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Abstract 
Surface wettability is a measure of adhesion and repulsion of liquids on a material’s surface, 

where surface wettability may be altered by creating a new interfacial surface between the 

base material and the target liquid on top. Where the interface comprises of a liquid that is 

locked in the pores or ridges of the base material, it is then termed as liquid infused surface 

(LIS). LIS alters the wettability due to the distinctive properties of the interfacial liquid which 

now forms the new surface. If the interfacial liquid is repellent towards polar (hydrophobic) 

and non-polar (oleophobic) liquids, the overall surface becomes slippery (amphiphobic) and 

prevents any new target liquids from adhering. This phenomenon leads to the definition of 

slippery liquid infused porous surfaces (SLIPS), where this term not only describes its role but 

also its fabrication route. 

Here a two-step facile method is presented to quickly transform any 3D printable polymeric 

material into robust SLIPS, irrespective of the wettability properties of the original polymer. 

The complex geometrical porosity required for locking the interfacial liquid is achieved using 

Fused Deposition Modelling (FDM) setup. Surface wettability characteristics of the 3D printed 

porous structure are then enhanced by increasing the liquid-adsorption sites where the locking 

of the infused interfacial (repellent) liquid takes place. The SLIPS demonstrate low rolling-off 

(sliding) angles with both polar and non-polar solvents of up to 2 degrees with high resistance 

to mechanical abrasion undergoing sliding frictional wear. The robust SLIPS as produced can 

be quickly scaled up using existing processes used in the laboratory.  

Keywords: SLIPS, Reentrant Geometry, Fused Deposition Modelling, Surface Wettability, Wear 

Resistance. 

Introduction

The term Slippery Liquid Infused Porous Surfaces (SLIPS) refers to modification of surface 

wettability characteristics by entrapment of a highly repellent liquid inside a porous solid mesh 

[1]. The phenomenon is originally seen on the leaves of Nepenthes Pitcher plant, which can 

alter their natural wettability state to either repel a multitude of liquids and solids from its 

surfaces or attract insects to entrap them as prey [2,3].  

SLIPS are characterized as a porous surface, with a repellent fluid locked in micropores (solid) 

or impregnated in a gel such that this fluid adsorbs (wets) over the substrate completely but 

repels and is completely immiscible with the target fluid on top of it [4,5]. The idea of SLIPS 

was first coined in 2011 by Wong et al. which was based on the study of chemically etched 

Teflon mats that were impregnated with fluorinated oil [1]. From there on, SLIPS have been 

created using various methods, including the use of nanofiber mats [6–8], lithographic 

structures [5,9–13]. electrodeposition [14,15], coarsening of surfaces [16–18], embedding 

nanoparticles [19–21], porous membranes [22,23], and colloid layouts [24]. Previously, 
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fabricated SLIPS were generally limited to flat plane surfaces and single-sided substrates, 

however, the work of Geraldi et al. demonstrated the use of double-sided SLIPS with extremely 

low water contact and sliding angles [25]. Similarly, SLIPS with vertical flat-plate [26] and 

tubular [27–29] substrates have also been successfully fabricated with conforming results.   

The major aim behind these surface preparations is to create a surface with such wetting 

properties that enables stabilization of infused or entrapped liquid when a target droplet is 

present, thus, lowering the overall surface energy which allows for easy roll-off (low sliding 

angles) of the target droplet. The stability of SLIPS can be determined by calculating the 

coefficient of spreading of the entrapped liquid (oil) which is given by Equation 1, ��� = �� − (�� − ���) (1)

where, ��� is the coefficient of oil spreading, �� is the vapour tension of the target liquid, �� is 

the vapour tension of entrapped liquid and ��� is the interfacial tension between entrapped 

and target liquid. In ideal SLIPS, cloaking (wrapping up of entrapped liquid on target liquid) 

does not occur and the two liquids remain detached from each other that is ��� < 0.  

SLIPS find their commercial utility in fabrication of highly structured liquid repellent surfaces 

which may be hydrophobic (water repellent), oleophobic (oil repellent) or a combination of 

both, i.e. amphiphobic [30] depending on the properties of the entrapped liquid [31]. 

Previously, fabrication of the porous surface required high-end processes like 

Photolithography [11], Photopolymerization [32] and Laser Irradiation [33], due to the 

requirement of obtaining complex surface morphology for liquid entrapment. But recently, 

many low-cost, scalable, and simple methods to produce SLIPS have been identified by 

researchers [27–29,34]. The surface morphology plays a key role in not only supporting the 

infused liquid but more importantly providing strength against wear and tear so that the 

surface’s performance remains intact over time.  

The fabrication of the complex surface morphology has remained a big challenge till now 

because of the cost of processing such a fine resolution micro- and nano- porous surface. To 

address this, various high resolution 3D printing techniques have been used in recent years 

which tend to offer high level of control on final form [35,36]. Thereafter, liquid entrapment is 

carried out directly or after further post-processing of the printed surface. 

In a move to explore the potential of low-resolution 3D printing techniques, we demonstrated 

earlier how processes like Fused Deposition Modelling (FDM) can be suitably used to alter 

surface wettability characteristics without the need of a post-fabrication treatment [37]. This is 

possible due to the unique ladder (staircase) geometry formed due to layer-by-layer 

deposition of FDM process which results in a unique reentrant geometry where air-entrapment 

takes place between the layers [38]. However, further investigation revealed that with scaling 

up of our current design, air entrapment becomes more challenging due to geometrical errors. 

A need was therefore realized to change the surface design by making it more scalable where 

the design’s performance may be increased by replacing the entrapped fluid (air) to a more 

stable substitute thereby transforming them into SLIPS. 

Building on this, we now introduce a two-step facile method of quickly transforming a 3D 

printed surface created using FDM into robust SLIPS with high resistance to mechanical 

abrasion. The SLIPS as obtained can easily displace polar and non-polar solvents at sliding 

angles of up to 2 degrees owing to the specific properties of the entrapped liquid on the 
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substrate surface which to the best of our current knowledge is one of the lowest sliding angles 

reported till date as can be compared from Table 1. These unique surfaces have precise 

geometrical features which are easy to fabricate using standard desktop based FDM 3D 

printing equipment.  

Table 1: Comparison with respect to different substrate-lubricant combinations in polymeric SLIPS resulting in lowest slip 

angle of water droplet 

S/No. Substrate Lubricant 
Slip Angle 

Recorded (°)
Reference

1 PolyHIPE PDMS 3±1.3 [39]

2 
PDMS–PtBA–PiBuPOSSMA triblock 
copolymer

PDMS 6 [40] 

3 HE-co-EDMA-based PPM Krytox 100 4 to 6 [41]

4 PDMS/PA mixture at ratio 1:1:20 Black Seed Oil 10 [42]

5 PTFE-PVDF composite membrane 
a. PDMS 
b. Ethyl Oleate 
c. PFPE

a. 11 
b. 8 
c. 10

[43] 

6 
Layer-by-Layer assembly of 
polyethylenimine and Nafion

Krytox 100 < 5  [44] 

7 Glaco® Mirror Coat on Glass Slide Silicone Oil < 1.5 [25]

8 PDMS-OCH3 (Surface Liquid Layer) - 5 [45]

9 ULDPE Film Vegetable Oils < 5 [46]

In the sections to follow, we have first discussed on how the surface design was iterated upon 

along with the associated shortcomings. The discussion then moves towards the wettability 

testing of our proposed design and how we were able to convert anisotropic surface 

wettability to isotropic surface wettability by fabrication of SLIPS. After characterizing surface 

wettability, we go one step further in estimating changes in surface free energy with 

subsequent surface treatment and discuss the wear failure criterion that can limit the 

functionality of SLIPS when exposed to harsh frictional wear.  

Iterative Surface Design  
The concept of using reentrant geometries for resisting penetration and adhesion of liquids 

on the surface without the need of a repellent coating is well-established [47–53]. However, 

fabrication of reentrant geometries pose a challenge in fabrication of complex geometry which 

facilitates formation of air entrapment sites especially with the use of 3D printing processes 

[37]. Moreover, until recently, FDM has not been reported as a favoured choice for creation of 

reentrant geometries due to the limitation in obtaining a reasonably small surface area for air 

entrapment [37,38].  

In a first, our group demonstrated a preliminary experiment using the ladder effect formed 

due to layer-by-layer deposition in FDM for increasing the surface area to create these air 

entrapment sites as shown in Figure 1. 
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Figure 1 a) Illustration of air entrapment between two printed structures (�� is left contact angle, ��  is right contact angle, D 

is groove spacing between two adjacent inside edges, d is groove spacing between two adjacent outside edges, h is the layer 

height and L is the length of overall printed structure) [38]

High contact angles with water (polar) and glycerol (non-polar) were favourably achieved and 

retained without any surface treatment. However, our subsequent experiments demonstrated 

that while it may be easier to maintain this in a laboratory environment, scaling up to speed 

up process times and increase overall surface size results in bigger gaps between individual 

reentrant geometries which are highly susceptible to liquid penetration.  

To counteract this, a change in the design geometry was considered by using the widely 

reported sponge-design [54–56] which works on printing line layers in alternating parallel and 

perpendicular directions and print the final geometry using FDM. The line width was adjusted 

based on the nozzle orifice diameter and hollow sponge geometries were favourably 

fabricated as shown in Figure 2.  

Figure 2: Modelled cubic sponge designed by overlapping of parallel and perpendicular line layers. The resultant model has 

micro porosity on all 6 sides of the cube. (a) Shows the isometric view of the cubic sponge model. (b) Shows the micro porosity 

from the side while (c) shows the micro porosity from the top. (d) Inset shows a close-up of the micro – pore whose design is 

based on the reentrant geometry ladder effect explained by Shams et al. [37]
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The pore diameter (space between 2 parallel lines) was adjusted based on the minimal XY 

resolution (0.20 mm) of a desktop FDM printer as shown in Figure 3. However, the overall 

structure did not preserve any repellent behaviour and the target liquids easily flowed through. 

Figure 3: Scanning Electron Micrograph (side-view) of the Sponge profile where the micro-porosity is in the range of 0.20 mm 

(200 microns)

Further scaling down of geometry was not possible due to the limitation of slicing algorithms 

used by FDM printers which were unable to analyse such small features adequately and hence 

generated errors when trying to resolve distance between 2 parallel lines beyond a certain 

threshold value. The threshold value as observed was governed by the nozzle orifice diameter. 

This prevented us from setting the size of the pore near to or less than the nozzle orifice 

diameter without it becoming a single entity during slicing. However, this limitation no longer 

existed when the same printer was programmed to print infill patterns.  

This inspired us to use this feature to our advantage by translating infill patterns on the 

substrate’s surface using modifiers. This not only catered to the difficulty of designing complex 

CAD geometries for this purpose but in fact made the designing easy which now comprised 

only of simple Boolean operations followed by computations carried out by the slicing 

algorithm. The 3D lattice hence created provides 3-dimensional micro- porosity over the entire 

depth of the specimen with smooth reentrant edge geometry on the top.  

Each line’s width in the infill pattern is still controlled by the nozzle’s orifice diameter but the 

spacing between the lines can now be easily adjusted by altering infill percentage. Where 

required, further tinkering was also possible by modifying the source code (available as open 

source) of the infill pattern or by choosing a new infill pattern altogether. This allowed us to 

reduce the porosity size considerably as shown in Figure 4. 
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Figure 4: Scanning Electron Micrograph (top-view) of sponge profile created using 0.15 mm nozzle (150 microns) with 

suitable iteration of infill density to get very precise geometrical micro-pores.

Design of SLIPS 

Preliminary Investigation 
To demonstrate the utility and ease of creation of our newfound surfaces, we developed a test 

specimen using grid as the infill pattern and recorded contact angles and sliding angles in and 

against the printing direction. This 2-direction analysis is important because an FDM printer 

prints grid infill pattern as lines stacking up layer-by-layer, which means that the wettability 

properties differ in and against the printing direction due to formation of surface ravines 

between 2 parallel lines.  

It was observed that the target liquids were not able to penetrate the structure despite wetting 

the top surface completely as shown in Figure 5. No formation of air bubbles or liquid seepage 

was visible even after the leaving the specimens in open air for an hour. A comparison image 

showing the same droplet at time 0 and time 60 mins is provided in Figure 1 of 

Supplementary Information. Till this point, no surface treatment was carried out on the 3D 

printed specimen and the surface repellence was attributed to the air entrapment within the 

reentrant geometry sites.  



7 

Figure 5: (a) 20µ l double distilled water droplet (target liquid 1) resting on the top surface and (b) 20µ l glycerol  droplet (target 

liquid 2) resting on the top surface, without any penetration in the holes (reentrant profiles). The target liquids can easily flow 

in the printing direction (BD) while they face resistance in the other direction (AC) which leads to anisotropic wettability.

However, it was observed that the printing direction played a major role leading to anisotropic 

surface wettability where printed lines support the flow of target liquid parallel to them while 

act as anchoring (ravines) sites when the target liquid flows perpendicularly. This makes it 

suitable for use in environments where directional flow is considered imperative but limit its 

utility as a widespread isotropically amphiphobic surface. This investigation is well in line with 

our previously reported work [37]. 

To make the surface demonstrate isotropic wettability, the surfaces were converted to SLIPS 

by replacing air with a repellent oil within the structure. The surfaces resulting directly from 

FDM have micro- porosity in the range of 150 – 250 µm (based on nozzle orifice diameter) and 

are extremely smooth (Rq RMS between 1 to 5µm) which is not suitable to be used directly as 

SLIPS which requires oil adsorption at nano- levels. An experimental scheme was therefore 

developed to increase the surface area or oil adsorption sites by altering the surface roughness 

directly or by adding oil adsorbing particles where oil may be trapped over which target liquids 

can easily roll off allowing the surface to exhibit isotropic wettability. 

Experimental Methodology 

Preparation of 3D Printed Specimens 
Square discs measuring 20 mm x 20 mm x 2 mm were prepared using Prusa MINI 3D Printer 

which is a standard desktop kit printer from Prusa Research. Grid infill pattern available in Prusa 

Slicer were translated onto the face and depth of the specimen using modifiers during the 

slicing process with a marginal error of 3% between the sliced and the as-built part. 

Comparison of sliced and as-built part can be found in the Supplementary Information. 150 

µm and 250 µm nozzle orifice diameters were used to print the samples. The printing 

parameters are provided in Table 2. 

Table 2: 3D printing parameters for translation of infill geometry on the specimen.

Printing Parameter Value

Material colorFabb Mint Turqoise PLA Filament

Nozzle/Bed Temperature 210°C / 60°C

Printing Speed 15 mms-1

Infill Pattern Grid
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Infill Density 99%

Nozzle Diameters 150 µm and 250 µm

Modifiers Cylindrical

Top/Bottom Layers 0/1

The discs therefore had 5 nonporous shells (on the side) on 1 porous surface on the top where 

the infill is exposed which forms reentrant geometry as shown in Figure 6. 

Figure 6: 3D printing of disc specimens where the inset shows the grid infill pattern being deposited in the centre of the square 

disc. 

A top view of the sliced model along with actual part is shown in Figure 7 to compare how the 

grid infill pattern is translated into the actual part geometry. Furthermore, the AC-BD direction 

rectangle where AC relates to against the printing direction, while BD refers to in printing 

direction has been mapped on to the specimen which forms basis of our further investigation. 

It may be noted that this apparent anisotropic wettability characteristic is not visible in the 

sliced model (on computer screen) where the infill pattern appears to be in a single plane. 

Furthermore, since the infill percentage is kept constant, samples prepared using 150 microns 

nozzle have more lines printed per unit area in order to cover the open spaces. This can be 

seen in scanning electron micrographs of control samples prepared using 150 microns nozzle 

as shown in Figure 3 of Supplementary Information. 
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Figure 7: (a) The sliced model on computer screen and (b) actual printed part shown together to show how the grid infill 

pattern is translated. The AC-BD direction rectangle mentioned previously has also been mapped on the specimen to show 

the printing direction. 

Surface Preparation 
The printed substrate was then eroded to create micro- and nano-porosity on the top surface 

and on the depth (inside) of the specimen using solutions prepared by combination of 2-

Butanone (commonly known as Methyl Ethyl Ketone (MEK)) obtained from Fisher Scientific UK 

and 2 variants of Cab O Sil® namely M5 and TS720 (amorphous fumed silica powder) obtained 

from INOXIA Ltd as shown in Table 3.  

MEK and silica powder were mixed in weight proportion of 99% and 1% respectively. Samples 

were dipped in the solution and stirred vigorously at 1000 rpm using a magnetic stirrer for up 

to 5 mins to ensure erosion of the top 3D printed layer and complete penetration of the 

solution inside the discs to create homogenous micro- and nano- porosity. The penetration of 

the liquids can be visualized by the escaping air bubbles from the sample while stirring. 

The eroded samples were then completely cleaned of residual solution by washing them with 

Isopropanol in magnetic stirrer which also helped in removal of any free debris. The samples 

where then left to dry overnight in open air.  

Table 3: Types of treatments carried out to prepare samples for further investigation

Sample 

Type
Treatment Remarks 

A Untreated Control 1

B Silicone Oil -

C Krytox GPL-105 -

D MEK Control 2

E MEK + Silicone Oil -

F MEK + Krytox GPL-105 -

G MEK + M5 Control 3

H MEK + M5 + Silicone Oil -

I MEK + M5 + Krytox GPL-105 -

J MEK + TS720 Control 4

K MEK + TS720 + Silicone Oil -

L MEK + TS720 + Krytox GPL-105 -
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All control samples were imaged using TESCAN S8000 scanning electron microscope to 

observe effects on surface changes and creation of micro- and nano- porosity. Figure 8 shows 

the scanning electron micrographs of the control samples prepared using 250 µm nozzle. The 

imaging of oil infused samples was difficult due to the gradual evaporation of oils in low 

vacuum pressure (0.002 Pa). 

Figure 8: Scanning electron micrographs of control samples prepared using 250 µm nozzle before entrapment of liquid. The 

1,2 and 3 suffixes after the letters denote the 160X, 5,000X and 10,000X magnifications respectively. The (a) shows Sample A 

(b) shows Sample D, (c) shows Sample G and (d) shows Sample J after undergoing control treatments.  

A change in surface roughness due to creation of micro- and nano- porosity in Figure 8 B2 

and B3 is evident. It can further be observed in Figure 8 C2 and D2 that the amorphous fumed 

silica powder settles in the holes created using MEK which gives the surface its own distinctive 

properties governed by the type of powder.  

The samples were also analysed using Energy Dispersive Spectroscopy (EDS) to identify and 

characterize regions of silica deposition which were found to be clumped and randomly 

distributed along the printed layers. Figure 9 shows an EDS spectrum with an inset scanning 

electron micrograph of sample G printed using 250 microns nozzle. 
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Figure 9: EDS performed on a randomly selected region in Sample G prepared using 250 µm nozzle before entrapment of 

liquid. Inset image shows the clumped deposition of silica powder. The table below the inset shows the percentage weight of 

each identified element during EDS. 

Entrapment of Repellent Liquid 
2 liquids, 350cst Silicone Oil and Krytox GPL-105 (perfluoropolyether (PFPE); a low surface 

tension oil insoluble in water) which are known for their repellent properties [57–60] were used 

as the entrapped liquids. Table 3 provides details of the complete set of experiments 

performed using the 2 liquids. For reliability, experiments were repeated where required and 

average of readings was recorded. Eroded-dried- samples were stirred in the liquid baths 

containing one of the repellent liquids for 5 minutes. Formation of air bubbles indicated the 

seeping in of the repellent liquids. The samples were then turned upside down so that the 

residue (free) liquid drips out and then left to dry overnight at room temperature. 

Contact Angle (CA) and Slip Angle (SA) Measurements 
Evaluation of contact angle (CA) and slip angle (SA) was carried out with Double Distilled Water 

(DDW) and 99% Glycerol sourced from Fischer Scientific UK Ltd. Ossila Contact Angle Meter 

with equipment’s base software were used to record the CA and SA. The droplet volume was 

kept constant at 20 µl in line with ASTM D7334-08. For the measurement of CAs, since the 

repellent liquids are completely immiscible with the target liquids [61], effects like cloaking 

(where the low surface tension repellent liquid fully engulfs the target liquid) have not been 

considered due to little visual evidence of wetting ridges at the periphery of the target liquid 

droplet as shown in Figure 10. Furthermore, evaluation of the loss of lubricant over time due 

to shear induced drainage or evaporation which are two significant sources of lubricant 

depletion in case of immiscible/non-cloaking liquid combinations was not considered. This 

means that �� ≅ �����, where ����� is the apparent contact angle formed on the liquid-liquid 

interface as explained in detail in later section. Measurement of CAs was performed 3 to 5 

times in each direction and average of these readings was recorded along with standard 

deviation (SD) as evidenced in the Tables 1 to 4 of Supplementary Information. 
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Figure 10: CA measurement screen of Sample K (250 microns) with water and glycerol (inset) in BD direction (spreading). The 

side wetting ridges which are characteristic of liquid-liquid interaction are not distinctively visible.

Recording of slip angle was performed by tilting the sample from 0 to 15 degrees using a 

calibrated goniometer stage sourced from Thorlabs. The choice of using this stage was based 

on recording low slip angles where pinning of the target liquid on the final interfacial surface 

does not occur. The slip angle was recorded when the droplets showed constant slipping in A 

to C and B to D directions (refer to Figure 5 for definition of directions). The droplet movement 

was also recorded using a portable hand-held microscope to facilitate visualization of the 

phenomenon as shown in Figure 11. Readings were repeated for consistency and average 

values were recorded in each case. 

Figure 11: Recording of Slip Angles in BD direction of Sample K prepared using 250 microns nozzle. The sample rests on the 

goniometer stage and a portable microscope is used to record the continuous slipping of the target droplet on the surface as 

the stage tilt angle is increased in steps of degrees.

Testing for Wear Resistance 
Surface robustness was evaluated using a TRB3 Pin-on-Disk tribometer by Anton Paar as shown 

in Figure 12. The single pin-on-disk tribometer provides a constant normal load at a specific 

circumference of the specimen resulting in frictional wear. The instrument through its software 

provides various datasets including the pin’s penetration depth with respect to cycles (time) 

and changes in coefficient of friction calculated as a function of normal and lateral forces on 

the pin. The characteristic pin (single-point load) can be replaced by a ball which spreads the 

normal force adequately on the specimen defined by the volume of the spherical cap which 

rubs with the specimen and is a function of the contacting surface area and the penetration 
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depth. Since in-situ volumetric wear profiles are hard to analyse, penetration depth gives a 

more simplistic approach to quantify linear wear. 

Figure 12: Tribometer setup for generating sliding wear on square disc samples.

The wear testing parameters are as given in Table 4. Surface robustness in relation to wear 

resistance and coefficient of friction changes was evaluated.  

Table 4: Wear testing parameters

Testing Parameter Value

Specimen Material PLA

Ball Material Al2O3

Ball Diameter 6 mm

Normal Force 20 N

Rotational Speed 200 RPM

Maximum Test Duration / Cycles 600s / 2000

Sliding Distance (From Centre) 5 mm

Results  

Static CA and SA Measurements 
The Static CA results with water as the target liquid on samples prepared using 150 µm and 

250 µm nozzle sizes are summarized in Figure 13, where the reference tables are provided in 

the Supplementary Information. Taking in consideration the printing direction, it is 

important to record both Static CA and SA in 2 directions that is, AC and BD as shown in Figure 

5.  
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Figure 13: Summary of Static CA results with water as the target liquid on samples A - L prepared using 150 µm and 250 µm 

nozzle sizes.

A summary of SA with water for samples A – L is provided in Table 5. 

Table 5: Summary of sliding angles of samples A - L with water as the target liquid

Sample Type 

Sliding Angle (°) with Water

150 microns 250 microns

Direction BD Direction AC Direction BD Direction AC

A 14.0 * 6.0 *

B 14.0 * 10.0 15.0

C * * * *

D * * 5.0 15.0

E 6.0 7.0 5.0 7.0

F * * * *

G * * 14.0 *

H 6.0 5.0 12.0 15.0

I * * * *

J * * * *

K 2.0 2.0 5.0 4.0

L 4.0 5.0 3.0 5.0

(*) indicates SA greater than 15 degrees. 

Similarly, a summary of CA and SA with glycerol as the target liquid is provided in Figure 14 

and Table 6 respectively. 
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Figure 14: Summary of CA results with glycerol as the target liquid on samples A - L prepared using 150 µm and 250 µm nozzle 

sizes. 

Table 6: Summary of sliding angles of samples A - L with glycerol as the target liquid

Sample Type 

Sliding Angle (°) with Glycerol

150 microns 250 microns

Direction BD Direction AC Direction BD Direction AC

A 5.0 * 2.0 *

B 4.0 5.0 2.0 5.0

C * * * *

D * * 3.0 *

E 3.0 4.0 7.0 9.0

F 12.0 15.0 10.0 13.0

G * * 2.0 8.0

H 4.0 4.5 5.0 14.0

I * * * *

J * * 9.0 6.0

K 2.0 3.0 2.0 3.0

L 3.0 4.0 3.0 4.0

(*) indicates SA greater than 15 degrees. 

Surface Wettability 
The CA results for water and glycerol clearly show the surface anisotropic wettability 

transitioning to isotropic wettability with the addition of repellent lubricants and conversion 

to SLIPS, where both CA in both AC and BD directions are getting closer to each other.  

The most favourable surface treatment combination that results in ideal SLIPS characteristics 

is obtained in sample L, where the sample is first treated with hydrophobic fumed silica powder 

(TS720) and then impregnated with Krytox GPL-105 as the repellent oil. Sample L shows 

extreme resistance to surface wetting which can be seen from a high contact angle and low 

slip angles for both water and glycerol. This is attributed to the hydrophobic characteristics of 

the silica powder which are further enhanced with the addition of repellent oil. Similar 

behaviour is observed in sample K, where Krytox GPL-105 is replaced with silicone oil. While 
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sample K demonstrate limited anisotropic wettability by differing CAs in AC and BD direction, 

the sliding angles in either direction are very close to each other. This combination of TS720 

and silicone oil in sample K, makes the 2 liquid droplets flow easily due to higher repellence 

as compared to other samples. 

Conversely, the least favourable surface treatment was on sample G, a combination of MEK 

and amorphous fumed silica powder variant M5 which instead of repelling makes the surface 

more wetting or hydrophilic. This is attributed to the high adsorption capacity of the M5 silica 

powder for both polar and non-polar liquids. By exposing this surface to repellent oils as in 

the case of samples H and I, the adsorption capacity of the M5 powder becomes full and the 

target liquid no longer wets the surface as before. 

Another important result is obtained in the case of sample E, where direct impregnation of 

silicone oil on MEK eroded surface also gives comparable results with sample K. Furthermore, 

while investigating samples prepared using 150-microns nozzle, the closer packing of the lines 

(as compared to samples prepared using 250 microns nozzles) facilitates the adsorption of 

silicone oil. This can be seen by overall higher CA and low SA obtained in samples B, E, H and 

K. The same however, is not observed in samples where Krytox GPL-105 is used as the repellent 

liquid. 

Characterization of Wear Behaviour 

It may be noted that the surface treatments (samples A – L) are not meant to strengthen the 

material. The actual strength of the material comes from the 3D printed structures, therefore 

wear measurement was carried out without any surface treatment to characterize the true wear 

behaviour of the reentrant geometries as shown in Figure 15. 

Trendlines with cubic polynomial fitting were used to identify the relationship between 

coefficient of friction (COF) and penetration depth (Pd) over a fixed time and cycles setting as 

mentioned in Table 4.  

Figure 15: Relationship between coefficient of friction and penetration depth for the untreated samples created using 150- 

and 250-microns nozzles.
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It can be observed that samples prepared using 250 microns nozzle show better resistance to 

wear which is indicated by a higher COF and lower Pd over the investigated time. However, 

the samples prepared using 150 microns nozzles are more susceptible to wear which is 

indicated by lower COF values and higher Pd over the investigated time. This is attributed to 

the small width of the printed layers in 150 microns (as compared to 250 microns samples) 

which easily give way under high sliding load conditions.  

However, on an overall scale the penetration depth even after 2000 cycles is hardly 90+ 

microns in 250 microns samples and up to 160 microns in 150 microns samples which is 

indicative of high mechanical stability of our 3D printed surfaces. 

This is important because surface deterioration by friction is a common phenomenon which 

can be modelled using a tribometer capable of generating continuous sliding wear. The long-

term effects of sliding wear include reduction in the efficiency of surface repellence which is 

why it is important to identify failure criterion associated with our SLIPS geometry and this is 

discussed in detail later on. 

Further Discussion  

Estimation of Changes in Surface Free Energy (SFE) 
The estimation of surface free energy (SFE) (interfacial energy in liquids) in SLIPS is not 

straightforward, due to liquid-liquid interface where distortions take place close to the surface 

caused by formation of a wetting ridge or effects of cloaking [62] when the two liquids interact 

as shown in Figure 16.  

Figure 16: (a) Shows wetting ridge formed at the interface of target and repellent liquids while (b) shows cloaking effect 

where a thin lubricant layer covers the target liquid, both of which affect measurement of actual CA.

This leads to the formation of an apparent CA [63,64] instead of the Young’s CA, where the CA 

model now takes the form of Equation 2. 

cos���� = ��� − ������ (2)

where ���� is the apparent contact angle similar to Young’s CA, ��� is the surface tension of 

the repellent liquid in vapour (air), ��� is the surface tension of the target liquid in vapour (air), 
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and ��� is the interfacial tension between repellent and target liquids. However, this is only 

true when the interaction is perfectly liquid-liquid.  

In our case, the size of our reentrant geometry indicates that unless the liquid fully bathes the 

surface, the repellent liquid always forms an emergent profile as explained by Smith et al. [5], 

where surface profile plays a major role in stabilizing the repellent liquid by interlocking it in 

the micro- pores between the reentrant layers. This means that a fine layer of repellent liquid 

is formed on the reentrants’ surface while the micro- pores are fully filled with repellent liquid. 

Therefore, the surface wettability effects are also influenced by surface geometry in SLIPS state 

as has been observed in previous section. 

We therefore assume that in static conditions, the target liquid droplet is extremely close to 

the solid surface with an extremely thin repellent liquid layer in between having small 

translational perturbations such that the repellent liquid only brings changes in surface 

roughness as in the case of a regular coating. The polar and dispersive components of this 

newfound surface is treated in unison, that is a combination of liquid and solid surface instead 

of two separate entities.  

By doing so, one can use the widely used Owen, Wendt, Rabel and Kaelble (OWRK) model [65] 

to estimate changes in surface energy while transitioning from sample A to sample L using 

water and glycerol as the reference liquids. The OWRK model can be expressed by the 

Equations 3 and 4. ��(1 + cos��) = 2������� + 2������� (3)

��(1 + cos��) = 2������� + 2������� (4)

The polar and dispersive components of the two liquids are given in Table 5 of Supplementary 

Information. Corresponding CAs of the same direction (either AC or BD) for water and glycerol 

are then used to evaluate changes in SFE and then averaged out. Changes in SFE from samples 

A – L are as shown in Figure 17. 

Figure 17: Average Surface Free Energy calculated using OWRK model for samples A - L prepared using 150- and 250-microns 

nozzles.
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Overall, an increased SFE value indicates, increased wetting potential which results in low CAs 

with pinning of the target liquid while sliding. The average SFE calculated using this method 

compliments with our findings of surface wettability except for in sample F, where high 

adhesion of the Krytox GPL-105 repellent lubricant takes place on abraded MEK surface. This 

results in high CAs with water and glycerol but at the same time, limits the ability of the 

repellent liquid to flow freely in the micro- and nano- pores on the surface resulting in pinning 

of the contact line formed between repellent surface and target liquid, leading to high SAs.  

Wear Failure Criterion 
An important aspect to consider while reporting wear behaviour is to consider the failure 

criterion of our SLIPS. The failure modes that can occur during wear are shown in Figure 18 

where in (b) and (c) the repellent liquid becomes trapped inside the structure which changes 

the wettability state. The wettability state now depends on the specific properties of the solid 

surface rather than on specific properties of the repellent lubricant. A combination of (b) and 

(c) states can also occur depending on the wear progress. 

Figure 18: 2 important failure criterions for SLIPS geometry undergoing sliding wear. (a) shows the actual optimal SLIPS 

configuration where the target liquid rests over a thin lubricant layer of repellent liquid. In (b) the lubricant layer disappears 

due to chips (lose plastic) getting stuck in between the spacing in the reentrant geometry, while in (c), the top of the reentrant 

geometry deforms thereby blocking the space between reentrants.  

The polymeric abrasive wear rate can be divided into 2 main types, which are cutting (Failure 

Mode B) and ploughing (Failure Mode C). The cutting wear as explained by Lancaster and 

Ratner [66] is proportional to the inverse of ultimate tensile stress and corresponding strain as 

given in Equation 5. �� ∝ 1���� (5)

where �� is the wear coefficient measured in ���(��)��, �� is the ultimate tensile strength 

measured in �(��)�� and �� is the corresponding strain. 

On the other hand, the ploughing wear can be best described using the ploughing analogy 

presented by Myshkin et al [67]. This is when the ball pushes the printed line ahead of a particle 

which deforms the material sideways to form ridges across the developing groove.  

These criterions are observed in our actual experiments as shown in Figure 19 where the wear 

track shows reentrant geometry diminishing over time. The coefficient of friction (µ) changes 

until a threshold value is reached after which it stabilizes which is common to all polymers [68]. 

However, the stabilization of coefficient of friction is achieved well after the failure criterion of 

our SLIPS geometry has occurred. This is an important result which shows that common wear 
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parameters such as track width and coefficient of friction cannot alone be used to identify the 

efficiency of SLIPS. 

Figure 19: Progressive wear-track indicating an increase in track width and penetration depth as time progresses. As time 

progresses from 0 to 600s, the wear also progresses from (a – d) for 150 microns samples and (e – h) for 250 microns samples. 

An increase in µ  shows more resistance to wear until µ  reaches a threshold value after which it goes into constant sliding 

wear. The failure criterion occurs when the open to the reentrant geometry becomes blocked (yellow rectangle) due to lose 

eroded plastic settling in the grooves or deformation in adjacent lines due to sliding load.  

However, it is pertinent to mention here that the occurrence of these failure criterion takes 

place at rigorous sliding loading conditions where 20 N load is applied continuously for 10 

mins on the same sliding distance. Also, the change in COF is not equal for all samples which 

is attributed to differences in polymer deformation, where some samples continue to show 

low COF values over the investigated period. In these samples, only deformation of the 

reentrant geometry took place while the chips produced are sufficiently large which are unable 

to block the reentrant geometry completely. This allows for the reentrant geometry to function 

normally by continuously providing a thin layer of lubricating repellent liquid on top of 

reentrants allowing ease in rolling-off the target liquid.  

Overall it can be stated, that if the reentrant geometry remains open with the repellent 

lubricant oil allowed to flow freely, the SLIPS will continue to demonstrate optimal surface 

wettability behaviour and good resistance to mechanical abrasion; based primarily on the 

strength of the 3D printed structure. Furthermore, since the surface on which the target liquid 

rests is not that of reentrants but a combination of reentrant and repellent liquid (interfacial 

surface), so a constant supply of the repellent liquid ensures that the surface remains self-

healing in nature. 

Conclusion  
The work presented here is a continuation to the developments being undertaken in the study 

of fabrication of SLIPS by multiple authors. In identifying the knowledge gaps in the fabrication 

of scalable SLIPS, this work forms basis for the creation of a low-cost liquid retaining porous 

structure.  
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A two-step facile method based on Fused Deposition Modelling (FDM) is presented here for 

the design and manufacturing of the initial surface geometry with highly controllable micro- 

porosity capable of retaining the repellent liquid within it without any added treatment. The 

3D micro-porous structure works by reducing the apparent contact area, providing space for 

lubricant storage (ensuring adequate replenishment source is available), giving the surface its 

intended strength, and combining layer-by-layer reentrant type geometrical features to 

develop robust SLIPS. 

The micro- porosity is then enhanced to nano- porosity using chemical agents and amorphous 

fumed silica powder which enhances the efficiency of lubricant (repellent liquid) entrapment. 

After lubricant infusion, the surface demonstrates characteristic low SA with both polar and 

non-polar solvents and with high CA. 

The SLIPS produced exhibit strong resistance to mechanical abrasion and exhibit good 

performance until their failure criterion occurs. The failure criterion models are based on the 

reentrant geometry sites (micro-pores) diminishing over time due to high sliding friction which 

results in lose plastic chips and structural deformation of nearby reentrants blocking the micro- 

pores. 

The findings of this work can be summarized as follows. 

1. The complex micro-porous geometry is obtained by using modifiers during the slicing 

process which removes limitation of intricate CAD modelling and therefore makes the 

porosity designing process scalable beyond laboratory use. 

2. Due to the specific deposition process of the FDM machine, the surface initially formed 

shows anisotropic wettability which is then favourably transformed using chemical 

abrasion to exhibit isotropic wettability.  

3. The chemical abrasion also created new liquid (oil) adsorption nano- sites for infusing 

the repellent liquid. 

4. With the addition of hydrophobic fumed silica powder during the chemical abrasion 

process, the surface demonstrated complete isotropic wettability. Also, due to the 

hydrophobic nature of the fumed silica powder, the surface also demonstrated 

repellence against polar liquids. The fumed silica powder gives rise to increase in the 

oil adsorption sites where repellent oils (Silicone or Krytox (PTFE)) are easily infused 

resulting in extremely low sliding angles of up to 2° with both polar and non-polar 

liquids. 

5. Alternatively, when the chemical abrasion was carried out without the addition of 

hydrophobic fumed silica, the surface is rendered extremely amphiphilic. The surface 

wettability is then categorically modified to exhibit amphiphobicity by the infusion of 

repellent oils (Silicone or Krytox (PTFE)). 

6. Wear testing using harsh sliding loads was carried out on the 3D printed porous 

structures and low COF and Pd values were obtained which shows high resistance to 

mechanical abrasion. 

7. The failure criterion of SLIPS occurred when the repellent lubricant oil is unable to form 

an interfacial layer on the top surface. 

The route to the preparation of the porous structure for SLIPS using FDM 3D printing 

technique has been reported for the first time. Moreover, through this route it has been 

demonstrated that fabrication of scalable SLIPS is possible which has been a problematic area 

for researchers as evidenced in literature time and again [69,70]. This work therefore addresses 
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this important knowledge gap so that subsequent work towards scaling up of SLIPS can be 

carried out to allow for its eventual industrial use. 
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Refer to Section, Design of SLIPS 

Figure 1: A) 20µl double distilled water droplet (target liquid 1) resting on the top surface at T=0 mins while, B) shows the 

same droplet after T=60 mins with slight evaporation losses resulting in droplet shrinkage from the sides. No air bubbles are 

observed during this entire time as can be seen from the images. 

Refer to Section, Experimental Methodology 

Figure 2: Comparison of input parameter (extrusion width) with as-built part. A) Shows the top-view of the sponge pattern 

fabricated using 250- µm nozzle while B) shows the top-view of the sponge pattern fabricated using 150- µm nozzle. In both 

cases, the averaged error between the input parameter (extrusion width) and actual dimension remains near to 3%. 



Refer to Section, Experimental Methodology 

Figure 3: Scanning electron micrographs at 160x magnification of control samples prepared using 150- and 250- µm nozzles 

before entrapment of liquid. The 1 and 2 suffix denote 150- and 250- µm respectively. The (a) shows Sample A (b) shows 

Sample D, (c) shows Sample G and (d) shows Sample J after undergoing control treatments.  

Refer to Section, Results 

Note: For Tables 1 – 4, the average static contact angle in a specific direction is recorded over 

3 to 5 readings. The standard deviation (SD) value represents the variation between these 

values which also provides an estimation of error in recording of each value.



Table 1: Average static contact angles (CA) with water in AC and BD direction for specimens 3D printed using 250 microns 

nozzle

Average static CA with water including SD for 250 microns samples

S/No. 
AC Direction BD Direction

Average Static CA SD Average Static CA SD

1 87.7 1.572 58.0 0.764

2 89.6 0.907 78.3 0.520

3 80.0 1.888 72.1 0.306

4 78.1 0.361 75.4 0.757

5 91.1 1.345 86.9 0.656

6 80.0 1.000 85.8 0.656

7 81.9 3.037 72.4 1.767

8 97.3 0.153 95.0 0.153

9 92.0 1.102 87.0 1.102

10 99.7 0.557 98.4 0.173

11 94.5 0.586 91.5 0.586

12 115.0 0.800 117.0 0.361

Table 2: Average static contact angles (CA) with glycerol in AC and BD direction for specimens 3D printed using 250 microns 

nozzle

Average static CA with glycerol including SD for 250 microns samples

S/No. 
AC Direction BD Direction

Average Static CA SD Average Static CA SD

1 72.6 0.985 51.7 0.755

2 80.2 0.500 74.5 1.650

3 75.0 1.320 62.0 0.200

4 80.0 0.321 60.9 0.896

5 76.2 0.693 69.9 1.845

6 96.0 0.451 92.0 3.592

7 20.5 0.723 17.1 0.153

8 88.3 0.252 82.6 3.166

9 60.0 0.751 58.0 2.303

10 96.4 0.400 75.9 3.156

11 83.9 1.850 81.8 0.289

12 90.0 2.751 86.0 2.318



Table 3: Average static contact angles (CA) with water in AC and BD direction for specimens 3D printed using 150 microns 

nozzle

Average static CA with water including SD for 150 microns samples

S/No. 
AC Direction BD Direction

Average Static CA SD Average Static CA SD

1 85.0 1.136 50.0 2.219

2 101.0 2.479 96.0 1.002

3 88.0 1.935 81.0 3.361

4 105.0 0.404 76.0 0.603

5 102.0 2.762 100.0 2.066

6 97.0 0.802 96.0 2.458

7 91.0 2.433 65.0 2.458

8 95.0 2.627 96.0 1.405

9 96.0 2.627 85.0 1.179

10 92.0 0.850 85.0 1.528

11 110.0 0.503 108.0 0.529

12 110.0 0.889 115.0 1.750

Table 4: Average static contact angles (CA) with glycerol in AC and BD direction for specimens 3D printed using 150 microns 

nozzle

Average static CA with glycerol including SD for 150 microns samples

S/No. 
AC Direction BD Direction

Average Static CA SD Average Static CA SD

1 68.0 1.015 53.0 1.908

2 83.0 0.985 71.0 3.361

3 79.0 2.515 71.0 3.700

4 65.0 2.203 55.0 2.458

5 91.0 0.814 92.0 0.850

6 92.5 2.237 88.0 2.558

7 88.0 0.252 46.0 1.405

8 82.0 1.779 83.0 0.985

9 55.0 0.961 58.0 0.252

10 93.0 2.739 78.0 0.300

11 94.0 2.739 92.0 0.850

12 92.0 0.850 87.0 1.102



Refer to Section, Further Discussion 

Table 5: Polar and Dispersive components of Distilled Water and Glycerol [1]

Liquid � �� ��
Distilled Water 72.8 21.8 51 

Glycerol 63.4 37 26.4 
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