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Abstract. Over the last half-century, direct measurements of surface forces have

been instrumental in the exploration of a multitude of phenomena in liquid, soft,

and biological matter. Measurements of van der Waals interactions, electrostatic

interactions, hydrophobic interactions, structural forces, depletion forces, and many

other effects have checked and challenged theoretical predictions and motivated new

models and understanding. The gold-standard instrument for these measurements is

the surface force balance, or surface forces apparatus, where interferometry is used to

detect the interaction force and distance between two atomically smooth planes, with

0.1 nm resolution, over separations from about 1 µm down to contact. The measured

interaction force vs. distance gives access to the free energy of interaction across the

fluid film; a fundamental quantity whose general form and subtle features reveal the

underlying molecular and surface interactions and their variation. Motivated by new

challenges in emerging fields of research, such as energy storage, biomaterials, non-

equilibrium and driven systems, innovations to the apparatus are now clearing the way

for new discoveries. It is now possible to measure interaction forces (and free energies)

with control of electric field, surface potential, surface chemistry; to measure time-

dependent effects; and to determine structure in situ. Here, we provide an overview

the operating principles and capabilities of the surface force balance with particular

focus on the recent developments and future possibilities of this remarkable technique.
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1. Introduction: from intermolecular to collective interactions and surface

forces

Many research problems in the physical sciences involve exploring the manner in which

interactions between atoms and molecules collectively determine the surface and inter-

particle interactions of macroscopic materials. Commonplace observations such as the

slipperiness of seaweed, the shear thickening of corn starch, or a spider scaling a wall

have their origin in subtle molecular and electronic effects and involve non-classical

physics. [1, 2] The span of lengthscales and diversity of materials involved in these

questions naturally leads to crossing of traditional disciplinary boundaries including

soft matter, interface science, liquid matter, colloid science, nanoscience, tribology, and

biomaterials. Beyond matters of curiosity, current research questions are focussed on our

energy revolution and recovery of the environment – how can we optimise electrolyte-

electrode interfaces in batteries using Earth-abundant materials? [3, 4] And how can we

aggregate micro-plastics for filtration from waste water? [5, 6, 7] A multitude of urgent

research problems such as these require us to delve into the rich and complex origins of

molecular and surface interactions.

A fascinating aspect of the interactions between macroscopic particles is the

dramatic range of timescales and lengthscales emerging from apparently “simple”

molecular forces, and the spectrum of effects observed. First, the scaling of interactions

can vary drastically from molecular pair interactions to bulk materials. For example the

weak van der Waals interaction between two molecules as a function of their separation,

u(r), scales with separation distance as u(r) ∼ 1/r6 and so is short ranged and acts

essentially between nearest neighbours only. Yet these forces combine to drive long-

range interactions between macroscopic bodies, U(r), such as the attraction between oil

droplets in water with U ∼ 1/r, [8] or even “quantum levitation”. [9] A second feature

emerging from the scale-up from molecular pair interactions to ensembles of interacting

molecules is the central importance of statistical effects and entropy-driven outcomes. In

this category are polymer depletion forces, [10] electrostatic screening and double layer

forces, [11] and more exotic observations such as attractive forces driven by correlations

between like-charged ions. [12] On scaling molecular interactions to ensembles, long

timescales can also emerge. Processes occurring over molecular dimensions in condensed

phases under thermal conditions typically have timescales of ∼10−12 s; once scaled to

motion over typical colloidal, biological or polymeric lengthscales the relevant timescales

can be ∼ 10−3 s to 1 s, or slower. That is to say, rapid molecular motions give rise to

effects that we can see in real time. [13] Taken together, these collective interactions are

of central importance across all of the physical sciences: they determine the spontaneous

formation and dispersal of membraneless biomolecular condensates, [14] the energy-

cycling of ions in and out of battery electrodes, the formation of water droplets in clouds,

and multitudes of other material processes. To interrogate these collective effects it is

often of great use to make measurements of the force between particles or surfaces as a

function of their separation distance across the fluid medium of interest.
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What do we learn from measurements of surface forces? Most fundamentally, a force

measured quasi-statically (reversibly) is the negative gradient of the free energy (the

energy available to do work), so measuring a force over a distance gives access to the free

energy difference between the two states. In an experiment at constant temperature and

pressure this is a Gibbs energy. The free energy difference when surfaces approach across

a medium will depend on medium-dependent quantities (e.g. liquid nano-structure, ionic

screening, polymer radius of gyration), and surface-dependent quantities (e.g. surface

charge, surface hydrophobicity). [15] With the aid of theoretical models, the force vs.

distance measurement can be interpreted to give insight into each of these. In this way,

direct measurement of surface forces is a powerful route to interrogate mechanisms and

properties which are difficult to access in other ways.

Experimental measurements of surface interactions have been made for hundreds

of years, from da Vinci’s detailed analysis of frictional interactions [16] all the way to

the prototypical force-measuring devices reported by Derjaguin [17] and by Overbeek

[18] in the early and mid 20th Century. However it was the transformative innovations

of Anita Bailey and J. S. Courtney-Pratt [19] that opened the way for quantitative

measurements at the sub-nanometric (molecular) scale. Their detailed investigations

into the origin of adhesion and friction were reported in 1955; these constitute the first

use of optical interference to determine the separation distance between mica surfaces

arranged in crossed-cylindrical geometry, and simultaneous detection of their interaction

force via spring deflection.

After Anita Bailey’s pioneering apparatus, further development by Tabor and

Winterton [20] led to the formulation of the instruments later called the surface forces

apparatus (SFA) and the surface force balance (SFB). These instruments were first

applied to make direct measurements of the van der Waals force between macroscopic

bodies in air[8] then much innovated by Jacob Israelachvili for measurements of forces

in aqueous and non-aqueous solutions [21, 22] and by Jacob Klein [23], Steve Granick,

and others, to investigate the role of polymers and soft matter in mediating surface

interactions[24, 23, 25]. Herein, we will refer to these force-measuring instruments as

surface forces apparatuses (SFAs) and surface force balances (SFBs) interchangeably.

The invention of the SFB, for direct measurements of the interaction between

macroscopic bodies as a function of their separation distance across any fluid medium of

interest, brought an extraordinary period of exploration and discovery over subsequent

decades. The first measurements were made of van der Waals forces across air;

[20] osmotic forces in electrolytes (electrostatic double layer forces); [26] hydrophobic

attractions between non-polar materials immersed in water; [27] and depletion forces

due to entropic exclusion of polymer chains. [10] Forces arising from dynamic or

irreversible processes have also been studied using the SFB, to uncover energy dissipation

mechanisms in many systems. An example is the measurement of friction forces: a

friction cycle might involve lateral motion of one surface back-and-forth such that the

final position of the surfaces is identical to the starting position. In this case the

integrated force required to induce the cyclic motion corresponds entirely to dissipated
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frictional energy. [28, 29] Shear (friction) forces due to surface-adsorbed or surface-

grafted materials such as lipids, polymers, and polyelectrolyte brushes have been

measured, from which the relation between molecular properties and lubrication or

energy dissipation can be inferred. [30, 31] Another example is the measurement of

viscous forces arising from the flows occurring in fluid as the surfaces move together.

Velocity-dependence of (irreversible) surface forces can be interpreted in terms of the

fluid drainage to determine, for example, slip boundary conditions or fluid viscosity in

nanoscale films. [32, 33]

Whereas 20th century research questions in this field could be characterised by

a wish to understand equilibrium structure and forces, research questions in the 21st

century are often concerned with systems out of equilibrium, dynamic processes, and

characterising the passage between states; the SFB is rising to this challenge. The

measurement of surface forces is as important as ever, as the forefront of research in

many disciplines from medicine to geology reaches the nanoscale: drug delivery now

involves ‘nanoparticles’ targeted to interact with interfaces in specific ways [34]; energy

storage involves battery materials engineered at the nanoscale to optimise energy density

and cycling dynamics; [35] and micro-electronic devices now call for the fine-tuning of

friction forces at a molecular level. [36] These current questions demand molecular-level

insights into surface interactions and the SFB has evolved in many ways to respond to

the new challenges.

With this review we aim to introduce the reader to the SFB and outline how it can

be used to obtain insight in a range of research fields. We begin in section 2 with an

overview of the central principles of the SFB. In section 3, we describe adaptations of

the SFB, each designed to address a particular research question or system. In section 4,

we look to the future: how might this remarkable ‘chameleon’ instrument assist as we

face the research questions of our times?

2. The SFB: an optical and mechanical apparatus enabling model

investigations of interaction forces across fluids

The SFB allows direct measurement of the interaction force between two macroscopic

bodies – usually mica sheets laid upon cylindrical lenses and arranged in crossed-

cylinder configuration – as a function of their separation distance across a fluid medium.

White light incident perpendicular to the axes of the crossed-cylinders (radius ∼ 1 cm)

undergoes multiple reflections between mirrors on the back face of each mica sheet,

resulting in multiple-beam interference with a spectrum consisting of fringes of equal

chromatic order (FECO). [37, 19, 38] From the FECO spectrum the geometry of the

interacting surfaces can be determined, including the distance of closest approach of the

crossed cylinders, D, and (from the change in FECO positions with displacement) the

force between them. This setup is shown schematically in figure 1, while examples from

the range of systems that may be studied using the SFB are shown in figure 2 and the

main features are elaborated below.
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Figure 1. Operating principles of the basic surface force balance (SFB). White light

is passed through the bottom lens into the interferometric cavity. Wavelengths that

constructively interfere pass through the top lens to the spectrometer and then the

camera, yielding fringes of equal chromatic order (FECO). The FECO are used to

determine surface separation and radius of curvature of the lenses using the position

of the fringes in wavelength, λ. Normal and shear springs with spring constants kN
and ks are used to determine the normal and frictional forces, respectively.

2.1. Mica substrates

Ruby muscovite mica is the most common substrate for surface force measurements

with the SFB owing to its near-ideal cleavage along the basal plane, allowing large area

sheets of micrometric thickness to be prepared with no steps in the crystal plane on either

face. Mica is a phyllosilicate clay mineral of lamellar crystals containing two tetrahedral

silicate (SiO4) layers either side of an octahedral aluminium oxide (AlO6) layer. Al

substitutions in the Si layer cause a residual negative charge which is neutralised by

a layer of K+ ions; these act to bind the lamellar sheets together. [39] The K+ ionic

plane is the cleavage plane, along which mica can be split to reveal macroscopic areas of
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Figure 2. Illustration of the range of systems that may be studied using SFB.

fresh atomically-smooth (step-free) crystal surface. To use mica as a substrate for SFB

measurements, a single step-free crystalline facet spanning the whole area of two lenses

must be prepared, typically with a thickness of 1-4 µm. The delicate art of achieving

this has been described previously. [40, 41] Many substrates other than mica have

been employed, including many metallic surfaces (some mentioned below) as well as

dielectrics such as silica. Studies of silica, in particular, allow for a comparison between

the (chemically and topologically) uniform mica mineral and the rough and chemically

heterogeneous silica surface.[42]

2.2. Crossed-cylinder geometry

The use of atomically-smooth crossed-cylinders creates a ‘single asperity’ contact which

is geometrically equivalent to a sphere approaching a plane. The advantages of this

geometry are that (i) it is well defined and therefore measurements can be directly

compared to calculations; (ii) unlike the geometry of parallel plates, it can readily be

set up in a geometrically ideal way with normal laboratory equipment and conditions;

and (iii) crystalline lamellar sheets, e.g. mica, can be laid across the cylindrical lenses

without wrinkles (which, as explained by Gauss’s theorema egregium, cannot be achieved

on a sphere), allowing for atomically-smooth crystals of identical composition on the two

surfaces. Such ideally-smooth surfaces open the way to measurements involving large

areas of interaction, i.e. large radius of curvature for the crossed-cylinders: in typical

SFB experiments the cylindrical lenses have diameter 1 cm and radius of curvature

1 cm, each coated with a back-silvered mica sheet of area ∼ 0.5 cm2. The advantage in

working with large (macroscopic) interacting surfaces is that the absolute experimental

resolution in force – which is determined by the spring constant and noise level of the

instrument and is typically 10−7 N – corresponds to a very fine resolution in interaction

energy per unit area (about 10−6 J m−2).
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2.3. Fringes of Equal Chromatic Order

As white light is passed through the interferometric cavity formed by the silver-

mica-medium-mica-silver stack, only those wavelengths that constructively interfere

between the two silver mirrors will pass through the cavity to the spectrometer. The

emerging wavelengths, once separated in the spectrometer, are observed as multiple

beam interference fringes known as fringes of equal chromatic order (FECO) that are

curved as a result of the contact geometry (see figures 1 and 3). Due to the birefringence

of mica, the FECO can appear as singlets or doublets (depending on the crystallographic

alignment of the mica surfaces, see Figure 3(b) and (c)). [43] FECO alternate between

odd and even order fringes in accordance with their refractive index dependence; see

figure 3(a) and section 2.4. [38]

The FECO spectrum gives a direct view of the confined region and can be analysed

to provide information about many aspects of the confined film, the surfaces, and their

interaction (see Figure 4). In a typical experiment the mica surfaces are first brought

into contact in dry gas or air, where the fringes are observed to flatten due to adhesion

between the mica sheets causing small deformations away from the crossed-cylindrical

geometry (Figure 4A). The positions (wavelengths) of the FECO fringes at this mica-

mica contact are calibrated as the point of zero surface separation. From the absolute

wavelengths at this point, the thickness of the mica can also be determined. In a typical

experiment, the mica surfaces are then separated and a fluid of interest is injected:

either as a droplet held between the mica-coated lenses, or to fill the whole cell within

which the lenses are held. The mica surfaces can then be brought towards one another

again and the positions of the FECO can be used to determine the absolute surface

separation – relative to the air calibration – with a precision of 0.1 nm and accuracy of

0.1 – 1.0 nm depending on the details of the experiment. The radius of curvature can

also be determined precisely from the shape of the FECO i.e. the x-direction in figure 1,

allowing for direct comparison across experiments and different confinement geometries

(via the Derjaguin approximation). [15]

This optical detection method of determining the surface separation in fact

measures the optical thickness, i.e. a refractive index-weighted quantity. If the refractive

index (RI) of the confined medium is uniform and well defined, this simply reduces

to a measure of thickness (as described above). If the medium of interest consists

of anisotropic components (e.g. liquid crystals), or there exist multiple phases with

dielectric or RI contrast, or the RI varies with the degree of confinement, these features

can be observed directly using the FECO. This gives direct visualization in situ of events

such as capillary condensation, [44, 45] phase separation, [46] liquid crystal reorientation

and alignment, [43, 47, 48, 49, 50, 51, 52] as well as quantitative insights into the surface

coverage of polymers. [53]
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(a)

(b)

(c)

Odd Even

Figure 3. Schematic view of fringes of equal chromatic order. (a) Flattened FECO at

the contact position, highlighting the shapes of the odd and even fringes. (b) FECO

can appear as doublets if the mica optical polarisation axes are parallel. (c) If the mica

optical polarisation axes are perpendicular, the fringes appear as singlets. [43]

2.4. Image analysis of the FECO

The FECO, or ‘fringes’, are recorded using a CCD camera which captures images at a

typical frame rate of 5 FPS, although this can be much higher when required for dynamic

studies. [54] The images can then be analysed to determine the surface separation,

refractive indices, geometry of confinement, and interaction force.

If the medium of interest is confined between two muscovite mica surfaces

of identical thickness, the system can be described as a symmetric three-layer

interferometer. Israelachvili [38] derived the following formula to determine the surface

separation, D, in a symmetrical three-layer interferometer,

tan(kµmediumD) =
2µ̄ sin θ

(1 + µ̄2) cos θ ± (µ̄2 − 1)
, (1)

where k = 2π/λ, ± depends on whether λ belongs to an odd or even fringe, and

µ̄ =
µmica

µmedium

θ =
nπ∆λn

λn

n =
λ0
n−1

λ0
n−1 − λ0

n

(2)

when µi is the refractive index of layer i, n is the fringe order, λ0
n and λ0

n−1 are the

wavelengths of the fringes n and n − 1 at D = 0 nm, respectively. If D ̸= 0 nm, the

wavelength of the n-fringe shifts to λn by ∆λn = λn − λ0
n. In this case of a symmetric

interferometer, the FECO alternate between odd and even order fringes, with their

profiles differing at small distances. [38] Odd fringes are not sensitive to the RI of the

medium at short distances, whereas even fringes depend on the RI of the intervening

medium:

D = n∆λn/2µmica (n odd) Dµ2
medium = n∆λnµmica/2 (n even). (3)

By tracking the shift in an odd fringe, D can be determined directly. [38]
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Surface separation is measured relative to mica-mica direct contact (D = 0 nm) as

calibrated at the start of each experiment. The calibration is made by recording the

wavelengths of two adjacent fringes e.g. p and p − 1 with wavelengths λ0
p and λ0

p−1 in

figure 4(a). When a medium sits between the lenses, as in figure 4(b), the position of

the p-fringe shifts to λp by ∆λp = λp − λ0
p. By tracking λp as the lenses approach or

retract, the surface separation can be determined.

p p-1

Δλp

D = 0 nm(a)

(b) D > 0 nm p p-1

λ
0
p

λp

λ
0
p-1

λp-1

�

λ

Figure 4. FECO fringe pattern example in (a) air and in (b) liquid. The fringes

appear as doublets due to the birefringence of mica. The left-most odd fringe is termed

the ‘p-fringe’. In air, the flattening of the fringes indicates clean mica-mica contact.

In liquid, the p-fringe is shifted by ∆λp relative to the p-fringe in air, with the shift

corresponding to the surface separation. Here, the wavelength at the mid-point of each

doublet is marked. Alternative positions can also be used e.g. the apex of the left-hand

fringe of the doublet.

Using multiple beam interferometry, the surface separation relative to the

calibration can be measured with a precision of 0.1 nm, provided the optical setup

is optimal. This is determined by factors such as the light alignment and collimation,

condition of the mica surface, and the silver thickness, purity and smoothness. [38]

2.5. Determining the surface forces by spring deflection

The SFB can be used to measure both normal and lateral forces across confined films

using two sets of leaf springs (see figure 5, parts C and E).

2.5.1. Normal Forces. The bottom lens sits on a pair of parallel leaf springs, as in

figure 5, with spring constant, kN. When the lenses are at very large separation they

experience no interaction force, i.e. FN = 0. The two surfaces are brought together using

a three-stage mechanism: the coarse motor positions the lenses within about 1 µm, the

fine motor via a differential spring mechanism positions to 1 nm, and a piezoelectric

tube (PZT) allows positioning to 0.1 nm (see figure 5). Generally, measurements are

conducted with the fine motor or PZT. The fine motor allows for a larger range of

linear motion, however can introduce mechanical vibrations, whilst the PZT minimises
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Figure 5. Basic mechanical setup of the SFB within the chamber (outermost dark

grey square). Labels correspond to: A. air-gap capacitor. B. piezoelectric tube. C.

shear leaf springs. D. bottom lens holder. E. normal leaf springs. F. stiff spring. G.

helical spring.

vibrations but has a smaller range of motion. As the surfaces approach one another,

an interaction force between them causes deflection of the spring. This deflection is

detected via the FECO, and from this the (static and dynamic) interaction force can be

calculated as follows.

The mechanics of the system can be understood by considering the equation of

motion of the lower lens relative to the upper lens as follows[55]:

mD̈ = FN(D)− kNδN(t) + F h(D, Ḋ) (4)

where m is the mass of the bottom lens on the spring, FN(D) is the equilibrium (Ḋ = 0)
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force acting between the surfaces at separation D, kN is the spring constant, δN(t) is

the deflection of the spring and F h(D, Ḋ) is the hydrodynamic force acting between

the surfaces. It is noted that here we have assumed the hydrodynamic and equilibrium

forces are independent and separable.

The spring deflection is measured using FECO fringes: if a constant velocity of

approach of the top surface towards the bottom surface is imposed (see red dotted line

in figure 6), then the spring deflection is equal to the deviation of the actual separation

distance, D(t), from a linear baseline of (D0 − vt):

δN(t) = D(t)− [D0 − vt]. (5)

Thus the directly measured force is simply: FN(t) = kNδN(t) = kN(D(t) − D0 + vt).

Under all normal conditions for SFB experiments, the intertial term in the equation of

motion, mD̈, is negligible. Thus the instantaneous force acting between the surfaces

resulting in the observed deflection of the spring, FN(D, t) = kNδN(t), is determined by

the equilibrium force and any viscous (hydrodynamic) contribution. In crossed-cylinder

geometry the hydrodynamic drainage force is equivalent to that between a sphere and

a flat plate[55], and so we have:

F (t) = k (D(t)−D0 + vt) = FN(D) + 6πηR2 Ḋ

D
(6)

In many cases where the approach speed Ḋ is very slow and/or the fluid viscosity is

low the hydrodynamic term is negligible and the directly measured force, F (t) is equal

to the equilibrium normal surface force FN(D). For example experiments in water with

R ≈ 1 cm and approach speeds of 1 nm/s viscous forces are negligible. However, when

studying viscous fluids or when imposing higher approach speeds the additional time-

dependent contribution must be included. A careful analysis of how this was performed

in an ionic liquid studied over several orders of magnitude in approach velocity illustrated

how this can be done.[33]

An experimental surface separation versus time profile is shown in figure 7(a), for

the example of an ionic liquid confined between the mica surfaces and measured at an

approach rate where viscous forces were negligible. The linear approach is fitted when

D > 40 nm (in red). Below approximately 20 nm, D(t) deviates from the linear baseline

indicating the presence of surface interactions. The normal force is then determined,

as in figure 6, and plotted against surface separation yielding the normal force-surface

separation profile in figure 7(b). Using the SFB, normal forces can typically be measured

with a resolution of 10−7 N [56].

2.5.2. Shear Forces. The SFA was adapted for simultaneous measurement of lateral

and normal forces by Israelachvili’s team, and this uncovered many aspects of

the molecular mechanisms underlying friction and its relation to adhesion between

surfaces.[57] Later, a method for ultra-sensitive detection of shear forces was

implemented by Klein and Kumacheva[58], involving nanoscale lateral displacement of

one surface using a sectored piezoelectric tube and fine detection of the resulting shear
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Figure 7. Examples of (a) distance-time and (b) force-distance profiles for an ionic

liquid. (a) Surface separation, D, versus time plot in black. When D > 40 nm the

surface separation can be fitted linearly with time (red dashed line). A series of steps

are observed when D < 10 nm, shown in the inset. The difference between the black

and red plots in (a) gives the deflection needed to calculate the force, FN. This is

normalised by the radius of curvature of the lenses, R, and plotted as a function of D

as in (b). The red dashed line in (b) shows the linear fit from (a) and corresponds to

FN = 0 mN. The forces at D < 10 nm are shown in the inset.

coupling using a hanging spring mechanism; see figure 5. The sectored piezoelectric

tube, upon which the top lens is mounted, is used for both normal and lateral motion.

By applying equal voltage to all outer sectors, and to the inner sector, the tube
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expands/contracts normally. Lateral motion is achieved by applying equal and opposite

potentials to two opposing outer sectors so that one contracts whilst the other expands.

A signal at twice the frequency of that applied to the outer sectors can be applied to the

inner sector of the piezoelectric tube in order to offset any bowing of the trajectory and

ensure the shearing motion of the top lens is parallel to the bottom lens. Shear forces can

be measured while the lenses are at fixed separation distance, D, or simultaneously with

normal translation. Provided the normal approach velocity is much smaller than the

shearing velocity, the surface separation can be assumed constant during one shearing

cycle; the latter method has recently been described in detail [59].

Vertical leaf springs, with spring constant ks, deform if any shear forces are present

between the two surfaces. The deformation is detected by measuring the change in

capacitance across an air-gap capacitor formed between a capacitance probe and a

mirror-polished steel flag rigidly attached to the shear spring (figure 5, part A).

3. Adaptions to the SFB have allowed diverse physical and chemical

phenomena to be resolved

The SFB has been adapted in many ways to allow measurement of different features

of surface forces and properties of confined and interfacial fluids; we summarise

some of these in Figure 9. One of the earliest efforts to measure the force and

separation distance between approaching surfaces using interferometry was by Derjaguin

(Figure 9(a)), presented at a remarkable cold war Faraday Discussion meeting[17]. This

was followed just a year later by the apparatus of Bailey[19], which was refined by

Tabor[60] and developed further and applied to a great many systems by Israelachvili

[61, 38, 62, 63, 26, 21, 64, 65, 66, 22]. Many of the standard features of the SFB as

used today, and as described in Section 2 , are essentially similar to these versions

of apparatus reported more than 50 years ago. However advances in image and data

capture, digital control, programmability, and analysis have allowed improvements in

precision and resolution of distance measurement and access to fast processes. For

example, Heuberger et al. [67] showed how the full interference pattern of a three-

layer interferometer could be processed to determine surface topography in and out

of contact. Later, Heuberger [68] modified the SFB to produce a fully automated

instrument with measures to control both thermal and non-thermal drift (e.g. material

creep), [69] known as the extended surface forces apparatus (eFSA). Recently, the SFA

was miniaturised by Kristiansen et al. allowing for concurrent force measurements and

spectroscopic studies. [70] Modifications allowing for the measurement of dynamic shear

forces across confined liquid films were made by Klein and Kumacheva [58, 71]; this

apparatus allowed for determination of mechanisms underlying friction and lubrication

in systems involving adsorbed and grafted polymers, hydrated ionic systems, biological

macromolecules and assemblies. Building on this delicate mechanism for detecting

lateral forces, Lhermerout[59] showed that by simultaneously approaching and shearing

the surfaces, further dynamic information can be obtained.
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Improvements to the optical setup and data capture of the interference pattern

have led to enhanced resolution and precision of SFB measurements in recent years.

For example, it is now routinely possible to measure molecular-scale details such as

oscillatory forces arising from water structure; a measurement which was challenging

and even controversial in the past due to the stringent requirements of cleanliness and

fine resolution[72]. An example of recent measurement clearly showing oscillations in

force with a wavelength of 0.28 nm, attributed to water correlations (water structure),

is shown in Figure 8. [73]
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Figure 8. Force-distance profile as measured in aqueous 1 mM KCl, adapted from a

work by Hallett et al. The results clearly show steps with dimensions of 0.28 nm, which

are attributed to the successive squeeze-out of ordered layers of water from between

the surfaces

Other adaptations of the SFB, as in Figure 9, involve variation to the path of the

light and mirror arrangement, or substrate material, or electrochemical control. In this

section we outline some of those key developments and describe the new insights into

material and interfacial properties they have enabled.

3.1. Measuring forces with control of electrochemical potential and electric field

3.1.1. Applying controlled electric fields perpendicular to confined films A notable

extension to the mica-mica SFB is that developed by Drummond [74] to allow for the

application of controlled and well-defined electric fields at the nanoscale. In the device,

shown schematically in Figure 9(c), the silver mirrors on the backs of the mica surfaces

are used simultaneously as electrodes, in order that the electric field resulting from

their electric potential difference is precisely perpendicular to the confined liquid film

(i.e. is in the axial direction). The simplicity and elegance of this method, allowing for

simultaneous determination of surface separation and surface forces while the electric

field is applied, opens the way to many avenues for study of field-dependent effects in

fluids. Since the electrodes are behind the mica sheets, which provide a dielectric barrier
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Figure 9. Examples of various adaptions of the surface force balance. From left to

right and top to bottom: (a) Derjaguin’s proto-SFA in which film thickness between

gas bubbles was measured by interferometry, [17] (b) Mica-mica SFA, [19, 60] (c) Mica-

mica electric field set-up of Drummond, [74] (d) Mica-gold asymmetric set-up of Klein,

[75] (e) Gold-gold set-up of Perkin, [76] (f) Graphene SFA of Perkin, [77] (g) Triple gold

SFA of Perkin, [78] (h) Two-beam interferometry SFA of Kurihara, [79] (i) Dynamic

SFA used by the Charlaix group, [80, 81] (j) MicroMegascope pioneered by the Niguès

group, [82] (k) Mercury-mica electric field set-up of Horn, [83] and (l) X-Ray SFA of

Valtiner. [84] In each case, the geometry of confinement is shown in the top right hand

corner.
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between electrode and fluid of interest, the effect of well-controlled electric fields can be

studied without interference of Faradic processes.

In particular, since the electrodes are separated by only a few micrometres (the

thickness of the two mica sheets of typically 1-4 µm each and the nanometric liquid film),

high electric fields can be generated with only modest applied voltage. For example,

20V applied between the electrodes at a separation of 5 µm leads to an electric field

of 4 × 106 Vm−1. At such electric fields, the field energy and thermal energy densities

become comparable and so the field is expected to influence molecular orientations and

interactions[54].

An example of the control of surface interactions by application of electric fields has

been reported by Drummond [74], where the lubrication properties of polyelectrolyte

brush layers was shown to be switched when AC fields were applied across the interfacial

film. A significant reduction was found in the friction forces at high loads when the field

is applied, which is attributed to the collapsing of the polymer brush in the presence

of an electric field as the solvation structure of the polymers reorganises; see Figure 10.

Since then a similar technique was used by Perez-Martinez [76] in the characterisation of

forces generated by the action of AC electric fields across electrolytes on the application

of oscillating electric fields.

3.1.2. Control of surface electrical potential. One of the key limitations associated with

the traditional mica-mica SFA is that mica is an insulator and its surface electrical

potential cannot be directly controlled. [78] However, controlling surface potential

is important for many real-life applications of confined systems e.g. electrolytes in

energy storage devices. By replacing one mica surface for gold, surface potential can

be controlled relative to an electrode in the bulk liquid and used to study metal-

liquid interactions and surface forces with controlled electrode potential; Figure 9(d).

Vanderlick et al. [85, 86, 87] provided crucial insight into the relationship between

surface roughness of gold and optical resolution which Klein and Chai [75] built upon

to successfully characterise aqueous electrolyte behaviour using a gold-mica setup.

While gold is a suitable candidate for this due to its high reflectivity, the surface

roughness of directly deposited gold films made it incompatible for interferometric

analysis or molecular-resolution studies. By adapting the template stripping method

first proposed by Hegner et al. [88, 89], they were able to achieve smooth gold surfaces

compatible with interferometric analysis. Additionally, straightforward modifications

to the Au-mica system permits the incorporation of a classical three-electrode setup,

[90, 91]. In an important fundamental study by Tivony et al., Figure 11, this apparatus

was used to test the applicability of constant potential and constant charge boundary

conditions for the Poisson-Boltzmann model as applied to interaction forces across

electrolyte solutions [92].

Another simple way to study a symmetric system of electrodes on both surfaces in

direct contact with the fluid between is to remove the mica spacer completely to leave a

single layer interferometer with gold acting as both mirror and electrode on both faces,
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Figure 10. The electric field and shearing SFB set up and applications. (a): Set up of

the electric field and shearing SFB. A potential difference V is applied between the two

silver mirrors, separated by a distance Del giving rise to an electric field E. Surface

separations and normal load forces are measured by white light interferometry and by

monitoring the deflection of a spring normal to the direction of the light. One surface

may also oscillate orthonormally to the direction of the light, and is capable of applying

a friction force Ff which may be measured by monitoring the deflection of a second

spring. (b): Example results from the set up, showing the load dependence of friction

force between mica surfaces coated with a a layer of PS36-PAA125 with (red circles)

and without (black squares) an externally applied electric field. At low L the PE

layers oppose very small resistance to shear because of limited layer interpenetration.

Lubrication is substantially worsened at larger loads. Ff is greatly reduced when the

external field is applied (alternating square wave voltage, 450 Hz, 20 V p-p amplitude).

Shear velocity V = 0.3 µm/s, and mica thickness is 4.018 µm. Reprinted figure with

permission from C. Drummond, Physical Review Letters, 109, 154302, 2012. Copyright

2012 by the American Physical Society. [74]

as in figure 9(e). Because of the optical requirement that the space between the mirrors

must be greater than about 1 µm to allow for interference fringes to appear in the visible

range, this setup can only be used to study forces occurring at electrode separations

beyond this distance. However the simplicity of the interferometer leads to very good

resolution in relative distance for D > 1 µm and makes this setup ideal for measuring

forces over micrometric length scales with control of surface potential. Another key

benefit of this set-up is the precisely known electric fields between the surfaces: with no

dielectric mica spacer to attenuate the field, the potential at the electrode-electrolyte

interfaces is known precisely. In 2015, the method was used by Kristiansen et al. [49]

where they applied the back-silvered mica to the cylindrical lens mica-side down, to

produce a silver layer acting both as a mirror and an electrode. The system was used

to measure the molecular forces and electro-optical properties of a confined nematic

liquid crystal. A similar technique was later developed by Perez-Martinez et al. [76] in

which gold was evaporated onto chromium coated cylindrical lenses. They performed
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Figure 11. The Au-mica SFB set up and an example experiment. (a): Set up of

the Au-mica SFB. Measurement takes place in a three electrode cell, with counter and

reference electrodes immersed in solution, while the gold mirror acts as the working

electrode. The applied potential ψapplied for the working electrode may be chosen

for each measurement. Surface separation and normal forces are measured by white

light interferometry and by monitoring the deflection of a normal spring. (b): Example

results from the set up. Forces are measured by approaching the gold and mica surfaces

in the presence of water with no added salt (pH = 5.8). ψapplied is varied and the

resulting force profiles are fitted to the Poisson-Boltzmann equation to extract the

potential on the gold surface ψAu,fitted. The mica surface has constant charge, while

the gold surface has constant potential. At low negative potentials on the gold surface,

charge reversal character is seen in the surface layer close to the gold, with longer-

ranged attractive forces than would be expected from the van der Waals contribution

alone. Reprinted with permission from J. Klein, G. Silbert, R. Tivony, and D. B.

Yaakov, Langmuir, 31(47), 12845, 2015. Copyright 2015 American Chemical Society.

[90]

measurements to quantify the surface forces generated by the action of electric fields

across micrometric liquid films, revealing unexpected large repulsive forces evolving

over long timescales. A similar observation was made by Drummond, who interpreted

the repulsive forces arising when AC fields are applied across an electrolyte as due to

differences in cation and anion diffusivity, which drive a build-up of charge between the

surfaces and therefore ratcheting up of excess osmotic pressure over long times.[93]

3.1.3. Graphene SFB. Whilst the one-layer interferometer mentioned above works well

for studies of electrically-induced effects at large separations, another method is needed

in order to study nanometrically thin films confined between two identical electrode

(conducting) surfaces. The trick of using mirrors (for interferometry) simultaneously

as electrodes (for applying voltages) is not of use if the electrodes are to approach to

nanometric separations; instead an ultra-smooth, optically transparent electrode must

be found. Achieving the required level of smoothness (sub-nanometric roughness, at
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least) of the electrode surface is challenging; standard transparent electrode materials

like ITO were not suitable. One suitable material is graphene, and this method has been

applied in constructing the ‘graphene surface forces balance’ (gSFB) in which layers of

graphene acting as optically transparent electrodes are set apart from silver mirrors by

a thin smooth layer of transparent epoxy as spacer. The gSFB is shown in Figure 9(f).

The gSFB allows face-to-face graphene-graphene interactions across air and liquid

films to be studied. The double-transfer method developed by Britton et al. [94]

produces chemically clean and molecularly smooth graphene-coated lenses that are

suitable for force measurements and interferometry. The inherent conductivity of

graphene also allows the forces to be measured as a function of surface potential.

The resulting gSFB has also been used to directly measure single-layer and few-layer

graphene surface energies in dry nitrogen and interfacial energies of few-layer graphene

in water and electrolyte solution. Interestingly, the comparison between adhesion

with single-layer and few-layer graphene provides a window into the ‘van der Waals

transparency’ of graphene which will likely be important for many experiments and

applications involving these and other 2-dimensional structures [77, 95].

3.1.4. Triple Gold Approach. Another method designed to achieve identical polarisable

substrates with atomically smooth surfaces is the triple gold mirror SFB setup (Au3

SFB). This method, developed by van Engers et al. [78] and based on the work of

Levins and Vanderlick [96], utilises a mica-free three-mirror interferometer where two

template-stripped gold surfaces serve as confining surfaces, while a third gold mirror

affords detection of thicknesses below the diffraction limit of light with nanometre

resolution (see figure 9(g)). By using a triple gold setup, the surface potentials of

the two gold electrode surfaces, each in contact with the electrolyte, can be controlled

symmetrically or asymmetrically without the need to sacrifice optical resolution. In the

Au3 setup, the key modifications are the use of two gold mirrors on one lens, which

are separated by an epoxy spacer, and the use of template-stripped gold surfaces as the

confining surfaces. Template-stripping the gold yields smooth surfaces with an RMS

roughness of approximately 0.2 nm, which is significantly less than the roughness of

gold films created by vapour deposition (approximately 1.2 nm RMS roughness [97]).

Together, these modifications provide sub-nanometric optical resolution along with the

advantages of an electrochemical setup. A rigorous method for interpretation of FECO

fringes from this asymmetric multi-layer interferometer has been developed[78]. The

symmetric control of surface potential opens the way to high resolution and direct

studies of many electrolyte-electrode phenomena, such as the structure and dynamics

of electrical double layers in different media under nanoscale confinement. Challenges

remain, however, because of the complexity of the FECO spectrum arising from this

interferometric setup meaning that direct view of the spectrum during an experiment

does not give the same intuitive ‘view’ of the contact and all analysis must be performed

post hoc.
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3.1.5. The twin-path apparatus. The twin-path surface forces apparatus (SFA) was

designed by Kurihara et al. [79] to study interactions between opaque substrates and/or

liquids; Figure 9(h). Instead of using the conventional multiple beam interferometry and

FECO to determine the surface separation, two-beam interferometry is used where the

phase difference between two reflected light beams (one beam with a fixed path length

and one with a path length that varies with the motion of the bottom sample holder)

is monitored and the surface displacement can be calculated. Using the twin-path

SFA, Fujii et al. were able to measure surface forces as a function of applied potential

between platinum electrodes in 1 mM HClO4. To date the twin-path SFA has been

used to study lubricants between iron surfaces; [98] interactions between ice-silica [99]

and the ice premelting layer-silica; [100] viscoelasticity of rubber-ice interfaces; [101]

electrical double layer forces [102], and anion adsorption on gold electrodes. [103].

3.1.6. Mica-Mercury droplet system. An alternative method for accessing ultra-smooth

metal surfaces, as necessary for investigation of electrode-electrolyte effects with sub-

molecular resolution, is to use a liquid mercury electrode. Horn’s laboratory developed

a surface force apparatus for measuring the interaction between a mica surface and a

liquid mercury electrode across an electrolyte (see figure 9(k)). The apparatus involved

modifying the optics of the SFA allowing them to carry out measurements in reflection

mode, so that a mercury droplet could be used both as an electrode and a reflective (but

not transmitting) mirror.[104] This allowed one opaque surface to be studied, provided

the surface was smooth and partially reflective. The other surface, which was mica in

their experiments, must be optically transparent for the incident and reflected light to

pass through. The Hg-mica SFA has provided elegant and insightful measurements

directly testing fundamental aspects of the relation between surface potential and

surface charge at electrode-electrolyte interfaces and the detailed validity of the Poisson-

Boltzmann model for capturing interactions in aqueous electrolytes, a question of great

generality and significance (see figure 12). [83]

3.2. Measuring time-dependent forces and dynamic effects

3.2.1. The Dynamic Surface Force Apparatus. The Dynamic Surface Force Apparatus

(DSFA) was first developed by Restagno et al. [80, 81] to measure rheological

properties of the matter confined between the two surfaces. In the DSFA, an oscillatory

displacement of small amplitude is superimposed on a linear inwards ramp of one surface

towards the other. Analysis of the static and dynamic response gives access to normal

and dynamic forces that allow the rheology of the confined system to be studied. In

the original device, absolute separation was measured using a capacitance sensor, while

forces were obtained with a Nomarski interferometer that measured the deflection of a

cantilever spring, as in figure 9(i). The device was recently updated to enable study

in fluid baths (and hence allow investigations into more volatile systems) by replacing

the capacitor with a second Nomarski interferometer. [105] The DFSA typically uses
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Figure 12. The Hg-mica SFB set up and an example experiment. (a): Set up of

the Hg-mica SFB. Measurements take place in a three electrode cell, with counter

and reference electrodes immersed in solution, while the liquid Hg surface acts as the

working electrode. Separation between the mica and mercury surfaces is measured by

white light interferometry following a reflection rather than transmission pathway. (b)

Example results from the set up, validating the Poisson-Boltzmann (PB) equation. The

mica surface becomes negatively charged on immersion in an electrolyte. If a negative

potential is applied the Hg at constant pressure, the repulsion between the mica and

Hg electrode causes the Hg surface to flatten and thus the film thickness to increase.

The calculated separation resulting from a double layer repulsion force between two

surfaces at constant pressure is shown by the solid black line, while measurements of

the film thickness are shown by the circles. The excellent match between the data and

the prediction validate the PB result. A shows the amount by which the PB curve

is shifted to match the data, B shows the position of minimum-magnitude potential,

C shows the point of zero electronic charge, and D shows the mica outer Helmholtz

plane surface potential. Reprinted with permission from J. Connor and R. C. Horn,

Langmuir, 17, 7194, 2001. Copyright 2001 American Chemical Society. [83]

a spherical bead, usually silica, approaching a flat surface. Importantly, as distances

and forces are not measured by analysis of fringes of equal chromatic order, the surfaces

are not required to be transparent or optically smooth. Since its design, the DSFA has

been used to measure boundary flow on various surfaces, [106, 107, 108] the effect of

elasticity on surface flow [109] and rheological properties of simple and complex fluids

[110, 111], to name just a few examples.

3.2.2. MicroMegascope. The MicroMegascope (MiMes), developed by the Siria/Niguès

group [82] and displayed in figure 9(j), is a macroscopic tuning fork [112] based approach

that can be used to probe the mechanical impedance, Z∗, of a confined system. By

controlling both the normal and shear oscillations, the contributions from the stiffness of

the system, Z ′, and dissipative loss in the system, Z ′′, can be determined. It makes use of

principles and techniques common in atomic force microscopy to extend the capabilities
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of the SFA, whilst also using a stiff piezoscanner [112] to define an absolute distance.

The MiMes therefore overcomes the limitations of both of these common surface-probing

techniques and was successful in characterising the molecular layering of the ionic liquid,

[BMIM][PF4]. [82] As distance can be absolutely defined without the need for white light

interferometry, there is great versatility in the range of systems and surfaces that can

be studied and the relationship between Z ′′ and viscosity accommodates the sensitive

probing of hydrodynamical behaviour.

3.3. Measurement of shear forces, friction and energy dissipation

Dynamic and frictional properties of confined films have been studied using the SFB over

many years. [113, 43, 63, 65, 66, 72]. One fundamental question of longstanding interest

concerns the mechanism of ‘stick-slip’ friction; the alternating catching and shearing of

surfaces which is known to occur from the macroscopic scale (e.g. earthquakes) down to

molecular scales[114, 115]. Many experiments and simulations have contributed towards

building an understanding of this process, which appeared to involve sequential freezing-

melting or freezing-shearing cycles in molecular films. A recent experimental study

concluded that no melting transition occurs in the film during the periods of surface

shear, and so the mechanism more likely involves inter-layer slips. [116] A particularly

high-resolution instrument was designed by Klein and Kumacheva to detect the lateral

coupling across layers with largely fluidic properties [58, 71]. Originally designed to

measure the ultra-weak shear coupling across lubricious polymer brushes, the SFB design

of Klein and Kumacheva applies the shearing motion using a piezoelectric tube (PZT),

and determines the shear forces via an air-gap capacitor. [58] By applying voltage in

different combinations to different parts of the sectored PZT, a diverse range of motion

of one surface relative to the other can be achieved. Simultaneous and angstrom-scale

motion in the vertical and lateral directions allows for concurrent measurement of film

thickness, normal load, and friction force[59]; see figure 13.

Surface force balances optimised in this way, able to measure shear coupling with

fine resolution, have been used to investigate the molecular mechanisms of friction

in a wide variety of scenarios involving molecular fluids[32, 29], polymers[30], ionic

liquids[119, 120, 118], and biological lipid membranes[31]. For example, the details of

lubrication occurring in synovial joints has been of particular focus, with the insights

gained feeding in to the design of artificial joints and other therapeutic treatments. The

insight that water bound to charged headgroups of the lipids and saccharides can act

as a molecular-scale lubricant has been termed hydration lubrication[121].

As always in the study of friction, a fundamental question concerns the mechanism

of energy dissipation. In a study by Klein, the response signal from the spring motion

during stick-slip sliding across a simple organic fluid was analysed to show that most of

the energy is dissipated as viscous heating during the slip phase. The remaining energy

is dissipated mechanically at the sticking/solidification point, evidenced by decaying

oscillations in the deflection-time trace.[122] Insights of this sort are fundamental to the
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Figure 13. The shear force SFB and example measurements. (a): Schematic of the

shear force SFB design of Klein and Kumacheva [58]. The upper mica surface is glued to

a lens mounted on a sectored piezoelectric tube. Applying equal and opposite voltages

to opposite sectors of the tube result in lateral motion. Surface separation D and

normal forces FN are measured by white light interferometry and by monitoring the

deflection of a normal spring, while shear forces Fs may be measured by the deflection

of a shear spring perpendicular to the passage of light. (b): Shear forces measured

across thin films of small unilamellar vesicles (SUVs). Results from SUVs of DPPC

(above) and DSPC (below) are shown, with the applied lateral motion shown above and

shear forces shown below at increasing pressures. DSPC films are seen to have greater

lubricating properties at higher pressures. Reprinted with permission from R. Sorkin,

N. Kampf, Y. Dror, E. Shimoni, and J. Klein, Biomaterials, 34, 22, 5465-5475 [117].

(c): Simultaneous measurement of normal and shear forces across a thin film of the

deep eutectic solvent ethaline in dry conditions. The measured friction coefficient of

the film is ’quantised’, showing unique values that depend on the number of molecular

layers in the confined film. Reprinted with permission from J. E. Hallett, H. J. Hayler,

and S. Perkin, Physical Chemistry Chemical Physics, 22, 20253-20264 [118].

understanding of energy dissipation in mechanical systems.

3.4. Measuring contact mechanics and soft-solid deformations

Understanding contact mechanics and the surface deformation of soft-solid surfaces is

key in biological systems, tribology, and rheology. In biological environments, adhesion

is achieved within aqueous surroundings and the study of this ‘wet adhesion’ has been

particularly rich for its promise of useful biomimetic technologies. For example, the

adhesion of marine molluscs to rock surfaces has been attributed to coordination between

delocalised pi-systems and strongly cationic peptides; these mechanisms and details have

been interrogated using the SFA in Israelachvili’s group.[123, 124, 125] Wang et al. have

used the SFA to study the deformation of a compliant surface in place of the usual
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rigid mica surfaces. [126] In their setup one surface is rigid whilst the other is a soft

polydimethylsiloxane (PDMS) film. Across a silicone oil, they study the deformation

of the PDMS film on approaching the two surfaces using white light multiple-beam

interferometry (figure 14). They showed that as the surfaces approach, the changing

shape of the FECO interference pattern could be used to track the deformation of the

softer surface as a result of hydrodynamic forces. Under some conditions a dimple was

observed at the point of closest approach indicating a pocket of oil confined at the centre

point.

(a) (b) (c)

E ~ 2 GPa

E ~ 1 MPa

Figure 14. The soft-solid SFA and an example measurement. (a): Schematic of the

soft-solid SFA. The upper lens is coated in a layer of polydimethyl siloxane (PDMS),

with a Young’s modulus E ∼ 1 MPa, while the lower lens is coated in a material

with E ∼ 2 GPa. Thus the upper surface is highly deformable while the lower lens

is effectively rigid. Approaching the surfaces rapidly in a viscous fluid can lead to

flattening and the formation of a ‘dimple’ in the upper surface as it deforms. Surface

separation and upper surface geometry are measured by white light interferometry,

while normal forces can be measured by monitoring the deflection of a normal spring.

(b): Surface separation as a function of time for two different drive velocities (blue

circles and red squares), comparing the centre of the upper surface (filled symbols)

and the edge of the upper surface (open symbols). When the edge of the upper surface

is closer to the lower surface than the centre, a dimple may be said to have formed.

(c): Schematic showing formation and relaxation of the dimples. Reprinted figures

with permission from Y. Wang, C. Dhong, and J. Frechette, Physical Review Letters,

115, 248302, 2015. Copyright 2015 by the American Physical Society. [126]

3.5. Simultaneous determination of surface forces with in-plane fluid structure

3.5.1. X-Ray SFA. The SFA measures with extremely fine resolution (in distance

and force) a statistical average interactions between surfaces across fluids. Implicitly,

analysis of the SFB data often draws on the ergodic hypothesis to infer space-average

structure from a time-averaged measurement of interaction free energy. However, in

some cases this interpretation does not hold; in particular when the structure of the
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material in the soft or fluid film is not laterally homogeneous. For this purpose the

X-ray surface forces apparatus (X-SFA) was devised, to combine force-distance and

X-ray scattering measurements. These complementary techniques allow controlled

confinement of the sample with the ability to directly probe the confined structure

using x-ray scattering or reflectometry. With this in mind, several versions of the X-

SFA [127, 128, 129, 130] and other X-ray [131, 132, 133] and neutron [134, 135, 136] beam

techniques have been used to study confined liquids. While these pioneering instruments

were able to confine fluids to films of the order of 100’s nm and made many interesting

observations at that scale, it still remained desirable to investigate the lateral structure of

films closer to molecular dimensions. This was achieved in an apparatus by Kekicheff,

which was able to measure lateral structure in an inhomogeneous film at the same

time as recording the film thickness with nanometric precision at distances less than

10nm. [137] With this apparatus it was possible to observe the simultaneous structural

changes in surfactant aggregates during confinement down to nanoscopic dimensions;

an effect attributed to the redistribution of counterions. This result contributed to

an earlier interesting discussion of the interaction between net-neutral surfaces coated

inhomogeneously with positive and negative patches[138, 139]. Initially, the unexpected

observation that attractive forces act between ‘charge mosaic’ surfaces was thought

to arise from rearrangement and correlation of the surface structure during approach.

Later, it was also discovered that an attractive force is predicted for such neutral-

heterogeneous surfaces within the Poisson-Boltzmann attraction due to an asymmetry

between repulsive and attractive electrostatic forces in a screening environment.[139]

After this, Mezger et al. [84] recognised the need for a X-SFA that would allow

dynamic measurements to be made. Their design uses a cylinder-on-flat geometry (see

figure 9(l)) that confines a greater sample volume compared with the curved geometry

setup. This makes dynamic in-plane scattering and specular X-ray reflectivity (XRR)

measurements feasible. The geometry allows for the structure to be studied both parallel

and perpendicular to the confining surfaces. Normal and lateral motion of the confining

surfaces can be applied to measure normal and frictional forces, whilst simultaneously

monitoring the structural changes in situ. Static measurements at a known and well-

controlled surface separation are also possible with this instrument. This X-SFA has

been used to study the structure of a model liquid crystal system under static and

dynamic conditions. [84] They confined the liquid crystal (8CB) to a fixed gap width,

applied a compression-decompression sequence and measured the specular XRR and in-

plane scattering intensities. In micron-sized gaps, the compression and decompression

strongly affects the orientational order of the liquid crystal. The relaxation process

is also eight orders of magnitude slower than the bulk molecular relaxation time. No

relaxation process is observed for a smaller gap width of 120 nm, suggesting defects are

trapped on this timescale.
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(a) (b)

X-ray

Detector

Figure 15. The X-SFA and example results. (a): Schematic of the X-SFA. The lower

surface is a cylindrical, back silvered mica sheet, similar to other SFB/SFA set ups.

The upper surface is template stripped gold on a flat, single crystal of corundum. The

cylinder-on-flat geometry gives rise to a long, narrow contact region rather than a single

spot. X-ray radiation may be shone along the direction of the cylinder apex, avoiding

scattering artefacts from the mica edges. The X-ray beams must pass through several

millimetres of the corundum crystal, so high energy X-rays are necessary. The lower

surface may be raised, lowered, or sheared as required by the experiment. Surface

separation is measured by white light interferometry and normal and lateral forces can

be measured by strain gauges. (b): Sketch of the molecular structure of the confined

liquid crystal 8CB, based on measurements made in the X-SFA. Aligned and misaligned

domains are shown in brown and red respectively. The solid surfaces (blue) induce an

orientation with the liquid crystal director perpendicular to the face of the surfaces. As

the surfaces are brought together, misaligned domains can be distorted if their director

points in the direction of flow. The overall structure of the liquid crystal hence becomes

more aligned on confinement as the aligned domains remain intact during compression.

Reproduced from reference [84].

4. New directions and outlook

The SFB, and its many versions, remains relevant as the scientific challenges ahead of

us evolve. Many open questions arising in the fields of energy storage, environmental

science, materials discovery, and bio-medical science require detailed analysis of

interfacial structure, interactions and dynamics. Beyond these application directions,

the SFB may help us as we interrogate new classes of matter and new light-matter

interactions. Despite the difficulty of making predictions, especially about the future,

we present some imaginings of these lines of enquiry.

Dynamical properties of electrode-electrolyte interfaces. As our energy revolution

progresses it becomes increasingly important that new electrochemical energy storage

materials (electrodes and electrolytes) are designed to be fully recyclable and of lower

environmental impact. Technological advances in this area require detailed knowledge

of the molecular and electronic processes occurring at the electrode-electrolyte interface,

including liquid and soft electrolytic materials. Buried interfaces, such as the electrode-

electrolyte interface inside a battery or supercapacitor, are challenging to characterise
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at the molecular level in any case. However, additional difficulties arise when the

interface is dynamic; it is important to understand the fast rearrangements of ions and

solvent as the electrode voltage is switched, and irreversible chemical changes during

cycling that lead to solid electrolyte interphase (SEI) formation. The SFB can provide

high resolution measurements and insights in this regard, as hinted by recent proof-of-

concept measurement by Tivony et al.: the charging dynamics of an electrode-electrolyte

interface in confined geometry was determined from the measured force, revealing the

timescale of electrical double layer relaxation after voltage switching at the electrode

interface. Furthermore, new apparatus such as that described by Valtiner’s research

team will enable discoveries in this direction[140], and their initial studies have already

begun to image the growth of electrode SEI layers in situ during cycling.[141] Future

work in this direction might involve analysis of electrochemical systems involving faradic

and capacitive energy storage, so-called pseudo-capacitors, as well as polymer and

poly-ionic liquid electrolytes. By detecting the charge transferred between the mirror-

electrodes at the same time as switching applied voltage, the double layer capacitance

and charging time can be determined for electrode pore sizes down to nanometric scales.

But indeed, it is not only the electrodes and interfaces which present a challenge to our

understanding in this area; the highly concentrated electrolytes present in batteries

are beyond the realm of dilute solution theories and remain challenging for computer

modelling. Experiments are needed to further understand the electrical double layer

in highly concentrated electrolytes.[142, 143] In general, we have the principle that

electrochemical processes can be studied from deep inside the electrical double layer.

Iontronics and the dynamics of water and ions at the angstrom scale. As the

design and fabrication of porous materials for energy and environmental applications

such as filtration and osmotic energy generation reaches nanometric and sub-nanometic

dimensions, we meet the need to understand more deeply the dynamic properties of

water and electrolytes in these extreme degrees of confinement. The subtle details of

wall-electrolyte interactions and ion hydration in nanoconfinement can lead to dramatic

effects [144, 145, 146, 147, 148, 149, 150]. Inspired by biological mechanisms of signalling,

energy storage and transfer, the new field of iontronics was born, as a versatile and

energy-efficient soft alternative to electronics. In the mindset of Lydéric Bocquet:

extraordinary possibilities lie ahead if we exchange the “grey” electrons for “ions with

taste and colours”[151, 152]. To progress the field of iontronics, the most subtle of ionic

effects must be properly disentangled. The SFB should help us step up to this challenge,

to assist in resolving properties of dielectrics, solvation, field effects in confinement,

chemical gradient effects, interfacial slippage, dehydration and transport of solvated

ions and ionic materials at the angstrom scale.[153, 110, 36, 54, 73]

Deposition and erosion at solid interfaces in situ. Another frontier in understanding

surface forces involves the effect of chemical gradients and phase transitions, such as

erosion and weathering, on surface interactions. Adapting the SFB for the study of

rough mineral and metallic materials has begun to open the way for study of such

processes in situ, allowing for visualisation of the contact geometry and confined fluid
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properties. In this direction, several research teams have been active in studying the

forces involved in erosion, salt deposition, and other dynamic processes involved in

interfacial aging by salts in aqueous environments[154, 97, 155, 156]. The great strength

of SFB in this direction is the facility for direct visualisation of the interface, through

the FECO interference pattern, at the same time as interaction force measurements

which can reveal changes to adhesion, liquid film thickness and structure, fluidity, etc.

Particularly active in this area recently has been the research teams of Dziadkowiec and

Røyne, and of Espinoza-Marzal[157, 156, 158, 159]. Studies of the mineralisation of

calcite in confined geometry[157, 156] revealed surprisingly long-ranged forces related to

ion aggregation before mineral deposits are formed. Confined geometry can also bring

about pressure solution, i.e. chemomechanical forces that lead to dissolution [158, 159].

The delicate and non-equilbrium processes involved in mineral formation in marine

environments will draw substantial focus in the coming decades as efforts to nudge the

carbon cycle in favour of sequestration become more urgent; studies such as these show

how the SFB is well placed to reveal molecular details and insights into the mechanisms

involved.

Interactions involving dynamic bio-interfaces. Within and between eukaryotic cells,

a multitude of reactions and processes occur in highly confined environments and at

interfaces. In traditional biochemical and biophysical studies, systems are studied either

in solution or confined to a single interface (such as a glass coverslip). Yet, in many

cases, proximity of two interfaces, or confinement itself, is a driving force. In these

cases the SFB can be a useful tool for measuring the interaction arising when two

biomaterials or biomolecular layers approach or recede from contact, or for creating

controlled confinement geometry for a system of interest. SFB experiments have already

demonstrated many examples of lipid bilayer interactions, e.g. bilayer fusion, hydration

lubrication involving glycans and lipids. But nature is complex and much lies ahead.

For example: (i) the recent demonstration that extracellular fluid viscosity enhances cell

migration should inspire experiments to unpick the forces at play in such systems[160];

(ii) the heterogeneous nature of membranes with raft regions providing solubilising

environments for hydrophobic proteins inspires questions about membrane-membrane

interactions between raft-containing leaflets[161].

Quantum optics. In a dramatic departure from the classical systems studied

using similar apparatus until this point, it has recently been pointed out that the

SFB can be used as an ideal resonator for the study of quantum optical effects.

In Zappone’s lab, the SFB was set up as a metal-dielectric-metal resonator with

cavity thicknesses ranging from micrometers down to nanometres for the direct study

of polaritons generated in the cavity.[162] The crossed-cylinder geometry leads to

continuous variation in resonator thickness in a single measurement; the SFB presents,

essentially, an advanced and customisable Fabry-Perot interferometer for direct access

to many parameters relevant to the study and design of quantum optical materials

such as ‘epsilon near zero’ (ENZ) materials. [162, 163]. Analogues of molecular

hybridisation – energy quantization, bonding and antibonding orbitals, avoided crossings
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– are observed in macroscopic resonant cavities. It seems that this relatively simple lab-

based experiment can illuminate mysteries of quantum mechanics and bonding using

white light interferometry!

Fluids out of equilibrium and active matter. The statistical mechanics of systems

far from equilibrium remains a theoretical topic in its infancy, and one of the most hotly

discussed recent topics within this domain is active matter.[164] Active systems are

those which continuously convert stored energy (e.g. chemical energy) into motion of

the constituent units. This principle applies across many scales, e.g. microscale colloidal

particles or bacteria, up to whole animal swarms, shoals, or flocks. Many curious

observations and calculations of the properties of active systems test our intuition and

remind us of the limited reach of equilibrium statistical mechanics. For example, active

matter can contain non-reciprocal interactions; interactions can cause motion to be

strongly correlated; and indeed pressure is not a well defined state function in active

systems. Force generation and pressure are central concepts in active systems. What

do we expect for the disjoining pressure, as measurable in the SFB, for a system of

self-propelled particles? How does the rate of force generation and density of particles

relate to the measured pressure in the system? What would we expect for the lateral

(shear) forces transmitted across an active system? Could we observe phase transitions

induced by confinement?

Over more than 50 years, measurements using the SFB have led to important

insights and fundamental understanding of molecular interactions, fluids in confinement,

and surface forces. This breadth of study has been made possible by the great versatility

of the SFB as a tool for the molecular sciences. Many fundamental issues of molecular

and surface forces arise in fields as diverse as electrochemical energy storage and

conversion, environmental remediation, carbon sequestration, and biomedical sciences;

the SFB will assist as we address these and many other scientific challenges of the future.
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