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How roughness emerges on natural 
and engineered surfaces
Ramin Aghababaei,*  Emily E. Brodsky, Jean‑François Molinari, and 
Srinivasan Chandrasekar

Roughness, defined as unevenness of material surfaces, plays an important role in determining 
how engineering components or natural objects interact with other bodies and their 
environment. The emergence of fractal roughness on natural and engineered surfaces across 
a range of length scales suggests the existence of common processes and mechanisms 
for nucleation and evolution of roughness. In this article, we review recent advances in 
understanding the origins of roughness and topography evolution on natural and engineered 
surfaces and their connection with subsurface deformation mechanisms. Directions for future 
research toward understanding the origins of roughness on solid surfaces are discussed.

Introduction
Surface roughness, also referred to as surface topography, 
is the degree of unevenness of solid surfaces. It appears on 
every natural and engineered surface and across multiple 
length scales ranging from atomic to tectonic.1 There are 
many methods (e.g., frequency distributions, fractal analysis, 
and surface curvature) to measure surface roughness math-
ematically. Understanding the origins of roughness at different 
length scales is of great interest for many scientific fields as it 
directly influences key mechanical, tribological, chemical, and 
optical properties of materials and components.

At microscopic scales, the surface roughness of engineer-
ing components is dictated by the manufacturing processes 
used to produce the component (e.g., machining, lapping, 
grinding, and additive manufacturing) as well as running 
conditions (e.g., contact and loading conditions, tempera-
ture). On the other hand, functional properties of the compo-
nents such as noise, run-in behavior, product durability, and 
optical characteristics are to a large extent governed by the 
surface roughness parameters.2 At large tectonic scales, the 
topography of a geologic fault exposed at the surface of the 
Earth may have an influence on the size of seismic events.3 
Similar to engineering components, field investigations of 

faults indicate that each surface experiences mechanical wear 
during relative motions between opposing sides of faults. 
Understanding the physics and mechanics of roughness evo-
lution during sliding contact between solid surfaces can help 
provide answers to many important questions such as what 
is the correlation between the fault roughness and magnitude 
of earthquakes, what are the origins of unique Hurst expo-
nents for certain classes of materials, or what manufactur-
ing methods should be employed to achieve desired surface 
topography and, by extension, product performance?

It has long been known that roughness emerges from a 
complex interplay between dissipative mechanical mecha-
nisms (e.g., visco-elasticity,4 plasticity,5,6 fracture,7,8 wear,9,10 
 erosion11) and chemical processes (e.g.,  corrosion12). Rough-
ness measurements on surfaces of a wide range of natural mate-
rials and engineering components have shown that there exists 
a fractal roughness with a statistical self-affine scaling across 
multiple length scales.1,11 This indicates the existence of com-
mon processes and mechanisms that dictate the roughness evo-
lution across all scales. For instance, fracture dominates rough-
ness creation on large-scale faults whereas plasticity governs 
roughness of small-scale faults. Similarly, but at much smaller 
scales, plasticity is of interest to achieve a smooth material 
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removal and a high-quality surface finish in cutting processes, 
whereas fracture-induced chip breaking is of equal importance 
to prevent the formation of long chips. Despite these similari-
ties, an agreed-upon understanding of how roughness emerges 
on natural and synthetic surfaces has remained elusive. The 
main reason is that in situ experimental tracking as well as 
direct simulation of roughness creation and evolution at con-
tacts between solid surfaces present substantial challenges.13,14

In this review, we present recent advances and trends 
toward understanding the emergence of roughness on natural 
and engineered surfaces. We discuss the influence of subsur-
face deformation mechanisms such as plasticity and fracture 
at small scales on the emergence of roughness on geological 
faults and metallic components produced by different manu-
facturing processes, as well as the evolution of roughness dur-
ing sliding contact.

Natural surfaces
Earthquakes are one of the 
most dramatic examples 
in nature of sliding con-
tact and frictional fail-
ure. The resulting faults 
also provide some of 
the best evidence for the 
existence of steady-state, 
scale-dependent rough-
ness.15,16 The topography 
of geologic fault surfaces 
exposed at the surface 
of the Earth has been 
measured using a vari-
ety of tools, including 
mechanical profilometers, 
ground-based LiDAR, 
and stereoscopy.16–19 
Figure 1a shows small 
hand samples that have 
been brought into the 
laboratory and measured 
at even finer resolution 
using AFM and white-
light interferometry.20,21

In aggregate,  the 
data have revealed clear 
systematic trends. As 
could be expected, slip-
perpendicular roughness 
is generally larger than 
slip-parallel roughness. 
Interestingly, the slip-
perpendicular roughness 
can be similar to that of 
unslipped, unworn crack 
faces in rocks and gen-

erally does not evolve much with slip.18 The slip-parallel 
roughness does decrease with moderate (<10 m slip), but then 
appears to not evolve significantly after a fault has moved 
large distances (>100 m). The resulting power spectral den-
sities for different mature faults are restricted to a range of 
values that vary by less than an order of magnitude at a given 
wavelength.15 Although this may seem like a large spread 
in values to an engineer, it is a relatively tight range for a 
geological observation given the range of rock types, faults, 
and ambient conditions involved. Typically, the power spec-
tral density of a fault can be fit in the slip-parallel with Hurst 
exponent of  0.6, which implies that the aspect ratio H/L of 
asperities increases with decreasing scale where H is the root-
mean-square (RMS) height of surface topography measured 
at scale L. In this sense, faults are rougher at small scales than 
large ones (Figure 1b).

b

a

Figure 1.  (a) The minimum scale of grooving as visualized in a grooved fault sample from Mount St. Helens 
and a white-light interferometric image of the same surface that show isotropic roughness at submillimeter 
scales. (b) Power spectral density data obtained from three individual faults (Vuache-Sillingy, France; Dixie 
Valley, Nev., USA; Corona Heights, Calif., USA),15 suggesting that faults are rougher at small scales in the 
slip direction.
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We can potentially explain the systematic trends by think-
ing about the fault as preserving a steady-state roughness that 
is governed by the strength of rocks. Earthquakes have repeat-
edly slipped the fault-driving asperities against each other and 
causing ones that are too high or steep to break. In an order-
magnitude sense, the shear strain required to elastically deform 
one asperity enough to slip past a similarly sized one is H/L 
because asperities of height H need to be flattened and that 
displacement is supported over the asperity width L.15 If this 
shear strain exceeds the critical strain in a material, the asper-
ity will break and not be preserved. Thus, an upper limit of the 
preserved roughness may be controlled by the strength of the 
material. A steady-state roughness can be achieved if compet-
ing, re-roughening processes such as plucking and fracturing 
continually create new roughness and drive the surface topog-
raphy to the strength-controlled limit.

The rock record provides some support of this interpre-
tation of preserved roughness as reflective of bulk material 
strength. The preserved roughness has larger values of H/L 
at small scales, which would be consistent with the com-
mon observation that rocks (and many other materials) are 
stronger at small scales than large ones. Quantitatively, the 
roughness at extremely small scales on a few samples has been 
correlated directly with the size-dependence of indentation-
derived measurements of strength.21 At larger scales, the Hurst 
exponent of 0.6 translates to the aspect ratio H/L (and hence 
strength) decreasing as L−0.4 . The dependence here is sugges-
tively close to the inverse square root dependence of strength 
long suggested for rocks.

The previously discussed interpretation suggests a way to 
infer scale-dependent strength of materials from observations 
of steady-state roughness. If correct, ceramics and other mate-
rials could be characterized at a range of scales by doing large-
slip wear experiments such as those possible in large-scale 
rotary shear apparati (see also the subsection on “Adhesive 
sliding and three-body contact”).

These systematic trends hold on faults to the largest scales 
yet observed.16,22,23 However, at small scales, a different 
phenomenon is observed. Between  1 and 100 microns, the 
slip-parallel and slip-perpendicular roughness of natural and 
laboratory fault surfaces start to overlap.20 At even smaller 
scales, the faults are no longer grooved, but rather isotropic in 
their roughness. This minimum scale of grooving varies from 
fault to fault and even between locations on a single fault. 
However, for each observed fault the aspect ratio H/L at which 
the minimum scale of grooving is observed is well-defined.20

The importance of the aspect ratio is consistent with the 
interpretation of H/L as reflective of the strength of the mate-
rial. In the case of the minimum scale of grooving, the scale 
may be defining a crossover between the brittle strength, which 
governs the large-scale roughness, and the plastic strength, 
which governs the small-scale roughness. The minimum scale 
of grooving may therefore be an observational manifestation 
of a brittle-plastic transition as a function of scale. Small-
scale asperities are deformed plastically. This is consistent 

with longstanding interpretations of friction as generated by 
the interaction and cooperative accommodation of the load by 
elastoplastic topography.24 The maximum scale of these plastic 
contacts can be related to the slip weakening distance Dc often 
invoked in rate-state  friction25 (see also the article by Weber 
et al.26). At larger scales, asperities break by brittle failure. A 
similar ductile-to-brittle transition has been recently suggested 
for failure of asperity junctions during adhesive  sliding27 and 
chips formation in abrasive  processes28 (see “Abrasive pro-
cesses and material removal” section).

This interpretation of the minimum scale of grooving is sup-
ported by comparing the scale on different rock types.29 Carbon-
ate rocks, which are more plastic, have smaller minimum scales 
of grooving than silica ones. By using the Lawn and Marshall 
 formulation30 of the minimum crack size that can propagate by 
brittle means as a proxy for the brittle-ductile transition, one can 
predict the ratio of minimum scales of grooving based on the 
critical stress intensity factors and plastic yield strengths of each 
material. The resulting ratio of predicted minimum grooving 
sizes is consistent with this observation.

Natural faults have provided evidence that surfaces can 
develop steady-state wear that may be reflective of the scale-
dependent strength of the material. This interpretation has yet 
to be applied to engineered materials or utilized in more gen-
eral contexts. Likely, a firmer theoretical foundation is neces-
sary as well as specifically designed experiments that test the 
generality of the hypothesis across materials.

Engineered surfaces
Unlike in faults, where the interface is typically between two 
rocks of the same type and thus properties, in manufacturing 
a higher-hardness die or cutting tool is imposing deforma-
tion onto a lower-hardness metal workpiece. In this article, 
we focus on metals as the materials system, and metal com-
ponent manufacturing processes widely used in the discrete 
products manufacturing sector. Large-strain plastic deforma-
tion and, to a lesser extent, ductile fracture, play an important 
role in the surface topography evolution in these processes. 
The observations and lessons learned will be of value also 
for other material systems (e.g., ceramics, polymers) wherein 
similar processes are employed, and the underlying material 
phenomena are similar, varying only in degree.

Bulk deformation processing
To understand surface topography in forming processes 
like rolling and extrusion, we begin with a well-known pic-
ture from the early days of tribology−a cross section of a 
deep indentation made on the surface of annealed copper 
imprinted with fine grooves (see References 31 and 32. The 
picture shows that the grooves (asperities) on the surface 
are essentially unchanged, even after the deep indentation. 
This observation is intriguing given that one would expect 
the grooves to deform plastically at these indentation pres-
sures, which locally are on the order of 1 to 3 σy ( σy is yield 
strength of the metal). However, it is only when the pressure 
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is increased, so that bulk plastic flow occurs and this plasti-
cally deformed region grows to encompass the surface, that 
the asperities are found to flatten out.33

In rolling of foil and sheet, the die-workpiece contact 
pressures are sufficiently large that bulk (homogeneous) 
deformation occurs in the sheet and encompasses the sheet 
surface, especially in the latter cold-rolling stages of the pro-
cessing.34 Consequently, any asperities initially present on 
the sheet surface are fully flattened. This also illustrates a 
fundamental characteristic of the tribology of die-workpiece 
interfaces in bulk deformation processing and cutting: in con-
trast to conventional sliding contacts, the contact conditions 
at the process interfaces are characterized by intimate con-
tact between die and workpiece, very high stresses, and real 
area of contact equal to the apparent (geometric) area.32,34,35 
Under such conditions, the product surface, which is fully 
constrained by contact with the die, develops a topography 
that is a replica of the die surface at typical engineering 
length scales (to 0.5 to 1 μm). This is confirmed by topogra-
phy observations on rolled/extruded products, including Al 
foil;36–38 underside of machining chips, which are in intimate 
contact with the tool; and contact roll-to-roll printing (e.g., 
gravure  process39). Microstructure plays essentially no role, 
under these constrained deformation conditions, in influ-
encing the surface topography. Taken together, the observa-
tions suggest that in forming processes where the surface 
deformation is fully constrained by contact with a die, the 
product surface topography is essentially a replica of the 
die surface. This opens up the possibility of achieving high-
quality surface finish and controlled topography in formed 
products by control of the die texture, even without use of 

other secondary processes. It also suggests opportunities for 
using textured indenters and quasistatic indentation loading 
to understand surface topography evolution in constrained 
forming processes.

Sheet‑metal forming
At the other end of the spectrum, in terms of constraint on 
deformation geometry, are sheet-forming processes such as 
bending and stretching. Here, the surface is essentially uncon-
strained (plane stress) and free to displace along the surface 
normal direction during the deformation. In such unconstrained 
deformation, the surface topography development is dominated 
by deformation (strain and strain localization) and microstruc-
ture (grain size and crystallographic texture)  effects40–42 even 
though the forming strains are significantly lower than in the 
bulk forming processes. The notable topography features that 
arise in are the well-known “orange peel” roughness and rop-
ing/ridging, both undesirable in sheet-metal products.

The orange peel is roughening on the order of the grain size 
due to differential deformation of the grains.45 An example of 
this type of microstructure-induced roughness, albeit on the 
free surface ahead of a sliding wedge wherein the deformation 
and field is similar to sheet forming, is shown in Figure 2. The 
surface grains on the free surface have undergone differen-
tial deformation due to crystallographic anisotropy and flow 
stress variations. The differential deformation is manifested 
as equiaxed roughness features that scale approximately with 
the grain size. The extent of this roughness typically increases 
with increasing strain and grain size, occurrence of strain 
localization, and reduction in slip systems. This dependence 
of the roughness on strain is also seen in Figure 2b–c: the 
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Figure 2.  (a) Scanning electron microscope image of the workpiece surface in wedge sliding. The stationary wedge (not shown) is located in 
regions “d” and “e,” where the workpiece moves from left to right (adapted from Reference 43). (b, c) Displacement of surface grains in regions 
“b” and “c,” illustrating the emergence of surface roughness by differential grain deformation “ahead” of the wedge (a similar process occurs 
in sheet-metal forming). (d) Dependence of surface roughness, Ra, on specific energy for various material removal processes; from machining 
(turning) to abrasive finishing processes.44
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grains in the more highly strained region immediately ahead 
of the wedge exhibit greater surface displacements than in 
regions farther away. This figure also illustrates the key aspect 
of surface roughness in bulk forming processes—the work-
piece surface being a replica of the die surface. The inclined 
region (to the left of region d in Figure 2a), which is the region 
in contact with the wedge, is seen to be smooth and is a replica 
of the wedge surface. The roping topography phenomenon is 
also microstructure-driven, except that it involves the forma-
tion of surface corrugations, due to clusters of grains having 
different orientations and resulting deformation anisotropy.45,46 
Not surprisingly, similar roughening due to subgrain deforma-
tion has been observed even in single crystals.6,47,48

Abrasive processes and material removal
Material removal during abrasive processes such as machin-
ing, grinding, and polishing play an extraordinary important 
role in determining the surface topography in engineering 
components. Understanding of the topography evolution is 
still in its infancy with the surface generation typically being 
described in textbooks as arising from geometric tool motions. 
However, there are various attributes of these processes 
(beyond tool motions) that are critical for topography evolu-
tion, and which warrant study.

First, as nicely illustrated in Figure 2d, the undeformed chip 
thickness ( heq ), (or the cutting depth in an orthogonal cutting 
setup), which is the key parameter controlling the degree of mate-
rial removal, plays a critical role in determining the surface finish. 
Across a broad class of machining and finishing processes, the 
component roughness, Ra, is seen to decrease with decreasing  
heq.44,49 But concurrently, the process specific energy (i.e., 
the energy required to remove a unit volume of material) also 
 increases44—processes that give rise to smooth surfaces are also 
highly energy-intensive, the energy increasing by as much as 
three orders of magnitude between simple cutting and very fine 
abrasive (grit) processes. When the undeformed chip thickness 
( heq ) is smaller (i.e., approaching or less than the tool/abrasive-
particle edge radius), the frictional energy dissipation (arising 
from ploughing and rubbing) becomes more significant relative 
to the energy purely associated with material removal chip forma-
tion. Because the ploughing and rubbing only result in material 
displacement, not material removal, the specific energy increases 
with decreasing heq . But the gains in surface finish (e.g., Ra) are 
quite spectacular—with up to three orders of magnitude improve-
ment (see Figure 2d), albeit at the expense of energy cost!

Second, the deformation zone in these processes is par-
tially constrained with the new surface forming typically in the 
wake of a sliding tool. Observations show that the topography 
development in machining processes is strongly influenced 
by the plastic flow mode controlling chip  formation50—uni-
form deformation versus nonuniform flow (e.g., sinuous, shear 
bands). Flow modes associated with lower forces give rise 
to much better surface finishes. A recent  study28 revealed the 
existence of a critical cutting depth, below which the chip for-
mation is dominated by plastic deformation, and above which 

chips break off by crack propagation. This observation high-
lights the importance of the chip formation mechanism on the 
final surface finish.51 As to why/how the flow mode is able to 
influence the topography of the new surface that is generated 
in the wake of the tool is an unresolved question.

Third, the RMS surface parameters evolve monotonically 
to their steady-state condition in abrasive processes (e.g., pol-
ishing, superfinishing) without any overshoot or oscillation. 
The steady-state roughness value, which is a function of the 
abrasive grit size and applied pressure (loading), can be greater 
or less than the initial workpiece roughness.52 This latter fact 
is not so well known as it is often implicitly assumed, for 
example during polishing, that the surface will always become 
smoother. Although the material removal mechanism underly-
ing the surface generation often involves significant surface 
plasticity, be it in ductile or brittle solids, it is interesting that 
one can broadly formulate a model for the topography evolu-
tion in these abrasive processes without detailed consideration 
of the mechanics of material removal. This may be done by 
analogy with stone and pebble  erosion53–55 by postulating that 
the local material removal rate on the surface is related to the 
local curvature of the asperities, that is, “sharp points” get 
smoothed out faster than other less sharp neighboring regions. 
Such a model (unpublished work) can predict many features 
of the topography evolution in abrasive and erosion processes, 
including material removal rates and the process time constant.

Adhesive sliding and three‑body contact
Once engineering components have been manufactured, many 
of them, such as the rocks discussed in the beginning of this 
article, undergo sliding contact during use, which causes fur-
ther evolution in their surface topography. It is long known that 
surface roughness controls tribological properties, but much 
less is known how roughness evolves with time. For various 
engineering surfaces in sliding contact, the roughness is found 
to converge to a steady-state value.56–58 Both friction and wear 
have a profound influence on the emerging roughness.

As detailed in the section “Abrasive processes and mate-
rial removal,” abrasive processes substantially affect rough-
ness. A hard material generates a groove when it scratches a 
soft material, to the dismay of car owners, who would rather 
avoid scratches, but to the benefit of polishing technology 
where finer and finer grits are used to smoothen large asperi-
ties. Although generally one has an intuitive understanding on 
how abrasive wear affects roughness, much less is clear when 
dealing with the most prominent form of wear, adhesive wear, 
which is the result of the transference of material from one 
surface to another due to adhesive forces.

Recently, Milanese et al.14 have conducted molecular 
dynamics (MD) simulations of sliding materials in dry con-
tact and in the presence of strong adhesive interactions. These 
simulations revealed that the surface roughness reaches a 
steady state. The simulations (see Figure 3) used a periodic 
simulation box in the sliding direction so that the contact 
surface was worked several times, as one would expect in 
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a tribological contact. A key element to reach a steady-state 
roughness was the ability for those simulations to give birth 
to adhesive debris particles, which is particularly challeng-
ing in atomistic simulations. Aghababaei et al.27,59 were the 
first to reproduce with computer simulations the adhesive 
wear mechanism, which was postulated by Rabinowicz.57 A 
critical element is to use a simulation box size and a contact 
junction size between colliding asperities both large enough, 
in order to generate crack propagation and the formation of a 
third body. One can correlate this result to the development of 
steady-state wear observed on surfaces of natural faults.15,29 
This work resulted in the observation of a critical junction 
size (recently confirmed by in situ  experiments60), function of 
materials properties, above which debris can be generated by 
fracture, and below which plastic smoothening of the asperi-
ties occurs.61,62 This can explain the minimum scale of groov-
ing observed on  rocks20 as a result of ductile-brittle transition 
in asperities failure (also see the section “Natural surfaces”).

Once a debris particle is generated, the surface roughness 
evolves due to two competing mechanisms. These are, on the 
one hand, a smoothening mechanism during which the third 
body pushes plastically protruding asperities that are in its 
path, and on the other hand a roughening mechanism during 
which strong adhesive forces lead to occasional crack propa-
gation and detachment of matter.14,63,64 Remarkably these two 
competing mechanisms led to a steady-state roughness, with a 
power spectral density displaying features reminiscent of self-
affine fractal surfaces. For the class of materials investigated 

(simple Morse pair potential), irrespective of initial roughness 
of the contacting surfaces, the surfaces all evolved to a Hurst 
exponent of about 0.7 (Figure 3).

The critical junction size, which gives rise to a minimum 
particle size, helps understand the first instants of gouge or 
third body creation.27,64 The emergence of surface roughness 
and gouge has since then been observed with pin-on-disk 
experiments.65 It was shown that nanoscale ceramic debris 
are created at an SiO

2
/Si or Si/Si interface, accumulate mass, 

and elongate into cylindrical debris (also observed with MD 
 simulations66), to finally agglomerate in flakes forming a 
rather complex and heterogeneous third body layer, whose 
properties deeply influence tribological performance.

Much more needs to be understood from sliding contact 
between rough surfaces. How and at what rate are debris evac-
uated for the contact? Why did the material class studied yield 
the emergence of a Hurst exponent of 0.7, and not something 
closer to a random walk roughness ( H̄  = 0.5)? Time-dependent 
adhesion between the contacting surfaces is also an impor-
tant parameter but which brings unique challenges because a 
reduced adhesion slows down the evolution to self-affinity as 
the debris particles spend more time sliding than rolling (rela-
tive to the full adhesion case).

Summary and perspective
In this article, we reviewed recent advances and findings on the 
emergence of roughness on natural and engineered surfaces, 
focusing on a common feature: self-affine fractal roughness. 
The appearance of fractal roughness on all natural and engi-
neered surfaces, independent of materials, environmental con-
ditions, and scales, indicates the existence of common defor-
mation mechanisms that create roughness at all scales. Most 
surfaces, however, exhibit different (scale-dependence) rough-
ness parameters that can be associated with disparate contribu-
tions from all deformation mechanisms that shape surfaces, 
among which plasticity and fracture are the most prominent.

For instance, it is observed that fault surfaces are rougher at 
smaller scales. This scale-dependent roughness can be under-
stood as arising because brittle fracture (i.e., abrupt crack propa-
gation) governs the roughness creation at macroscopic scales, 
whereas plastic deformation controls the evolution of faults 
roughness at microscopic scales. This makes sense because 
material strength is scale-dependent.67 Similarly, the roughness 
of engineering components is a direct result of mechanisms and 
processes that control material shaping or removal during manu-
facturing processes. A direct correlation between roughness and 
materials fracture and yield strengths suggests roughness meas-
urement as a potential characterizing tool to obtain materials 
fracture and plasticity properties at different scales.

Given the clear connection between surface roughness 
features and materials properties and microstructure, there 
is scope for using simulations and analytic models to study 
roughness development and scaling associated with these pat-
terns. A possible approach involves coupling of local crystal 
plasticity modeling,41 with continuum modeling of grain-level 

Figure 3.  Power spectra density (PSD) of the surface roughness after 
a rolling debris generated via molecular dynamics (MD) simulations 
(adopted from Reference 14). The PSD reveals a universal feature 
of the surface roughness, with a Hurst exponent, H̄ , around 0.7, 
although the high computational cost of MD simulations limited this 
observation to only two orders of magnitude in length scale. The 
different colors represent different initial roughness (see Reference 14 
for more details), and show that the emerging roughness has some 
universal features for the class of material studied here. The inset 
shows the snapshot of MD simulation, which revealed the creation of 
a rolling debris.
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deformation (incorporating flow stress anisotropy).42,43 The 
latter modeling can capture the deformation over sufficiently 
large (few millimeter) regions, which is essential for ana-
lyzing surface texture development. Alternatively, discrete 
approaches such as molecular dynamics, discrete dislocation 
dynamics, and discrete particle/element methods can be used 
to monitor roughness development at nano- and microscales.
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