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Hypothesis: Capillary suspensions offer a new approach to generate novel materials. They are ternary liquid-
liquid-solid systems characterized by particles connected by liquid bridges of one fluid suspended in a second 
immiscible bulk fluid. The viscosity of the bulk liquid can be modulated to customize the structure and rheological 
properties of capillary suspensions.
Experiments and simulations: Using experiments and numerical simulations, we investigated capillary suspensions 
in the pendular state, using silica particles and water as a bridging liquid. To modulate the viscosity of the bulk 
fluid, we use different ratios of either dodecane and diisononyl phthalate, or silicone oils with varying chain 
lengths as bulk liquids. The rheological behavior was characterized using the maximum storage and loss moduli 
and the yielding behavior. This was related to structural changes of the systems, which was visualized using 
confocal laser scanning microscopy. In addition, we used Molecular Dynamics (MD) simulations to gain more 
insights into the behavior of two particles connected by a liquid bridge for various bulk liquids.
Findings: Experiments show that higher bulk liquid viscosity reduces strength, yield stress, and yield strain in 
capillary suspensions, which is partly attributed to a reduced inter-connectivity of the percolating network. This 
is caused by the breakup of liquid bridges occurring at shorter distances in the presence of highly viscous bulk 
liquids, as indicated by numerical simulations.
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1. Introduction

Capillary suspensions are ternary liquid-liquid-solid systems formed 
by the addition of small amounts of an immiscible secondary liquid to 
particle suspensions. The formation of secondary liquid bridges between 
the suspended particles induces the formation of a space-spanning net-
work and consequently drastically changes the rheological behavior [1]. 
This phenomenon makes capillary suspensions suitable for the produc-
tion of novel materials, such as highly porous materials [2–4], stimuli-
responsive materials [5], conductive pastes for solar cells [6], crack-free 
films [7], slurries for battery electrodes [8], 3D printing pastes [9,10], 
and novel food products [11,12].

Depending on the wetting ability of the secondary liquid, two differ-
ent states can be distinguished; The pendular state is formed when the 
secondary liquid preferably wets the particles, and the capillary state 
is formed when the secondary liquid is preferably non-wetting [13]. In 
the pendular state, particles are connected by concave liquid bridges, 
whereas in the capillary state, particles form clusters around secondary 
fluid droplets [14]. In both cases, clusters are formed that serve as build-
ing blocks for network formation, that drastically increases the stability 
and gel strength [15,16]. As the capillary force arising from the liq-
uid bridge formation often dominates over other colloidal forces, the 
changes in properties are substantial [17].

Considerable attention has been directed towards understanding the 
variables affecting the structure and mechanical properties of capillary 
suspensions [15,18–20]. The forces exerted on the network of capillary 
suspensions depend on the particle radius 𝑟, the interfacial tension Γ be-
tween the bulk and secondary liquid, and the wetting behavior of both 
liquids characterized by the three-phase contact angle 𝜃 [19]. Addition-
ally, the number and volume of pendular bridges or secondary liquid 
droplets are critical determinants of strength and structure in the pen-
dular and capillary states, respectively [20]. In the pendular state, the 
capillary bridge force can be calculated by assuming a specific bridge 
shape or by solving the Young-Laplace equation [20]. A simplified ex-
pression for the capillary force in the pendular state is given by

𝐹c = 2𝜋𝑟Γcos (𝜃) (1)

assuming that the particles are in close contact and that the size of the 
pendular bridge is small relative to that of the particles [21,22]. Fur-
thermore, the macroscopic gel strength of capillary suspensions can be 
derived from the capillary force between two particles and the struc-
tural properties of the network. The yield stress is related to the capil-
lary bridge force, assuming equally-sized particles in direct contact, by 
[15,23–25]

𝜎𝑦 = 𝑓 (𝜙, 𝑁)
𝐹𝑐

𝑟2
= 𝑓 (𝜙, 𝑁) 𝑔(𝑉 )

𝐹𝑐

𝑟
, (2)

with 𝑓 (𝜙, 𝑁) being a function of the particle volume fraction and the 
number of capillary bridges per unit volume [13,26] and 𝑔(𝑉 ) a function 
of the bridge volume. The number and volume of the capillary bridges 
depend on the secondary liquid volume fraction but also on the mixing 
conditions during the sample preparation, as capillary suspensions are 
not in thermodynamic equilibrium [27].

The secondary liquid must be dispersed into small droplets for net-
work formation, underlining the importance of droplet breakup condi-
tions during capillary suspension preparation. The influence of the mix-
ing conditions on the structure and rheological properties of capillary 
suspensions has been recently investigated by Bossler at al. [20], who 
showed that more homogeneous and stronger networks are achieved 
through enhanced droplet breakup. Grace [28] showed that the small-
est droplets are obtained when the viscosity ratio between the secondary 
(bridging) and bulk liquid, 𝜂sec. liquid∕𝜂bulk liquid, in capillary suspension 
ranges from 0.1 to 1.

Although the effect of viscosity on droplet break-up has been pre-
viously discussed, the influence of the viscosity ratio in the context of 
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capillary suspensions has been studied only by Hoffmann et al. [12], 
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specifically for corn starch and cocoa particle suspensions. They var-
ied the viscosity of the secondary (bridging) liquid but found no impact 
of the viscosity ratio on the yield stress in both capillary and pendular 
state suspensions. This limited effect was attributed to diffusion-driven 
bridge formation. Other studies have focused on the properties of the 
secondary liquid. For instance, Yang et al. [29] investigated capillary 
suspensions where sodium alginate (SA) was added to the secondary 
liquid. They found that SA significantly enhances the gel strength of the 
suspensions due to its well-known ability to form hydrogen bonds. Das et 
al. [5] hypothesized that capillary suspensions with low-viscosity, flow-
able liquid bridges exhibit lower yield stress, while those with gelled and 
highly viscous bridges exhibit higher yield stress. Ahuja and Gamonpilas 
[30] demonstrated that transitioning the secondary liquid from a low-
viscosity fluid to a gel-like material leads to an increase in the storage 
modulus of capillary suspensions. Furthermore, the available research 
on the effect of viscosity on liquid bridges breakage were conducted 
with air as the continuous phase fluid [31–33]. Shi et al. [34] stud-
ied the dynamic stretching of a liquid bridge between two glass plates 
across liquids of varying viscosities, demonstrating that viscous forces 
significantly affect contact angle hysteresis. Li et al. [35] noted that 
as the volume of the liquid bridge expands, the viscous force increas-
ingly impacts the critical rupture distance. To the best of our knowledge, 
no study has investigated the effect of the bulk liquid viscosity on the 
structure and resulting rheological behavior of capillary suspensions. 
Furthermore, the role of the micro-structural dynamics of the liquid 
bridges present between the particles surrounded by a viscous liquid 
is still unexplored.

To address this knowledge gap, we explore how the viscosity of the 
bulk liquid affects the structure and rheological behavior of pendular 
state capillary suspensions. We established connections between macro-
scopic changes in behavior, alterations in the network structure, and 
modifications in the behavior of individual secondary liquid bridges. 
First, we discuss the impact of secondary liquid addition on the rheo-
logical behavior of suspensions. Subsequently, we analyze the effect of 
bulk liquid viscosity on the gel strength and yielding behavior of pen-
dular state capillary suspensions. This was further related to changes in 
the network structure. Finally, numerical simulations were employed to 
explain the observed experimental decrease of the average number of 
bridges per particle with increasing bulk liquid viscosity.

2. Materials and methods

2.1. Materials

Powders of solid spherical silica particles with sizes of ∼5 and ∼10 
μm were purchased from US Research Nanomaterials (Houston, U.S.). 
The particles were used as provided. Dodecane (n-Dodecane, 99%) was 
purchased from Thermo scientific (Waltham, U.S.). Diisononyl phtha-
late (DINP)(technical grade) was purchased from Sigma-Aldrich (St. 
Louis, U.S.). Silicone oils with kinetic viscosities of 5 cSt and 1000 cSt 
at 25 ◦C were purchased from Sigma-Aldrich (St. Louis, U.S.). Acetone 
(AR-grade) was obtained from Actu-All Chemicals (Oss, The Nether-
lands). The fluorescent dyes fluorescein amine and Rhodamine B were 
obtained from Sigma-Aldrich (St. Louis, U.S.). Ultrapure water (MilliQ 
Purelab Ultra, Germany) was used for all experiments.

2.2. Experimental methods

2.2.1. Sample preparation

Bulk liquid preparation Bulk liquids with varying viscosities were pre-
pared by mixing two bulk liquid components at room temperature. The 
first bulk liquid system consisted of dodecane and DINP and was pre-
pared at dodecane volume concentrations of 0, 2, 5, 10, 15, 25, 30, 40, 
50, 75, and 100% (v/v). The second bulk liquid system was prepared by 
mixing two silicone oils (5 cSt and 1000 cSt at 25 ◦C) at 1000 cSt sili-
cone oil volume concentrations of 0, 5, 15, 25, 35, 45, 50, 55, 65, 75, 

80, and 100% (v/v).
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Preparation of capillary suspensions The particle suspensions were pre-
pared by first adding silica particles to the bulk liquid while being stirred 
at 400 rpm with an overhead stirrer (RW 20D, IKA-Werke, Staufen, Ger-
many), equipped with a propellor mixer (28 mm radius). The silica 
particles were initially dry and sealed to prevent moisture adsorption 
and were used directly for capillary suspension preparation, minimiz-
ing exposure to air. The suspension was further mixed at 1400 rpm 
for 5 minutes to obtain a homogeneous mixture. Then, capillary sus-
pensions were obtained by adding the secondary liquid (i.e., water) 
dropwise to the particle suspensions while stirring at 1400 rpm. After 
water addition, the samples were mixed at 1400 rpm for 30 minutes. The 
capillary suspensions with silicone oil bulk liquids were additionally ho-
mogenized with a rotor-stator-homogenizer (T25 digital Ultra Turrax, 
IKA-Werke, Staufen, Germany) at 12000 rpm for 5 minutes. The same 
volume percentages were used throughout the study; with 20% (v/v) of 
silica particles, 1.5% (v/v) of water and 78.5% (v/v) of bulk liquid.

2.2.2. Rheological measurements

Rotational rheology The viscosity of the different bulk liquids was mea-
sured using a stress-controlled MCR 502 rheometer (Anton Paar GmbH, 
Graz, Austria) equipped with a Peltier element and a concentric cylinder 
geometry (probe: CC17/Ti–3953; cup: C-CC17/Ti– 50622). The shear 
rate was increased from 1 to 100 𝑠−1 in a period of 17 minutes. The 
bulk liquid viscosity was obtained through regression of the viscosity 
curve using the RheoCompass software (Anton Paar GmbH, Graz, Aus-
tria) at room temperature.

Oscillatory rheology To quantify the macroscopic gel properties of the 
particle and capillary suspensions prepared with different bulk liquid 
viscosities, amplitude sweeps were performed. The measurements were 
performed with a stress-controlled MCR 502 rheometer (Anton Paar 
GmbH, Graz, Austria) equipped with a Peltier element and profiled 
50 mm plate-plate geometry to avoid wall slip (upper plate model 
PP50/P2/SS-69022; lower plate inset PP50/SS). All samples were mea-
sured at a gap size of 1 mm, except for those with bulk liquid composi-
tions equal or greater than 40% dodecane. The surface of the plate-plate 
geometry was dried before each measurement with a compressed air 
gun and an absorbent sheet. The obtained gel samples with dodecane 
contents equal or above 40% were too strong and were measured at a 
variable gap height corresponding to a normal force of 40 N. After pre-
shearing the sample at a shear strain of 0.01% and a frequency of 1 Hz 
for 10 minutes, the shear strain 𝛾 was logarithmically increased from 
0.001% to 1000% at a constant angular frequency 𝜔 of 1.6 Hz. Both 
storage modulus, 𝐺′, and loss modulus, 𝐺′′, were recorded in a time 
frame of 25 minutes.

The maximum storage modulus (𝐺′) was determined as the average 
within the linear viscoelastic range, up to the point where 𝐺′ decreased 
by 3% from its initial value [36]. The maximum loss modulus was ac-
quired by calculating the maximum of the loss modulus-strain function. 
The first yield stress was determined using the RheoCompass software 
by a linear weighting of the shear stress at the onset of the amplitude 
sweeps curve, right before the rapid decline of the shear stress [37]. The 
corresponding strain was defined as first yield strain.

The particle suspensions and dodecane-DINP continuous capil-
lary suspensions were measured within 5 hours, and the silicone oil-
continuous capillary suspensions were measured directly after prepara-
tion. The measurements were performed in triplicate. The temperature 
was constant at 20 ◦C during all measurements. To confirm the absence 
of slippage, we conducted measurements of the storage modulus with 
DINP and dodecanes as bulk liquids for different gap sizes between the 
plates. The results, which demonstrated a consistent match, are dis-
played in Figure S1 in the supplementary information (SI) appendix.

2.2.3. Confocal laser scanning microscopy (CLSM)

CLSM-images were taken to gain insights into the effect of the bulk 
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liquid viscosity on the network structures of the capillary suspensions. 
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The silica particles were stained using a 0.005% (w/w) Rhodamine B 
in acetone solution. 50 g of silica particles were mixed with 60 ml of 
the Rhodamine B solution by stirring twice for a minute with a break 
of 10 minutes between the stirring intervals. Acetone was then allowed 
to evaporate. The dyed secondary bridging liquid was prepared by mix-
ing 0.5 g of fluorescein amine with 200 ml of water. The particle and 
capillary suspensions were prepared by dispersing the stained silica par-
ticles in the bulk liquid using a rotor-stator-homogenizer (T25 digital 
Ultra Turrax, IKA-Werke, Staufen Germany) at 12000 rpm for 5 min-
utes. Afterwards, the particle and capillary suspensions were prepared 
by adding the dyed secondary bridging liquid (water). A small portion 
of the dyed capillary suspension sample was gently placed between a 
microscope slide and cover glass to minimize any additional shear that 
might influence the microstructure. Additionally, a spacer was used to 
maintain a consistent gap and prevent compression. To ensure that the 
addition of dye did not alter the network structure, we measured the 
rheological properties of the dyed samples and compared them to the 
non-dyed samples of dodecane and DINP, as shown in Figure S2 of the 
SI appendix.

The images were taken using a ReScan Confocal unit (Confocal.nl, 
Amsterdam, The Netherlands) connected to a PCM2000 microscope 
(Nikon Europe BV, Amsterdam, The Netherlands). The microscope was 
equipped with a 60x/1.2W objective (Nikon Europe BV, Amsterdam, 
The Netherlands). Lasers with wavelengths of 561 nm and 488 nm were 
used to excite the Rhodamine B and fluorescein to visualize the silica 
particles and the secondary liquid bridges, respectively. To ensure the 
confocal images accurately represent the suspension’s structure, dupli-
cate samples were prepared and imaged using CLSM.

The CLSM Images were post-processed using ImageJ (version 1.52) 
[38]. The 16-bit images were converted into RGB images, and the bright-
ness and contrast were adjusted to make all components visible. To 
obtain information about the structural organization of the capillary 
suspensions with increasing bulk liquid viscosity, the number of nearest 
neighbors was calculated based on the obtained CLSM images. The aver-
age number of capillary bridges per particle was computed as the ratio 
between the number of capillary bridges divided by half of the number 
of silica particles in the image. The number of particles and capillary 
bridges was counted manually in three images per sample, where a spa-
tial annotation counting approach was used, ensuring no miscounts by 
marking particles and bridges in each image. When particles appeared 
as part of larger continuous blobs of the secondary liquid, each connec-
tion to the blob was counted as an individual bridge. We provide an 
example of the counting approach in Figure S3 of the SI Appendix. The 
process was conducted independently by two researchers several times 
to verify the consistency of the results.

2.3. Molecular dynamics simulations

Molecular Dynamics (MD) simulations were utilized to study the 
effect of viscosity on the dynamics of liquid bridges between two parti-
cles. Despite the scale difference between the nanoscale simulations and 
our microscale experiments, MD simulations can provide fundamental 
insights into the behavior and interaction of molecules of the differ-
ent components of capillary suspensions, extrapolating this knowledge 
to larger scales. Previous studies have demonstrated the efficiency of 
using MD simulations to interpret microscale behaviors by providing 
a detailed understanding of the nanoscale interactions and dynamics 
[39–41].

Using the large-scale atomic/molecular massively parallel simula-
tor (LAMMPS) package [42], All-atom (MD) simulations were carried 
out to investigate the water liquid droplet breaking within the bulk liq-
uids. The atomistic system was subjected to the COMPASS forcefield 
[43], where the van der Waals interactions are accounted for by 12-
6 Lennard-Jones and Coulomb electric potentials. The Particle Particle 
Particle Mesh (PPPM) technique computes the long-range Coulombic 

interactions with an accuracy of 10−4 kcal/mol, whereas the van der 



C. Haessig, J. Landman, E. Scholten et al.

Fig. 1. Atomistic model of two nanoparticles in contact with a water liquid 
bridge, taken at timestep 𝑡 = 20 ps. Silica particles are colored in magenta and 
the bulk liquid is transparent (For interpretation of the colors in the figure(s), 
the reader is referred to the web version of this article).

Waals interactions were smoothly truncated at a distance of 12.5 Å. 
With a time step of 1 fs, the Newtonian motion equations for each atom 
were solved using the Velocity-Verlet algorithm.

The atomistic model consists of two spherical silica particles of 4.5 
nm diameter. The silica model encompasses the interacting atoms lo-
cated at the hydroxilated silicon dioxide interface, thereby ensuring 
similar intermolecular interactions [44,45]. The particles are in con-
tact with a bridge of water molecules, and placed in a simulation cell 
of size 8.5x23x15 nm filled with the bulk liquid (dodcecane-DINP mix-
tures, or silicone oils), with periodic boundary conditions applied in all 
three directions (see Fig. 1). The liquid molecules were packed using 
Monte-Carlo algorithm. All initial configurations were built using the 
Scienomics MAPS package [46,47]. The system was then energy min-
imized using the steepest descent method, followed by the conjugate 
gradient method with a maximum number of iterations equal to 1000. 
Then, the simulation box was subjected to energy equilibration for 0.1 
ns using the Langevin-thermostat in the NPT ensemble. Finally, produc-
tion runs were launched for 0.25 ns in the isothermal-isochoric (NVT) 
ensemble to keep the system at a desired temperature of 298.15 K, and 
maintained by a Nose–Hoover thermostat [48,49].

3. Results and discussion

3.1. Effect of capillary bridges on suspension rheology

The addition of small amounts of a secondary liquid to particle sus-
pensions may induce the formation of pendular secondary liquid bridges 
creating a percolating network to form pendular state capillary suspen-
sions [1]. Fig. 2 (B) and (D) confirm this, showing pendular capillary 
bridges in a capillary suspension formed by adding a small amount of 
water to silica particles suspended in dodecane. The formation of cap-
illary bridges drastically changes the rheological behavior, as already 
visually recognizable in Fig. 2 (A and C).

Fig. 3 shows the storage (𝐺′) and loss (𝐺′′) moduli of the regular 
(i.e., without the addition of a secondary liquid) and the capillary sus-
pension as a function of shear strain. All other examined regular and 
capillary suspensions showed similar trends, and the results in Fig. 3
are taken from just one sample as an example to visualize the effect of 
the presence of liquid bridges. At low strain, the regular and capillary 
suspensions show constant storage and loss moduli, with 𝐺′ surpassing 
𝐺′′. Hence, both systems show gel-like behavior. The addition of a small 
amount of water to the regular suspension results in a sharp increase in 
𝐺′, corresponding to a drastic strengthening of the particle network. The 
capillary suspension has a lower loss tangent tan 𝛿 (𝐺′′/𝐺′) than the 
regular suspension in the linear viscoelastic region, indicating a more 
elastic-driven behavior. This difference originates in the different inter-
action types and strengths. Whereas the capillary suspension network 
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is formed by strong interactions induced by pendular bridges between 
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Fig. 2. Influence of secondary liquid addition on the visual appearance and 
network structure of suspensions. Photographs of regular (A) and capillary (C) 
suspensions prepared with 5 μm silica and dodecane as bulk liquid. CLSM images 
of regular (B) and capillary (D) suspensions prepared with 5 μm silica particles 
and dodecane as bulk liquid. Silica particles appear in magenta and water in 
green. Here, the solid fraction of silica is approx. 20% (v/v) mixed with 1.5% 
(v/v) of water.

Fig. 3. Viscoelastic moduli (filled symbols, 𝐺′; open symbols, 𝐺′′) as a function 
of strain amplitude obtained from amplitude sweeps for regular (blue triangles) 
and capillary (black circles) suspensions prepared with 5 μm silica particles and 
dodecane as bulk liquid. The continuous and dashed red lines schematically 
locate the maximum storage modulus (𝐺′

max) and the yield strain (𝛾𝑦), respec-
tively. Here, the solid fraction of silica is approx. 20% (v/v) mixed with 1.5% 
(v/v) of water. Shear strain was performed at a constant angular frequency 𝜔
of 1.6 Hz.

silica particles, only van der Waals interactions and hydrogen bonding 
between the silica particles induce gelation in the regular suspension 
[50].

With increasing strain, the moduli start to decrease, indicating the 
first structural changes within the network. In capillary suspensions, the 
first decrease in 𝐺′ can be attributed to the stretching and breaking of 
small liquid bridges connecting the particles in the pendular state [51]. 

Concurrently, the 𝐺′′ of the capillary suspensions shows a short-term in-
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crease, known as a weak strain overshoot [52]. The weak overshoot may 
be explained by the partial breakdown and rearrangements at relatively 
low strain, causing increased collisions and hence viscous dissipation. 
With further increasing strain, the bridges are further stretched weak-
ening the capillary bridge force, and the rupture of the bridges starts 
to dominate, indicating the start of a yielding process. The 𝐺′′ even-
tually becomes larger than 𝐺′ at the cross-over strain. This crossover 
suggests that the viscous properties dominate the elastic properties, and 
the material starts to behave liquid-like. As shown in Fig. 3, the capillary 
suspension starts to behave nonlinearly already at a strain of approxi-
mately 0.1%, while showing a cross-over at a higher strain than the 
regular suspension. This difference in the relative locations of the end 
of the linear viscoelastic region and cross-over emphasizes the depen-
dence of the capillary bridge force on the particle separation, causing 
the initial weakening of the network. However, the capillary network 
exhibits resilience against fluidisation, related to fewer ruptures of the 
bridges [53]. Another characteristic of capillary suspensions is the dual 
yielding at large strain amplitudes common for systems where network 
build-up and network breakdown occur at similar time scales [54,55]. 
It has been suggested that the second yield point is caused by the ad-
vancing breakdown of fluidized clusters resulting from the first yielding 
[51].

3.2. Effect of the bulk liquid viscosity on the rheological behavior

By combining liquids with low and high viscosity, binary bulk liq-
uids with a wide range of viscosities were prepared to investigate the 
effect of the bulk liquid viscosity on the rheological behavior of the re-
sulting capillary suspensions. The experimentally measured viscosity of 
the bulk liquids mixtures is shown in Figures S4 and S5 of the SI Ap-
pendix. To quantify the observed changes in the gel strength, we use 
the maximum storage modulus (𝐺′

max) and yield stress (𝜎𝑦). 𝐺′
max is de-

fined as the maximum value of the storage modulus 𝐺′ within the linear 
viscoelastic region (LVR). It is determined as the average 𝐺′ value until 
it decreases by 3% from its initial value, indicating the onset of non-
linear behavior [36,56] (see Fig. 3). The strain at which 𝐺′ starts to 
decrease significantly from the LVR defines 𝛾𝑦, and the corresponding 
stress at this point defines 𝜎𝑦.

Fig. 4 shows information on the rheological behavior (A and B) 
of dodecane-DINP continuous capillary suspensions with variable bulk 
liquid viscosity prepared with silica particles and water as secondary 
liquid. Specifically, 𝐺′

max and 𝜎𝑦 are shown as a function of the vis-
cosity ratio between the bridging and bulk liquid, defined as 𝜆 =
𝜂sec. liquid∕𝜂bulk liquid. A lower value for the viscosity ratio refers to a 
higher viscosity of the bulk liquid. This is represented for dodecane-
DINP capillary suspensions prepared with two different sizes; 5 μm 
(black symbols) and 10 μm (open symbols) silica particles. The corre-
sponding calculated capillary bridge forces (Equation (1)) are included 
as well at the bottom of Fig. 4 (B). In addition, photographs of the
macroscopic structure of the gels are provided in Figure S6 of the SI ap-
pendix. The interfacial tension and the three-phase contact angle, which 
are used to calculate the capillary force, are shown in Figures S7 to 
S12 of the SI Appendix. With increasing viscosity ratio, i.e. decreasing 
bulk liquid viscosity, 𝐺′

max and 𝜎𝑦 increase, indicating an increasing gel 
strength. Both 𝐺′

max and 𝜎𝑦 show a similar trend of a relatively steep 
initial increase below a viscosity ratio of approximately 0.1 before ex-
hibiting a plateau-like behavior. This may be unexpected, as a more 
viscous bulk phase would intuitively lead to more viscous suspensions. 
This apparent change in the gel strength-viscosity ratio relationship po-
tentially indicates a transition point resembling the onset of a bulk liquid 
viscosity effect. The capillary bridge force shows a similar trend as a 
function of the viscosity ratio due to the changing dodecane-DINP ratio, 
possibly contributing to the decreasing gel strength with decreasing vis-
cosity ratio. To verify that bulk liquid viscosity indeed has a large effect 
on the gel strength, we investigated a second system in which the bulk 
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liquid viscosity was altered by a one-component continuous phase, sil-
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Fig. 4. Influence of the bulk liquid viscosity on the gel strength of capillary 
suspensions. Maximum storage modulus (𝐺′

max) (A), and yield stress (𝜎𝑦) (B) 
of dodecane-DINP continuous capillary suspensions prepared with either 5 μm 
(black symbols) or 10 μm (open symbols) silica particles as a function of the 
viscosity ratio 𝜂sec. liquid∕𝜂bulk liquid. Additionally, the estimated capillary bridge 
force (𝐹𝑐 ) between the 5 μm (black symbols) or 10 μm (open symbols) silica 
particles as a function of the viscosity ratio 𝜂sec. liquid∕𝜂bulk liquid is shown. In all 
cases, the solid fraction of silica particles is approx. 20% (v/v) mixed with 1.5% 
(v/v) of water. Shear strain was performed at a constant angular frequency 𝜔
of 1.6 Hz.

icone oil (see Figures S13 and S14 of the SI Appendix). The estimated 
capillary bridge force of the silicone oil continuous system is consider-
ably constant within the examined range.

Fig. 5 displays 𝐺′
max of capillary suspensions as a function of the 

estimated capillary bridge force for 5 and 10 μm particles, and for 
silicone-oil and dodecane-DINP mixtures. In the case of dodecane-DINP 
mixtures, the increase of 𝐺′

max with the slight variation in 𝐹𝑐 suggests a 
moderate dependence on capillary forces. The effect of increasing the 
particles size on 𝐺′

max is more pronounced. This aligns with the hy-
pothesis that while capillary forces are important, other factors such as 
particle size and bulk liquid viscosity also influence the gel strength. The 
strength of gels made with silicone oil increases by orders of magnitude 
with minimal variation in capillary force. This supports the association 
between the bulk liquid viscosity and gel strength as the dominant effect. 
Given the similar rheological trends for silicone oil and dodecane-DINP, 
and due to visualization challenges with silicone oil where refractive 
index matching and fluorescence interference obscured the capillary 
bridges, we focused on CLSM imaging of dodecane-DINP systems.

Although the bulk liquid viscosity is not anticipated to directly im-
pact the static capillary bridge force between two particles [57], we 
aim to understand its indirect effects which might explain the observed 
decrease in gel strength. Notably, gel strength depends not just on the 
capillary force of each liquid bridge, but also on the overall number of 
such bridges (see Equation (2)) [20]. As capillary suspensions are not in 

thermodynamic equilibrium but rather in a metastable state, the final 
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Fig. 5. Average 𝐺′
max of capillary suspensions as a function of the estimated 

capillary bridge force, for dodecane-DINP mixtures (circles symbols), and sili-
cone oils (square symbols) for different particle sizes. The inset graph shows a 
zoomed-in region of 5 μm dodecane-DINP mixtures. In all cases, the solid frac-
tion of silica particles is approx. 20% (v/v) mixed with 1.5% (v/v) of water. 
Shear strain was performed at a constant angular frequency 𝜔 of 1.6 Hz.

network structure is dependent on the mixing process during the prepa-
ration of capillary suspension [58]. Breaking the secondary liquid into 
tiny droplets during the mixing process is a well-recognized aspect and 
critical, as these droplets serve as building blocks for capillary bridges 
[12,20,31]. Thus, the mixing process ultimately impacts the strength of 
the capillary suspensions. It has been shown that the viscosity ratio has 
a large effect on the critical capillary number [28], thereby influencing 
the break-up of the droplet. It was shown that the smallest droplets are 
formed at viscosity ratios ranging from 0.1 to 1 while the droplet size in-
creases to a large extent when the viscosity ratio is lower than 0.1. The 
breakup of dispersed droplets becomes increasingly difficult for viscos-
ity ratios below 0.1 due to a very high viscosity of the continuous bulk 
viscosity, in which elongation and breakup of the dispersed droplets is 
inhibited. Based on the results of Grace [28], it is reasonable to argue 
that for higher bulk viscosities (with a viscosity ratio lower than 0.1), 
one expects larger but fewer secondary liquid droplets, i.e. fewer cap-
illary bridges, and hence a weakening effect of the particle network. 
The hindered droplet breakup is consistent with the observed lower 𝐺′

for our capillary suspension (Fig. 4), with decreasing viscosity ratio. It 
must be noted that the droplet breakup model by Grace [28] applies to 
mixing in the laminar flow regime, which is not fulfilled by the use of 
the dispersion mixer for the preparation of our capillary suspensions. 
Furthermore, the presence of particles increases the complexity of the 
droplet breakup during sample preparation [59].

Although the effect of the viscosity ratio by changing the bulk liq-
uid on the strength of capillary suspension has not been discussed yet 
in literature, previous studies have reported the effect of changing the 
secondary bridging liquid viscosity using polyethylene oxide [12]. No 
significant change in the gel strength was observed with increasing sec-
ondary bridging liquid viscosity. The insignificance of the viscosity ratio 
was explained by the diffusion of secondary liquid driven by the ener-
getic benefit of bridge formation [12]. Our results show that the viscos-
ity of the bulk fluid is more relevant and has a much greater contribution 
to the behavior of capillary suspensions. We suspect that resistance to 
flow, increasing with the bulk liquid viscosity, contributes to the ob-
served weakening of the capillary suspensions. To further understand 
the effect of the bulk liquid viscosity on the dynamics and break-up of 
capillary suspensions, numerical simulations are provided later in sec-
tion 3.4.

We further note that the capillary suspensions prepared with 5 μm 
silica particles were stronger than the 10 μm samples across the exam-
ined bulk liquid viscosities, although a higher force would be expected 
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for larger particles according to Equation (1). This reciprocal relation-
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Fig. 6. CLSM images of dodecane-DINP continuous capillary suspensions pre-
pared using 5 μm silica particles and bulk liquid viscosities of 1.32 mPas (A), 
2.62 mPas (B), 4.51 mPas (C), 10.55 mPas (D), 45.03 (E), and 94.91 mPas (F). 
Silica particles appear in magenta, and water in green. The inset marks all pen-
dular bridges (red rectangles) and particles (black circles) within the specified 
image section. In all cases, the solid fraction of silica particles is approx. 20% 
(v/v) mixed with 1.5% (v/v) of water.

ship between particle size and gel strength was previously reported in 
literature [13,19,60]. The lower gel strength indicates that the lower 
number of bridges between the particles due to the lower surface area 
contributes more to the final strength and yield stress than the force per 
bridge.

Besides the effect of the bulk liquid viscosity on the gel strength, 
we investigated the impact on the yielding behavior. Figure S15 of the 
SI appendix shows the yield strain, 𝛾𝑦, as a function of the viscosity ra-
tio for dodecane-DINP capillary suspensions. Similarly to 𝐺′ and 𝜎𝑦 (see 
Fig. 4), 𝛾𝑦 increases with increasing viscosity ratio, i.e. lower bulk liquid 
viscosity. In principle, the yielding of capillary suspensions is coupled to 
the stretching and, finally, rupture of the capillary bridges [16,31,51]. 
The decreasing 𝛾𝑦 suggests that the bridge elongation before rupture is 
reduced by increasing bulk liquid viscosity. The maximum bridge elon-
gation before rupture is expected to increase with increasing bridge 
volumes [23,51]. Consequently, based on the droplet breakup discus-
sion, we expect to see increasing 𝛾𝑦 with decreasing viscosity ratios. 
This contradiction implies the necessity of additional modes of action of 
the bulk liquid viscosity, which will be further elucidated in subsequent 

sections of this paper through the employment of numerical simulations.
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Fig. 7. (A) Average number of capillary bridges per particle (𝑛𝑐𝑎𝑝) as a function of the viscosity ratio 𝜂sec. liquid∕𝜂bulk liquid of dodecane-DINP continuous capillary 
suspensions prepared with 5 μm silica particles. (B) Maximum storage modulus (𝐺′

max) as a function of the average number of capillary bridges per particle of 
dodecane-DINP continuous capillary suspensions prepared with 5 μm silica particles. The red line shows the best linear fit accounting for confidence levels.
3.3. The effect of the bulk liquid viscosity on the network structure

To further understand the mechanistic effects of changing bulk liquid 
viscosity on the network structure, we visualized the network structure 
using confocal laser scanning microscopy (CLSM) micrographs. Fig. 6
shows CLSM images of capillary suspensions prepared with 5 μm sil-
ica particles, with varying dodecane-DINP ratios, used to alter the bulk 
liquid viscosity. The CLSM images are representative slices from the z-
stacks of each sample. The overall particle volume is consistent across all 
samples, as indicated by the absence of visible syneresis or gel collapse 
(Figure S6 of the SI appendix). Within the examined bulk liquid viscosity 
range, a percolating network of silica particles (visible in magenta) con-
nected by individual capillary secondary liquid bridges (visible in green) 
is present, confirming the pendular state. As the bulk liquid viscosity de-
creases, the particulate system appears to become homogeneous due to 
the formation of more liquid bridges.

To quantify the structural changes upon increasing bulk liquid vis-
cosity, we adopted a simple approach of calculating the average number 
of bridges per particle from the acquired 2D CLSM images, 𝑛𝑐𝑎𝑝, to char-
acterize the interconnectivity within the network. The resulting average 
number of bridges per particle of selected dodecane-DINP continuous 
capillary suspensions prepared with 5 μm silica particles and variable 
bulk liquid viscosity are presented in Fig. 7 (A). A decrease in the av-
erage number of bridges per particle with decreasing viscosity ratio, 
i.e. increasing bulk liquid viscosity, is shown. This is consistent with 
few connections between particles as a result of fewer, and most likely 
larger, secondary liquid droplets. The data shows a relation between the 
bulk liquid viscosity, or the viscosity ratio, and the interconnectivity of 
the percolating network. While this suggests a trend, additional studies 
may be needed to fully confirm this relationship.

Moreover, when we plot the maximum storage modulus 𝐺′
max against 

𝑛𝑐𝑎𝑝 (see Fig. 7 (B)), we see a positive trend between the gel strength 
and the degree of microscopic interconnectivity. Consequently, the ob-
served trends in the macroscopic rheological behavior of the capillary 
suspensions can therefore be related to an indirect effect of the bulk 
liquid viscosity on the microscopic interconnectivity of the capillary sus-
pension network structure. To gain deeper insights into the underlying 
mechanisms leading to decreased interconnectivity, we further explore 
the system using numerical simulations.

3.4. Numerical simulations

In initial numerical experiments, we explore the capacity of the cap-
illary force in a liquid bridge to spontaneously bring together two par-
406

ticles. First, we examine this phenomenon in the presence of air, and 
Fig. 8. (A) Time snapshots of a molecular dynamics simulation of two silica 
particles (in magenta) connected by a water liquid bridge (in green) surrounded 
by air, and (B) Distance between the two particles as a function of simulation 
time. LV: low viscous and HV: high viscous.

subsequently, we assess its behavior in the presence of various bulk 
liquids with distinct viscosities. In Fig. 8 (A), we show snapshots of 
an MD simulation of the two particles, separated by a distance of 5 
nm, connected by a water liquid bridge in the absence of a bulk liq-
uid. At the simulation time 𝑡 = 0 ps, the liquid bridge has cylindrical 
shape, representing the starting conditions of the system before any re-
laxation or energy minimization has occurred. As the MD simulation 
proceeds, the surface tension causes a thin film of water molecules to 
adhere to the particles and a concave meniscus starts to form. As the par-

ticles spontaneously move closer together, the adhesive intermolecular 
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Fig. 9. (A) MD simulation snapshots of the finals simulation step of two silica 
particles (in magenta) connected by a water liquid bridge surrounded by var-
ious bulk liquids. The bulk liquids are transparent, and (B) Breakage distance 
ratio, 𝐿, as a function of the viscosity ratio, 𝜂sec. liquid∕𝜂bulk liquid, for various bulk 
liquids. LV: low viscous and HV: high viscous.

forces between the particles and the fluid increase, pulling the particles 
together. The bridge becomes more pronounced, increasing the con-
tact area between the particles and the fluid, which also increases the 
capillary force. This process continues until the particles are in close 
proximity from each other. This can also be seen by the curve of the red 
circles in Fig. 8 (B), showing the distance between the two particles as 
a function of simulation time. When using dodecane as a bulk liquid in-
stead of air (open squares), there is a slower spontaneous pulling of the 
particles and a concave bridge forms (see also the video provided in the 
SI Video Appendix) during the examined simulation time. This is due to 
the lower interfacial tension between the water and dodecane compared 
to air. No spontaneous pulling happens between the particles for silicone 
oil systems mainly due to their low interfacial tension with water. In the 
case of DINP, a liquid that is more viscous than dodecane, the simula-
tion shows that the inter-particle distance remains almost constant, and 
thus there is no occurrence of spontaneous pulling between the particles. 
This behavior can be attributed to both the lower DINP-water interfa-
cial tension compared to dodecane-water and the high viscosity of DINP. 
We postulate that the high viscosity of DINP can affect the stability of 
the liquid bridges and increases the resistance to flow. Consequently, 
it becomes more challenging for the liquid bridge to form and main-
tain its shape. Additionally, the drag force on the particles increases for 
high viscous liquids, making it difficult for the capillary force to move 
the particles close to each other. As a result, as the viscosity of the en-
compassing liquid rises, the capacity of the capillary bridges to uphold 
the capillary network deteriorates, providing a plausible explanation for 
the feeble gel structures observed experimentally when utilizing high-
viscosity bulk liquids. To further investigate this deduction, we proceed 
to conduct a second numerical experiment on the dynamics of capillary 
bridges break-up.

In this ensuing numerical experiment, the two particles were initially 
placed at a distance of 1 nm from each other, and we ran a molecular 
407

dynamics simulation in the NVT ensemble for 0.5 ns to let the liquid 
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bridge molecules distribute around the particles. Then, the right-sided 
particle was pulled away at a velocity of 50 nm/ns. The video in the SI 
Video Appendix shows the pulling experiment over time. As the particle 
is pulled away, water molecules at the center of the bridge are pulled 
towards the left side of the bridge where the pulling stress is the lowest. 
The liquid bridge stretches and elongate and the radius of the curva-
ture of the bridge increases. This stretching causes the cohesive forces 
between the water molecules to weaken. As the bridge thins out, the 
number of water molecules in contact with each particle decreases and 
the cohesive forces due to hydrogen bonds between the water molecules 
and the particles will also decrease. This progressively increases the sur-
face area of the bridge in contact with the bulk liquid in detriment of 
that in contact with particles, until the bridge breaks-up.

Fig. 9 (A) shows snapshots of the final simulation step for various 
bulk liquids used. The bulk liquid is transparent and only the silica par-
ticles (in magenta) and the water bridge are shown. The gradient color 
represents the velocity of the water molecules within the liquid bridge. 
In Fig. 9 (B), we plot the breakage distance ratio 𝐿 = 𝐷∕𝐿, as a func-
tion of the viscosity ratio, where 𝐷 is the distance between the particles 
and 𝐿 the length of the simulation box. When using bulk liquids with 
high viscosity (highly viscous silicone oil and pure DINP), the break-up 
point occurs at lower distances, confirming that bridges are more diffi-
cult to elongate and stretch with increasing bulk liquid viscosity. This 
aligns with the research of Stone [61,62], who investigated the breakup 
of a liquid drop driven by the movement of an immiscible viscous sus-
pending fluid, and showed that higher viscosity ratios tend to hinder 
the breakup process and favor stretching. In the case of low viscous 
bulk liquids (with viscosity ratio above 0.4 such as pure dodecane), as 
the right particle is pulled towards the simulation box boundary, the 
bridge undergoes continuous stretching. Although their study focused 
on suspended droplets, the differences in breakup behavior across vis-
cosity ratios observed by Tjahjadi and Ottino [63] align with trends 
seen in our capillary bridge experiments. They investigated the stretch-
ing and breakup of drops freely suspended in a viscous fluid. Drops 
in low-viscosity-ratio systems extended relatively little before breaking, 
whereas droplets in high-viscosity-ratio systems stretched substantially 
before breaking. Jiang et al. [64] examined the effect of viscosity ratio 
on the local pinch-off mechanism of liquid drops in viscous fluids. They 
showed that the viscosity ratio indeed affects the drop pinch-off dynam-
ics as well as interface deformation, where liquid bridges exhibit more 
tendency to stretch, and break after a longer time in low-viscosity bulk 
liquids.

As the viscosity of the bulk liquid increases, the resistance to flow 
also increases as the surrounding viscous liquid resists the movement of 
the water molecules in the liquid bridge, making it harder for the liquid 
bridge to thin out and stretch. This explains the reduction of the bridge 
elongation before rupture at high viscous bulk liquid (i.e. low viscos-
ity ratio), as indicated by the low yield strain, 𝛾𝑦, observed in Figure 
S15 of the SI appendix. Consequently, such rapid breakup could poten-
tially lead to a reduced interconnectivity in capillary suspensions, which 
results in a weaker gel. Similarly to 𝐺′

max and 𝜎𝑦, we observe a sharp in-

crease in the breakup distance, 𝐿, at a viscosity ratio of approximately 
0.1, which further supports that there is a transition point for the effect 
of bulk liquid viscosity.

Fig. 10 depicts the total count of hydrogen bonds, 𝐻𝑏𝑜𝑛𝑑𝑠, formed 
by water molecules immediately prior to bridge breakage, as a function 
of the viscosity ratio. As the viscosity ratio increases (i.e. viscosity of 
the bulk liquid decreases), the total number of hydrogen bonds at the 
cusp of liquid bridge breakage increases, indicating that high bulk liquid 
viscosity reduces the ability of water molecules to dynamically form hy-
drogen bonds. Additionally, in the supplementary file’s Figure S18, we 
present the total number of hydrogen bonds as a function of simulation 
time for the various bulk liquids used in this study. The results show 
that 𝐻𝑏𝑜𝑛𝑑𝑠 reaches a minimum as the liquid bridges elongates. Sub-
sequently, upon liquid bridge breakage, 𝐻𝑏𝑜𝑛𝑑𝑠 begins to rise as water 

molecules re-form bonds and spread on the silica particles. This supports 
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Fig. 10. Total number of hydrogen bonds, 𝐻𝑏𝑜𝑛𝑑𝑠, formed between the water 
molecules at the cusp of liquid breakage as a function of the viscosity ratio, 
𝜂sec. liquid∕𝜂bulk liquid, for various bulk liquids.

the hypothesis that high bulk liquid viscosity reduces water molecules 
mobility, potentially leading to fewer hydrogen bonds formation, which 
in turn impedes the liquid bridge thinning and contributes to its prema-
ture breakage during pulling.

4. Conclusions

Capillary suspensions are ternary liquid-liquid-solid systems marked 
by liquid bridges that link suspended particles. These systems hold 
promise for the development of novel stimuli-responsive materials [5], 
3D printing pastes [9,10], and healthier food products [11,12]. Through 
experiments and numerical simulations, we provide novel insights into 
the effects of the bulk liquid viscosity on the rheological and structural 
properties of capillary suspensions.

Our experiments show that capillary suspensions prepared with 5 μm 
silica particles exhibit higher gel strength compared to those with 10 μm 
particles, irrespective of the bulk liquid viscosity. Previous studies found 
no significant effect on gel strength due variations in secondary bridging 
liquid viscosity [12,31]. This was attributed to the energetically favored 
bridge formation through secondary liquid diffusion. Contrarily, our re-
sults show that the viscosity of the bulk fluid is more relevant and has a 
greater impact on capillary suspension behavior, with increased viscos-
ity reducing the suspension’s strength. This was attributed to alterations 
in microstructural configuration, characterized by a decrease in the av-
erage number of bridges per particle in weak gels. This indicates a link 
between bulk liquid viscosity (or viscosity ratio) and the interconnec-
tivity of the percolating network. Additionally, increasing bulk liquid 
viscosity reduces the bridge elongation before fracture, as indicated 
by the decreasing yield strain. This reduction suggests that highly vis-
cous bulk liquids impede the elongation of capillary bridges, potentially 
leading to diminished interconnectivity and weaker gels. We explored 
this mechanism further using molecular dynamics simulations, which 
showed that the breakup of liquid bridges occurs at shorter distances 
when highly viscous bulk liquids are present. This behavior stems from 
the resistance imposed by the surrounding viscous medium, restricting 
water molecule mobility within the liquid bridge. As a result, hydro-
gen bond reformation is diminished, leading to decreased water liquid 
bridge elongation and thinning during particle separation. Another in-
sight from this work is the identification of a viscosity ratio threshold 
(≈ 0.1), beyond which the effect of bulk liquid viscosity on gel strength, 
yield stress, and liquid bridge breakup distance becomes markedly pro-
nounced.

Using the viscosity of the bulk liquid to control the micro-structure 
and rheological behavior of capillary suspensions opens up possibilities 
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for designing new materials with tailored properties. To enhance com-
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prehension of how bulk liquid viscosity influences capillary suspension 
structures, exploring the impact of external heating during preparation 
is worthwhile. Additionally, optical tweezers could be used to dynam-
ically investigate the effect of the bulk liquid viscosity on the strength 
and breakup distance of individual pendular bridges.
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