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Predictive design of tactile friction for
micro/nanostructured haptic surfaces
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Design of micro/nanotextured consumer product surfaces presents the opportunity to enrich tactile
experiences and enhance the capabilities of haptic devices, enabling rich human-object interactions
through the passive or active control of finger friction. The absenceof a comprehensivemodel that can
holistically represent the underlying physics at finger-material interface, however, inhibits reliable
prediction of finger friction. Here, we develop a model for micro/nanostructured touch interfaces,
accounting for contact mechanics, capillaries, electrostatic fields, and their mutual interactions. We
experimentally validate thismodel and apply it to predicting the friction and adhesion ofmicroparticle-
coated plastic films for food packaging, and designing surface structures for electroadhesive surfaces
to achieve both stronger effects and lower variability— essential features for high-volume consumer
electronics. Our model has wide applicability in predictive design of micro/nanostructured surfaces
with diverse haptic functionalities.

The sense of touch, essential and fundamental to humanperception, enables
us to explore, interact with, and navigate the physical world through
mechanoreceptors distributedwithin the skin (Fig. 1A). Beyond its inherent
role in perceiving textures, pressures, and temperatures, tactile perception
also profoundly influences our affective and aesthetic preference for
objects1,2. From consumer electronics to cosmetics to food packaging, sur-
face modifications through texturing and coating have been employed to
reduce adhesion and friction, thus providing a “pleasant” or “high-quality”
tactile feeling3,4. The conventional trial-and-error approach, which involves
experimentally testing different combinations of surface properties
including surface textures, Young’s moduli, and surface energies, is ineffi-
cient and inadequate to find the optimal design. Moreover, at the finger-
material interface, complex multiphysics interactions arising from the
contact mechanics across scales5,6, capillaries resulting from adsorbed water
and human sweat7–9, as well as the presence of sebum and lipids, further
complicate the problem. These interactions pose significant challenges to
accurately and realistically predicting finger friction onmicro/nanotextured
surfaces — crucial for predictive design of surfaces with desirable tactile
feeling.

For active simulation and modulation of sense of touch with haptic
technologies, a diverse spectrum of novel materials and devices has been
created for both sensing and rendering, allowing users to interact with both
the real and virtual world via interactive screens and wearable devices8,10–15.

As one of the most promising device platforms, electroadhesion-based
surface haptic technologies have been successfully demonstrated. By mod-
ulating the friction force through an electrostatic field between the human
finger and the screen surface, electroadhesion can create virtual tactile
sensations on touchscreens16,17. Despite its initial success in technology
demonstration, however, challenges remain for surface haptic technology to
achieve effective and realistic tactile feedback due to the complexity and
variability of finger-screen contact interfaces. For high-volume consumer
electronics, it’s paramount to simultaneously attain a strong electroadhesion
effect and low variability against environmental and user conditions. Pre-
vious studies have demonstrated that the variability of the electroadhesion
effect results from the interactions between capillaries and electrostatic
field8. These interactions are very sensitive to the topography of the screen
surface7, indicating the possibility of optimizing the electroadhesion per-
formance of surfaces through intentionally designing nano and microscale
surface structures. This design optimization process, however, has tradi-
tionally relied on the time-consuming and costly trial-and-error process.
Current devices are optimized by fabricating and testing numerous proto-
typeswith varying glass textures and coatings. To achieve successful forward
prediction and design of micro/nanostructured surfaces for desirable fric-
tional behavior and device performance, a model that accurately captures
the governing multiphysics across scales is of paramount importance. In
addition, the texture often needs to meet optical requirements, being of a
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nanoscale size below thewavelength of light, designed to be transparent and
sometimes with added features, such as anti-glare. To meet two critical
requirements simultaneously, further drives the need for models which
enable co-design.

Pioneering works by Adams et al.18–20 adopted Bowden and Tabor’s
expression of adhesive friction21 to model fingerpad friction, where friction
is proportional to the real contact area and the interfacial shear strength, and
utilized Hertzian contact model to estimate the gross contact area by
approximating the fingerpad as the cap of an elastic sphere. This approach
laid the groundwork for recent models of finger friction. In the context of
electroadhesion, Shultz et al.16 first developed a lumped impedance model
for the electroadhesive force between skin and electroadhesion surface
haptics, highlighting the importance of the accurate description of the
textured contact gap. This foundational work paved the way for subsequent
studies that have focused on understanding andmodeling finger friction on
textured surfaces, which is essential for the design and optimization of
haptic devices. Among these efforts, Persson’s contact theory22–24 stands out
for its ability to predict the real contact area considering the surface texture
at different scales based on the surface roughness power spectrum. Its
application has been successfully extended to electroadhesion
touchscreens22,23,25. In light of thismethod, Forsbachet al.26 further adopteda
two-scale approach using a microscale bearing area model (BAM) to cal-
culate air contact gap size with surface roughness power spectrum and
incorporate this gap size into a macroscale finite element model (FEM)
finger contact model. These power spectrum based contact models, devel-
oped for randomly rough surfaces, cannot accurately describe non self-
similar surfaces, which are often the case for intentionally designed surface
textures. Moreover, electrowetting, as the result of the interaction between
capillary and electric field, was found to be an important effect to consider
for electroadhesive devices27,28, but none of these aforementioned models
directly coupled capillary and electric field. Recently, a model at the single-
asperity level was developed to consider the coupling effects of multiphysics

interactions with specific geometries of individual asperities which are not
limited to self-similar surfaces7. This model has successfully demonstrated
the impact of asperity shapes and surface energy on eletroadhesion effect
and explained the counterintuitive results of the friction of two plastic films
with different skin conditions29. The interactions between neighboring
asperities as well as the finger surface topography, however, weremissing in
the single asperity model. Due to their intrinsic limitations, none of these
works can holistically model the friction and adhesion of arbitrarily micro/
nanotextured surfaces for prediction and design.

Here, we demonstrate amultiphysicsmultiscalemodel (M2Model) for
micro/nanostructured touch interfaces which can serve as the governing
model to predict the friction and inversely design micro/nanostructures for
finger-material interfaces as well as the next-generation of haptic devices.
This model is experimentally validated, as we show that it can predict the
electroadhesion performance of micro/nanostructured haptic interfaces by
simultaneously considering contact mechanics, capillaries, electrostatic
fields, and their interactions with surface textures across scales (Fig. 1A).
Based on this model, we designed a structure for electroadhesion-based
surface haptics that can achieve high friction force modulation while
maintaining a small variation with changing relative humidity (RH)
(Fig. 1B). This model can be more generally applied to a broad variety of
surfaces. We utilized this model to predict the friction, adhesion, and
compliance of microparticle-coated plastic films (Fig. 1C) and explain
counterintuitive results for measured friction with different finger sta-
tus (Fig. 1D).

Results and discussion
As mentioned in the introduction, electroadhesion-based surface haptic
devices vary in their performance with environmental conditions and user
sweat27. To demonstrate this effect, the finger friction force of multiple
volunteers on three electroadhesive touchscreens used in commercial
devices was measured at controlled RH. The three surfaces have similar
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Fig. 1 | The Multiphysics Multiscale Model (M2 Model) for improved prediction
of tactile friction of micro/nanostructured haptic surfaces. A Schematic illus-
tration of a finger in contact with an electroadhesive touchscreen that can render
virtual textures. The zoomed-in view shows the skin with its multilayer structure
(stratum corneum, visible epidermis, dermis, and subcutaneous tissue) and sweat
glands and the eletroadhesion substrate with oxide layer. At the interface, capillary
bridges are formed with sweat, lipids, and adsorbed water from the environment.
BMeasured electroadhesion effect (ΔF/Foff = (Fon – Foff)/Foff) for three electro-
adhesive touchscreens with stochastic nanotextures. The red line schematically
shows the desirable optimized electroadhesion performance with strong effect and
reduced variability that can be achieved with predictively designed micro and
nanostructures. Insets are surface topographies characterized with an atomic force

microscope (Jupiter XR AFM, Oxford Instruments). C Schematic illustration of a
hand holding a textured plastic food package. The zoomed-in view shows micro-
particles coated on the plastic film imaged with a scanning electron microscope
(LYRA-3 Model GMH FIB-SEM, TESCAN). The scale bar is 3 μm. D Radar plot
comparing two plastic films coated with large microparticles (blue) and small
microparticles (red): friction is represented by the modeled real contact area,
adhesion is represented by the modeled capillary force, particle compliance is
defined as the ratio of indentation depth and normal load, which is the inverse of
stiffness (Supplementary Table 6). The legend shows the surface topographies of the
two samples characterized with an atomic force microscope (Jupiter XR AFM,
Oxford Instruments).

https://doi.org/10.1038/s43246-024-00724-9 Article

Communications Materials |             (2025) 6:1 2

www.nature.com/commsmat


stochastic textures resulting from a similar etching procedure, but have
different roughness (Supplementary Fig. 1). The percentage of friction force
increase by electroadhesion ((Fon –Foff)/Foff =ΔF/Foff) has been shown to be
related to the perceived tactile electroadhesion effect7,30. As shown in Fig. 1B,
the smoothest surface (screen1) has the strongest electroadhesion effect, but
it also has the largest variation across different RH.Conversely, the roughest
surface (screen 3) is much less sensitive to humidity change, but has the
weakest electroadhesion effect. None of these situations are desirable for
product performance and this example of supplied screen samples
demonstrates the limitations of trial-and-error experimentation. It is
desirable then, to be able to understandhow todecouple the electroadhesion
effect from its sensitivity to external environments and purposely design a
screen with high electroadhesion effect and low variability.

To achieve successful decoupling and parameter control, we developed
the M2 model, which accounts for important multiphysics in the micro/
nanostructured haptic interfaces: contact mechanics, electrostatics, capil-
laries, finger tissue deformation, multiscale texture, and changing finger
mechanical properties (modulus) in our model. The following sections
detail each of those calculations. The model focuses on modeling the
adhesive friction, lubricationwasnot considered: Peng et al.31 showed that to
have finger friction in the elastohydrodynamic lubrication (EHL) regime,
the fluid film thickness needs to be at least several microns, which requires
the presence of extra lubricant at the interface. The forces addressed by the
M2 model include contact force, electrostatic force, and capillary force
(surface tension and capillary pressure), which have been demonstrated to
be the most essential and dominant forces to include7,22,23,27. The van der
Waals forcewas calculatedbasedonHamaker’s theory32 andwas considered
too small to significantly impact the interactions in our system and can
therefore be neglected (see Supplementary Text 1). The retention forces
from contact angle hysteresis (CAH) were observed to be significantly
smaller than the increased friction by capillary adhesion and were thus
neglected, except for their contribution to the electroadhesion effect in

hydrophobic samples (see Supplementary Text 5). The interfacial shear
strength (τ) was assumed to be constant at 9MPa22. These assumptions
allowed for a more tractable and focused analysis of the key mechanisms
influencing finger friction on electroadhesive touchscreens.

Contact mechanics analysis considering skin modulus change
with moisture
The stratum corneum (SC) is the outermost layer of skin that directly interacts
with the external environment. It is composed of multiple layers of disk-like
corneocytes with diameters of 30~40 µm and thickness of 0.5~1 µm33,34. In our
M2 model, the first layer of the SC was modeled as a 1 μm thin plate of stiffer
material with real finger surface micro/nanoscale textures5. The rest of the
layers of the SC were modeled as a thicker and softer bulk material (Sup-
plementary Fig. 2). The elastic moduli of the two layers were set to decrease
linearly with increasing RH35 asmeasured in the literature36,37 and summarized
in Supplementary Table 2. The contact mechanics analysis of the M2 model
was first performed with preload, which provides the topological foundation
for the capillary simulation and electrostatic analysis. (See Supplementary Text
Section 1 for further details of the contact analysis).

Capillary simulation for micro/nanostructured interfaces
Akey aspect of themicro/nanostructuredhaptic interface is capillaries from
finger sweat, lipids, and condensed water7,8. Capillaries contribute to finger
friction force by increased normal contact area and contact angle hysteresis
(CAH). In theM2model, both effects are considered.The increase of normal
contact area induced by capillary force was calculated using the gap profile
between the skin and the substrate after the contactmechanics analysis with
preload. A given total volume of water was randomly distributed in the gap
geometry in the form of many tiny droplets (100 droplets per μm3) with
random initial volumes (Fig. 2c, Supplementary Fig. 6). The number of
initial droplets was chosen based on a previous study to ensure the good
model convergence27.
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Fig. 2 | Themultiphysics multiscale model (M2Model) formicro/nanostructured
haptic interfaces. a Electroadhesive surfaces structured with micro/nano scale hole
arrays with their nominal parameters. Themeasured parameters are summarized in
Supplementary Table 1. b Flow chart of the M2 model. c Capillary simulation at the
micro/nanostructured interface: the initial random distribution of 500 tiny water
droplets with a total water volume of 5 μm3 (left) and the final distribution of
capillary bridges and water droplets on the substrate and on the skin. Note that in

this case, there are no droplets on the skin because it has a higher contact angle than
the substrate which is energetically unfavorable. dModeled capillary force for the
simulated 12 × 12 μm2 area. Each data point is the average of results simulated with
the water volumes in Supplementary Table 4 for each relative humidity and the error
bar represents the upper and lower limits. e Modeled electrostatic force at the
effective voltage of a 200 V amplitude AC signal, or the root-mean-squared voltage
(Vrms) at 141.4 V, and considering the simulated capillary distribution.
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Thedropletswere thenallowed tomove freelywith a small step size and
would coalesce with each other if they overlaped. Each droplet could be in
one of the three states: droplet attached to the skin, droplet attached to the
substrate, or forming a capillary bridge between the skin and the substrate.
The status and the position of each droplet were determined byminimizing
its total surface energy with given contact angles on both surfaces given by:

Minimize Fðr; xÞ ¼ Alvðr; x; h1ðxÞ; h2ðxÞÞ � Als1ðr; x; h1ðxÞÞ cos θ1 � Als2ðr; x; h2ðxÞÞ cos θ2
Subject to vðr; x; h1ðxÞ; h2ðxÞÞ ¼ v0
maxðx0 � Δxmax; xmin þ rÞ < x <minðx0 þ Δxmax; xmin � rÞ

8
><

>:

ð1Þ

where r is the droplet radius, x = (x, y) is the center location of the droplet, x0
denotes the original location, h1(x) and h2(x) are the heightmaps of two
surfaces,Alv, Als1, Als2 are the surface areas of the liquid-vapor interface and
the liquid-solid interfacesof the two solids respectively, v is the volumeof the
droplet, v0 is its original volume, Δxmax is the maximum step size, xmin and
xmax are lower and upper bounds of the simulated area, θ1 and θ2 are the
water contact angles on the two surfaces. The skin contact angle was set to
80° according to literature values7,22 and the substrate contact angle was set
to 50° according to contact angle measurement results (Supplemen-
tary Fig. 5a).

This procedure was iterated until all the droplet locations converged
locally (Supplementary Scheme 1).With the converged droplet distribution
(Fig. 2c, Supplementary Fig. 6), the capillary force of each capillary bridge
was calculated using Kelvin’s equation for meniscus radius38 and the total
capillary force Fcap was obtained by summing up the forces from all of the
capillary bridges:

Fcap ¼
X

γ
1
R1

þ 1
R2

� �

ð2Þ

where γ is the surface tension of the liquid, and R1 and R2 are the principal
radii of each capillary bridge.

The water volumes were estimated based on human sweat rates and
water evaporation rates at different RH (see Supplementary Text Section 3
fordetails). Eachwatervolumewas simulated6 times independently and the
averaged capillary forces are summarized in Supplementary Table 4 and
shown in Fig. 2d. The capillary forces of the capillary bridgeswere applied as
nodal forces at their location in the contactmechanicsmodel alongwith the
preload to simulate the real contact area.

In the meantime, the friction force from CAHwas also calculated (see
Supplementary Text Section 5). The line retention force from CAH was
observed to bemore thanone order ofmagnitude smaller than the increased
friction by capillary adhesion for two asperities in contact7. Sincemost of the
asperities at the interface are not in real contact with each other, numerous
capillary bridges formed between non-contacting asperities also contribute
to the overall friction39. The retention forces from all of the capillary bridges
were calculated and found to contribute only ~ 5% to the total “off ” friction
with simulated water volume up to 10 µm3 for the hydrophilic samples
(Supplementary Fig. 5b, Table 4) and were, therefore, neglected. The CAH
contribution to the electroadhesion effect for hydrophobic samples, how-
ever, was considered.

Coupling capillaries and the electrostatic field
Two competing effects exist for capillaries in an electric field: 1. the
electrowetting-on-dielectric (EWOD) effect40, where the applied electric
field decreases thewater contact angle on the substrate (usually startingwith
a hydrophobic contact angle) and thus the capillary force increases; 2. The
electrostatic effect, where the existence of a capillary bridge at the contact
gap greatly reduces the overall strength of the electric field, and thereby
decreases the electrostatic force. These effects were first studied at the single
asperity level in published work7 and the conclusions are used to inform the
model in this work. To quantitatively study these competingmechanisms in
the M2 model, the electrostatic field was first simulated with the skin

geometry and substrate deformed with preload. Based on the droplet dis-
tribution achieved in the capillary simulation step (Fig. 2c), the electrostatic
field was updated: if a node was covered by a capillary bridge or a water
droplet, its nodal electrostatic force was removed. Calculated based on the
single asperity model results, a correction factor was applied to the elec-
trostatic forces on the rest of nodes (see Supplementary Text Section 4,
Supplementary Fig. 4). Finally, the corrected electrostatic forces (Fig. 2e,
Supplementary Table 4), capillary forces (Fig. 2d, Supplementary Table 4)
and preloadwere applied simultaneously to the contactmechanicsmodel to
simulate the total real contact area with electroadhesion effect with different
humidity conditions (Supplementary Table 4).

Predicting finger friction and electroadhesion effect
To model the total friction force, a macroscale whole finger model (Sup-
plementary Fig. 3, Supplementary Table 3) was built to simulate the
apparent contact area (Aapp) and preload for the microscale model (Sup-
plementary Text 2, Supplementary Table 2). We have employed the
Bowden-Tabor theory to model the friction force between fingers and
micro/nanotextured surface21,41, as it provides a more fundamental
description of the tribological behavior of adhesive friction at the asperity
level, allowing us to incorporate the asperity-level considerations of surface
texture, capillary force, electroadhesive force, etc.

F ¼ τAreal ð3Þ

Areal ¼ Aapp
Areal micro

Amicro
ð4Þ

where τ is the interfacial shear strength, assumed to be constant at 9MPa22.
Areal is the total real contact area for the whole finger, Areal micro is the real
area in contact simulated by the microscale model, and Amicro is the
simulated area of the microscale model, which is 12 × 12 μm2 in this case.

It is well-documented in the literature that asperity based contact
models with a statistical description of asperity distribution, such as the
Greenwood–Williamson (GW)model42 and themodels developedbasedon
the GW model43–45, can be used to predict macroscopic contact behaviors.
Instead of relying on statisticalmodels, theM2model utilizes amultiasperity
model to describe the actual asperity distribution, which in most cases are
non-Gaussian. In addition, the multiasperity model also captures the
multiphysics at the microscale, and this was informed by the single asperity
model where the fundamental microscopic physics of the capillary-electric
field interactions were modeled7. These interactions are crucial for under-
standing the frictional behavior but are challenging tomodel directly across
an entire macroscopic surface due to the computational resources required
at micro/nanoscale resolution.

We validated the individual model components via individual first
principles calculations and in the single asperity model of our previous
work7, and then validated the full multiphysics model via comparison to
measured experiments overmultiple conditions andmultiplematerials. The
relevant metrics included: 1) can themodel correctly predict the trends and
orders (since dry contact models do not predict the experimental results)
and 2) magnitude of friction. For practical design use, model-measure
closuremetric 1) is essential within the relevant range and 2) we want to get
as close as possible. In our validation, the model was able to replicate the
impact of RH and surface structures from the experimental results, which
showed that bothFoff andFon increasednearly two-fold for all the samples at
RH ranging from 15% to 75% (Fig. 3a, d). This increase in force can be
attributed to the decrease of skinmoduluswith absorbedmoisture, resulting
in a remarkable ~58.5% increase in the apparent contact area and a ~45.5%
increase in the microscopic real contact area. In addition, the model pre-
dicted that capillary force contributes up to about 22.3~24.1% additional
increase of the microscopic contact area at 75% RH, with water volumes
ranging from 5 to 10 µm3. Samples with larger holes were shown to have
lower friction forces due to smaller capillary forces (Figs. 2d and 3d):
Sampleswith 4 µmholeshave lowercapillary forces thanSampleswith 3 µm
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holes at 55% and 75% RHs with 95–99.9% of confidence levels based on
t-tests performed on the 6 independent simulation results. This can be
explained by the tendency of liquids to minimize their surface energy. In
such cases, capillary bridges would bemore stretched and less likely to form
inside the hole (Supplementary Fig. 7). For samples with different hole
depths, no statistically significant difference was found between 350 nm,
600 nm or 900 nm, which indicates that capillaries are hard to form inside
the hole even with the shallowest hole depth of 350 nm.

Themodel also showed good agreementwith experiments in terms of
ΔF/Foff, which has been shown to be proportional to the perceived elec-
troadhesion effect7,30: samples with smaller (a = 3 µm h = 600 nm v.s.
a = 4 µm h = 600 nm) or shallower holes (a = 4 µm h = 350 nm v.s.
a = 4 µm h = 600 nm, and, a = 3 µm h = 600 nm v.s. a = 3 µm h = 900 nm)
have higher electrostatic forces, thus stronger electroadhesion effect,
however, they also have larger variation across humidities; samples with
larger or deeper holes have weaker but more consistent effect with smaller
electrostatic forces and capillary forces (Fig. 3c, f). Overall, these findings
demonstrate the efficacy of themodel in predicting the relative behavior of
skin friction under varying conditions of moisture and surface texture
geometry.

Instead of relying on statistical models or surface roughness power
spectrum to represent surface textures like GWbasedmodels and Persson’s
model, the M2 model directly incorporates scanned surface topography
from characterization tools such as AFM. This allows it to more accurately
simulate the effects of distinct, intentionally designed textures without
approximations.Additionally, themodel’s sensitivity in predicting increases
in microscopic contact area due to capillary forces, as well as its differ-
entiation of frictional responses based on hole size and depth, underscores
its usefulness in simulating practical design conditions. The experimental

model validation was conducted through a comprehensive series of tests
involving multiple samples with diverse surface textures and systematically
variedRH, offering a robust dataset for comparisonwithmodel predictions.
This validation confirms that theM2model is not only theoretically sound in
its inclusion of important phenomena, but also practically useful in pre-
dicting skin friction behavior under varying moisture and surface texture
conditions.

Parametric study of the model can provide further insights into the
physics of the moisture mediated friction force for the electroadhesion
effect. While capillary force is a secondary effect in increasing the base
friction forcewith RH, it plays a critical role in the electroadhesion effect. As
shown in Fig. 3b, e, both the model and experimental results predicted that
ΔFfirst increasedbetween15% to 35%RHand thendecreasedbetween 35%
to 75% RH for samples with shallower or smaller holes (flat sample,
a = 4 µm h = 350 nmand a = 3 µm h = 600 nm). For sampleswith deeper or
larger holes (a = 4 µm h = 600 nm and a = 3 µm h = 900 nm), however, ΔF
slightly decreasedor remained constantwith increasingRH.These trends of
ΔF are closely related to the presence of capillaries inside the electrostatic
field, as softer tissue alone leads to larger contact area increase, which always
results in higher ΔF at higher RH. With hydrophilic samples, the electro-
static field was reduced with more capillary bridges formed at higher RH
without significant electrowetting effect (Fig. 2e). Themodel captured these
competingmechanismswell, demonstrating that for sampleswith shallower
and smaller holes (i.e., flat sample, a = 4 µm h = 350 nm, and a = 3 µm h =
600 nm), ΔF increased initially from 15% to 35% RH due to the change in
skinmodulus followed by the decreasing trend at higher RH, indicating that
the electrostatic field reduction by capillaries took over. On the other hand,
for samples with deeper and larger holes (i.e., a = 3 µm h = 900 nm and
a = 4 µm h = 600 nm), ΔF remained more consistent. We also noticed a
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Fig. 3 | Model validation with experimental measurement. aMeasured friction
force with electroadhesion turned on and off with a 5 kHz 200 V amplitude AC
signal. Each data point is averaged from three repeated measurements and the error
bars represent the standard deviation. (See Methods) bMeasured friction force
increase (ΔF= Fon – Foff) by electroadhesion. cMeasured electroadhesion effect (ΔF/
Foff). dModeled friction force with each data point is the average of results simulated

with the water volumes in Supplementary Table 4 for each relative humidity and the
error bar represents the upper and lower limits. The “on” frictions were modeled at
the effective voltage of the 200 V amplitude AC signal, or the root-mean-squared
voltage (Vrms) at 141.4 V. eModeled friction force increase (ΔF = Fon – Foff) by
electroadhesion. fModeled electroadhesion effect (ΔF/Foff).
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discrepancy between the modeled ΔF and measured ΔF at the highest
humidity levels (Fig. 3b, e), which can be explained by several possible
factors. Firstly, in this work, the interfacial shear strength τ has been
assumed to be constant. In reality, however, the interfacial shear strength
may also decrease slightly at higher RH46. The constant shear strength
assumption was made partially due to the lack of quantitative correlation
between interfacial shear strength changes at high RH. Secondly, if at higher
RH, small gaps at nano/microscale are flooded with extra amount of water,
micro-elastohydrodynamic lubrication (micro-EHL) may occur31,47. Such
factors are not captured in this model. Furthermore, large water droplets
spanning across multiple holes may form at higher RH. In this case, the
pinning effect at the edges of the holes will also contribute to the friction
force48,49. Nonetheless, these effects are only significant at very high RH
levels, and the validity of the M2 model remains acceptable within a rea-
sonable RH design range.

Predicting friction and adhesion for microparticle-coated
plastic films
Li et al.29 showed that the friction between the finger and plastic packaging
could not be simply explained by the dryfinger frictionmodels, and the skin
surface energy change due to sebum and capillary formed by sweat need to
be considered. To verify the utility of the M2 model in predicting friction,
adhesion, and compliance under different finger conditions (isopropyl
alcohol (IPA) cleaned finger and finger in natural state with sweat, sebum,
and lipids) for consumer product design, two high-density polyethylene
(HDPE) films coated with microparticles of different radii (~3 μm and
1.5 μm, respectively) and Young’s moduli (~2.6MPa and 7MPa, respec-
tively) for food packaging were measured and modeled here (see surface
topographies in Supplementary Fig. 9). Prior psychophysical studies have
concluded that lower friction and adhesion generally lead to more pleasant
tactile feeling3,4, so this is often the target of tactile consumer product surface
and packaging design, adding texture to reduce contact area and friction.
This is the case for these packages, with it being predicted that additional
texture created by the small particles would result in lower friction and
therefore a more pleasant design. The presence of sebum and lipids on the
natural fingertip, however, also affects the finger friction and the tactile
perception in different ways that must be considered: 1. lipids reduce the
water contact angle on skin50,51, which leads to higher capillary force; 2. the
interfacial shear strength is reduced with thicker lipid films19,52.

For the IPA-cleaned fingers, where sweat and sebum are removed, the
M2 model predicts the sample coated with larger and softer particles has a
relatively larger dry contact area, and thus ahigher friction force, aswouldbe
expected (Fig. 4a). For fingers in natural state (hydrophilic), however, the
sample coated with smaller particles is calculated to have higher capillary
force with more capillary bridges formed (Supplementary Table 6) which
leads to larger contact area and higher friction (Fig. 4a). Capillary bridge
distributions on the two samples clearly explain this trend: with the same
amount of water, fewer and larger capillary bridges are formed on the large
particle-coated sample while more and smaller capillary bridges are formed
on the smaller particle-coated sample (Supplementary Fig. 10). Qualitative
discussion of capillary force enhancement by capillary bridge splitting can
also be found in the literature53,54. Note that this result is the opposite ofwhat
might be expected from intuition, which would predict that the more tex-
tured small particle-coated film would have lower friction.

The model prediction was validated with friction force measurements
(see Methods). As predicted by the model, with IPA-cleaned fingers, the
small particle-coated plastic film has lower friction, whereas with the finger
in natural state, it has higher friction force (Fig. 4b).We also noticed that the
measured friction of the large particle-coated sample is higherwith the clean
fingers than with the natural fingers, but the model suggests that both
samples have larger contact area with the natural finger than with the clean
finger. This can be possibly explained by the interfacial shear strength
reduction with thicker lipids on natural skin19,52. Even though the contact
area is slightly increased with capillary force, it’s possible that the interfacial
strength reduction ismore dominant and results in lower friction force with

the natural finger for the large particle coated sample. For the small particle-
coated sample, however, the capillary force increase is significant, and
possibly has a more dominant effect over the interfacial strength reduction.

Designing electroadhesive micro/nanostructured haptic
interfaces
With theM2model, it is possible to achievedifferent designgoals formicro/
nanostructured haptic interfaces. As an example, we target here the two
most important goals for electroadhesive surface haptic design: 1. strong
electroadhesion effect and 2. low variability of the electroadhesion effect
under environments with different RH. The first requirement enables
lower driving voltage, whereas the second requirement ensures robust
surface haptic performance in different markets. Through parametric
study of the M2 model, we found that surface textures with higher aspect
ratio tend to mitigate variability caused by capillaries, and that the elec-
troadhesion effect could be enhanced by increasing the initial contact angle
of the surface7,8.

Therefore, an electroadhesive surface structured with 3 μm diameter
and 350 nm deep holes (sample 5) and a flat surface were modeled with the
original contact angle of 50° and a contact angle of 110° for an assumed
hydrophobic coating7 (Supplementary text Section 6, Supplementary
Table 5). The M2 model predicted that the ΔF/Foff of the hydrophobic
surfaces canbe enhancedby~130% in the humid environment compared to
the hydrophilic surfaces (Fig. 4e). Moreover, the variation of ΔF/Foff can be
further reduced from 27.3% (the flat surface) to 6.7% (the structured sur-
face) (Fig. 4e). Based on these findings, the structured sample was chosen as
a direction for optimization and fabricated. This sample and the flat sample
were then coatedwith a hydrophobic coating (LiquidDiamondShield). The
friction forces of the two samples before and after applying the hydrophobic
coatingweremeasured (Fig. 4f). The effect of surface energyon friction force
can be demonstrated by bothmodeled andmeasured friction: lower surface
energy (i.e., higher contact angle) leads to lower friction (flat v.s. hydro-
phobic flat, textured v.s. hydrophobic textured). With electrowetting effect
where the contact angle is reduced by electric field, hydrophobic surfaces
have stronger ΔF/Foff than the original hydrophilic surface at all humidity
levels, as predicted (Fig. 4g, Supplementary Fig. 8). In addition, the textured
hydrophobic surface also demonstrated less variations in ΔF/Foff across
different humidities. It is important to note, however, that for the hydro-
phobic samples, themeasuredΔF/Foff weremuch higher than the predicted
values with a maximum ~120% of difference at 35% RH and a minimum
~28% of difference at 15% for the flat surface. It is possible that capillary-
induced electrostatic field reduction is less on hydrophobic surfaces since
droplets are less spread out with larger contact angles. Assuming no
reduction in the electrostatic field due to capillaries, a theoretical maximum
ΔF/Foff of ~1.38 was found through simulation, which is close to the mea-
sured results. In addition, the discrepancy between the modeled and mea-
sured ΔF/Foff can be exaggerated with uncertainties in both ΔF and Foff.
Nevertheless, the model predicts the important relative design order and
provides the correct direction of improvement.

The texture design informed by M2 model could enhance the robust-
ness of products against environmental and user variability. The M2 model
integrates a comprehensive multiphysics approach that simultaneously
considers contact mechanics, capillary forces, and electrostatic fields, pro-
viding a more holistic understanding of the interactions at the micro/nano
level, which is crucial for accurately predicting and optimizing tactile fric-
tion. Additionally, The M2 model emphasizes the role of environmental
factors, such as humidity, in influencing tactile friction, a consideration
often overlooked in existing models that tend to assume constant envir-
onmental conditions. By incorporating these environmental variables, the
M2 model ensures that the designed haptic devices maintain consistent
performance across a range of conditions, which is particularly important
for real-world applications where users may encounter varying humidity
levels and other environmental changes. Moreover, a multiscale model
enables co-design with optical models to design surface textures ensuing
both haptics and optical performances.
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Conclusion
In summary, the M2 model developed in this work provides a valuable tool
for predicting the finger friction on micro/nanotextured surfaces for tactile
perception as well as designing surface structures for surface haptics opti-
mization by coupling interfacial multiphysics including contact mechanics,

electrostatic field, capillary forces, and electrowetting through iterative
numerical simulations. The single asperity model developed in an earlier
work was used to accurately capture nanoscale interactions between capil-
lary and electrostatic field and inform the M2 model. To validate the model
and explore the design space, a series of electroadhesive surfaces artificially
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structured with microhole arrays with different hole diameters and depths
were fabricated on silicon substrates. By refining the model parameters
including skin modulus, interfacial shear strength, and total water volumes
at each relative humidity (RH) level using both experimental and literature
data (see Supplementary Text 1 and 2), the model accurately predicted
friction forces with and without electroadhesion. Additionally, it success-
fully forecasted the percentage increase in friction force, which corresponds
to the perceived electroadhesion effect under various RH conditions.

Using theM2model, the relative order offinger friction andadhesionof
two microparticle-coated plastic films for food packaging were successfully
predicted considering the complex interactions from sweat and lipids on
fingertips. Moreover, a new micro/nanostructured electroadhesive haptic
surface with hydrophobicity was designed under the guidance of the model
to achieve optimal performance with strong electroadhesion effect and
reduced variability. This design was validated with experimental
measurements.

TheM2model provides important theoretical guidance for the forward
prediction of finger friction on various surfaces and the inverse design of
future haptic structured surfaces with enhanced performance in human-
machine interactions. The application of this model can also span from
electroadhesion-based surface haptics to a broader range of human-device
and human-material touch interactions by elucidating the underlying
physics and providingmodeling foundations for the further development of
haptic surfaces.

Methods
Micro/nanostructured sample fabrication
Fabrication started with a commercial 4-inch heavy N-doped silicon wafer
(UniversityWafer, <100> oriented). The periodic hole array with a peri-
odicity of 6 μm and a hole diameter of 4 μm or 3 µm was written on S1818
positive photoresist with a 4000 RPM spin-coating process using a mask-
aligner (EVG610). Then an InductiveCoupledPlasmaReactive IonEtching
(RIE-ICP) cyclic dry etch (Oxford Plasmalab 100) was used to transfer the
pattern from the photoresist to the silicon wafer to achieve different hole
depths (350 nm, 600 nm, and 900 nm). After removing the S1818 residual
photoresist with hot acetone (90 °C) and an oxygen plasma cleaning pro-
cedure, a standardwet sacrificed thermal oxidizationprocesswas carriedout
using a commercial thermal oxidation furnace (MiniBrute) at 1100 °C for
40min. As a result, a 500 nm silicon oxide layer was formed on the silicon
structures.

Friction force measurement
The finger friction forces in the paper were measured on a group of 4
volunteers with different genders and ethnicities. Their average age is 25.
During these friction tests, the friction force between the volunteers’ left
index fingers of the volunteers and samples were measured with a custom-
built tribometer enclosed in an environmental chamber described in an
earlier work27. For data consistency and ease of trend comparison, the
friction force data in Figs. 2–4 are from the same volunteer. To ensure that
this data is representative and not biased, a comparison of different subjects’
friction force data on flat samples and on samples with designed micro-
structures is plotted in Supplementary Fig. 11. This study was approved by
the Institutional ReviewBoard of Texas A&Muniversity (IRB ID: IRB2019-
0230D) with informed consent obtained from all the participants.

The tribometer consisted of a horizontal linear motor stage (DDS300-E,
Thorlabs), a vertical linear stage (VP-5ZA, Newport), two 6-axis force
transducers (Nano43, ATI), and a 3D-printed finger holder. The environ-
mental chamber was a glove box with a temperature/humidity controller and
sensor (Model 5200-240-230, Model 554, Electro-Tech Systems, Inc.) that
could measure humidity levels from 0 to 100% with ±2% accuracy. The tests
were conducted at a room temperature of 24 °C and the horizontal stage was
set tomove at 50mm s−1 with a stroke length of 50mm. Before each test, both
the finger and the samples were cleaned with 70% isopropyl alcohol (IPA) to
remove residual sweat and lipids and then acclimatized to the experimental
humidity condition for 15min. Friction forces at different RHweremeasured
in a random order and repeated three times. The normal load was kept
constant at 0.2N using a vertical stage controlled by a PID
(proportional–integral–derivative) control algorithm in LabVIEW, which
allows the vertical stage to compensate for slight movements of the finger and
maintain a constant normal load. To enable electroadhesion, a 5 kHz AC
signal with 200V amplitude turned on and off at 8Hz was supplied to the
silicon substrate. The subject was grounded through an electrostatic discharge
band wrist strap. The friction forces with and without electroadhesion effect
were extracted from the “on” and “off ” periods of the 8Hz, respectively.

Voltage and frequency are chosen to optimize the electroadhesion
effect while minimizing variations in the modulated friction force17,55.
Higher voltages generally enhance the electroadhesive force by increasing
the electric field strength across the interface, thereby improving the
attraction between the finger and the surface. However, there is a threshold
beyondwhich further increases in voltage may lead to dielectric breakdown
or other adverse effects. Frequency also plays a pivotal role; low-frequency
signals tend to produce stronger electroadhesive forces due to longer
interaction times between the electric field and the interface, however, it’s
also less stablewith larger variations.Conversely, high-frequency signals can
reduce the effectiveness of electroadhesion as the rapid oscillations may not
allow sufficient time for the electrostatic forces to stabilize. Shultz et al.17,55.
have demonstrated that an optimal range of voltage and frequency exists,
where the electroadhesion effect is optimized with strong effectiveness and
reduced variability without compromising the system’s integrity.

For the electroadhesionmeasurements at different humidity levels, we
used 15–75% RH (±2%). This represents a real-world range of variation
from coastal and tropical climates which can exceed 80% to desert regions
that can go below 20%

For the microparticle-coated plastic films, the friction force was mea-
sured at a constant normal load of 0.3 N with the same tribometer without
the environmental chamber. Beforemeasuring the friction force of the clean
finger, the subject was asked to their wash hands with hand soap, then wipe
the left index fingertip with 70% IPA, and wait until the IPA had been fully
evaporated. For friction force of the natural finger, there’s no intentional
cleaning procedure before the measurement. All the measurements were
conducted at room temperature (22 °C) and a humidity level of 55% ± 5%,
common for an air-conditioned environment.

Prevention for electrical breakdown
The typical electrical field strength that may lead to the breakdown of air is
approximately 3MV m−1, while for silicon dioxide (SiO2), the dielectric
breakdown strength is around 10MV m−1. In our experiments, we ensure
that the electric field strength remains well below these thresholds.

Fig. 4 | Model applications for prediction and design. a The modeled real contact
of the two plastic films coated with large particles and small particles and with
different finger conditions. The error bar represents the standard deviation from
independent simulations with three different regions (Supplementary text Section 7,
Supplementary Table 6). b The measured friction force of the two plastic films at
0.3 N normal load with different finger conditions (see Methods). The error bar
represents the standard deviation. c Flow chart of themodel for prediction (forward)
and design (backward) purposes. d The modeled friction force. For hydrophilic
samples and the “on” friction of hydrophobic samples, each data point is the average
of results simulated with the water volumes in Supplementary Table 5 for each

relative humidity and the error bar represents the upper and lower limits. For the
“off” friction of the hydrophobic samples, capillary force was neglected. The “on”
frictions weremodeled at the effective voltage of a 200 V amplitude AC signal, or the
root-mean-squared voltage (Vrms) at 141.4 V. e The model predicted (ΔF/Foff).
fMeasured friction force at 0.2 N normal load with electroadhesion turned on and
off with a 5 kHz 200 V amplitude AC signal. Each data point is averaged from three
repeated measurements and the error bar represents the standard deviation. (see
Methods) gMeasured ΔF/Foff (which is correlated to perceived electroadhesion
effect).

https://doi.org/10.1038/s43246-024-00724-9 Article

Communications Materials |             (2025) 6:1 8

www.nature.com/commsmat


Specifically, we limit the applied voltage to levels that generate electric fields
significantly lower than 3MV m−1 in air and 10MV m−1 in SiO2. Addi-
tionally, we use insulating layers to prevent direct contact between con-
ductive surfaces, further reducing the risk of breakdown.

To safeguard against any unforeseen spikes in electricfield strength, we
incorporate a 1mA current regulator into our setup. This current regulator
acts as a protectivemeasure by limiting the current flow, thereby preventing
excessive current that could lead to electrical breakdown. By maintaining a
controlled current, the regulator ensures that the electric field strength does
not exceed safe limits, even in the presence of high asperities.

Contact angle measurement
Thewater contact angle on the flat sample wasmeasured by the sessile drop
method. 1–2 µL deionized water droplets were dispensed with a syringe on
the sample and imaged with a camera (acA1920-150uc, Basler) using a 5X
lens. The water contact angles were then extracted and calculated through
MATLAB.

Data availability
All data that support the findings of this study are available in themain text,
figures, and Supplementary Information. The data that support thefindings
of this study are available from the corresponding author upon reasonable
request.

Code availability
All code that are used in the main text and Supplementary Information are
available from the corresponding author upon reasonable request.
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