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1. Introduction

Philosophers of science often characterize explanation in the physical sciences by separating

the components of an explanation into two categories: natural laws, and initial and boundary

conditions. Laws are descriptive or governing relations among the parameters of the system, and

initial and boundary conditions are variable parameters, usually specified by empirical methods

or by fiat. This distinction has been crucial in the development of deductive-nomological and

unificationist theories of explanation, as well as in many conversations about idealization, models,

and the role of mathematics in the physical sciences.

Most accounts of explanation focus on the role of natural laws in generating (or failing to gen-

erate) explanations and predictions: in addition to the deductive-nomological and unification ac-

counts of explanation, there exist boutique literatures on ceteris paribus laws, laws and idealization,

and whether laws govern or describe their target systems (cf. e.g. [4, 3]). Initial and boundary

conditions are rarely discussed as features of an explanation or prediction that do explanatory or

predictive work, and when they are discussed, they are rarely differentiated from one another. But

unlike initial conditions, boundary conditions typically contain modeling assumptions crucial to

the development of explanations and predictions, as well as to the accomplishment of activities

less frequently discussed by philosophers of science, such as the design of materials. In this es-

say, I argue that philosophical theories of explanation, prediction, modeling, and design need to

attend more closely to the dependence of these activities on boundary conditions, and I show that

this dependence is glaringly apparent in the field of nanoscience, where the boundary behaviors of

materials dominate the overall behavior of materials.

I begin in Section 2 by distinguishing boundary conditions from laws in an explanation of how a

violin produces sound. I show that the mathematical model of the instrument’s harmonics ignores

the features of the instrument actually responsible for producing audible pitch. An additional model

of the structure and behavior of the instrument is needed to understand why the violin makes noise
1
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at all, and an explanation of the violin’s sound is only achieved when the information from both

models is synthesized in a non-reductive, non-emergent relationship that I term model interaction.

I argue next in Section 3 that materials modeling requires model interaction. The boundary

conditions in the model of the violin’s harmonics are a pair of zero-dimensional points that represent

the endpoints of the vibrating string. But in most materials modeling, boundaries are represented

as two-dimensional surfaces, i.e., the surfaces of materials that serve as interfaces between a material

and its environment. In physical models of materials, the structure and behavior of surfaces are

suppressed as boundary conditions, like the endpoints of the string in the model of the violin’s

harmonics. In chemical models the structure and behavior of surfaces is detailed, but the models

ignore the behavior of bulk materials, analogous to the way in which the structural model of the

violin ignores the production of harmonic overtones.

2. The Sound of an A String: Boundary Conditions & Model Interaction

When a violinist draws her bow along a properly-tuned open A string, the string vibrates at a

fundamental frequency of 440.0 Hz, creating a sound wave with a wavelength of approximately 80

cm. The sumptuous, complex texture of the note—what distinguishes its plaintive tone from the

digital drone of a pure-440.0 Hz sound wave—is partially the result of vibrations at this fundamental

frequency combining with harmonic overtones, vibrations of shorter wavelength that constructively

interfere with the fundamental wavelength. The harmonics of a fundamental wavelength are waves

whose wavelength is 1
2 , 1

3 , 1
4 , etc. as long as the fundamental (See Figure 1). If the violinist lightly

touches her finger to the string at the 1
2 , 1

3 , etc. distances on the string, without pinching the string

against the neck of the instrument, the harmonic overtone is emphasized and becomes the dominant

pitch.1 In the figure, these points are labeled “harmonic nodes.”

This harmonics model of the sound of open A on a violin relies on relating the lengths of

sound waves to lengths of line segments. This model requires that the end points of the vibrating

string (and the harmonic nodes dividing the string to generate new frequencies) be treated as

zero-dimensional boundaries. But in reality the vibration of the A string is not contained by zero-

dimensional endpoints; if it were, the sound of the violin would not be audible. This is because

the sound listeners hear when the violinist plays open A is not, primarily, the sound of the string

vibrating, but rather the amplifications of that vibration in the instrument’s sound box. These

1This technique of ‘natural overtones’ produces a differently-textured pitch than normal playing, and it is denoted in
sheet music by a small circle above the fundamental pitch.
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Figure 1. The harmonic series on a vibrating string. Grey circles marking frac-
tional lengths of the string represent harmonic nodes. Harmonic overtones listed are
for violin’s A string.

amplifications lead to further interference, complicating and enriching the sound of the note. The

mechanics of sound waves in the violin’s sound box cannot be explained by the harmonics model

alone, but rather requires an explanation from a structural model of the instrument’s anatomy.

This structural model of open A requires jettisoning the treatment of the string’s endpoints as

zero-dimensional boundaries, but of course, in so doing it cannot explain the presence of harmonic

overtones.

The structural model of a violin (See Figure 2) facilitates an explanation of how vibrational

energy from the A string transfers to other parts of the instrument. As the A string vibrates across

the instrument’s bridge, it transfers this vibration to the spatially extended region of the string

that is in contact with the bridge. One end of the bridge (See Figure 2) in turn vibrates against

the front of the sound box. The other end of the bridge is connected via the sound post to the back

of the sound box, and some of the vibrational energy from the bridge is transferred to the back

of the sound box via the sound post. The sound box amplifies all these vibrations and, especially

at the openings of the sound holes, generates further interference among the various phases and

frequencies, as well as between the A’s harmonic overtones. All this vibrational complexity results
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Figure 2. Anatomy of a violin’s soundbox.

in an A that is comprised of much, much more than just 440.0 Hz waves and a tone that cannot

be described simply by its wavelength.

In this explanation of the sound of a violin’s open A, the natural laws at work are laws about

interference of waves. The harmonics model presents these laws more centrally than the structural

model, building a network of relationships among wavelengths in order to explain why constructive

interference occurs where it occurs. But even in the harmonics model, the boundary conditions—

that is, the idealization of harmonic nodes and the string ends as infinitesimal—play the crucial

role, not natural laws. While the laws of wave interference are necessary for the explanation of

open A, that necessity does not automatically confer upon the laws the status of ‘hardest-working’

explanantia: the boundaries, or endpoints and harmonic nodes, of the string are what generate new

frequencies in the harmonics model; they do most of the work in generating the harmonic overtones

that are used in explanations and predictions of the string’s sound. It is no coincidence that many

models of violin harmonics do not mention the wave equation, nor even simplified phenomenological

‘laws’ relating wavelength, frequency, and the speed of sound. Moreover, without endpoints on a

line segment, mathematical relationships between harmonic overtones could not be defined. In

order for the harmonics model to convey useful information about the sound of an A string, it

is necessary to suppress the structural information about the transmission of sound through the

instrument as a boundary condition.

So the harmonics and structural models are not in a reductive nor an emergent relationship

with one another, and where they overlap is precisely at the point where the harmonics model
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suppresses information about the system in the form of a boundary condition. In order to develop

an explanation of the movement of sound waves through the violin string and into the air around

the instrument, information from both models is needed. As an alternative to reductive and

emergent relationships between models, then, I propose to call inter-model relations of this sort

cases of model interaction. Model interaction keys in on the idea that explanatory (or descriptive,

predictive, or design) work is often accomplished neither by reducing one model to another, nor

by constructing emergent relationships between phenomena, but by attending to areas of overlap

between theoretical or modeling frameworks. These overlaps occur where one model or theory

suppresses as a boundary condition precisely the part of a system that another model or theory

aims to describe.

Physical models of macroscopic material surfaces usually treat surfaces as a two-dimensional

boundary condition, analogous to the harmonics model of vibrating strings, whereas chemical mod-

els of macroscopic material surfaces treat surfaces as richly-structured three-dimensional regions,

analogous to the structural model of the violin. Chemical models cannot suppress surface structure

as a boundary condition because chemical reactions occur at the surfaces of solids. Interior atoms

are less likely than surface atoms to participate in reactions for two reasons. First, interior atoms

are bonded to, or coordinated with, more other atoms than surface atoms (See Figure 3); another

way to phrase this point is by saying that surface atoms, but not interior atoms, have available

reaction sites. Second, interior atoms are physically screened off or blocked from interaction with

new chemical species by the presence of nearby atoms, much like it is impossible to reach a friend in

the middle of crowded room without pushing past the people on the edges of the room. Whole fields

of chemistry, such as heterogenous catalysis, are devoted to the principle that increasing surface

area increases chemical reactivity. On the other hand, many physical behaviors, such as bending,

transmitting electricity, and changing temperature, are not surface phenomena. Section 3 discusses

the multi-valuedness of the concept surface in more depth.

3. The Multi-Valuedness of Surface

Surfaces are divisions between bodies or materials. No solid or fluid object exists without being

bounded by a surface. Nonetheless, many physical models of materials ignore the true physical

behavior of surfaces by treating surfaces as boundary conditions. Commonplace mechanical models

of simple machines such as blocks sliding down planes or wheels rolling on flat surfaces ignore both
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Figure 3. A ball-and-stick cartoon of a crystalline solid. Inset A shows an interior
atom with no available reaction sites. Inset B shows a surface atom with an available
reaction site at the top of the atom. Note also the difference in bond lengths between
surface atoms and interior atoms.

the physical and the chemical behavior of surfaces. As Wilson [8] has argued, fluctuations in the

microscopic trajectories of the point masses that make up blocks and planes cannot be individually

accounted for in a modeling framework that makes macroscale predictions about the trajectory

of the block as a whole. Strategies for treating surfaces as boundary conditions in macroscale

materials modeling abound: consider continuum models of deformation in solids, computational

fluid dynamics, as well as the high-school physics models of frictionless planes and pendula swinging

from massless strings. Despite treating surfaces as boundary conditions, these models are successful

predictors and explainers of macroscopic material behavior in many situations[7]. This success

occurs because of, not in spite of, the models’ suppression of surface behaviors.

However, there are contexts in which it becomes useful to study the structure and dynamics of the

surfaces themselves—in the design of adhesives and lubricants, for instance, or the development of

touch screens or sterile medical instruments. These contexts are often more “applied” or materials-

based than the physical modeling contexts mentioned above, and they often use conceptual resources

from both physics and chemistry to model the structure and behavior of surfaces.

These surface-centered contexts appear most often in contemporary materials science, chemistry,

and engineering, when small differences in the surface structure or behavior can lead to larger-scale

changes in its electrical or thermal conductivity, or differences in mechanical, electronic, or chemical

properties. Rather than treating surfaces as boundary conditions or single-variable parameters,
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in these materials models, surfaces are decomposed into structural elements. Those structural

elements explain and predict the behaviors of materials, from frictional forces to conductivity and

chemical reactivity. The differences between treatments of surfaces in chemical, physical, and

applied-materials contexts, and modelers’ needs to understand how to connect information from

each of these treatments in certain contexts, are what I aim to emphasize when I write of the

Wilsonian “multi-valuedness” of surface.

So far I have indicated a distinction between physical and chemical models of materials that is

analogous to the distinction between the harmonics model and the structural model of the sound

of a violin’s A string. But the distinction between what is ‘properly’ physical or chemical is hazy

at best and arbitrary at worst. And the two kinds of models differ in their methodology and

assumptions significantly enough that it is possible to distinguish them without referring to the

disciplines out of which they arose: harmonics-type models are continuum models of materials,

and structure-type models are atomic, discrete, or more generally structural models of materials.

Continuum models treat surfaces as two-dimensional boundary conditions. Atomic models can

either represent bulk structure or surface structure, but rarely do they represent both.

3.1. Continuum Models. Continuum models of materials fall into a variety of categories, based

on factors such as the kind of response they are intended to model, the kind of material to which they

apply, and time- and length-scales they employ in order to draw relationships between a material’s

structure and its behaviors or properties. For instance, in linear elastic modeling, Young’s modulus

(also known as the elastic modulus) is a measure of how much a material will elastically deform

when subjected to a certain amount of stress that is evenly distributed over a given area on the

material’s surface. It addresses only elastic, as opposed to plastic, responses in the material. Elastic

deformations, like stretching a rubber band, return the material to its original, pre-deformed shape

once the deforming force is removed, whereas plastic deformations, like crushing a soda can, leave

the material in a new shape even after the deforming force is removed. Young’s modulus is time-

independent, and applies over any macroscopic length scale. It applies to any type of material that

can generate an elastic response to stress, regardless of whether the material is metal or wood,

plastic or crystalline.

This wide scope of applicability results from the fact that Young’s modulus is a continuum

parameter. It treats materials as if they were made up of uniformly distributed and continuously

deformable parts. Young’s modulus is one of many continuum parameters found within the catalog
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of physical models of materials. Continuum models do not consider the atomic or microscopic

structure of materials in their evaluations of the relationships between structure and behavior.

Rather, they focus on macroscopic structural features of materials such as shape and size. For

instance, one expression of Young’s modulus is:

E =
FL0

A0∆L

where F is the magnitude of force applied to the material, L0 is the length of the object before a

force is applied, A0 is the cross-sectional area of the object before a force is applied, and ∆L is the

change in the object’s length after application of force. E is Young’s modulus itself.

The value of E is considered to be an intrinsic property of a material, one that is consistent

across all samples of the material and which depends minimally on the environment in which the

material is embedded. Young’s modulus in particular is an invaluable resource for both engineers

and materials scientists; it comprises a whole section of the CRC Handbook of Chemistry and

Physics, a definitive resource for academic and practical information about properties of materials.

Continuum models, like those that employ Young’s modulus as a parameter, ignore the mi-

crostructure of the materials they model. Nonetheless, these models are often among the most

useful for solving both scientific and engineering problems, such as understanding how sound might

travel through a material or constructing buildings that will resist collapse. In a comprehensive

review of material properties, Ashby [1] provides an overview of a variety of physical models of ma-

terials and relates them to various projects. Young’s modulus features prominently in this review,

which demonstrates that one of the most effective means of classifying materials for these sorts of

purposes is by relating properties that ignore the material’s microstructure, like Young’s modulus,

to other intrinsic properties of the material, like density.2

A central feature of the review is the development of charts, such as the one in Figure 4, that

graphically depict the kind of classification schemes Ashby has in mind. They are effective or

phenomena-capturing, rather than ‘fundamental’; the models do not reduce descriptions of behav-

iors to descriptions of atomic motion or quantum states. The success of these models in aiding

engineers and scientists in the construction of complicated objects and in the understanding of

2Density is a particularly interesting material property, because it can be calculated without referring to the material’s
microstructure by simply quotienting mass and volume. However, it is often rationalized in microstructural terms,
by referring to the atomic mass of the material’s components and the spacing between atoms in the material.
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Figure 4. An Ashby diagram relating density to Young’s modulus. [1]

material behavior flies in the face of reductive attitudes toward theories (cf. e.g. [5]) that argue

that understanding a scientific system is best achieved by understanding the smallest components

of the system.

Wilson [9] and Phillips [7] have pointed out a number of the problems with using such bottom-up

models, for instance employing point-mass mechanics to try to construct materials or understand

material behavior. Wilson and Batterman [2] have been interested in the success of continuum

models in spite of the fact that they ignore microstructure. But what is interesting for present

purposes is the success of these models in spite of the fact that they ignore the role played by the

material’s surface. Young’s modulus is an intrinsic property of a material, so it does not change

depending on the interaction between the surface of the material and the environment in which

the material is embedded. Young’s modulus predicts the same material response if the beam is

submerged in the ocean as if it is suspended at the top of a skyscraper.
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These environmental considerations can be ignored in macroscopic materials because the surfaces

make up a negligible proportion of the entire material.3 As a result, continuum models, which treat

surfaces as boundary conditions, provide accurate and reliable predictions of the behavior of such

materials. But at the nanoscale, the mass (and volume) of the material’s surface reaches the same

order of magnitude as the mass (and volume) of the rest of the material. Models that treat surfaces

as boundary conditions risk neglecting a significant proportion of the behavior of materials at the

nanoscale.

In many cases of modeling, continuum models are successfully used without supplementation

from atomic models: one can explain why a steel beam bends without having to mention that

steel is made up of atoms. But continuum models do not fare so well in explaining the behavior

of systems made up of multiple kinds of materials. This defect of continuum models can have

catastrophic consequences: When engineers designed the first commercial jetliner, the de Havilland

Comet, in the early 1950s, they built the aircraft with square windows. The sharp corners of the

windows caused massive metal fatigue and led to a number of the jets ripping open in the sky,

killing dozens of passengers. In order to understand why the corners of the windows led to metal

fatigue in the body of the jetliner, it is necessary to develop a model-interaction explanation using

both continuum models and structural models.

3.2. Structural Models. Structural models of materials represent the material’s microstructure,

that is, the constituent atoms or groups of atoms that make up a material, just as the structural

model of the violin represented the parts of the instrument that transmit and amplify sound waves.

They use geometric relations between parts of the material to predict and explain material structure

and behavior. Nearly all molecular and crystalline models of materials refer to such geometric

arrangements. Structural models can target either molecular or crystalline bonding behaviors of

materials. Structural models needn’t explicitly represent atoms; models of grain boundaries in

crystalline materials are still structural models, because they divide a material into non-identical

parts.

Metals like the steel in the Comet aircraft are modeled using both crystalline and grain-boundary

models. Because metals are polycrystalline, the atoms in a metal are grouped into small patches

called grains. Grains are irregularly sized, shaped, and distributed in most metals (see Figure 5).

3The percent of atoms on the surface of a typical 6mm-diameter steel ball bearing, which is a small macroscopic
material, is only about 1.88× 10−5.
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Within each grain, atoms are arranged in monocrystalline arrays—that is, in regular, repeating,

structures (such as the one in Figure 3) that can be modeled mathematically by translation oper-

ations on an infinite lattice. Mathematical tools such as group theory, Bravais lattices, and Miller

indices are all used to model the structure of individual crystals. In an elemental metal, differ-

ent grains all have the same lattice structure but different orientations; in alloys, lattice structure

as well as orientation can differ from one grain to the next, and regions of one metal are often

composed of multiple grains.

Atoms in metals are highly mobile, which is why metals are malleable and ductile. But it requires

less energy for atoms in a grain to move as a group than to change grain boundaries. So when a

metal deforms in response to stress, grains rearrange. The dynamics of grain movement in a metal

are similar to the movement of grains of uncooked rice in a bowl: when a small surface area is

stressed, fewer grains move, but the ones that move, move more. When a larger surface area is

stressed with the same force, more grains move, but each grain moves less. This is why you can

easily plunge your finger into the bowl, but not your open palm.

For the square-windowed Comet, the sharp corners of the windows stressed the metal that

surrounded them. That stress was applied over a small surface area, leading to a buildup of high-

energy grain movement away from a small region of the material, which led to cracks in the metal

panels. Continuum models could not have predicted these cracks, because the cracks result from

changes in the surface and internal structure of the material. Continuum models can describe

expansion and contraction of the metal in response to changes in surrounding temperature and

pressure, and they can describe the deformation of metals in response to external stresses, but they

cannot predict the buildup of localized stresses along grain boundaries that lead to the appearance

of cracks.

Mathematical models of crystal structure cannot predict cracks either, and for a similar reason:

crystal models like Bravais lattices assume infinite arrays of lattice points, and so they do not

contain the conceptual tools necessary to represent surfaces. The response of materials modelers

has been to adapt lattice models of materials to develop structural models of surfaces. Surface-

layer atoms are not in the same relationships to other atoms in the material as interior atoms, so

they cannot be mathematically modeled as points on an infinite, repeating lattice. But they can be

visually modeled using the graphical notion of a lattice (See Figure 3). Surface atoms bond to fewer

other atoms in the material. This leads to changes not only in the lattice representation of the
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surface layer, but also in the energetic and chemical behavior, as well as the geometric structure, of

the surface. If it were the case that surface atoms were simply bonded to fewer atoms, but no other

changes in physical or chemical properties occurred at the surface, then the problem of how to

model surfaces would be largely uninteresting. A mathematical caveat would have to be written in

to deal with the failure of the infinite-lattice representation of material structure at the material’s

surface, but no other part of the theory would need to change.

However, surface atoms often differ in bond length and atom placement from interior atoms, as a

result of the relative instability of surfaces. So the relative locations of points in a lattice-like model

of the material changes at the surface. Surface structure is, consequently, defined by contrasting

the actual locations of surface atoms with the expected locations of atoms in an infinite lattice.

Predictions about surface geometry and surface energy are obtained by comparing expected values

from a lattice model to actual values and inferring what possible reconfigurations could perturb the

expected values to bring them closer to the actual values. The resulting structural model can be

further tweaked to represent defects in a surface and areas of increased reactivity. This is a case of

extending conceptual resources from one model into a new domain of application, and it illustrates

the non-reductive method of model interaction that is seen in materials modeling of surfaces.

Bravais lattices cannot represent surfaces, and yet the cartoon of differently-oriented pieces of a

lattice in Figure 5 is a sensible and informative model of the structure of a polycrystalline metal.

This cartoon is a hybrid model, one kind of product of model interaction. The construction and

application of hybrid models is one way of using model interaction to respond to the challenge of

extending conceptual resources from one model into the domain of applicability of another model.

Hybrid models are neither reductions of higher-level models nor reducible to lower-level models.

Against reductive intuitions, separating the pieces of the lattice-grain-boundary model into higher-

level (grain-boundary) and lower-level (lattice) components makes it less useful in explanations of

the mechanics of crack formation, not more.

The lattice-grain-boundary hybrid model exemplifies the method of model interaction, in which

representational, predictive, or explanatory elements from multiple models are combined in response

to modeling challenges posed by novel domains of application. Because this modeling challenge

arises when something that was a boundary condition in one context becomes a domain of interest

in another context, it makes sense both that model interaction is the appropriate strategy for



D
RAFT

SURFACE TENSION 13

Figure 5. Left: Scanning electron microscope image of grain boundaries in a metal.
Right: cartoon of grain boundaries indicating differences in lattice orientation be-
tween grains.

modeling boundary conditions and that boundary conditions, rather than natural laws, perform

the majority of the explanatory, predictive, and descriptive work in these cases.

4. Conclusions

The multi-valuedness of surface is a demonstration of the patchy, piecemeal conceptual founda-

tions of a scientific concept that plays important roles in all the physical sciences. Further, attending

to the modeling strategies developed to accommodate the multi-valuedness of surface has exempli-

fied the modeling strategy I have termed “model interaction” and presented as an alternative to

traditional views of reductive and emergent relationships between theories and models.

As a way of responding to new modeling challenges, model interaction calls to mind Neurath’s[6]

famous adaptation of the Ship of Theseus, wherein sailors repair and rebuild of a ship out of its

own parts in the midst of an ocean voyage. While Neurath’s concern was primarily in confirmation

rather than modeling, a parallel moral stands: Rather than expecting to build new models out of

whole cloth to fit novel linguistic, conceptual, and modeling situations—such as scientific research

into a new scale of matter—modelers adaptively recycle models, retrofitting and hybridizing them

to accommodate previously unexpected consequences of changes in domain.

There is no algorithm for extending models beyond their original domains of application, but I

have argued that turning one’s attention away from natural laws and toward boundary conditions

often indicates areas ripe for model interaction. In the case of surfaces, the tension between treating

surfaces as boundary conditions and treating them as structural elements of the material gives rise to
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both the multi-valuedness of the concept surfaces and the model-interaction strategy for responding

to this multi-valuedness.
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