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An autonomous environmentally controlled floating plant cultivation system needs robust 
water and nutrient delivery for use in microgravity.  Passive fluid control in the microgravity 
environment can be accomplished through the exploitation of capillary forces in various 
geometries, such as a network of isolated interior corners.  Capillary driven flow largely 
depends on the surface properties of the material.  Due to the Concus-Finn condition, capillary 
flow designs using interior corners are limited to a range of contact angles and interior corner 
half-angles which meet this condition.  Additive manufacturing – particularly through the 
fused deposition method – introduces a new dimension to this design space in that the surface 
structure of the additively manufactured system is axially dependent.  The resulting 
anisotropy in surface properties due to the layer-by-layer deposition of material means that 
the contact between a fluid and a particular surface depends upon the surface's orientation 
with respect to the print axis.  This study develops empirical relationships between 
controllable variables in the additive manufacturing process (particularly, layer height and 
axial orientation) and their effects on surface wetting of water on polyethylene terephthalate 
(PET) and SS316L.   

Nomenclature 
f  non-dimensional parameter, Eq. (3) 
W  capillary flow rate 
α  interior corner half-angle 
�  geometric ‘slenderness’ ratio 
µ  viscosity 
σ  surface tension 
�  contact angle 

I.  Introduction 
ECENT research and development in environmental systems has revolved around the control of bulk fluids in 
microgravity.  The accurate modeling of capillary driven fluid flow is applicable to several aspects of 

environmental control and life support system (ECLSS) design including plant growth chambers1,2, waste 
management3 and atmospheric control4.  Herein, we are concerned about continuous and reliable passive flow of water 
and nutrients to aquatic ‘floating' plants grown in microgravity.  Floating plants refer to those that grow on, or just 
below the water surface and are not rooted in soil.  These plants prefer still or slow flowing water and must remain 
wet on their ventral side to prevent desiccation.  The challenge of supporting floating plant growth in microgravity is 
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in maintaining a stable, continuous nutrient rich water supply.  There are several geometric characteristics of the 
aquatic plant growth bed that impact water and nutrient availability, and hence robustness.   These include the 
magnitude and stability of water depth, water surface area, and water flow rate.  First, the water depth and water 
surface area must be greater than the plant leaf (or ‘frond’) dimensions.  Second, the rate of water delivery to the 
growing surface must exceed the rate of water loss due to evaporation, transpiration, and plant growth.  Finally, water 
depth affects thermal stability and water chemistry.  Small aquatic floating plants can grow on very thin films of water.  
However, as the water depth decreases, so does the buffering capacity for changes in heat load, nutrient uptake, or 
changes in pH.  In addition, the water body must be held in place in the presence of biofilm, solid precipitation, or 
mechanical loads present in the spacecraft environment.  Therefore, passive capillary flow design must consider 
geometry, fluid depth and delivery flow rate as well as the manufacturing methods for construction of the growth bed 
system.  In order to facilitate passive control of fluids, additive manufacturing, or 3D printing, can be used to 
manufacture components with complex internal geometries that utilize capillary pressure to direct flow5.  However, 
the layer-by-layer build up of 3D printed components deviate from the ideal CAD model and introduces surface defects 
that influence the fluid-surface interaction in a geometrically dependent manner.  The current work demonstrates the 
degree to which this influence occurs, the dependence of the effect on the axis in which the fluid is flowing with 
relation to the printed component, and suggests ways in which the effect can be advantageously used to increase 
capillary pressure and improve flow control.   

II.  Background 
Although recent work1-5 demonstrates several feasible capillary driven geometries, the current work uses interior 

corners – also referred to as grooves, edges, or wedges.  In order for an interior corner to be spontaneously wetted by 
a fluid, the fluid-solid interface and geometry must meet the Concus-Finn condition6, given by:  
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 In Eq. (1), � is the contact angle between the fluid and the solid surface, and � is one-half the total angle of the 
interior corner, also called the corner half-angle.  This condition is an important assumption used to model the 
maximum fluid flow rate feasible with a given interior corner geometry, as fluid flow breaks down in systems which 
do not meet the condition.  The maximum flow rate for a given system can be found using a scale velocity (determined 
analytically and experimentally verified7 ) as an approximation for the steady state flow velocity, which is given by: 
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In the above equation, � is a geometric ‘slenderness’ ratio defined as the height of the channel divided by the 
length, � is the surface tension of the fluid, � is the corner half-angle,   is the viscosity, and ! is a non-dimensional 
parameter given by Eq. (3): 
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As can be seen from this relationship, as � increases, ! increases, and therefore � decreases.  In other words - the 

larger the contact angle between the fluid and solid surface (more hydrophobic) the slower the capillary flow of fluid.  
The reverse is also true: decreasing a fluids’ apparent contact angle (more hydrophilic) will increase the flow velocity 
and thereby also increase the volumetric flow rate approaching the maximum achievable flow rate by the channel. 

An example of these relationships being used to model a real system can be seen in Figure 1, which shows the 
relationship between the overall flow rate feasible for an aquatic plant growth bed using a network of n channels, 
while varying the channel half-angle.  For this analysis, we assumed an 80° contact angle – an average value for water 
on polymeric materials such as polyethylene terephthalate (PET, � = 81°)8. The Concus-Finn condition is reached as 
the channel half-angle approaches 10 degrees and the interior corner can no longer support a steady flow of fluid.  In 
addition, this series of graphs shows the nonlinear dependence of capillary flow on the channel depth.  A doubling of 
the depth quadruples the channel volume and thus, also the flow.   
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III.  Experimental Methods 
As can be seen in the previous section, contact angle, 

the angle defined by the point where the liquid-vapor 
interface meets the solid surface, is a major driving 
factor behind the maximum flow rate within a channel. 
The contact angle is easy to measure on a flat surface, 
but due to the layered nature of 3D printing, the contact 
angle within an interior corner must also be measured.  
In the following paragraphs, we describe the test article 
for experiments, test matrix, and the experimental 
methods to determine contact angle.  

A.  Description of the Test Articles 
In order to facilitate this a test cube was designed that 

included 15° half-angle interior corner grooves aligned 
both with the print axis and against the print axis.  A 
CAD model of this cube is shown in Figure 2. 

  
a) 5 mm depth b) 10 mm depth 

 

c) 20 mm depth 

Figure 1.  Relationship of total flow rate and number of channels to the channel half angle of capillary flow 
systems given an 80° contact angle. 

 

Figure 2.  CAD Model of experimental test cube. 



 
International Conference on Environmental Systems 

 

 

4

The design of the cube was kept simple to allow for printing with multiple materials.  This was important in order 
to be able to determine the dependence of fluid-surface interactions on material selection and manufacturing.  The 
three materials used in the experiments were:  

1) t-Glase9, a proprietary PETT based 3D printing filament sourced from Taulman3D,  
2) LaserForm 316L10, a stainless steel powder used in direct metal laser sintering (DMLS) printing, and  
3) UltemTM 101011, a high strength, heat resistant thermoplastic. 
The t-Glase material was printed on a LulzBot TAZ 6 3D printer at a resolution (layer height) of 50 microns 

(0.0020 in) to 500 microns (0.020 in).  The LaserForm SS316L was printed by 3D Systems on a ProX 320 with a layer 
height of 30 microns (0.0012 in).  The Stratasys Ultem 1010 was printed with a layer height of 254 microns (0.010 
in). These choices for materials and print settings cover a range of materials and resolutions currently available for 
commercial 3D printing.   

B. Test Matrix 
Three different variables with two levels each were considered when performing contact angle measurements: the 

material of the test cube (t-Glase or SS316L), the geometry of the surface (flat surface or interior corner), and the grain 
direction (X - with grain or Y - against grain).  Each possible combination of these variables was tested giving a total 
of eight experiments.  Five trials were conducted for each experiment.  

In addition, a second set of experiments was conducted to assess the effect of print layer height on contact angle for 
the t-Glase material.  Coupons were manufactured with layer heights of 50, 150 and 500 µm.  A third set of 
experiments was conducted to determine contact angles with the Ultem 1010 material.   

C. Experimental Methods to Measure Contact Angle 
We employed two methods to determine the contact angle:  1) for droplets on flat surfaces an edge on photo was 

taken and analyzed directly to determine the contact angle, and 2) for droplets placed within the interior corner we 
measured the experimental droplet axial length and then used the open-source SE-FIT® (Surface Evolver – Fluid 
Interface Tool) software12 to determine the contact angle.  This software models and simulates the fluid-vapor and 
fluid-solid interfaces for situations where the Bond number is small.   

1. Droplets on Flat Surfaces 
For contact angle measurements of droplets on a flat surface, the procedure was to deposit 100 μL of dyed DI 

(deionized) water onto a surface of the test cube with a uniform grain (this ruled out the top and bottom surfaces as 
the additive manufacturing process causes them to be non-uniformly rough). The volume of water was added to the 
surface with a pipette and care had to be taken to ensure that the entire volume was deposited in the same spot, 
otherwise the resulting drop on the cube surface would be oddly-shaped, potentially influencing the measured contact 
angle. Each drop was allowed approximately 60 seconds of settling time, as they had a tendency to spread out once 
deposited onto the cube surface.  

A photograph of the drop was then taken from a side-on perspective against a white backdrop, producing an image. 
Figure 3a shows an example of what raw image of a drop looks like. This photograph was then analyzed using 
DropSnake13 which is a contact angle measurement tool add-on to the open source, image processing program 
ImageJ14. The photographs were all cropped and converted to grayscale for use in the DropSnake tool. The procedure 
for using DropSnake is: 

a) beginning at the right edge of the drop where it meets the solid surface, manually place a series of 10-15 points 
defining the perimeter of the drop, taking care to be precise in the areas where the drop meets the surface, as these 
points greatly influence the resultant contact angle estimation. 
b) the user-defined points will define a curve along the surface of the drop and the DropSnake module will output 
initial estimates for the contact angles at the left and right interfaces of the droplet, and then 
c) “snake” the curve using the built-in algorithm to obtain measurements of the contact angle.  

These steps are illustrated in Figure 3b where the top row of text in the upper-left shows the contact angle estimations 
from the user-defined points and the bottom row shows the values from the “snaked” curve. The values for the left 
and right contact angles for the snaked curve were averaged to get the results for each trial. 
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2. Droplets in interior corners 
For contact angle measurements in interior corners, 

the procedure was to deposit 100 μL of dyed deionized 
water into the center of the interior corner and then take 
a photograph from a top-down perspective which 
captured the length of the drop in the channel. As with 
the flat surface measurements, a settling time of at least 
60 seconds was allowed before a photo was taken. An 
example of a photograph of a drop of DI water in the 
interior corner is shown in Figure 4.  The photographs 
were imported into ImageJ where the length of the drop 
could be measured by comparing the length of the drop 
in the image to the length of the interior corner channel 
in the image (a known quantity). 

 
a) Original image  

 

b) Image after post- processing in DropSnake  

Figure 3.  A photograph of DI water droplet on SS316L flat surface.  DropSnake 
analysis suggests a contact angle between 83 and 85-degrees for this experiment. 

 
Figure 4.  A photograph of a drop of DI water in a 15° 
half-angle interior corner channel on the t-Glase test 
cube.  



 
International Conference on Environmental Systems 

 

 

6

SE-FIT® was then used to estimate the contact angle.  
A model was developed for a drop of fluid placed in an 
interior corner having a 15° half angle. A one-g gravity 
vector was assigned in the vertical direction.  The model 
uses contact angle as an input and outputs the drop 
length.  A picture of this model can be seen in Figure 5. 
SE-FIT length units were converted into physical units 
by multiplying them by a scaling factor of 7.2. This 
scaling factor was obtained by dividing the volume of 
the drop in the experiment (100 μL) by the non-
dimensional volume of the drop in the SE-FIT model 
(0.2679) and taking the cube root of this quantity. A plot 
of the SE-FIT prediction of contact angle for a given 
drop length is shown in Figure 6.  The experimental 
measurement of drop length was interpolated from this 
plot to obtain a value for the contact angle of droplets 
under the influence of gravity.  In comparison, the 
contact angles are lowered by 1 to 2 degrees for the same 
droplet volume and length without gravity. 

It is important to note that this technique of contact 
angle estimation is not valid when the contact angle is 
below 75°, the Concus-Finn condition for an interior 
corner channel with a half angle of 15°. Below this 
contact angle, the model predicts that the length of the 
drop in the channel will approach infinity. This method 
is also not valid for contact angles larger than 100° 
because beyond this point the length of the drop no 
longer changes with increasing contact angle.   

IV.  Results 
The parameters, average contact angles, and standard 

deviations across the five trials for each experiment are 
collected in Table 1. A more complete table showing the 
values for each trial for experiments 1-8 is given in the 
appendix, Table 2.  

A. Parametric Assessment of Material, Surface 
Geometry and Orientation 

Figure 7 shows plots of the measured contact angles 
separated by material. Star markers show values for 
individual trials. The pairs of circle markers represent the average contact angle across all experiments for a given 
variable and material (for example, the left-most circle marker indicates the average of all flat surface measurements 
taken on t-Glase). The dashed black line marks the average contact angle value across all experiments on a given 
material.  From the tabulated data and plot, we observe significant variation in measured contact angles of drops on 
flat surfaces than in comparison to the contact angle estimations done in the interior corner channel. The standard 
deviations of the contact angle measurements on flat surfaces are 2-5 times greater. This suggests that, in cases where 
the material being measured is rough and non-reflective, the interior corner channel technique for estimating contact 
angle may be more reliable.   

 

 

Figure 5.  Result of the 15° half-angle interior corner 
SE-FIT model for a contact angle of 90°. 

 

Figure 6.  SE-FIT predictions of contact angles for 
droplets in an interior corner channel with a half 
angle α of 15°. 
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From Figure 7 we observe that surface geometry and grain direction had the most significant effects on the contact 

angle for t-Glase, yet had a negligible effect on the contact angle of water on stainless steel. It is unclear from these 
results how much of this difference is due to the properties of the materials themselves and how much is influenced 
by the different manufacturing methods used to fabricate the two test cubes. The fact that the t-Glase cube was 

Table 1.  Measured contact angles.   

Experiment 
Number  Material   Layer Height 

(µµµµm) 
Geometry  Axis  Average Contact 

Angle (degrees)  
Standard 
Deviation 
(degrees)  

1  t-Glase  500 Flat Surface  
Y (Against 

Grain)  100.8 6.5 

2  t-Glase  500 
Interior Corner 

Channel  
X (With Grain)  88.3 1.4 

3  SS316L  30 Flat Surface  X (With Grain)  80.2 3.2 

4  SS316L 30 
Interior Corner 

Channel  
Y (Against 

grain)  77.2 0.2 

5  t-Glase  500 Flat Surface  X (With Grain)  51.4 5.7 

6  t-Glase  500 
Interior Corner 

Channel  
Y (Against 

grain)  96.5 0.1 

7  SS316L 30 Flat Surface  
Y (Against 

grain)  74.6 4.9 

8  SS316L 30 
Interior Corner 

Channel  
X (With Grain)  76.9 0.1 

9 t-Glase  150 Flat Surface  X (With Grain)  74.4 8.8 

10 t-Glase  150 
Interior Corner 

Channel  
Y (Against 

grain)  85.9 3.2 

11 t-Glase  150 Flat Surface  
Y (Against 

grain)  62.5 6.1 

12 t-Glase  150 
Interior Corner 

Channel  
X (With Grain)  96.6 1.8 

13 t-Glase  50 Flat Surface  
Y (Against 

Grain)  73.6 16.2 

14 t-Glase  50 
Interior Corner 

Channel  
X (With Grain)  83.5 3.3 

15 t-Glase  50 Flat Surface  X (With Grain)  66.2 8.1 

16 t-Glase  50 
Interior Corner 

Channel  
Y (Against 

grain)  94.6 4.3 

17 Ultem 1010 254 Flat Surface  
Y (Against 

Grain)  95.3 5.2 

18 Ultem 1010 254 
Interior Corner 

Channel  
X (With Grain)  91.5 1.3 

19 Ultem 1010 254 Flat Surface  X (With Grain)  75.5 2.6 

20 Ultem 1010 254 
Interior Corner 

Channel  
Y (Against grain) 98.1 0.7 
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additively manufactured at a much lower resolution than the steel cube means that the grain on the surface of the t-
Glase cube was more pronounced and the surface was rougher. Further experimentation would need to be done to 
separate effects due to material physical properties from those of manufacturing resolution. Nevertheless, it is clear 
from the results that additive manufacturing methods have the capability to greatly affect the wetting of a fluid on a 
given material.   

It is also important to note that the effects of surface grain were more pronounced on the flat surface than in the 
interior corner.  For t-Glase the difference between the contact angles in the X and Y grain directions (experiments 1 
and 5) was almost 50° on the flat surface but only 8° in the interior corner (experiments 2 and 6). This suggests that 
the ability of the surface grain to lower the contact angle and facilitate capillary pressure diminishes as the interior 
corner half-angle decreases.   

B. Effect of Layer Height on Contact Angle 
Three t-Glase coupons were additive manufactured for this set of experiments with layer heights settings of 500, 

150 and 50 µm.  The contact angles were measured using the procedures previously described in subsection 3C.  These 
values are graphed in Figure 8.  For a layer height of 500 µm, significant differences are noted for contact angle 
measurements with and against the grain whether on flat surfaces (49° difference for droplet contact angles with and 
against the grain) or within interior corners (8° difference).  The differences of measurements made on flat surfaces 
diminish as the layer height was reduced from 500 µm to 150 µm to 50 µm.  Contact angles with the grain increase 
from 51° to 66° and those against the grain decrease from 101° to 74°.  

These data suggest interesting possibilities for use of manufacturing settings and part orientation to create 
directional control of surface wetting.  On a flat surface, hydrophobicity can be increased by course layer height and 
orienting the layers orthogonal to the direction of flow.  Conversely, a more hydrophilic surface can be designed by 
aligning the layers in the direction of flow.  Contact angles within an interior corner are much less sensitive to layer 
height, yet reducing the layer height appears to lower the contact angle and create a more hydrophilic surface both 
with and against the grain.   

C. Material Effect on Contact Angle 
Lastly, the effect of material selection on contact angle was assessed.  Two plastics (t-Glase and Ultem 1010) and 

one metal (SS316L) were used to manufacture coupons for experiments.  We report contact angles for the following 
combination of material and manufacturing layer height in Figure 9.  

• t-Glase with a 150 µm layer height, 
• SS316L with a 30 µm layer height and 
• Ultem 1010 with a 254 µm layer height.   

 

 

Figure 7.  Trend lines from analysis of experimental results. 
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Despite differences in the layer heights of each test coupon, we observe the more hydrophobic nature of DI water 
on the plastic materials as compared to SS316L.  For the stainless steel alloy, the contact angles were narrowly grouped 
between 74 and 80° regardless of surface geometry and orientation.  The contact angles on plastics were generally 
sensitive to both the surface geometry and orientation, and were greater than those on SS316L with exception of the 

 

Figure 8.  Effect of additive manufacturing layer height on the contact angle. 

 

Figure 9.  Effect of material selection on the contact angle. 
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measurements on a flat plastic surface with the droplet aligned in the same direction as the grain (these were lower!).  
Not unexpectedly, just like the selection for manufacturing layer height, the choice of material may also be used to 
facilitate either a more or less hydrophobic surface with respect to water depending upon the need for the application.   

V. Future Work 
The present work examines the effect of 3D printing on channels that do not meet the Concus-Finn condition.  This 

was necessary in order to obtain usable data given the constraints on manufacturing components that allowed for 
measurement of the contact angle within the channel.  Future work will involve manufacturing test articles which can 
be used to measure actual flow rate within a channel, and these results compared to the ideal case presented in Section 
II.  Emphasis will be given to developing a test article in which the capillary channel, due to being 3D printed, meets 
the Concus-Finn condition even though the ideal case for the fluid and material would suggest that it does not.  This 
can allow for higher overall flow rates (by increasing the channel half-angle and overall dimensions of the channel) 
while maintaining a geometry that meets the Concus-Finn condition.   
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Appendix 
Table 2.  Contact angle measurements for all experimental trials.   

Experiment 
Number Material  Geometry Axis 

Trial 
Number 

Contact Angle 
(Degrees) 

Average 
Contact Angle 

(degrees) 
Standard 
Deviation 

1 t-Glase Flat Surface 
Y (Against 

Grain) 

1 109.9  

100.8 6.5 

2 95.2  

3 105.6  

4 97.8  

5 95.8  

2 t-Glase 
Interior Corner 

Channel 
X (With 
Grain) 

1 87.4 

88.3 1.4 

2 88.4 

3 86.9 

4 88.3 

5 90.6 

3 Stainless Steel Flat Surface 
X (With 
Grain) 

1 78.9  

80.2 3.2 

2 83.1  

3 84.1  

4 76.6  

5 78.3  

4 Stainless Steel 
Interior Corner 

Channel 
Y (against 

grain) 

1 77.4 

77.2 0.2 

2 77.1 

3 77.2 

4 76.9 

5 77.1 

5 t-Glase Flat Surface 
X (With 
Grain) 

1 59.6  

51.4 5.7 

2 49.5  

3 47.1  

4 54.8  

5 46.0  

6 t-Glase 
Interior Corner 

Channel 
Y (against 

grain) 

1 96.4 

96.5 0.1 

2 96.5 

3 96.2 

4 96.6 

5 96.5 

7 Stainless Steel Flat Surface 
Y (against 

grain) 

1 78.9  

74.6 4.9 

2 69.5  

3 75.1  

4 79.7  

5 69.8  

8 Stainless Steel 
Interior Corner 

Channel 
X (With 
Grain) 

1 77.0 

76.9 0.1 

2 76.9 

3 76.9 

4 76.8 

5 76.9 


