounted with adhesives 
on a tray coupled to the robot through a six-axis force–torque sensor (Nano17, ATI 
Industrial Automation). A compliant real-time position control algorithm (sample 
rate 4,000 Hz) allowed the robot to generate each sliding trajectory at each of the 
five specified speeds (Supplementary Table 2) and applied a nominal FN = 1 N 
during sliding. The true normal and shear force measurements were captured by 
the force–torque sensor for analysis. Sensor measurements were captured with 
14 bit resolution and a sample rate of 4,000 Hz using a data acquisition device 
(USB-6001, National Instruments). A friction coefficient was computed for 
each surface, finger and speed as the ratio of the average tangential force to the 
average normal force over the time interval in which quasi-steady-state sliding 
contact occurred, In total, the three fingers, five speeds, nine surfaces and three 
measurement trials yielded 405 friction coefficient values. The procedures relating 
to the analysis of these data are provided in the Supplementary Information.

The sliding friction experiments on human fingers described herein did 
not need Institutional Review Board approval, because our experiments did not 
affect living people physically or physiologically, and we did not seek or receive 
identifiable private information. The hands shown in Fig. 1c and Supplementary 
Video 2 are those of co-author A. Kawazoe, who has given her consent to publish 
the image and video.

Data availability
Source data are provided with this paper. All other data that support the results in 
this study are available from the corresponding author on reasonable request.

Code availability
The MATLAB codes for solving Supplementary equation (S10) are available at 
https://doi.org/10.6084/m9.figshare.14233238.
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