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Viscometry of single nanoliter-volume droplets using

dynamic force spectroscopy†

Manhee Lee,a‡ Bongsu Kim,a, QHwan Kim,a, JongGeun Hwang,a Sangmin An,a and

Wonho Jhe∗a

The viscometry of minute amounts of liquids has been on high demand as a novel tool for medical

diagnosis and biological assays. Various microrheological techniques have shown the capability

to handle small volumes. However, as the liquid volume decreases down to nanoliter scale, the

increasingly dominant surface effects complicate the measurement and analysis, which remains

a challenge in mircroheology. Here, we demonstrate an atomic force microscope-based platform

that determines the viscosity of single sessile drops of 1 nanoliter Newtonian fluids. We circum-

vent the interfacial effects by measuring the negative-valued shear elasticity, originating from the

retarded fluidic response inside the drop. Our measurement is independent of the liquid-boundary

effects, and thus valid without a priori knowledge of surface tension or contact angle, which con-

sistently holds at 1 milliliter-scale volume. Importantly, whereas the previous methods typically

need much larger ‘unrecoverable’ volume above 1 microliter, our simple scheme uses only ∼1

nanoliter. Our results offer quantitative and unambiguous methodology of viscosity measurement

for extremely minute Newtonian liquids at nanoliter scale.

Introduction

Viscosity is one of fundamental characteristics of fluids that of-

ten needs to be measured in diverse physical, chemical and bio-

medical experiments. In particular, the viscosity measurement of

fluids in a human body has been studied for medical diagnosis

tools, showing that a wide range of maladies can be predicted

by measuring simply the viscosity of the biological fluids1–4.

Nonetheless, due to the painful extraction from patients and nu-

merous refining processes involved, the use of minimal amounts

of sample has been on increasing demand, which has triggered

development of microrheometers such as microfluidic5–9 and

micro-electro-mechanical system (MEMS)10,11 viscometers in ad-

dition to the popular particle-tracking technique12–15.

In essence, these methods probe the fluidic response of the bulk

phase inside the finite liquid volume. Consequently, as the vol-

ume decreases, there inevitably arises the interfacial boundary

effects, which complicate accurate measurements and limit the

minimal measurable volume. For example, the particle-tracking

microrheology detects the motions of the particles suspended in

a fluid, from which one can extract the fluidic properties such
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as viscosity. In this method, the minimum sample volume is ap-

proximately 1 microliter or higher to ensure the particles are free

of hydrodynamic interactions with the sample boundaries12,14.

For the microfluidic chip, one can derive the viscosity at a steady

shear rate by measuring the flow rate of liquids under constant

pressure. While the microfluidic technique demonstrated recently

the viscosity measurement using 30 nanoliter volume7, sizable ef-

fects of interfacial tension and associated capillary pressure limit

the lower measurable volume. The MEMS replicates the conven-

tional rheometers, which dynamically shear an entire fluid body

confined between two plates and measure the fluid response. Al-

though this miniaturized rheometer has reduced the sample vol-

ume down to 5 nanoliter10, the measured quantities are highly

sensitive to surface rheology due to the air-liquid surface defor-

mation involved during shear, and thus demands a fine model to

extract the viscosity from the measured quantities. In addition,

the liquid-immersed resonators have been used to measure the

viscosity of the medium fluids at microliter scale16–18, needed to

enclose the resonator systems and avoid the hydrodynamic inter-

action with boundary surfaces.

Here, we present an atomic force microscope (AFM)-based

platform that determines the viscosity of single sessile drops of

Newtonian fluid at 1 nanoliter scale. We perform dynamic force

spectroscopy (DFS)19 of the liquid drop in shear mode of AFM,

where the drop forms a liquid bridge between the shearing tip

and the substrate. The DFS method measures independently and
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Fig. 1 Experimental schematics and procedures of AFM-based viscometry. a, Schematic for viscosity measurement of a sessile droplet using quartz

tuning-fork (QTF) based dynamic force spectroscopy of nanoliter water bridge (left). Here the cylindrical probe tip is prepared by attaching the cleaved

piece of optical fiber to one prong of the tuning fork, as shown in the photo image (right). b, Firstly, we release a minute droplet of liquids (≪ 1 µ l) on

the mica substrate. Secondly, we bring the tip, oscillating at the frequency near resonance for maximum sensitivity, onto the sessile drop until the tip

bottom touches gently the liquid. Then, we start recording the amplitude and phase of the tip motion until the bridge is evaporated. Finally, we obtain

the resonance curve of tip oscillations at the same tip position to find the reference state with zero interaction.

simultaneously the elastic as well as damping forces induced by

the liquid bridge20,21. We observe that the elastic force with

negative-valued elasticity results entirely from the hydrodynamic

responses of the bulk phase inside the nanoliter liquid bridge,

whereas the damping force comes from both bulk and interfacial

phases. Therefore, as we shall show later, the liquid viscosity can

be obtained from the elastic interaction of the sheared nanoliter

liquid bridge, independently of the boundary interfacial effects.

Materials and Methods

We have performed DFS of a sessile drop of water at about 1

nanoliter on mica substrate, by using a home-made, shear-mode,

quartz tuning-fork (QTF)-based AFM, as illustrated in Fig. 1a (left

panel). The QTF has a high spring constant (∼ 104 N/m) and

high quality factor (∼ 103), and thus sensitive measurements can

be made without the jump-to-contact instability, which is a typi-

cal limiting factor for precise distance control of liquid bridges in

the cantilever-based AFM. A cleaved optical fiber is used as a tip,

which has a flat bottom with 125 µm diameter and is attached to

one prong of QTF (right panel). When this hydrophilic tip touch

the sessile drop, the drop spontaneously forms a liquid bridge

between the tip and the substrate, and we measure the shear in-

teraction with the bridge quantitatively by DFS method22–24. The

DFS represents the tip-sample interaction Fint as a sum of the elas-

tic and damping components; Fint = Fk+Fb =−kintx−bintv, where

Fk is the elastic force, Fb the damping force, kint the elasticity, bint

the damping constant, and x (v) is the position (velocity) of the

tip. Interestingly, we find that the liquid viscosity is proportional

to the square of the negative elasticity.

We have used a cleaved optical fiber tip and a mica substrate

for shear-mode operation of AFM by the following steps. We first

prepared a piece of optical fiber cleaved by a diamond cutter,

and carefully aligned and glued to one prong of QTF (Fig. 1a

(right)). We cleaned the side wall and bottom surface of the fiber

tip by dipping it in the solution of dilute acid 5% (acetic acid) and

then rinsed by deionized water. For the mica substrate, a freshly

cleaved mica was rinsed by dilute acid 5% (acetic acid) and then

by deionized water. Both the tip and the substrate were dried

by blowing nitrogen gas for several minutes until any remaining

water on both the tip and substrate surfaces were removed. In ad-

dition, we also performed experiments using the gold and HOPG

substrates, and obtained consistent results (see Supplementary

Fig. S1), which demonstrates that our experimental results are

insensitive to the specifics of the used substrates.

The experimental procedures for DFS of the nanoliter water

droplet is described in Fig. 1b. We first release a small volume

of deionized water (≪ 1 µl) on mica substrate using the mi-

cropipette, and approach the fiber tip by a motorized positioning

system until the tip bottom is gently immersed in the drop. Then,

the drop transforms into the bridge and we record the amplitude

and phase of the tip oscillation until the bridge is ruptured and

evaporated. Finally, the free resonance curve is obtained for in

situ calibration of zero external interaction.

Results and Discussions

Dynamic force spectroscopy of nanoliter liquid bridge

Figure 2a shows detailed shapes of the sheared water drop during

DFS. Here, the tip oscillates at w/2π ≈ 32 kHz frequency with A ≈
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Fig. 2 Dynamic force spectroscopy of a sessile water droplet. a, Optical

micrographs showing the shapes of the sessile drop during force mea-

surements. The liquid droplet forms a bridge between the hydrophilic

tip and the hydrophilic mica substrate (t =−10 s), the neck of bridge be-

comes narrow due to evaporation (t =−10 ∼−0 s), the bridge is ruptured

(just after t = 0), and the remnants remaining on the tip and substrate (t =

1 s) evaporate (t = 5 s). b, Normalized amplitude and phase of the AFM

tip measured as a function of time, where the amplitude was normalized

by the mean amplitude at zero interaction (t = 5 to 7 s). The vertical bro-

ken lines indicate the times when the optical images in (a) were taken.

c, Elastic kint and damping bintw coefficients obtained from the amplitude

and phase information by dynamic force spectroscopy 19,22.

1 nm amplitude. When the tip touches the boundary surface of

a sessile drop, the drop immediately forms into a liquid bridge in

the tip-substrate gap. As the liquid bridge evaporates, the liquid-

solid contact line on the side wall of the tip slides down (t =

−10 s) until it reaches the circumference at the flat bottom of tip,

where it first sticks (t = −6 s), the neck of the bridge then gets

narrower (t = −4 s), and finally the bridge is ruptured (t = 0).

Notice that a tiny amount of liquid left on the tip bottom and the

mica substrate after the rupture soon evaporates and disappears

(t =+5 s).

Figures 2b and 2c present the temporal change of the ampli-

tude and phase of the tip oscillation measured during shear of

the water bridge, and the associated tip-sample interaction rep-

resented by kint and bintw, respectively. Although the tip response

results from complex interplay between oscillatory drive and fluid

dynamics, one can obtain explicitly the tip-sample interaction us-

ing the DFS method. In Fig. 2c, we observe that the shear interac-

tion with the nanoliter liquid is manifested by both the negative

elasticity and the positive damping coefficient (t = −12 ∼ 0 s).

While the viscous nature of liquids may describe naturally the ob-

served positive damping, the negative elasticity or the anti-elastic

force looks counter-intuitive at first glance.

In general, the ‘negative’ elasticity produces unstable behaviors

as shown in novel composite materials25 and hair bundles in

ears26. Nonetheless, such an instability does not occur in the

present system because the elasticity of the entire system is still

positive, as given by the sum of the QTF stiffness (≈ 27,000

N/m) and the negative elasticity of sheared liquid (≈−0.8 N/m).

Previously, we observed the positive-valued elasticity for the

zeptoliter liquid bridges, resulting from the appreciable surface-

energy change at the similar shear displacement of ∼ 1 nm20.

However, in the case of nanoliter liquid, the surface-energy

change is completely negligible under the nanometric shear,

and thus positive elasticity is absent. The negative elasticity

comes from the retarded response of the fluid, associated with

the fluidic inertia27,28. This hydrodynamic memory can induce

a force in-phase with respect to the the tip oscillation in the

inertial regime, where the height of the bridge should be much

larger than the viscous penetration depth27. Indeed, the bridge

height is about 100 µm, whereas the penetration depth is

δ =
√

2η/(wρ) ≈ 4 µm in our case, where η is the viscosity and

ρ the liquid density. We also observe the magnitude of elasticity

decreases, while showing persistent damping, as the mass (or

inertia) of the sheared droplet reduces due to evaporation

(t =−12 ∼ 0 s in Fig. 2) (Supplementary Fig. S2).

Contact area-mediated interaction with nanoliter liquid

bridge

For quantitative understanding of the measured kint and bintw, we

analyze the specific geometry of the bridge described in Fig. 3a,

in which the contact line sticks to the circumference of the tip

bottom so that the neck of the bridge is same as the tip diameter.

This particular bridge shape corresponds to what is formed at

t = −6 ∼ −4 s (Fig. 2a), where the tip-liquid interaction occurs

only on the tip bottom-surface, but not on the side wall of the

cylindrical tip. In such a state, the liquid bridge-induced force

is applied only on the liquid-solid contact area (Farea) as well as

the liquid-solid-air contact line (Fline) at the tip bottom (Fig. 3a),

which facilitates unambiguously our theoretical analysis.

For such a well defined bridge configuration, we first derive

analytically the contact-area interaction force by constructing a

model consisting of two infinite plates as described in Fig. 3b. The

upper plate represents the oscillatory driven tip and its motion

described by,

mẍ+bẋ+ kx = Feiwt +Farea, (1)

where m is the effective mass of the probe, b the intrinsic damping

constant, k the stiffness of the probe, Feiwt the driving force, and

Farea the liquid-mediated shear force exerted on the contact area

(i.e., on the bottom surface of the tip). The contact-area force
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Fig. 3 Theoretical model for the coupled system of AFM tip and con-

fined liquid. a, Schematics of the tip shearing the liquid bridge, where

the tip interacts with the bridge on the contact area at the tip bottom as

well as on the contact line at the circumference of the tip. b, For the

specific geometry of liquid bridge described in (a), one can derive ex-

plicitly the analytical expressions of the contact-area interaction by using

a two-dimensional model of confined liquid under oscillatory shear. c,

Schematics of interaction forces experienced by the tip as a function of

the instantaneous tip position during oscillatory shear motion. While the

contact-area interaction generates both the elastic and damping forces,

the contact-line interaction induces only the additional damping for the

nanometric shear motion of the nanoliter-volume liquid bridge (see text

for details). The total force is the sum of the contact-area and contact-line

forces.

Farea is given by the product of the contact area σ and the stress

tensor τi j at the interface,

Farea =−στxz(h) =−ση ∂U/∂ z|z=h, (2)

where U is the velocity field of the fluid in the x-direction and only

the xz-component of τi j is considered due to the two-dimensional

symmetry of the system. For an incompressible Newtonian fluid

with that symmetry, the Navier-Stokes equation for U(z, t) be-

comes27,

∂U

∂ t
=

η

ρ

∂ 2U

∂ z2
. (3)

Therefore, Farea can be obtained by solving the coupled equations

(1) to (3) with no-slip boundary condition at the upper and lower

interfaces, such that U(z = h, t) = ẋ(h, t) and U(z = 0, t) = 0.

For the present oscillatory system, we look for periodic solu-

tions for both the probe motion x(h, t) and the fluid flow U(z, t)

in the forms, U(z, t) = u(z) ei(wt+θ) and x(h, t) = A ei(wt+θ−π/2). By

substituting these into Eqs. (1) to (3), we obtain,

Farea =−(1+ i)cot{(1− i)h/δ}κx, (4)

where δ =
√

2η/(wρ) is the viscous penetration depth and

κ = σw3/2
√

ηρ/2. Notice that the real part of Farea corresponds

to the position (or acceleration) dependent force (ẍ = −w2x)

while the imaginary part to the velocity-dependent force

(v = iwx). Thus, Farea can be understood as the sum of elastic and

damping forces, from which we obtain the force coefficients kint

and bint. Although the coefficients are highly nonlinear functions

of the confining height h, they converge to constant values as

h → ∞
29; kint = −bintw = −κ. This indicates that we obtain the

negative elasticity in the nanoliter-volume liquid droplet, as

observed in experiment (Fig. 2c). Notice that this contact-area

interaction predicts equal magnitudes of |bintw| = |kint|, whereas

the experiment shows the slightly higher damping, |bintw| > |kint|

(Fig. 2c), as will be discussed below.

Contact line-mediated interaction with nanoliter liquid bridge

Let us demonstrate that the additional damping observed beyond

Eq. (4) is attributed to the contact-line interaction. While the

Young’s law predicts a unique value of contact angle at the three-

phase contact line in equilibrium, the contact angle generally

varies as the contact line moves30,31. This dynamic contact angle

hysteresis depends on the velocity of the contact line relative to

the solid surface in contact, and induces a force per unit length,

γ cosϕ, in the horizontal direction, where γ is the surface ten-

sion of water and ϕ is the dynamic contact angle (Fig. 3a). In

our oscillatory system, the contact line can move relative to the

tip surface when the tip moves. This leads to the tip velocity-

dependent contact-line force, Fline, given by the summation of the

components, γ cosϕ, around the contact line20. Therefore, Fline

produces a tip-velocity dependent dissipative force and is experi-

enced by the tip within one period of oscillation, as schematically

drawn in the middle of Fig. 3c. When the tip is at x =±A, Fline be-

comes zero because v = ẋ = 0. However, when x = 0 (or v =±wA),

the force exhibits two different values with the same magnitude

but opposite sign depending on the moving direction of the tip.

Thus, such a hysteretic force induces energy dissipation, given by

the area enclosed by the black curve in Fig. 3c (middle), resulting

in the measured extra damping20. In Fig. 3c, the total interac-

tion force versus the instantaneous tip position is presented by the

sum (right panel) of the contact-area (left panel) and the contact-

line (middle panel) forces. The slope marked by the dashed line

represents the negative elasticity, which is not affected by the ad-

ditional damping due to Fline. Notice that this analysis allows to

disregard completely the interfacial effects in the viscosity mea-

surement of an extremely minute-volume liquids, which is not

achieved by the conventional rheometers.

Here we estimate the contact line-induced additional damping

from the hydrodynamics theory32. The viscous flow in the

proximity of the moving contact line alters the contact angle as

ϕ3 − ϕ3
eq ≈ 9Ca l, where ϕeq is the equilibrium contact angle,

Ca the capillary number, and l a logarithmic factor in the range

of 1 to 100. For l ∼ 100, the maximal angle change per unit

oscillation amplitude, (ϕd −ϕeq)/A, is about a few 10−5 rad/nm,

which results in the damping of about 0.5 N/m (Supplementary

Note). This gives a reasonable agreement with the measured

extra damping presented in Fig. 2c (and inset of Fig. 4c), where

bintw − |kint| ≈ 0.7 N/m. Notice that we observed previously

a logarithmic increase of damping with respect to the shear

amplitude for the case of the ‘nanometric’ liquid bridges, which

was well described by the pinning-depinning kinetics of the
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contact line in the molecular-kinetic theory30. In the present

‘macroscopic’ bridges, on the other hand, the damping does not

depend on the amplitude A (inset of Fig. 4c for sample II), but

is fully explained by the hydrodynamic ‘viscous’ damping that

occurs on the contact area as well as the contact line.

Determination of the viscosity from negative elasticity in

nanoliter liquid bridge

Finally, we derive explicitly the viscosity (η) from the negative

elasticity (kint) obtained by DFS. From Eq. (4), we obtain the

following formula (Supplementary Note),

η = 2k2
int/(σ

2w3ρ). (5)

Figure 4 shows the plots obtained by evaluation of Eq. (5), us-

ing the elasticity information (Fig. 2c) for four successive ex-

periments. Since the model (Figs. 3a and 3b) and the formula

Eq. (5) are valid only for the specific bridge shape available at

t =−6 ∼−4 s (Fig. 2a), we analyze the data only within this time

window in Fig. 4a to determine the viscosity. Figure 4c presents

the calculated viscosity (filled black symbols for sample I) show-

ing reasonable agreement with the actual viscosity of water at

29◦C (solid line), where the empty black square is the average of

four data set.

To justify the validity of our methodology, we have performed

similar experiments for the water bridge at milliliter sale (Fig.

4b). Since our model is intrinsically scale-independent, we find

consistent results (red symbols) with those for the nanoliter

droplets (black), as shown in Fig. 4c. In the milliliter droplet

experiments (sample II), we have evaluated Eq. (5) by taking

the data at t = −10 ∼ −0 s (Fig. 4b) to determine the viscosity.

Moreover, the inset of Fig. 4c shows that the measured elastic and

damping coefficients (sample II) are independent of the shear am-

plitude, which is the case as long as the amplitude is small enough

to induce no change of surface energy and thus to produce zero

positive elasticity.

Let us now discuss the temperature effect on the viscosity of

nanoliter liquids. Although two independent sets of experiments

for nanoliter (sample I) and milliliter (sample II) liquids result

in the same values of water viscosity (open black/red symbols

in Fig. 4c), the data fluctuations for sample I are slightly higher

than for sample II (filled black/red symbols). A possible reason

is that the viscosity of nanoliter liquids is more sensitive to the

ambient conditions, such as temperature variation, than that of

milliliter liquids. In our experiments, since we have illuminated

light for video recording to monitor the details of the liquid

shapes, the light can increase the temperature of the air, the AFM

body and the chamber. In particular, since the AFM body and

chamber are made of metallic materials, their temperature and

thus the temperature of water bridge can vary easily together.

For example, if a light of 10 watt power is absorbed for 100 s by

a metal of 100 g mass, the temperature change ∆T is about 20◦C.

If this temperature change of 20◦C occurs in the nanoliter drop of

water by 17 ∼ 37◦C, the viscosity can vary by 0.69 ∼ 1.08 m·Pa·s,

comparable to the experimentally observed variations (filled
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Fig. 4 Determination of viscosity for nanoliter water and comparison with

milliliter water. a, Derivation of viscosity (Eq. (5)) by using the elasticity

information kint for four successive experiments including Fig. 2c. b, Re-

sults for a much larger water bridge of about 1 ml volume. Here, the

shearing height with respect to the bottom is about 3 mm (inset). c, Plot

of the viscosity values obtained by the data in the range of t = −6 to −4

s in Fig. 4a (filled black dots, sample I) and in the range of t = −10 to 0

s in Fig. 4b (filled red dots, sample II). The black empty square denotes

the average value of viscosity for the nanoliter water, and the red empty

square for the milliliter water. The error bars indicate the standard devi-

ations of the data considered in each analysis. During the experiments,

the ambient room temperature was about 23◦C, at which the viscosity of

water is 0.93x10−3 Pa s, indicated as dashed line. The solid line repre-

sents the viscosity of water at 29◦C. Inset: The elastic (blue) and damping

(green) coefficients versus the shear amplitude for sample II, obtained at

around t =−20 s in Fig. 4b, where the dashed lines are the eye guides.
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black symbols, Fig. 4c). For the milliliter liquids, the temperature

variation could be less than that of nanoliter liquids during the

measurement, due to the much larger liquid volume and the

associated higher heat capacity. Thus, the smaller temperature

variation of viscosity is obtained compared to the nanoliter

water, as observed in experiments. Notice that the nonnegligible

viscosity variation in the milliliter droplets could be also due

to the local temperature fluctuations near the shearing tip and

thus use of a temperature-controlled sample stage may further

enhance the measurement accuracy.

Conclusions

We have demonstrated an AFM-based platform for the viscosity

measurement of liquids at nanoliter scale, and have proved

its validity for water, a ubiquitous Newtonian fluid. Despite

the high surface-to-volume ratio of nanoliter liquids, we have

probed the purely viscous flow-associated resistance, or the

viscosity, by measuring the negative elasticity that originates

from the hydrodynamic memory effects28. To extend the

present technique to the non-Newtonian fluids, one should

develop theoretical tools that deal with the coupled motion

of the AFM probe and the non-Newtonian fluids. In addition,

to investigate the frequency dependence of the measured

quantities, a probe with variable resonance frequency is also

needed. Furthermore, by employing a nano-apertured pipette33

to dispense and measure the ‘net’ sub-nanoliter liquid, we

can reduce our unrecoverable volume of 1 nanoliter, at least

by a factor of 100 with a smaller fiber tip. We are currently

developing the theoretical method and experimental platform

for versatile realization of the AFM-based sub nanoliter-scale

rheometry useful for nano-biological and medical applications1,2.
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