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Dynamical Insights into the Mechanism of a Droplet Detachment   

from a Fiber 

 

Neda Ojaghlou,a  Hooman V. Tafreshi, b D. Bratkoa and Alenka Luzar *a	   
Quantifying the detachment behavior of a droplet from a fiber is important in many applications such as fog harvesting, 

oil-water separation, or water management in fuel cells. When the droplets are forcibly removed from hydrophilic fibers, 

the ease of detachment strongly depends on droplet volume and the rate of the process controlled by the applied force. 

Experiments, conducted on a ferrofluid under magnetic force, as well as continuum level calculations from fluid mechanics 

have so far been unable to resolve the time-dependent dynamics of droplet detachment and, most importantly, to assess 

the role of the applied force as the key determinant of the volume of the droplet residue remaining on the fiber after 

detachment. In the present work, we study the mechanism of water droplet detachment and retention of residual water 

on smooth hydrophilic fibers using Nonequilibrium Molecular Dynamics simulations. We investigate how the applied force 

affects the breakup of a droplet and how the minimal detaching force per unit mass decreases with droplet size.  We 

extract scaling relations that allow extrapolation of our findings to larger length scales that are not directly accessible by 

molecular models. We find that the volume of the residue on a fiber varies nonmonotonically with the detaching force, 

reaching the maximal size at an intermediate force and associated detachment time. The strength of this force decreases 

with the size of the drop, while the maximal residue increases with the droplet volume, V, sub-linearly, in proportion to 

the	�� �⁄ .

1 Introduction 

 The adherence to, and removal of droplets from cylindrical 

fibers underlie applications from fog harvesting1–4, oil–water 

and oil–air separation5–8, and water transport in fuel cells.9,10 

In all these applications, the performance of the system 

depends on the conditions for the liquid release from, and the 

extent of retention by the fibers11, and quantitative 

information about droplet–fiber interaction is of great value in 

designing a new product. The equilibrium shape of a droplet 

on fiber12–15 has been examined in reasonable depth in the 

literature.16,17 For droplets and fibers in the micrometer range, 

it is known that when the gravity effect is negligible, two 

topologically distinct droplet shapes occur: asymmetric clam-

shell and axially symmetric barrel conformations, depending 

on the droplet volume, the contact angle, and the fiber 

radius.17 Fiber roughness and fiber orientation can also have a 

significant effect on the equilibrium shape of droplet and 

wettability.18–20  

 Motivated by various applications in the field of 

automotive engineering, e.g., removal of airborne oil droplets 

from the engine exhaust via the so-called coalescence filters, 

experimental studies have been conducted to measure the 

force required to detach a droplet from a fiber and to use that 

information to estimate an allowable velocity for the flow of 

smoke through a filter.21–24  

 

 

Using continuum simulations, the equilibrium shape of an 

isolated droplet deposited on a fiber under the influence of an 

enhanced external body force has been determined recently 

by Ameri et al.25 These authors incrementally raised the 

magnitude of the external body force applied to a droplet until 

no equilibrium shape/position could be obtained for the 

droplet on the fiber. They referred to the maximal force the 

droplet could sustain in an equilibrated state as the force of 

detachment and studied its dependence on fiber diameter, 

fiber roughness, fiber wettability, and droplet volume.18 The 

continuum simulations25, however, could not resolve the time-

dependent dynamics of droplet detachment, and more 

importantly, the volume of the droplet residue on the fiber. 

The latter is especially important from an industrial viewpoint 

as it affects the repeatability of the droplet separation 

processes. For instance, to increase the efficiency of fiber 

filters, the volume of the residue should be suppressed to 

prevent the clogging of the fiber network20,26,27, while in water 

harvesting increasing the volume residue on the fiber arrays 

improves the net’s efficiency.2 The residual volume depends 

on the droplet volume, the contact angle, fiber radius, and the 

surface microstructure on the natural fiber.4,20,28 Despite the 

importance of knowing the amount of the residue on the fiber 
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in engineering processes, only a few studies report on the 

volume of the residue on the fibers. For instance, Weyer et 

al.29 investigated the droplet motion on the crossed fibers and 

demonstrated that, depending on the fiber diameter and 

volume of the droplet, a controllable liquid residue remained 

at the fiber nodes. Kim et al.26 also studied the droplet impact 

on a thin fiber and suggested the mechanical model that 

predicted the residual water mass on the fiber with respect to 

the fiber radius and impact speed. 

 None of the previously reported studies, either 

experimental or computational, have discussed the 

detachment of a droplet from a fiber when the external force 

was stronger than the detachment force. Likewise, no study 

has yet reported the volume of the residue left on a fiber when 

the droplet was detached with a force stronger than the 

detachment force (e.g., the volume of the residue on a fiber 

when the velocity of the flow through a filter exceeded an 

allowable velocity).   

 In the present work, we study the mechanisms of droplet 

detachment and retention of liquid droplets through the 

atomistic molecular dynamic (MD) simulations. While valid 

insights could in principle follow from continuum simulations, 

our approach relies directly on input atomic and molecular 

forces rather than on experimental data for presumably 

invariant and uniform macroscopic properties such as the 

interfacial tensions, viscosity, drop’s perimeter friction30, and 

possibly line tension effects. We address the fundamental 

questions about the droplet size-dependence of the minimal 

force capable of detaching a droplet from the fiber, and the 

effects of droplet size and applied force on the amount of 

liquid residue left on the fiber after the detachment. Our 

modelling studies of the droplet breakup uncover a strongly 

nonmonotonic influence of external force, with the amount of 

residual water maximized under the intermediate force 

strengths whereas a complete or near-complete detachment 

of the droplet can be achieved in both extremes, with the 

applied force only slightly, or considerably exceeding the 

minimal force of detachment. We perform multiple MD 

simulations for water droplets on a smooth hydrophilic fiber at 

varied system sizes and extract scaling relations that enable 

extrapolation of our findings to larger length scales that are 

not directly accessible by molecular models. Because of its 

fundamental appeal and importance for applications, we hope 

the work will inspire experimental investigations and 

theoretical analyses of liquid retention and its control through 

varied stimuli for droplet detachment from the fibers. 

2 Methodology 

Force Fields. The model fiber was built with Visual Molecular 

Dynamic VMD package.31 It consists of a rigid carbon nanotube 

with radius rf = 6.4	Å			or	12.8	Å comprised of 4336 or 22503 

Lennard-Jones (LJ) carbon atoms. The radius of the fiber is held 

fixed during the simulation. To avoid possible finite size 

effects, the fiber is periodically replicated along the x-

direction. 

 We use the rigid extended simple point charge (SPC/E)32,33 

potential to model the atomistic water droplet. The model has 

been used repeatedly in studies of capillary phenomena 

involving water because it offers satisfactory estimates for 

water surface tension and wettability for a variety of 

materials.34–41 This potential consists of a smoothly truncated 

Coulomb potential acting between partial point charges on 

oxygen (-0.8476eo) and hydrogen (0.4238eo) atoms and an O-H 

distance 1Å and the H-O-H angle at 109.47°.  Further, oxygen 

atoms also interact via Lennard-Jones potential (LJ). In all our 

atomistic simulations the water-fiber interaction is based on 

Lennard-Jones potential between the SPC/E water molecules 

and the fiber. The LJ strength was characterized by ��� =
0.6639	��	�����	with cutoff radius 11Å.  

 When simulating a larger fiber, which requires bigger 

droplets to cover the same range of reduced volumes 

�� = �  !�⁄ , we use the coarse-grained, monatomic water 

(mW) model42,43 to reduce the computational cost. We 

selected this model because of its similar properties42 with the 

atomistic model (SPC/E) at room temperature44 such as 

contact angle, surface tension, and work of adhesion.44 The 

model does not feature electrostatic interactions associated 

with explicit hydrogen and oxygen atoms. Each mW water 

molecule behaves as a single site particle, which is interacting 

with its neighbours through a short-ranged potential designed 

to form a tetrahedral structure. The intermolecular potential is 

comprised of a sum of pairwise two-body term and three-body 

interactions that have the form of the Stillinger-Weber 

potential (SW)42. In the coarse-grained water model, the 

interaction between the water molecules and the fiber is 

modeled with the two-body SW45 potential with the contact 

distance water-carbon σ = 3.2 Å. To start from barrel shape 

droplet, we considered  ɛ��#$ = 0.8158	��	����� for carbon-

mW interaction. All intermolecular forces in the mW model 

vanish at a distance &', where & = 1.8.45 

 

 Simulation Details. The simulations start by placing a water 

droplet on a cubic lattice above the fiber positioned along the 

z axis of a cubic simulation box of size 300	Å. During the 

equilibration, the droplet on the fiber reaches the symmetric 

equilibrium barrel shape. We considered seven sizes of water 

droplets composed of 2 × 10�, 4 × 10� ,	6 × 10�, 8 × 10�, 

10 × 10�, 13 × 10�, and 17 × 10� water molecules which 

were represented by the atomistic water model, SPC/E33, on 

top of a rigid fiber with radius  ! = 6.4	Å. Based on volumes of 

the droplets, )�*,	and fiber radius  !, the reduced volume of 

the system, �� , varied from 250, 500, 750, 1000, 1250, 1500, 

and 2000. Depending on the size of the droplet, the total 

length of the simulation run varied from 2.5 to 5 ns. 

 For the simulations with a fiber with a radius of  ! =
12.8	Å, we used a coarse-grained Monatomic water (mW).42,43 

By considering the same reduced volumes as with the 

atomistic droplets, the droplets comprised 1.7 × 10, , 3.4 ×
10, , 5.2 × 10, , 6.9 × 10,, 8.7 × 10, , 10.4 × 10,, or	13.9 ×
10,, mW water molecules. Depending on the size of the 

droplet, the total length of the run varied from 5 to 10 ns. 

 

All MD simulations are carried out by using the LAMMPS46 

package in NVT ensemble. The temperature is kept constant at 

300	- using the Nose-Hoover thermostat47 with a relaxation 

time of 0.2 ps. Verlet integration is used with time step 1fs for 

atomistic water and 5fs for coarse-grained water. Long range 

coulombic-PPPM Ewald Summation with 10�.	accuracy and 

periodic boundary conditions are used in all dimensions. 

 The detachment of a droplet from the fiber was studied by 

using Non-Equilibrium Molecular Dynamics (NEMD). In 
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numerical simulations, we used two approaches to apply the 

external force to the droplet.  In the first approach, an external 

force was exerted on every molecule of a droplet, and its 

strength was increased gradually until the droplet detached 

from the fiber (Figure S1-a). In the second approach, after 

reaching the equilibrium state, a constant force was applied to 

every molecule in the droplet in a direction perpendicular to 

the fiber and remained constant during the simulation (Figure 

S1-b). Using sufficiently slow rate of force increase, the two 

methods yield consistent estimates of the minimum 

detachment force of the droplet. However, applying the 

constant force eliminates any concern about the appropriate 

rate of force escalation. We therefore mostly considered the 

second method using the constant force on the droplet. 

Depending on the force strength, the time necessary to 

observe the detachment varied from 50 ps to 2ns for the 

strong and weak forces, respectively. To accommodate large 

drops, we also increase the size of the box in the direction of 

the force applied to the droplet.   
  

3 Results and Discussion:  

 

3.1 Droplet equilibrium shape on a fiber 

 In Figure 1, we plot a morphology diagram for atomistic 

water droplets on a fiber with radius  ! = 6.4	Å as a function 

of the reduced volume and the strength of water-fiber 

interaction. The squares and triangles represent the conditions 

where the equilibrated droplets are of clamshell or barrel 

shape, respectively.  We have found that weak water-fiber 

interactions and small droplet volume favor the clamshell 

shape, while for strong water-fiber interactions and large 

droplet volume only the barrel shape is stable. With nanosized 

droplets on a smooth fiber, we do not observe a bistability of 

the two morphologies that has been reported with 

macroscopic droplets for a wide range of parameters.48 

Comparatively low barriers between the two configurations of 

the droplets on the nano-sized fiber rationalize the absence of 

the bistable regime in nanoscale systems. 

 

 

3.2 Droplet behavior in the presence of an external force 

 Figure 2 shows consecutive snapshots from MD trajectories 

of the atomistic droplet in the presence of external forces. The 

force is applied in the direction perpendicular to the fiber. It 

can be seen (Figure 2-a) that for the weak force, the droplet 

shape transforms from symmetric barrel shape to asymmetric 

clam-shell conformation. When the force per molecule 

becomes strong enough, the droplet eventually detaches from 

the fiber, but a certain percentage of droplet mass can remain 

on the fiber (Figure 2-b).  

 When applying a strong force on the droplet, the droplet 

shape doesn’t fully transition to the clamshell (Figure 2-c), and 

it can detach as a whole. Figure (2-e) shows another possible 

outcome of applying a strong force to the droplet. It can be 

seen from the front view that the droplet detaches before 

reaching the clamshell shape. The snapshots of the coarse-

grained system with fiber radius  ! = 12.8	Å are also added to 

Figure (2-d) for comparison. As can be seen in Figure (2-d), the 

larger droplets considered by using the coarse-grained model 

detach faster from the fiber compared to the smaller ones 

represented by the atomistic model. The higher rates might 

also reflect to the differences in water diffusivities in the two 

models, with the diffusion coefficient of mW model 2.3 times 

greater than the one of the SPC/E model.42  The different 

diffusion constants reflect disparate viscosities of the two 

models, however, the relation between the detachment time 

and viscosity appears nonlinear49, and it is not straightforward 

to renormalize the simulated detachment time to estimate the 

value corresponding to the experimental viscosity of liquid 

water.      

 

 To understand the breakup mechanism and determine the 

amount of residue of a nanoscale liquid droplet on the fiber, 

we perform multiple independent simulation runs. As 

illustrated in Figure S2(a-b), by applying the same force to the 

droplet, the amount of remaining water on the fiber varies 

from one simulation run to another. The variation of the 

residue size takes place because when a droplet stretches, it 

creates a narrow neck whose breakup position is subject to 

large fluctuations.50–52 In figure S2 (c-e), we also illustrate the 

formation of a small satellite droplet emerging upon the 

breakup of the drop. In this case, the satellite droplet 

separated from the droplet after it detached from the fiber.   

 
     The  visualization of the breakup trajectory revealed that the 

process of detachment from the fiber resembles the droplet 

breakup in the nano jet.50–52 In these studies 50,53,54, thermal 

fluctuations at the nanoscale were identified as the major cause of 

irregular detachment. Even with fixed external force, these 

fluctuations occasionally produced multiple detachments. An 

example is provided in Fig. S2e illustrating a rare occurrence of 

satellite drops, however, we have not observed any consistent and 

reproducible multi-detachment pathways when applying a constant 

detaching force.  

Figure 1. Morphology diagram of atomistic droplets deposited on a smooth 

fiber with fiber radius,  ! = 6.4	Å, at varied reduced volumes and water-

fiber interactions.  Green triangles denote the states where simulated 

droplets were consistently of stable barrel shape. Red squares show when 

the clamshell shape was stable. The threshold value of carbon-water 

interaction strength ɛ�� = 0.6	��	����� corresponds to water-substrate 

contact angle 33o 
± 3o, which could result in bistability in macroscopic 

systems. The number of water molecules corresponding to the given range of ��
varies from 2000-17000.
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Effect of droplet volume on the minimum detachment force. 
Figure (3-a) shows the minimum force (per molecule) required 

to detach a droplet from a fiber ( ! = 6.4	Å) as a function of 

the reduced volume �� . The minimum force per molecule of 
the liquid increases as the droplet volume decreases, in good 
agreement with the experiments25 and continuum simulations 
for macroscopic droplets conducted using the Surface Evolver 
code.25  As illustrated in the snapshots in Fig. 2, the 
detachment takes place after the nanodrop’s shape transforms 
from the symmetric barrel shape to the asymmetric clamshell 
and the apparent contact angle of the droplet on the fiber 
approaches ~90°. At this stage, the circumference of the 
droplet, 0, shows only a weak dependence on the distance 
from the fiber. Upon further increase of the applied force, the 
droplet elongates, reaching the neck stage. As the neck 
narrows, the detachment process can proceed spontaneously 
even under a weaker force. By using this picture and by 
balancing the maximal capillary force  fc 	∝ 0255 and the 
external force acting on the droplet56 34�~45�, where �, 3,	2 
are the droplet volume, the number density and surface 

tension of the liquid, and 5 is the characteristic dimension of 

the droplet 5 ∝ ��/�, and by assuming 0 is roughly 
proportional to 5, we can predict the variation of the force 
needed to detach the droplet with droplet size,	45� 7 25 →
4 ∝ 1 5�⁄ ∝ ��� �⁄ .  Based on our estimate, increasing the 
volume of a droplet �  from �� to ��  decreases the minimum 

detachment force of the droplet by the factor of  9:;:<=
� �>

. In 

other words, the detachment force obtained for a specific 
reduced volume can be used to predict the force required to 
detach droplets of other sizes from the fiber. In Figure (3-a), 
the red curve represents the detachment force for  

increased drop sizes as estimated by scaling the results for 

�? = 250 in proportion to �?
�� �>  for the atomistic system.  This 

scaling prediction is in reasonable agreement with the 
simulation results. 

The minimum detachment force for different fiber radii. We 
have previously shown25 that for a constant reduced 
volume	�� , increasing the fiber radius from the radius  � to 

radius  �, decreases the detachment force by a factor of 9�;�<=
�
. 

This prediction also follows directly from our earlier 
observation that the minimum detachment force (per unit 

mass) varies as  ��� �⁄ . If  ��  is held constant, �~ !�, and 

Figure 2. Snapshots from MD trajectories of the droplet detachment from fiber for the atomistic model and �� = 750	. Figures a-c illustrate the droplet evolution at different 

external forces, 	4 =0.0041, 0.0058, or 0.41	��	�����Å�� applied to the droplet in the direction perpendicular to the fiber. The atomistic droplet consists of 6000 SPC/E water 

molecules on the fiber with a radius  ! = 6.4	Å. Figure d presents snapshots from an MD trajectory of the droplet detachment from a fiber for a coarse-grained model at �� =
750. The force exerted on the droplet was 4 =0.0016 ��	�����Å��. The droplet consists of 52428 mW water molecules and the fiber radius is 12.8 Å. Figure e, side view 

(bottom) and front view (top) snapshots from MD trajectories of the droplet detachment from fiber for the atomistic model with �� = 750 and 4 =0.016 ��	�����Å��,	 the force 

strength that maximizes the average residue on the fiber at given �� . 
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4~ !��. In Figure 3-b, we validate this relation by comparing 

our simulation results for  ! = 6.4	Å with additional results at 

the same reduced volume but larger fiber radius  ! = 12.8	Å. 

We rescale the results obtained with the larger fiber radius by 

multiplying the force by a factor of 9�;�<=
�
= �

,. Figure 3-b shows 

that the scaled results from fiber  ! = 12.8	Å are in excellent 

agreement with simulation results of the fiber with radius 

 ! = 6.4	Å.  

 By applying the same concept, we rescaled the data from the 

previous work25, which concerned drops and fibers in the @� range, 

to predict the detachment force at length scales of our atomistic 

model. Figure 3-b compares the detachment force obtained from 

MD simulations of the atomistic system with radius  ! = 6.4	Å with 

those obtained by scaling the results for larger systems studied by 

MD coarse-grained simulations and Finite element simulations25, 

with radii  ! = 12.8	Å, or  ! = 107.5	μ�,	respectively. The curves 

in Figure 3b show a good qualitative agreement; they could become 

essentially identical in the ideal scenario with precisely matched 

solid-vapor, solid-liquid, and liquid-vapor interfacial free energies of 

the two types of model systems. They also show that the proposed 

relation for the  ! dependence of the detachment force works well 

over the entire volume range. This observation gives strong support 

to the notion that the scaling behaviour observed with nano sized 

models is equally applicable to their macroscopic counterparts.  

 
Effect of adhesion strength on the minimum detachment force. To 

check how the adhesion strength might affect the detachment 

force, we considered two different water-fiber interactions 

��� = 0.625	��	����� and ��� = 0.564	��	����� corresponding to 

contact angles on flat surfaces in the absence of line tension effects, 

30° and 50°.36,57,58 Figure 3-c shows the detachment force from MD 

simulations of the atomistic systems with radius  ! = 6.4	Å, 

compared to the results for larger systems previously characterized 

in experiment (detachment of aqueous ferrofluid droplets on the 

fishing line under magnetic field)25 and  Finite Element 

simulations25, with fiber radius   ! = 107.5	μ�	and contact angles 

B = 30°, 50°. As we are comparing  systems with orders of 

magnitude different sizes, again, we rescaled the forces observed in 

the macroscopic and nanosized systems by the ratio of fiber 

diameters squared. Upon renormalization to nanoscale (Figure 3-c 

left), or macroscopic fiber dimensions (Figure 3-c right), the 

detachment forces from macroscopic experiments (violet stars in 

Fig. 3c) are indeed of the same order of magnitude as those 

deduced from simulations although the contact angle in the 

experimental system25 remains only approximately known. 

Comparing the data for different contact angles shows easier 

detachment when the fiber is made more hydrophobic. The effect 

of adhesion strength (contact angle) diminishes with increasing	V?. 

Systematic simulations of minimal detachment forces for a range of 

fiber materials with varied adhesion strength, complementing 

recent measurements of its effect on the minimal detachment 

force49,  are being considered for future work but are outside the 

scope of the present project. 

3.3 Droplet residue on a fiber 

 In Figure 4, we plot the morphology diagram obtained from 

the atomistic simulations of water droplet deposited on the 

fiber with radius  ! = 6.4	Å, in terms of the control parameters 

such as the force and the reduced volume. The red line shows 

the minimum force of detachment, and the green color 

represents the threshold force, beyond which no residue of 

the droplet remains on the fiber. The three distinct regimes 

separated by these lines correspond to no detachment, partial 

detachment, or complete detachment of the droplet from the 

Figure 3. The minimum force required to detach the droplet from a fiber at 

different reduced volumes. a: the black symbols and curve describe simulation 

results of the atomistic model with the fiber radius 6.4 Å. The red curve was 

produced by extrapolating the result for �? = 250 in proportion to �?
�� �> .  b, black 

circles: atomistic simulations for fiber radius	 ! = 6.4	Å; orange triangles: coarse 

grained system and fiber radius 12.8	Å, rescaled	to		 K = 6.4	Å; blue diamonds and 

green squares: data from the finite element simulations with two different fiber 

radii 5 µm and 107.5 µm
25

 rescaled to		rK = 6.4	Å . The latter two curves 

correspond to a bigger contact angle of water on the fiber B~50°.
25 

c: results for 

fiber-water interaction strengths ɛ�� = 0.625	��	����� and	ɛ�� =
0.564	��	�����. Contact angles of atomistic water on flat surface with the same 

interactions are ≈30° and 50°, respectively. The pink “x” and crayon triangles 

represent the force required to detach a droplet from a fiber with radius 6.4 Å, for 

an atomistic model system with different water-fiber interactions. The remaining 

three sets of data (violet, green, and blue) correspond to macroscopic systems with 

 ! = 107.5	μ�, rescaled to  ! = 6.4	Å. The violet stars describe experimental 

points
25

 and the blue square and green diamonds are from finite element 

simulations with contact angles 30°, 50°, respectively.
25 

The right axis corresponds 

to the actual experimental and continuum simulation results for  ! = 107.5	μ�, as 

well as the MD results obtained using  ! = 6.4	Å	and	subsequently	rescaled	to	
 ! = 107.5	μ�. Error bars are of the same size as the symbols. 
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fiber. In the first regime, the force is too weak to compete with 

cohesive forces in the droplet or the adhesion between the 

fiber and the droplet. Thus, the droplet does not detach from 

the fiber. When the external force is sufficient to overcome 

the surface tension, the droplet starts to elongate and 

eventually detaches. At an intermediate stage, the droplet 

stretches slightly and creates a neck. As the neck elongates 

and narrows, the breakup can happen at varying distances 

from the fiber.  

Depending on the strength of the external force and the 

breakup position of the neck, a small fraction of the droplet 

can remain on the fiber. If the external force is very strong, it 

can prevail over the adhesion forces and the droplet detaches 

as a whole. Figure 4 also shows that the threshold force 

required for complete detachment increases with increasing 

droplet volume. Therefore, it is harder to detach the larger 

droplet entirely from the fiber.  

  

  

The inset in Figure 4 shows the probability of observing a 

residue after detachment in our simulations when applying the 

minimum detachment force. Here, the residue is considered to 

exist for any nonzero number of water molecules Nr remaining 

on the fiber. For the small fiber radius  ! = 6.4	Å, the 

probability of seeing the residue increases by increasing the 

reduced volume and reaches 100% for droplet sizes ��  

exceeding ~10�. For a wide range of intermediate force 

strengths, the average outcome is a partial detachment. 

Depending on the strength of the external force, a small 

portion of the droplet can remain on the fiber. When the force 

is close to the minimum detachment force, the droplet shape 

transforms from symmetric barrel shape to asymmetric clam- 

shell conformation before detaching from the fiber. For strong 

forces, the droplet does not have enough time to transform 

into the clam-shell configuration completely. This means that 

the shape relaxation time (R), of the droplet on the fiber in the 

presence of external forces exceeds the detachment time of 

the droplet. In order to find the relaxation time of the droplet, 

we determined the time correlation functions for the height of 

the center of mass, R(t):30  

5)S* = T U)S* V U)∞* X
T U)0* V U)∞* X 

 

Figure 6: Symbols: MD detachment times of water droplets from the fiber of radius 6.4 

Å as functions of the relative excess of applied forces of strengths well above the 

minimal detachment force Fmin (Fig. 3a) for the atomistic model of water. Scaling of the 

form td ∝ (F/Fmin-1)
-2/3

 is indicated for all droplet volumes above the smallest size 

(Vr~250) where only approximate compliance is observed. Lines are fitted  to the MD 

data using the fixed slope -2/3. 

 

Figure 5. Time correlation function, R(t), of the height of the center of mass of 

droplet on fiber for an atomistic system with reduced volume �� = 2000 and 

fiber radius,  ! = 6.4	Å. At time close to 1ns, R(t) crosses to the negative value 

due to inertia. The inset figure shows the detachment time of the droplet as a 

function of applied force. The red line shows an exponential fit to the simulated 

data. 

no residue 

no detachment 

Figure 4. Morphology diagram of nano-sized droplets on a fiber with radius 

 ! = 6.4	Å, and  ��� = 0.6639	��	�����, over a wide range of applied forces F and 

reduced volume of the drop, ��. The red color indicates the minimum force of 

detachment and green color indicates the threshold force above which no residue 

of the droplet remains on the fiber. The number of water molecules in a droplet 

varies from 2000 to 17000. The inset shows the probability Y�Z[\]^Z of observing a 

residue on the fiber vs reduced volumes. 
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following a change of the applied force acting on the drop. Above, 
U)S* is the height of the center of mass of the droplet as a function 
of time. U)0* is the initial height of the center of mass 
corresponding to the equilibrium shape of the droplet on the fiber 

under initial force F=0.0016	��	�����Å��, and U)∞* the 
equilibrium height of the center of mass of the droplet, under  the 

increased force F=0.0025	��	�����Å��. Figure 5 illustrates the 

relaxation of an atomistic droplet on the fiber of radius  ! = 6.4	Å 

and the reduced volume �� = 2000. Assuming aproximatelly 
exponential decay, the relaxation time R 7 )0.36 V 0.4*	_`, while 
the detachment time, )S]*, at maximal residue is S] 7
)0.135 V 0.185	*	_`. This result can be used to estimate relaxation 
times of droplets of different sizes. Recent experiments support the 
scaling of droplet relaxation time with volume τ ∝ V

1/3 59,60. The 
inset in Figure 5 illustrates the dependence of the detachment time 
of the droplet on the applied force. MD results for detachment 
times at applied forces well above the minimal detaching force Fmin 
(collected in Fig. 6) suggest an empirical scaling of the detachment 
time with the relative excess in the external force above the 
minimal  detachment  value, td ∝ [(F-Fmin)/Fmin]-2/3. At forces 
significantly stronger than the minimal detachment force, the 
detachment takes place before the transition to the clam shell 
shape could be completed and the process results in a larger 
residue on the fiber.  

 

 To get a better insight into the water retention after the 

droplet detachment from the fiber, we compute the average 

amount of residue on the fiber from atomistic MD simulations 

under the minimum force of detachment for a range of droplet 

sizes from 2000 to 17000 water molecules on the fiber with 

radius  ! = 6.4	Å or 12. 8	Å. We find out that the ratio of the 

number of retained water molecules, (a�*, to the total 

number of molecules in the droplet, (ab�b*, never exceeds 10% 

when the minimum detachment force is applied.  

 

 We proceed by extending these calculations to stronger 

forces and determine the average residue size as a function of  

the applied force and the associated detaching time for a set 

of reduced volumes �� . Our simulations provide the first 

quantitative insight into the residue dependence on droplet 

volume and applied force strength.  

Figure 7a shows the percentage of the residue of a droplet on 

the fiber for different detachment forces obtained with the 

atomistic water model. At all droplet sizes, the residue on the 

fiber initially increases with the force until it reaches the 

maximum and then it decreases and eventually vanishes at 

very strong forces. The maximum amount of residue is never 

reached by applying the minimum detachment force. As we 

mentioned earlier, the initial increase of the residue size with 

the force is due to the fact that, at stronger forces, the droplet 

does not have enough time to transform entirely from the 

barrel shape to the clamshell shape (Figure 2e). Therefore, the 

detachment occurs when the fiber is still wetted over a larger 

area than in the clam- shell conformation. It should also be 

noted that as the droplet size increases, the maximum residue 

occurs at weaker forces. We also monitored the detachment 

time for the different reduced volume. As can be seen in 

Figure  

(7-b), the volume of the residue on the fiber is small or 

negligible if the detachment is very slow or vary rapid, with the 

maximal average size obtained at an intermediate detachment 

time. To the best of our knowledge, this interesting behavior 

has not been previously reported.  

(a) 

(b) 

Figure 7. a: percentage of the residue of a droplet remaining on the fiber,  ! = 6.4	Å, 

obtained by applying a range of forces. The curves start at the minimum force of 
detachment. Error bars are estimated from multiple simulations for respective forces 
with each system statistically independent from others. b: percentage of the residue of 
the droplet on the fiber versus the detachment time. 

 

Figure 8. The average number of water molecules remaining on the fiber versus the 

total number of water molecules at detachment forces producing the maximal residue. 

The symbols denote the maximum residue on the fiber with radius 6.4 Å at the time of 

detachment obtained from atomistic MD simulations. The dashed line indicates the 

fitting function a� ∝ acdc
� �>  that is predicted by observing that the maximum residue 

corresponds to the double-cone pinch-off form61 of the detaching droplet (Fig 8).  
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To illustrate the dependence of the amount of the remaining 

water on the detachment force and the size of the droplet, in 

Figure 8 we plot the number of water molecules Nr in the 

maximal residue on the fiber versus a total number of water 

molecules on the droplet (ab�b) for different detachment 

forces. The maximal residue (at system-dependent force 

strengths 4#ef  corresponding to the maxima in Fig. 7a) 

increases with the droplet size. The increase of Nr with ab�b  is, 

however, sublinear; while the absolute residue increases with 

the droplet size, the fraction of residual water decreases with 

ab�b .  

 

Figure 9 shows typical breakup configurations of the droplet 

under detaching forces yielding the maximal residue. The 

breakup profiles of the droplet at these conditions resemble 

two cones joined at their apexes (called the double cone 

profile)61 and lead to approximately symmetric pinch-off. The 

above shape emerges when the relaxation time of the droplet 

is longer than the detachment time. The detachment therefore 

occurs before reaching the clamshell shape. Since the residue 

approximately corresponds to the volume of the lower cone, 

�gh~i&`j	& j& × UjklUS~)5 ×  !* × 5 ( R is the 

characteristic dimensions of the droplet ~	�� �⁄ ), we find 

�gh~5�~�b�b� �⁄ . Figure 8 confirms that our simulation results 

for the maximum residue of water after detachment from fiber 

follow the above prediction. Using the relationship ��Z[ ∝
�b�b� �⁄ 		can help us to predict the volume of the residue on a 

fiber for different droplet volumes. Figure 10 shows the force 

that produces the maximal residue 4mno on the fiber 

( ! = 6.4	Å) versus reduced volume,	V?. 4mno	 increases with 

decreasing the reduced volume V?. The dashed line indicates 

the fitting function of the 4#ef	versus �? with the form 

4#ef = const	 × V� �⁄ . Our simulation results indicate that the 

force of the maximum residue varies according to the relation  

4#ef~V�� �>  , in analogy to the minimum detachment force 

discussed in section (3.2). While our analysis concerns 

detachment events induced by gravity-like body forces, other 

types of perturbation, notably shear forces, can be of 

comparable practical importance and will be considered in 

planned future studies. 

Conclusions  

We have presented a comprehensive study aimed at 

predicting the external force required to detach the droplet 

from a smooth fiber through a combination of atomistic and 

coarse-grained Molecular Dynamics (MD) simulations.  We 

have identified three regimes corresponding to no 

detachment, partial detachment, or complete detachment 

upon applying the external force perpendicular to the fiber. 

The outcome critically depends on the strength of the applied 

force, as demonstrated in the morphology diagram in Fig 4. 

Our results show that the minimum force (per molecule) 

capable of detaching a droplet from the fiber decreases with 

increasing volume of the droplet, in good agreement with 

experiments and continuum simulations for macroscopic 

droplets.25  The results for the detachment force obtained for 

a system with droplet volume V1 can be used to predict the 

detachment force for other droplet  sizes V2 according to the 

scaling relation F2=F19:;:<=
� �>

. 

  We also computed the amount of the residue on the fiber 

after detachment for different droplet sizes and external 

forces. We observed that as the droplet size increases, a larger 

residue remains on the fiber, however, the fraction of the 

residual liquid expressed relative to the size of the droplet 

decreases with its size. The magnitude of the residue shows a 

nonmonotonic dependence on the applied force and 

concomitant detachment rate. While the entire droplet can be 

detached at sufficiently strong forces, and an almost complete 

detachment takes place at forces slightly above the minimal 

detaching force, we observe maximal residues at an 

intermediate force a few times stronger than the minimal 

detaching force. Within a broad range of system sizes we 

considered, the ratio of the two forces remains essentially 

Figure 9. Snapshots of MD trajectories of the droplet at the time of detachment from the 

fiber for the atomistic model with fiber radius,  ! = 6.4	Å, when the residue is maximized. 

The droplet sizes vary from 4000, 8000, 10000,17000 SPC/E water molecules. 

Figure 10. The force producing the biggest average residue,	4#ef  on the fiber 

as a function of the reduced volume. The dashed curve indicates the fitting 

function	��
�� �> . The droplet sizes in atomistic simulations vary from 2000 to 

17000 SPC/E water molecules. 
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invariant with respect to the volume of the drop. Another 

useful insight of this study is the possible prediction of  

the maximal residue size from the prevalent geometry in the 

pinch-off state. By considering the breakup profile of the 

splitting droplet upon detachment, we predicted the 

maximum residue on the fiber to increase with the droplet 

volume V sub-linearly, in proportion to the �� �>  and we 

confirm this dependence in explicit calculations. Our molecular 

simulations offer direct guidance for the control of liquid 

retention through external force and can provide the 

necessary input toward the development of methodologies for 

time-dependent continuum-level simulations at macroscopic 

scales relevant to industrial problems.  
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TOC: For all drop sizes, the water residue on the fiber is 

maximized by using intermediate rates of forcible drop 

detachment. 
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