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Abstract 
 

 
 Due to their fast growing rates and regeneration, algae are a promising avenue for biofuels, 

aquatic pollution recovery, and a source of protein nutrients, among others. Cultivation of benthic 

algal communities, in particular, show promise for these functions, yet control quality and yield is 

strongly dependent on substrata characteristics that affect algal attachment and growth. No 

previous research efforts seem to have taken advantage of the recent developments in additive 

technology to support algal attachment and colonization. Additive manufacturing can allow for the 

design and control of surface features and provide a platform for developing substrata with 

customized surface topographies for algal colonization. This study seeks to, first, establish the 

feasibility of colonizing 3D-printed custom substrata with algal biomass. Then, using 3D printing, 

potential approaches of controlling species composition in cultivation systems through design of 

substratum characteristics to select for species in colonization were investigated. It was done by 

designing and 3D printing substratum topographic sections to test for selectivity of colonization 

of periphyton algae in natural streams. In another effort, relationship between surface topographic 

features with attachment and colonization of benthic algal species were studied. 3D-printed pattern

s were used as molds for making growth plates with clay. The clay-made plates were then placed 

in a laboratory-based bench scale bio-cultivator exposed to a culture of benthic algae for three 

weeks for each replicate for a total three replicates. After collection, the biomass was carefully 

harvested in each section and oven dried and then weighed to find the exact amount of algae 

biomass per each section. Finally, the performance of 3D-printed materials (polymers) in such 

custom surfaces under collisions was characterized to better design for different applications. 
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Based on the results, the preliminary work seems to indicate that: (i) 3D printed substrata can be 

successfully colonized by algal communities; (ii) there is a roughness effect on the colonization 

rate of benthic algae; (iii) substratum roughness can be designed for optimal interstitial spacing 

between surface asperities, and (iv) increased efficiencies in the packing of biomass can be 

achieved by complex 3D-printed geometries that provide very high surface area in compact 

volumes. Also, in research on preferences of algal species from natural streams, twelve species of 

periphyton algae in four divisions were identified across all topographic sections, and the 

distribution of these twelve species and relative abundance varied as a function of topographic 

feature size, with the greatest diversity observed on the surfaces with topographic feature sizes of 

500 μm. Of the twelve identified species, two showed abundance patterns as a function of 

topographic feature size that were significant. Microspora wileana displayed a preference for 

surfaces with topographic feature sizes less than 500 μm, and Stigeoclonium tenue displayed a 

preference for surfaces with topographic feature sizes less than or equal to 100 μm and greater 

than or equal to 1500 μm. These results suggest that substratum design using 3D printing or other 

technologies may be useful to influence species composition and dominance relationships in mixed 

communities in engineered periphyton cultivation systems. 

The behavior of five different 3D-printed polymers have been analyzed theoretically and 

experimentally under low speed collision. Impact of a rigid rod on a flat made of 3D-printed 

materials has been analyzed. An experimental setup has been designed in order to capture the 

motion of the rod during the impact using a high speed camera. Image processing is developed to 

estimate the velocity before and after the impact as well as coefficient of restitution. Permanent 

deformations after the impact have been scanned with an optical profilometer. A theoretical 

formulation for the contact force during the impact has been proposed. The impact has been 
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divided into two phases: compression and restitution. For the compression phase the materials 

considered elasticplastic and the restitution phase has been considered to be fully elastic. The 

experimental results have been used to measure the damping coefficient. Results indicate that the 

proposed formulation for the contact force matches the materials behavior. 
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1. Introduction 
Additive Manufacturing (AM) or 3D printing technologies are mostly associated with applications 

in product design and development and small batch manufacturing. Due to the ability to produce 

complex geometries at relatively high speeds, AM technologies are increasingly being employed 

in various non-manufacturing applications. Applications in domains such as tissue engineering 

and osteopathy have been actively researched in recent years1. The extension of AM into 

environmental engineering applications has been very limited, however, despite many potential 

applications involving mass transfer and biological growth processes that are mediated by spatial 

and topological relationships. A primary environmental application that might be suitable for AM 

technologies is the manufacture of designer surface topographies for phototrophic biofilm 

production. 

Algae are heterogeneous assemblage of organisms that size from single cells to large sea weeds 

and belong to diverse evolutionary lineage2 (Figure 1). Periphytic biofilms are composed of 

benthic algae and bacteria that attach to solid substrata surfaces in a flow environment3. Naturally 

occurring in all fresh and marine water flow environments, phototrophic biofilms have been 

investigated under controlled cultivation scenarios for various environmental engineering 

applications. Benthic algal biofilm cultivation has been investigated for aquatic pollution recovery 

from natural waters and wastewaters, water quality improvements in natural waters and 

groundwaters, as well as biomass production for various economic uses including protein 

production and biofuels feedstocks4–7 . Bioreactors can be engineered and designed based for water 

treatments using benthic (filamentous) algae and planktonic (suspended) algae (figure 2).  
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(a) (b) 

Figure 1. Different sizes of algal species: (a) Chlorella and (b) Sea weed (Giant kelp)8 

At-scale applications are typically open systems subject to mixed algal communities, and the types 

and abundance of various attached algal species that colonize a particular surface substratum 

determines, to a degree, the overall yield of the particular biotic process or product of interest. 

Control of the colonization and growth process through operational parameters such as substratum 

topography (e.g. feature and texture design) can be an important determinant to overall system 

performance. 

 

     (a)                                                                                  (b) 

Figure 2. Acres of bioreactors based on (a) filamentous benthic algae9 and (b) planktonic (suspended) algae10 

for water treatments 
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In natural flow environments such as streams, the topographical characteristics of the substratum 

can be a controlling factor in the development of a colonizing biofilm2. Heterogeneity of the 

substratum morphology determines the flow turbulence characteristics within the fluid boundary 

layer, affecting the kinetics of cell colonization, growth, and metabolism. Boundary layer flow 

characteristics also affect advection and diffusion of limiting nutrients to colonizing biofilms, 

which can strongly influence growth kinetics. Therefore, it is hypothesized that manipulation of 

the substratum topography characteristics can be used to control the structural and functional 

characteristics of the colonizing algal biofilm.  

To date, no research effort has taken advantage of using custom designed 3D-printed surface to 

investigate the attachment preferences of certain periphyton species towards substrata topography. 

This work intends to prove feasibility of the idea of using 3D-printed surface topographies to 

support biofilm growth. It also intends to lay the foundational work to establish initial relationships 

between surface topography and species diversity and biomass. Finally, it intends to characterize 

the performance of 3D-printed materials in such custom surfaces under collisions that might occur 

in natural environments.  

 

 

 

 

 

 

 



15 
 

2. Literature Review 
There has been much interest in controlled cultivation of periphyton for various applications in 

aquatic pollutant recovery and biomass production6,11–14. Periphyton comprises mixed microbial 

communities dominated by algae that grow while attached to a surface or substratum in a fluid 

environment, typically occurring in shallow aquatic environments where light and water flow are 

available15. While the advantages of periphyton cultivation for aquatic pollutant recovery stem 

from the ease of operation and biomass recovery, the open configuration of cultivation typically 

found at the large scale leaves the community subject to competitive pressures among the 

indigenous species of the local water source, affecting the quality of the resulting biomass for 

downstream economic use16,17. Approaches for controlling species selection in colonization and 

competitions are desirable for ultimate economic use of periphytic biomass.  

In-situ studies in streams and laboratory investigations have shown that the ecological 

characteristics of a colonizing algal biofilm can be influenced by the physical and chemical 

characteristics of the substratum2. Physically, the heterogeneity of roughness characteristics of a 

substratum affects the colonization, attachment, and growth characteristics of viable microbial 

spores or cells that act as seed colonizers for biofilm establishment18–20. Typically, the mechanisms 

of substratum control over the biofilm characteristics have been investigated only at the 

macroscopic level for the design of reactors around a process or function, employing a uniform 

substratum characteristic across an entire reactor bed17.  

Because of boundary layer effects, substratum surface topographic texture affects the rate of 

retention of microorganisms on that surface. However, this effect appeared to be observed only for 

certain roughness feature dimensions. If features are considerably larger than the microbial cells, 

then cell retention is not significant, whereas if features are on the order of microbial dimensions, 

then cell retention can increase21. Also, a set of topographical parameters has been proposed as a 
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standard for surface roughness characterization in bacterial adhesion studies to improve the 

likelihood of identifying direct relationships between substratum topography and bacterial 

adhesion22. These proposed parameters are root mean square surface roughness (Sq), summit 

density (Sds), developed area ratio (Sdr), the ten-point average roughness (Sz), skewness (Ssk), 

texture aspect ratio (Str), and bearing ratio (tp) and using them should enable more accurate 

prediction of bacterial cell adhesion. It  has also been shown that smooth substrata are the least 

favorable for propagule settlement, and that increased settlement on substrata would occur if 

surface relief were increased up to an optimum roughness with an average depression depth of 800 

µm23.  

While it is generally acknowledged that an increased substratum surface roughness affects the 

retention of microorganisms on that surface, this premise is only valid for certain feature 

dimensions. If the features are considerably larger than the microbial cells, then retention is not 

significant and if the features are of microbial dimensions, then retention may become a problem21.  

With regards to benthic algae, the influence of physical substrata features encompasses a long-

standing topic of research. It was found that substrata topographies with netlike or weblike 

configuration reduce local fluid velocities and enable high rates of algal cell settling and 

attachment24. Similarly, substrata with heterogeneous surface microrelief, such as microcrevices 

in rock, provide depressions where velocities are low and spores can settle18,19. Definitive 

experimental research focusing on the spores of marine macroalgae has demonstrated the 

importance of microtopography in algal settlement and germination23,25,26. It was concluded that 

interstitial space may be the most important factor regulating algal population on proposed 

substrata.  
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Recent research efforts to design surfaces for algal and single-cell/spore attachment have been 

pursued, and various methods have been employed to produce designed surfaces. Settlement and 

adhesion of zoospores from the green algae Ulva linza were investigated within defined 

topographies27. In this research, four topographic size scales (Rz peak-to-valley varying between 

25-100 μm) were manufactured by molding a plankton net between two PMMA microscope slides 

in a press while applying heat. The topographic scales produce a texture similar to that of natural 

substrata and antifouling coatings. Spores then were removed from the surfaces by a calibrated 

water jet. It was found that fewer spores were removed from the smallest topographic structure 

tested (Rz: 25 μm) than from the larger ones. Also, zoospores that settled in hollows were less 

likely to be removed compared to spores on the ridges. Other efforts showed that algae growth on 

a textured surface is several times higher than that on a smooth surface28.  

 

       (a)                                                                           (b) 

Figure 3: Sample laser textured surface28 

The surface texturing was accomplished by a Nd:YVO4 laser which created dimple features of 6-

8 µm in diameter, 2-3 µm in depth and spaced every 40 µm on stainless steel. Research work has 

also been pursued to investigate the effects of surface roughness and shear on the attachment of 

Oscillatoria sp. algal filaments onto stainless steel coupons in a spinning cylindrical 

environment29. The surfaces in this study were manufactured with traditional abrasive processes. 
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Six coupons with average roughness (Ra) increasing from 0.801 µm to 1.309 µm were utilized. It 

was found that the amount of algae strands deposited in the coupons increased with the average 

roughness. More recently, the impact of surface texture on microalgal cell attachment to solid 

nylon and polycarbonate carriers with ridges, pillars and groove features was investigated30. These 

features and textures were produced with laser and micro-milling methods. It was found that, for 

smooth surfaces, nylon had a better attachment than polycarbonate for algal species used in their 

research. Also, it was mentioned that attachment of algal cells to textured surfaces was strongly 

related to the size of cells and the surface features. Their results showed that, generally, groove 

had a better attachment than ridges and pillars for algal species in their research. It was also found 

that, algal cells could fully penetrate in to the designed textures, but the adhesion behavior would 

be dependent on the size and shape of the cell. It was also mentioned that larger and smaller feature 

dimensions had the potential to reduce cellular attachment. 

Mechanical properties of rapidly evolving 3D-printed polymers are, to some extent, limited and 

would be outdated quickly. There are several, simultaneously, important properties of 3D-printed 

polymers which has been worked on many times. But, in this effort, dynamic behavior of these 

materials used in AM during collision with a rigid body has been studied. 

There are many research efforts on testing 3D-printed plastics in terms of mechanical properties31–

35. Tensile strength of 3D-printed polylactic acid (PLA) bars for bone fixation and reconstruction 

were tested36. Test bars were fabricated from low and high molecular weight PLA powders with 

chloroform used as a binder. The maximum tensile strength measured for high molecular weight 

PLA was reported 15.94 ±1.50 MPa and for low molecular weight was 17.40 ±0.71 MPa. More 

recently, research on the influence of print density on microstructure and mechanical properties of 

nylon parts in High Speed Sintering (HSS) showed that mechanical properties are related to 
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crystallinity37. Results showed that crystallinity decreased as print density increased. This was 

reflected by mechanical properties which showed stiffness and tensile strength increased with 

crystallinity. Acrylonitrile butadiene styrene (ABS) parts fabricated by Stratasys Fused Deposition 

Modeling (FDM) machine were also studied to measure and compare tensile and compressive 

strengths38. It was found that, for FDM parts made with 0.003 inch overlap between roads, tensile 

strength ranged between 65-72% of the strength of identical parts made with injection molded 

ABS. In other efforts, mechanical properties, surface roughness, geometric and dimensional 

accuracy, and material costs of various kinds of additive manufactured materials with different 

types of 3D printing machines such as stereo-lithography (SL), FDM, SLS, laminated object 

manufacturing (LOM), and Poly-jet were tested and compared39. 

Other archival literature on fatigue behavior of laser-sintered nylon (PA12) showed that PA12 

specimens under rotating-bending experiment will fail in fatigue40. It was suggested that, although 

high frequency loading will cause a heat build-up in the specimen (temperature stabilized between 

20-30 oC), but rotating-bending at frequencies of up to 50 Hz is a valid way of determining the 

fatigue behavior of laser-sintered PA12 specimens. Parts made by stereo-lithography (SLA) 

process were investigated to find influence of layer thickness on mechanical properties of produced 

parts41. Results showed that when layer thickness decreases, strength of parts made by SLA will 

increase. Another effort has been done on effects of electroplating on polymer parts made by SLA 

process42. A series of tests were conducted on coated samples with copper and nickel with varying 

thickness. Physical tests confirmed that thicker coating (120 µm) increased the impact energy and 

Young's modulus but had a minimal effect on ductility of parts, in which thinner coating (20 µm) 

resulted in smoother surface finish than thicker one. A computer aided characterization approach 

has also been used to evaluate the effective mechanical properties of porous biodegradable 
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polyesters tissue scaffold43. An approach for design and 3D-printing of porous tissue scaffold and 

characterization of the effective mechanical properties of extruded porous poly-ε-caprolactone 

scaffold was presented. 

In addition, there are also some efforts on mechanical properties of additive manufactured metals 

available in literature. They have been tested and simulated for fracture criteria, fatigue, tensile 

strength, etc44–51. Behavior of parts produced by Selective Laser Melting (SLM) has been 

compared to conventionally produced products for traction, compression and flexure test52. 

Additive manufactured AlSi10Mg using SLM was studied in terms of microstructure, high cycle 

fatigue, and fracture behavior53. For approximating flexural properties of bone, open cellular 

structures fabricated in Ti6Al4V using the Electron Beam Melting (EBM) have been proposed for 

tissue scaffold and low stiffness implants54. In another study, the effect of build orientation 

selection and heat treatment on the mechanical properties of Selective Laser Melted (SLM) 

Ti6Al4V lattice structures was investigated55. Different binding mechanisms were also 

investigated in Selective Laser Sintering (SLS) and Selective Laser Melting (SLM) with metal 

powder to compare the mechanical properties and also improve understanding of these processes56.  

The studies on the dynamic behavior of the 3D printed materials especially during collision are 

limited and not current given the increased use of AM parts in industry. Simulation of impact can 

be divided into two phases, compression and restitution57. The contact force between the objects 

during each of these phases is the most important factor needed to simulate the impact. The contact 

force itself can be divided into three phases, fully elastic, elastic-plastic and fully plastic phases. 

The fully elastic and fully plastic phases can be solved analytically. Hertzian theory has been 

commonly used for fully elastic phase. Also for the fully plastic phase there are few alternative 

approaches that can be found in available literature58,59.  
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Unfortunately, to date, the elastic-plastic phase is not amenable to closed-form analytical solution. 

Arguably, for the collision problems the elastic-plastic phase plays the most important role. Many 

efforts have been pursued to predict the elastic-plastic contact forces for homogeneous metal 

materials58–61. A comprehensive comparison between different contact models for collision 

problems can also be found in literature62. However, these contact models have been developed 

for quasi static contacts, they have often been used for collision problems63–69. 
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3. Research Questions 
The hypotheses in this work are related to the interaction between 3D-printed surfaces and 

periphytic communities under conditions found in both natural and laboratory-based settings. Also 

the investigation of properties and behavior of 3D-printed polymers under collision targets to 

provide a better understanding of the behavior of such surfaces under dynamic contacts in real 

world situations.  

• Do periphyton species have attachment preferences using custom designed 3D-printed 

surfaces towards certain substrata topography in natural settings? 

• Do surface roughness profile height and interstitial space have impact on total biomass of 

benthic algal communities in laboratory-based environment? 

• How is the behavior of 3D-printed polymers, both theoretically and experimentally, under 

low speed collision? Also, what would be the formulation for contact force models of these 

materials to match these polymers behavior? 
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4. Preliminary work 
The general idea of the preliminary work was two-fold: (i) to demonstrate the feasibility of using 

AM technologies to engineer substratum surface textures that are suitable for colonization of algal 

biofilms70; and (2) to develop and refine the experimental methods for growth plate design and 

manufacturing, surface topography measurement, microscopy methods, and harvesting/sampling 

techniques. The specific objectives for preliminary phase were as follows: (i) to demonstrate that 

algal biofilms can colonize 3D printed substrata both in laboratory-based bioreactors as well as in 

natural settings; (ii) to draw preliminary observations on the influence of 3D-printed surface 

topography on the rates of attachment and growth of algal biofilms. 

Three separate experiments were conducted to demonstrate the potential of using 3D-printed 

technologies for the production of surfaces for algal biofilm colonization under a variety of 

conditions. For these experiments, various surfaces were designed and fabricated in an Objet 30 

machine (Stratasys® Ltd., Eden Prairie, Minnesota), which uses a polyjet technology to deposit a 

layer (28 µm thick) of UV-light cured acrylic polymer. In general, these designs were subjected to 

various conditions of algal culture and investigated for rate of colonization and growth of algae. 

4.1 Growth feasibility on 3D-printed surfaces in controlled bioreactor cultivators 

The first preliminary experiment involved designing, fabricating and placing two different growth 

plates in a laboratory bioreactor cultivator. The purpose of this experiment was to demonstrate that 

algal biofilms can indeed attach to and colonize 3D printed polymer surfaces and to investigate 

the feasibility of using surface feature sizes to support regenerative harvesting. 

The growth plates were designed in Solidworks® (Dassault Systèmes SolidWorks Corp., 

Waltham, Massachusetts) and fabricated in the Objet 30 printer. A rectangular plate (90 mm x 100 

mm) with four parallel channels and 5 mm collimating walls was designed with hemispherical 
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surface features of increasing scale. The first channel was ideally smooth (Ra=0.198 µm), while 

the remaining three channels had a pattern of adjacent hemispheres of diameters 500 µm, 1000 

µm, and 2000 µm. The second plate was circular in shape (diameter of 100 mm) with each quadrant 

containing the same scale of features as in the rectangular plate. Anchor points were designed into 

the plates for ease of attachment to the bottom mesh in the bioreactors. Figure 4 shows the 

computer models with the corresponding fabricated versions of the two different growth plates 

used in this experiment. 

 

Figure 4: CAD models and 3D printed (rectangular and circular) growth plates 

The plates were placed in a bench-scale benthic algal cultivator in the laboratory71 (figure 5). The 

cultivator is a shallow trough in which attached benthic filamentous algae are typically grown on 

polypropylene screen substratum placed at the bottom of the trough. Water pumped from a 

reservoir continuously flows over the substratum in a thin layer (1-2 cm deep) and returns to the 

reservoir where a submersible pump recirculates it. A tipping bucket mechanism provides a 

periodic wave surge that helps stimulate the growth of benthic algae and disperse the nutrients. 

The cultivator was operated continuously at a flow rate of 45 L min-1 with a tipping frequency of 

4 min-1. Lighting was provided continuously by two 400 W metal halide grow lamps (Virtual 

Sun®, La Verne, California) located directly above the center of the cultivator. The plates were 

fixed to the substratum screen at the anchor points and remained in place for 45 days.  
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Figure 5: Schematic view of benthic algal cultivator 
 

The cultivator was inoculated with a mixed algal community sampled from local streams that was 

dominated by Spirogyra communis. The cultivator was dosed daily with commercial F/2 media 

(Pentair Co., Apopka, Florida) at the recommended loading concentration rate (1 ml nutrient per 

1 gallon of water). Following colonization, tiles were removed and imaged using optical 

microscopy at low magnification (10X to 40X for topographical attachment) and higher 

magnification (100X for algal species identification). Biomass was sampled at 3 locations from 

each channel and quadrant respectively, mixed and homogenized, and subsampled for species 

identification using optical microscopy. Biomass was then sacrificially harvested from the plates 

using mechanical scraping, washing and vacuuming. The wash eluent was vacuum-filtered using 

Whatman GF/C glass fiber filters. Biomass dry weight was analyzed via filtration of 20 mL 

subsamples with a drying oven at 105 °C and averaged.72 The surfaces of the two plates were 

scanned with 3D axial chromatic (non-contact) profilometer (Nanovea® ST400, Irvine, 

California). The optical pen provided a 1.4 mm Z-range with 20-nanometer resolution and over an 

area of 150 mm x 150 mm. Roughness measurements were collected from the new plates (before 

placement in the cultivators) and after vacuum harvesting. 

The results after harvesting demonstrated that the algal biofilm attached firmly to the printed 

surface in certain locations, resulting in patches of bare and colonized zones. The amount of 
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residual biomass following harvest was related to the significant length of the surface features, 

with more biomass remaining for the larger diameter (1000 and 2000 µm) features. 

 
4.2 Feasibility of natural environment species recruitment on 3D printed growth surfaces 

The second preliminary experiment focused on investigating the recruitment of colonizing algal 

species from natural freshwater environments. In order to accomplish this, multiple sets of 48 by 

48 mm 3D printed tiles and paired unglazed ceramic tiles (to serve as experimental controls) were 

deployed in several local rivers and streams in eastern Alabama. All printed tiles were 

manufactured as smooth as possible with Ra values ranging from 0.198 µm to 0.932 µm. The 

ceramic tiles used in the experiment had a measured average roughness (Ra) ranging from 1.144 

µm to 1.855 µm. Figure 6 shows the tile arrangement on plastic mesh mats as well as the location 

in one of the natural streams.  

 

                              (a)                                                       (b)                                                       (c) 

Figure 6: (a) Mesh mats with tiles, (b) Close-up view of ceramic and printed tiles, and (c) placement in one of 

the streams 

 

The tiles were placed in three different streams and monitored on a weekly basis for integrity and 

algal growth. The tiles were left on location for 30 days and then removed for measurement and 
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analysis in the laboratory. After removal, tiles were imaged at low magnification (10X to 40X) via 

digital microscopy. Also, the biofilm was subsampled at three locations, and subsamples were 

mixed and stored in 10% buffered formalin solution for species identification using optical 

microscopy. 

Results appear to indicate that, in many cases, algae from the stream colonized printed tiles at 

densities greater than those found on ceramic control tiles (Figure 7a). In some instances, the 

biofilm coverage on 3D printed tiles covered across the entire surface (Figure 7b). Micrograph 

analysis of the biofilm displayed a diversity of algal types and morphologies (Figure 7c), with 

filamentous and prostrate varieties often dominant.  

 

                 (a)                                       (b)                                    (c)                                      (d) 

Figure 7: Mesh mats from natural streams with ceramic and 3D printed tiles: (a) after removal on day 30; (b) 

photograph of biofilm covering 3D printed tile; (c) micrograph at 40X of biofilm colonizing 3D printed tile; 

(d) micrograph 400X of Spirogyra   

 
4.3 Algal colonization feasibility on complex scaffold geometries 

The third preliminary experiment involved the design and manufacture of 3D printed cube 

scaffolds that presented very high surface area for attachment and colonization and that are 

impossible to manufacture other than using additive methods. The structures were based on a 

mathematical model for a gyroid, a special case of a triply periodic minimal surface (Figure 8). 

The gyroid surface can be described by this equation: 
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sin 𝑥𝑥 ∗ cos 𝑦𝑦 + sin𝑦𝑦 ∗ cos 𝑧𝑧 + sin 𝑧𝑧 ∗ cos 𝑥𝑥 = 0                                   (1) 

 

 

Figure 8: Designed model with Solidworks (left), and 3D-printed model (right) 

The dimensions of the gyroid cube were 20 mm by 20 mm with a calculated surface area of 8127 

mm2, over three times that available from an identical sized cube with solid facets and over 19 

times that of a square tile of similar base footprint. The gyroid cube was placed in a beaker and 

immersed in a mixed algal culture inoculated from collections from a local stream dominated by 

Spirogyra communis. The gyroid was cultured in commercial F/2 media at ambient laboratory 

temperature under fluorescent full spectrum grow lights (EnviroGro FLT22, Hydrofarm, 

Petaluma, California). Culture agitation was supplied by a rocking platform table (VWR 

International, Radnor, Pennsylvania), which was set to 20 oscillations per minute. Culture media 

was added every week to replace evaporative losses.  

For analysis following culturing, the gyroid was removed from the culture after 15 and 30 days 

and imaged at multiple magnifications. At the 30-day removal, the biofilm was subsampled at 

three locations, and subsamples were mixed and stored in 10% buffered formalin solution for 

species identification using optical microscopy. The wet gyroid structure with biofilm was 

weighed and recorded. The dry weight of the biofilm biomass was estimated by drying the gyroid 

structure at 50 °C for greater than 48 hours, after which repeated measures of weight were taken 

every 24 hours until no change between subsequent measurement was observed. A set of five 
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control gyroid structures were placed in the same oven and weighing procedure as a control to 

measure mass loss during drying from the polymer material.  The biomass dry weight was 

estimated by subtracting the dry weight of the control gyroid from the dry weight of the 

experimental gyroid. Preliminary data on weight of dry biomass showed a big difference between 

algae attached to gyroid cubes removed after 30 days than others. 

Figure 9 shows the progressive colonization of the gyroid surfaces over a period of 30 days. The 

high surface area clearly provides ample opportunity for the algae spores to settle and anchor to 

initiate colonization. Simple observation indicates that colonization took place in every leaf deep 

inside the gyroid, indicating that the delivery of nutrients by flow was appropriate. No bare areas 

or spots were noticeable anywhere on the gyroid structure. 

 

                             (a)                                                         (b)                                                          (c) 

Figure 9: Photographs (top row) and micrographs (10X bottom row) of the gyroid cube at (a) time of 

manufacture; (b) 15 days, (c) 30 days 

 

This preliminary work sought to establish the feasibility of colonization of printed surfaces for 
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enhanced algal biomass production. The following hypotheses were teased out of the experiments 

and are the subject of ongoing research: (i) there is a topography effect on the colonization rate of 

benthic algae and optimal values of certain surface texture parameters exist; (ii) substratum 

textures can be designed for optimal interstitial spacing between surface asperities and micro-

replicated features to shorten the lifecycle of the next algae crop, and (iii) increased efficiencies in 

the packing of biomass can be achieved by complex geometries that provide very high surface area 

in compact volumes.   

Based on the observations of preliminary efforts, three experiments were designed to study on 

improving algal cell density attached to surface by knowing different species attachment 

preferences and understand surface characterization to increase algal biomass. These experiments 

were designed to demonstrate important role of surface texture in algal attachment by changing 

area of contact between the algal cells and solid carrier surface as well as the potential for 

increasing the yield and productivity of algal biosystems because of their application in aquatic 

pollution recovery, water quality improvements, as well as biomass production for various 

economic uses including protein production and biofuels. 
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5. Experiment#1:  Impact of substrata topography on the attachment preferences of 

periphyton communities in natural streams 

The primary objective of this study is to investigate the effect of surface topography features on 

the differential attachment and colonization dynamics of benthic algal species in a mixed 

community in a natural stream. A secondary objective is to demonstrate the use of 3D printing 

technologies to design and fabricate replicated platforms needed to test selective behavior of 

species attachment.  

The overall methodology consisted of designing and fabricating twelve growth plates, each with 

six regions presenting different surface textures, using polyjet-based 3D printer. The plates were 

then placed in two different locations in a creek and left exposed to the natural conditions over a 

period of 33 days. After collection, the biomass was carefully harvested in each region and studied 

microscopically for species identification. Non-parametric statistical analyses were conducted to 

confirm the effects of surface topography on attachment and growth. This section provides details 

in each of the steps in the methods. 

5.1. Materials and Methods 

Broadly, the methodology for this experiment consisted of designing and fabricating twelve 

growth plates, each with six regions with different surface textures, using polyjet-based 3D 

printing. The plates were then placed at two different locations in the riverbed of a local creek and 

left exposed to the natural conditions over a period of 33 days. After collection, the biomass was 

carefully harvested in each region and studied microscopically for species identification. Non-

parametric statistical analyses were conducted to confirm the effects of surface topography on 

attachment and growth. 

Acrylic polymer growth plates were designed in Solidworks® and fabricated with a Stratasys® 
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Objet30 3D printer with a 28 µm layer thickness. Twelve rectangular plates (55mm × 74mm × 

4mm) with four anchor points on corners were designed and printed. Anchor points were designed 

for ease of attachment to a plastic mesh for placement in the stream. Each printed tile represented 

six topography sections with hemispherical surface features of increasing radius. The sections 

included an ideally smooth area (area roughness average of Sa=1.19 µm), and five sections with a 

pattern of adjacent hemispheres of average area peak-to-valley height (Rz) of 100, 500, 1000, 

1500, and 2000 µm respectively (Figure 10).  

 

Figure 10: Computer Model (left) and fabricated growth plate (right) 

The accuracy of the build was confirmed with optical methods using a confocal white-light 

profilometer (Nanovea ST-400) with 20 nanometer resolution in the Z axis. Figure 11 shows the 

aerial map and the 2D line scan of the surface topography for the 500 µm section. The fabrication 

dimensional error was less than 1% for the areas with radii 500, 1000, 1500 and 2000 µm. For the 

section with radius size of 100 µm, the dimensional error was of the order of 20% with most radius 

sizes in this section, thus interstitial space, falling in the range of 77 µm –100 µm. This is attributed 

to the feature size approaching the fabrication capability limit of printer in the lateral direction. 
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Figure 11: Aerial height map and 2D profile of 500 µm section 

The growth plates were attached to two polypropylene screen mats in an alternating order such 

that different sections on tiles faced upstream/downstream configuration. These mats were placed 

in adjacent locations in the creek and left exposed for a period of 33 consecutive days. The sites 

selected for these deployments were in Chewacla Creek, located in Chewacla State Park, Auburn, 

Alabama (32°32'51.0"N 85°28'53.7"W). The stream had continuous flow without curve in almost 

150 m up stream (Figure 12) and with mostly large cobbles in stream bed close to the experimental 
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mats location. Also, in the bankfull cross-section of the creek, bankfull width per bankfull depth 

ratio (Wbkf/dbkf) is 27.3 with the slope of 0.0046, in which bankfull width and depth are the stream 

channel width and average depth at bankfull discharge level, respectively73. 

 

Figure 12: Aerial view of Chewacla Creek from about 150 m up and down stream of experiment location74 

The screen mats were placed in the same creek cross-section of the stream at which there is USGS 

station that records information on water discharge and water level every fifteen minutes75. The 

average gage height during experiment period was 1.85 ±0.13 ft., while water discharge during 

same time was 18.23±11.77 ft3/s (Figure 13). 
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Figure 13: Chewacla creek discharge (left) and gage height (right) during experiment (source: USGS 

Chewacla website) 

In addition, temperature and light intensity were recorded every 15 minutes using an in-situ data 

logger (HOBO Pendant, Onset Corp., Bourne, MA) installed at the depth of the mats. Over 3000 

readings of temperature and light intensity were collected. The mean water temperature during 

experiment was 27.8 ±1.2 oC. The locations of deployment were partially shaded with a median 

daytime light intensity of 223 µmol/m2/s. The pH and conductivity of the water were measured 

weekly with a handheld combination pH/EC probe (HI 98130, Hanna Instruments, Woonsocket, 

RI), and averaged 7.36 ±0.18 and 0.15 ±0.05 mS/cm, respectively. Local stream velocity was 

measured weekly with a Model 2100 current flow velocity meter (Swoffer Instruments, Inc., 

Tukwila, WA) at the locations of tile installation, and averaged 0.24 ±0.09 m/s. Both dissolved P 

and N concentrations were moderately low (PO4-P: 0.080 ±0.020 mg l-1; NO3-N: 0.52 ±0.19 mg 

l-1, n = 5), as measured with a YSI 9500 field photometer (YSI Inc., Yellow Springs, Ohio). The 

growth plates were placed in the stream on July 7th, 2015 and recovered on August 8th, 2015 for 

a total exposure of 33 days.  

After removing the growth plates from screens, each section was imaged and documented at low 

magnification (10X to 40X) via digital microscopy. Each section within each plate was harvested 

with several methods, including vacuuming, mechanical scraping, and washing with low-pressure 
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distilled water, to recover as much biomass as possible. The biomass collected from each section 

was stored separately in vials containing 30 ml of mixed, harvested samples, DI water, and 0.15 

ml of glutaraldehyde, 50% solution, for preservation. There were a total of 72 vials (one for each 

of the 6 topography sections across 12 growth plates).  

The species identification effort was conducted via digital microscopy (400X to 1000X) using a 

Motic optical microscope (Motic Corp., Richmond, BC). The microscope sample preparation 

included a thorough mixing of the vial, which was then transferred onto a glass slide for 

observation. Three sub-samples, each with a volume of 0.063 ml, were drawn from each vial 

(representing the individual growth plate sections) and from which 30 micrographs were obtained 

from each sub-sample. A total of 216 sub-samples and 6480 micrographs resulted from this 

approach. The algae observation in the micrographs were keyed to at least the genus level using 

standard identification keys76. A preliminary observation on a subset of the micrographs resulted 

in the development of a custom species identification key containing those 12 most commonly 

found species. This key was used to train two laboratory analysts who each scanned the entire set 

of micrographs independently and recorded observations on presence/absence of each species in 

each micrograph. The independent observations from the two analysts were compared, showing a 

high degree of agreement between the two, with discrepancies on the observations found in only 

2% of the micrographs. These micrographs were then revisited and jointly analyzed until a 

consensus on the species identification was reached. 

The presence/absence data for the predominant 12 species were recorded and analyzed for patterns 

and distribution. The numbers of each species observed during the identifying process were 

counted for each topography section, and numbers of species were pooled for each of the 6 unique 

surface topographies.  
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The statistical analysis performed on the micrograph data were first analyzed for the underlying 

ANOVA assumptions, including a test for equal variance and an analysis of the residual plots. For 

those species data where the ANOVA assumptions were violated, non-parametric statistical tests 

were employed. This included the Kruskal-Wallis test on the medians followed by the Mann-

Whitney test for pairwise comparison. These analyses were used to indicate species preferences 

towards surface topography. 

In addition, Simpson’s index77 was calculated to represent the diversity of species per topographic 

section. This was calculated as 𝐷𝐷 = ∑𝑛𝑛(𝑛𝑛 − 1) 𝑁𝑁(𝑁𝑁 − 1)⁄ , where D is the probability that two 

individuals randomly selected from a surface topographic section will belong to the same species, 

n is the total number of each individual species on each surface topographic section, and N is the 

total number of all species combined on each surface topographic section. Consequently, 1-D 

shows the probability that two individuals randomly selected from each surface topographic 

section will belong to different species. With this information, the various surface topographies 

were ranked from the one presenting the most diverse community to the least. 

5.2 Results 

Every one of the 216 sub-samples was documented with 30 micrographs each via digital 

microscopy (Appendix I). Each of the 6480 micrographs was observed by two trained analysts. 

This yielded 12 conspicuous species of algae that were identified and occurred with relatively high 

frequency (Table 1). Figure 14 shows all species which were identified during identification 

process. A large number of diatoms (division Bacillariophyta) were observed in the samples, 

accounting for 56% of the observed species (Figure 15), both identified and unidentified. Identified 

species accounted for 46% of all species found and were distributed across 4 divisions. The most 

abundant alga identified was Choleochate orbicularis, the only species found within the division 
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Charophyta, which in turn was present on 20% of all the samples. Three species belonging to the 

division Chlorophyta were identified on 12% of the samples. The greatest number of species was 

identified in Bacillariophyta division, which appeared in 8% of all samples and where 5 distinct 

species were identified.  

 

 

Figure 14. Micrographs and number of all identified species 

Micrograph

Column1 Column2 Column3 Column4 Column5 Column6
Surface
Features

Gyrosigma sp. Oscillatoria 
trichomes

Cymbella sp. Stauroneis sp. Caloneis 
amphisbaena 

Microspora 
Willeana

Smooth 0 12 18 17 2 27
100 µm 0 21 10 21 6 24
500 µm 0 14 15 20 0 17

1000 µm 2 19 16 17 7 4
1500 µm 0 22 8 19 5 4
2000 µm 3 22 15 22 4 14

Column7 Column8 Column9 Column10 Column11 Column12
Coleochaete 
orbicularis

Synedra ulna Chaetophora 
sp.

Stigeoclonium 
tenue

Aphanothece 
clathrata

Aphanocapsa 
elachista

111 2 0 45 10 1
109 0 8 53 5 0
71 4 2 22 6 1
95 5 4 23 10 1

103 0 2 37 13 1
93 3 1 64 7 0
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Figure 15. Percent distribution of the number of positive identification of individual algal species, according 

to division 

Table 1. Division, genus and species of the identified algal species. 

Division, Genus and species 
Div. Bacillariophyta 

Caloneis amphisbaena 
Cymbella sp. 
Gyrosigma sp. 
Stauroneis sp. 
Synedra ulna 
 

Div. Charophyta 
Coleochaete orbicularis 
 

Div. Chlorophyta 
Chaetophora sp. 
Microspora willeana 
Stigeoclonium tenue 
 

Div. Cyanophyta 
Aphanocapsa elachista 
Aphanothece clathrata 
Oscillatoria trichomes 

  

The relative occurrence of the 12 major identified algae species varied as a function of topography 

section (Figure 16). The most abundant species identified on all sections was the charaophyte 

Coleochaete orbicularis, followed by the chlorophyte Stigeoclonium tenue. Species that were 
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identified but occurred rarely were Aphanocapsa elachista, Chaetophora sp., and Gyrosigma sp. 

Some species were observed on only a few topography sections. Gyrosigma sp. occurred only on 

1000 and 2000 μm sections; Synedra ulna occurred on all but the 100 and 1500 μm sections; 

Chaetophora sp. occurred on all but the Smooth sections. The distribution of the relative 

abundance varied across all sections for all other species. 

 

Figure 16. Relative abundance of those species identified as a function of surface topography treatment 

Species diversity as measured by Simpson’s index (SI) is reported for all topography sections in 

Table 2. The highest diversity index was observed in the 500 μm section (SI = 0.774), whereas the 

lowest diversity was observed in the 1500 μm section (SI = 0.714). The Simpson’s diversity index 

was seen to vary over the range of roughness feature sizes (Figure 17), initially increasing from 

the smooth to the 500 μm section, decreasing from the 500 μm to the 1500 μm section, and 
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increasing again for the 2000 μm section.   

Table 2. Total number of algal species identified and Simpson’s diversity index calculated for each surface 
feature section. 

Surface Topography 
(μm) 

Total Number of 
Identified Algae (𝑵𝑵) 𝑫𝑫 =

∑𝒏𝒏(𝒏𝒏 − 𝟏𝟏)
𝑵𝑵(𝑵𝑵 − 𝟏𝟏)

 
Simpson’s Diversity 

Index 
(𝟏𝟏 − 𝑫𝑫) 

Smooth 245 0.266 0.734 
100 μm 257 0.248 0.752 
500 μm 172 0.226 0.774 

1000 μm 203 0.259 0.741 
1500 μm 214 0.286 0.714 
2000 μm 248 0.231 0.769 

 

 

 
Figure 17. Simpson's diversity index versus surface feature section with increasing feature size. 

Statistical analysis for the significance in differences of relative abundance for each identified 

species was performed. A test for equal-variances as well as an analysis on the normality of the 

residuals confirmed that the species data in this experiment violate the normality and 

homoscedasticity assumptions of the Analysis of Variance (Figure 18).  
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                                     (a)                                                                              (b) 

Figure 18. Test for equal variances for (a) Microspora willeana and (b) Stigeoclonium tenue  

Figure 19 shows normal probability plot for residual analysis for both species by Minitab which 

perfectly displays normality assumption of residuals are violated. 

 

                                   (a)                                                                                    (b) 

Figure 19. Normal probability plot for (a) Microspora willeana and (b) Stigeoclonium tenue 

Consequently, the species data was analyzed with the Kruskal-Wallis non-parametric test on the 

medians. Out of the twelve species that were identified, only two (Microspora willeana and 

Stigeoclonium tenue) presented a variation in relative abundance across sections that was 

statistically significant, thus the discussion is reduced to these two species.  
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With respect to Microspora willeana, the Kruskal-Wallis test suggests that the samples extracted 

from some of the topographic sections may come from populations that have different medians. In 

particular, the test clearly shows that the medians from the 1000 and 1500 μm conditions are 

substantially lower than those from the smooth, 100 and 500 μm, conditions (H = 20.88, p-value 

adjusted for ties = 0.001) (Table 3). In addition, a non-parametric Mann-Whitney paired test was 

used to determine the difference between two groups of topographical conditions: radius <=500 

μm (i.e. smooth, 100 and 500 μm) versus radius > 500 μm (i.e. 1000, 1500 and 2000 μm). The W-

statistic rejects the null-hypothesis of equal median and reports a significant difference (α = 0.001) 

between the medians of Microspora willeana abundance in these two topographical sections. 

Specifically, the test reports that the median of the population of the group containing those 

topographical conditions that are <=500 μm is larger than the median of the population containing 

the topographical conditions that are >500 μm.  

Table 3. Kruskal-Wallis test results for Microspora willeana 

Topography N Median Average Rank Z 
Smooth 36 0.000 125.1 1.75 

100 36 0.000 125.8 1.82 

500 36 0.000 116.3 0.82 

1000 36 0.000 88.8 -2.07 

1500 36 0.000 88.8 -2.07 

2000 36 0.000 106.2 -0.24 

Overall 216  108.5  

 

For Stigeoclonium tenue, the Kruskal-Wallis test also suggests that the samples from some of the 

topographic sections may come from populations that have different medians (H = 16.49, p-value 

= 0.006) (Table 4). Based on the results for medians of different topographic sections, three 

categories were created. In this way, the data from the smooth and the 100 μm sections categories 
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were pooled into a class called “Low”, the 500 and 1000 μm sections categories were pooled into 

a class called “Medium” while the 1500 and 2000 μm sections categories were pooled into a class 

called “High”. The Kruskal Wallis test shows differences at α = 0.05 significance in which the 

Stigeoclonium tenue abundance versus class (3 categories) are significantly different (p-value = 

0.001). The results strongly suggest that Stigeoclonium tenue is more abundant in the high and low 

categories, and less abundant in the medium category. 

Table 4. Kruskal-Wallis test results for Stigeoclonium tenue 

Topography N Median Average Rank Z 
Smooth 36 1.00 114.8 0.67 

100 36 1.00 118.5 1.05 

500 36 0.00 86.8 -2.28 

1000 36 0.00 88.3 -2.13 

1500 36 1.00 109.8 0.14 

2000 36 1.00 132.8 2.55 

Overall 216  108.5  

 

5.3 Discussion 

Although a common material for manufactured product development, the 3D-printed acrylic 

polymer has not been widely reported for use in attracting periphytic biofilms70. Although, there 

is some history of the use of acrylic material for colonization studies78–80. In these investigations, 

a diverse group of algae colonized the printed acrylic tiles. Species were identified from 4 known 

divisions of algae, and these were typical species common in freshwater periphyton communities 

of the southeastern United States. The morphology of the species identified was primarily 

prostrate, with some filamentous and branched filamentous forms observed as well, attesting to 

the moderate flow velocities observed at the site. A majority of the species identified on the printed 

tiles were diatoms, as might be expected for flowing freshwater environments in this region, 
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although many of this group were not identified in this study (Figure 15). Of those species 

identified, the most commonly observed was the charaphyte species Coleochaete orbicularis, with 

a prostrate sprawling disc morphology that occurs on most surfaces in flowing freshwaters. 

Filamentous green algae were observed as fairly common as well. As such, the diversity of the 

colonization of species appeared not to be limited by the nature of the printed material, and 

establishes the approach for using 3D printing for experimental surfaces as a viable option for 

periphyton sampling methodology where controlled surface textures and topographies are 

required.  

The set of species that occurred on each surface area topography varied in ways that could only be 

seen as a result of the interaction between the local flow characteristics induced by the surface 

condition and the particular species in the community. The variation in abundance between 

different topographies for certain species was notable and significant. For example, Microspora 

willeana was seen to be significantly more abundant in surfaces with topographical features with 

a radius less than 500 μm, and the species Stigeoclonium tenue showed significantly more 

abundance in surfaces with topographical features with small radius (less than or equal to 100 μm) 

and large radius (greater than or equal to 1500 μm). As such, these two species showed a significant 

anti-preference for surfaces with feature sizes in the 500-1000 μm radius range, exhibiting 

statistically significantly lower abundance in these areas. The abundance characteristics of various 

species were also notable because of their absence from particular area topography. For example, 

the species Gyrosigma was observed to be present only on larger features (1000 to 2000 μm), and 

the species Synedra ulna was not present in areas with features of 100 and 1500 μm. These 

abundance observations demonstrate the preferences of species for particular surface conditions 

or interactions with surface topographical feature sizes. 
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The interaction of the various species in the community with the different surface topographical 

feature sizes is borne out by the metrics of diversity as well. With respect to Simpson's diversity 

index, the surface with the feature size of 500 μm presented the highest value, which indicates a 

more even distribution of numbers of observations over the total number of species. The lowest 

Simpson's index was observed on the areas with the smooth and 1500 μm feature sizes. The pattern 

of variation of Simpson's index over the range of surface features (Figure 17) shows first an 

increase from smooth to 500 μm, then a decrease from 500 to 1500 μm, and finally an increase at 

2000 μm. This variation in species diversity suggests an optimum feature size somewhere in the 

range of 500 μm for maximizing diversity of the colonizing algal community in this environment. 

This information can also be used if the target substrata design aims at minimizing the diversity of 

species present in the community. Smooth surfaces and those with feature sizes in the 

neighborhood of 1500 μm appear to discourage species diversity but are, simultaneously, preferred 

by Microspora willeana and Stigeoclonium tenue, respectively.      

The specific relationship between the colonized surface and a colonizing algal species in a 

community is complex, with various physical factors and processes involved in determining the 

success of that species’ colonization. The interaction of these factors at different length scales, as 

determined by the dominant feature size of the surface, explains the complexity in colonization 

characteristics observed for individual species and for the algal community overall. Of primary 

importance is the basic relationship of the surface area versus diversity as a factor. In general, 

increasing surface roughness complexity results in an increasing interfacial area ratio (Sdr), where 

the textured surface area increases relative to the cross-sectional area as a fractal dimension81. 

Increased surface area provides more overall sites for attachment of individual cells, evoking the 

well-known species-area curve in which species number increases as a power function of the 
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area82,83. In this study, however, because of the close packing of the hemisphere roughness 

elements, the interfacial area ratio is effectively constant for all printed surfaces except the smooth 

condition. Thus all effects of surface roughness condition on diversity or on individual species 

variation is a result of interactions mediated by the surface itself, with the subsidy of increased 

area an equitable factor for all over the smooth condition itself. When surface roughness elements 

are present, the specific relationship between colonizing cells and the surface is mediated by the 

hydrodynamics at the surface. Different shape features and sizes will affect the velocity gradient 

at the boundary layer, affecting the turbulence of the overlying flow and establishing the pattern 

of quiescent zones at the surface. A colonizing cell must fit within the quiescent zones and have 

enough contact with the surface for attachment, so the size of the colonizing cell is a factor as well. 

For example, the size for colonizing zoospore cells of Microspora willeana is on the order of 10-

15 μm84. At that scale, cells can find attachment on smooth surfaces and smaller features, where 

quiescent zones exist in the velocity boundary layer or in interstitial spaces of the features. Cells 

of this size, however, cannot find attachment in larger feature sizes, where perhaps more turbulence 

occurs in the boundary layer that induces drag forces on the cell to overwhelm attachment forces. 

The colonization pattern for Stigeoclonium tenue suggests a different colonizing cell configuration, 

in the form of asexual reproduction from filament fragments, with a diameter of 10-20 μm and a 

length many times that85. Such a cell geometry might have success at attachment at very small 

feature sizes, where sufficient contact area between the cell and surface roughness elements is 

made, and very large feature sizes, where quiescent zones in the boundary layer may be on the size 

order of these cell sizes, leaving surface features in the mid-range scale with lower attachment and 

colonization of this particular species. More study of these dynamics via cell attachment force and 

fluid dynamic modeling is warranted.  
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6. Experiment#2: Impact of surface roughness profile height and interstitial space on 
biomass under controlled bioreactor conditions 

The primary objective of this study is to investigate the effect of different topographic height and 

interstitial spaces on benthic algae biomass in a laboratory-based bioreactor to explore whether 

optimal value of certain surface topography exists. The methodology consisted of designing and 

fabricating 24 growth plates, each with four sections with different surface topographies, using 

polyjet 3D printer, and the 3D-printed patterns were used to produce growth plates in clay. The 

clay plates were then placed in a laboratory-based pilot scale bio-cultivator and exposed to a mixed 

culture of benthic algae for three weeks. After collecting tiles, the biomass was carefully harvested 

in each section, oven dried and then weighed to find the exact amount of algae biomass per each 

section. Statistical analyses were conducted to confirm the effect of surface topography on biomass 

amount of benthic algae. Also, photographs were taken daily basis from tiles to find growth rate 

per sections.  

Broadly, the methods in this experiment involved designing and 3D printing a growth plate to 

serve as a pattern to replicate plates with inert clay and then placing them in a laboratory cultivator 

for three replications. The reason for using clay plate in lieu of 3D-printed polymers in this 

experiment is that clay will act as more neutral material in interaction with algal biofilms than 

polymers, which will have some chemical material with it.  

6.1 Materials and Methods 

The pattern for plates were designed in Solidworks® and fabricated with acrylic polymer-based 

Stratasys® Objet30 3D printer with 28 µm layer thickness. A square plate (105 mm x 105 mm) 

with four equal sections (52 mm x 52 mm) and 1 mm space between each section was designed 

with hemispherical surface features of increasing scale. One section was ideally smooth (Sa=1.19 
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µm) while the remaining three sections had a pattern of adjacent hemispheres of average area peak 

to valley (Rz) of 500 µm, 1000 µm, and 2000 µm respectively. Figure 20 shows the computer 

model with the corresponding fabricated version of growth plate used in this experiment.  

 

                                   (a)                                                   (b)                                                     (c) 

Figure 20. (a) Computer Model, (b) 3D-printed growth plate, and (c) fabricated clay plate 

The surfaces of the plates were scanned with a 3D axial chromatic (non-contact) profilometer 

(Nanovea ST-400, Irvine, CA) with 20 nm resolution in the vertical direction. Figure 21 shows the 

3D view and the 2D line scan of the surface topography of 500 µm section. The fabrication 

dimensional error was less than 1% for all the areas. 



50 
 

 

Figure 21. 3D view and 2D profile of the 500 µm section. 

The pattern made with the 3D printer was then taken to the 3-D Arts Studio in the Department of 

Art at Auburn University for replication in clay. The clay formulation contained: Tile #6 clay 40%, 

Hawthorne fire clay 25%, OM4 ball clay 10%, Custer feldspar 15%, Talc 3%, and Silica 7%. The 

clay was formulated to have controlled porosity and molds were made by slurry hand-pressing. 

After that, 24 tiles were cast and fired in the kilns at this facility. The clay firing cycle lasted 12 

hours per batch with a subsequent cooling cycle of 15 hour duration. 

For each replication, eight plates were placed in a bench-scale benthic algal cultivator (Figure 5) 

in the laboratory71 in two lines in which each line had 4 plates and each plate had different 

orientation than others (Figure 22). The cultivator is a shallow trough in which attached benthic 
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filamentous algae are typically grown on polypropylene screen substratum placed in the bottom of 

the trough. Water pumped from a reservoir continuously flows over the substratum in a thin layer 

(1-2 cm deep) and returns to the reservoir where a submersible pump recirculates it. A tipping 

bucket (wave surge bucket) mechanism provides a periodic wave surge that helps stimulate the 

growth of benthic algae and disperse the nutrients. The cultivator was operated continuously at a 

flow rate of 45 L min-1 with a tipping frequency of 4 min-1. Light was provided continuously by 

two 400 W metal halide grow lamps (Virtual Sun®, La Verne, California) located directly above 

the center of the cultivator. Figure 23 shows lights illumination maps over the bio-cultivator before 

and after changing the height and location of lamps to get experimentally optimum light intensity 

for algal turf. The plates were fixed to the substratum screen with silicon and remained in place 

for 21 days per replication over three replications. 

 

Figure 22. Schematic plan view of tiles location in bio-cultivator 
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(a)                                                                              (b) 

Figure 23. Light illumination map for (a) before calibration and (b) after calibration of lights (lux) 

The cultivator was inoculated with a mixed algal community sampled from local streams that was 

dominated by filamentous benthic algae. The cultivator was dosed daily with commercial F/2 

media (Pentair Co., Apopka, FL) at the recommended loading concentration rate (1 ml nutrient per 

1 gallon of water). In addition, pH, temperature, and conductivity of the water were measured daily 

basis with a handheld combination pH/EC probe (HI 98130, Hanna Instruments, Woonsocket, RI) 

and averaged 7.66 ±0.16, 74.49 ±0.89 oF, and 0.59 ±0.08 mS cm-1, respectively. Both dissolved P 

and N concentrations were measured as PO4-P: 258.33 ±63.36 ppb and NO3-N: 2.42 ±0.99 ppm, 

respectively, using Insta-Test testing pads (LaMotte Co., Chestertown, MD). 

For each replication, photographs were taken with a camera of each tile every other day during 

experiment (Figure 24). For each replication, tiles were removed after 21 days and each section 

within each plate was harvested separately with several methods. These included vacuuming, 

mechanical scraping, and washing with low-pressure distilled water. The biomass collected from 

each section was stored in vials after harvesting each section. Drying process was included first 

weighing aluminum containers and then pouring each vial’s content in one container to oven dry 
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at 105°C and then weighing dried samples with containers to get biomass dry weight72. The 

biomass samples then analyzed with parametric tests to understand the impact of surface texture 

profile height and interstitial spacing on biomass. 

 

Figure 24. Photographs of one tile during one replication  

The species identification was conducted via digital microscopy (400X to 1000X) using a Motic 

optical microscope (Motic Corp., Richmond, BC). Samples were taken and preserved in vials per 

weekly basis to analyze and identify algal species. The microscopic sample preparation included 

a thorough mixing of the vial, which was then transferred to a glass slide for observation. Three 

subsamples each with a volume of 0.063 ml were drawn from each vial and 20 micrographs were 

taken from each subsample. The algae observed in the micrographs were keyed to at least the 

genus level using standard identification keys76. The most dominant species in all subsamples from 

all samples was Mougeotia (Figure 25). 
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(a)          (b)            (c) 

Figure 25. Microscopic view of Species Mougeotia, (a) 100X magnification, (b) 400X magnification, and (c) 

1000X magnification 

6.2 Results 

The statistical analysis performed on algae biomass data per topographic sections were first 

analyzed for underlying ANOVA assumptions, including a test for equal variance and analysis of 

residual plots. After checking conformity of ANOVA assumptions, parametric statistical tests were 

employed. This included the two stage nested design using Minitab balanced ANOVA test 

followed by paired t-test for pairwise comparison. These analyses were used to indicate best 

surface topography for attachment and growth of benthic algal biofilms. 

Harvested biomass from each section for each replication was measured after drying process 

(Appendix II). Figure 26 shows average biomass main effect per each section in each replication 

with a multiple data series graph.  
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Figure 26. Biomass productivity for all replications 

Statistical design for this experiment is two stage nested design, where there is generally four levels 

of topographic sections nested under replications and eight observations per each section (Figure 

27). Both replication and topographic section are assumed fixed factors because they are not 

sampled randomly. 

 

Figure 27. The two-stage nested design for the experiment86 

The data were first analyzed for conformity of the ANOVA assumptions by a test for equal 

variance and analysis of residual plots. Figure 28 shows the result for equal variance test on total 
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biomass in Minitab, which does not show significant differences between variances for biomass. 

Thus, the hypothesis of equal variances cannot be rejected. 

 

Figure 28. Test for equal variances between sections 

Also a test for residuals for ANOVA analysis on biomass results shows normal results with only 

one outlier. Figure 29 shows all the plots and histograms for residual analysis on biomass results 

by Minitab. Further analysis of the biomass data showed that there is no significant difference 

between the three replications of this experiment (p-value = 0.149). 
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Figure 29. Residual plots for biomass data 

After checking conformity of ANOVA assumptions, parametric statistical analysis employed to 

analyze the two-stage nested design for the experiment (Table 5). This relieve on the assumption 

of   topographic designs nested within replications. Results of this analysis are listed in table 5 

with the statistical significance level of α = 0.05. 

Results of statistical analysis for algae biomass shows significant difference between topographical 

sections used in the experiment. Paired t-test were employed for all possible combinations of two 

sections (six separate tests) to find the most effective topographic section for benthic algal spores 

to attach and colonize. Results of paired t-test with 95% of confidence interval for mean difference 
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between all topographic sections showed that section with average peak-to-valley (Rz) of 500 µm 

has the best attachment and growth of benthic algae between all sections. Figure 30 shows the 

main effect plots of algae biomass for all three replicates. 

 

Figure 30. Main effect plots of algae biomass productivity  

6.3 Discussion 

In this investigation the laboratory-based algal turf scrubber system had a community of mostly 

filamentous benthic algae (most commonly Mougeotia sp.). Results showed a notable effect of 

surface topography on attachment and colonization of filamentous benthic algae in this system 

which was not a trend from smoothest to roughest topography, generally. These benthic algal 

species showed significantly more abundance in surfaces on 500 µm section and after that in 2000 

µm than others. The interaction of the various species in the community with the different surface 

topographical feature size is not related to different section’s surface area. Figure 31 perfectly 

shows that surface area for all different topographic sections is the same. That means the difference 
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between amount of benthic algae attached and colonized is not related to difference between 

surface areas.  
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Figure 31. Surface area comparison  

As it was mentioned before, the specific relationship between the colonized surface and algal 

species colonizing them in laboratory-based algal turf scrubber is a complex process with so many 

factors. Also, just similar to previous study, because of close packing of hemispheres in all 

topographic sections, except smooth surface section, interfacial ratio (Sdr) is effectively fixed. The 

size for colonizing zoospore cells of Mougeotia sp. is on the order of 10-15 µm87, which at this 

scale, cells can find attachment on smooth surfaces and smaller features where inactive and more 

inert zones at boundary layers are existing. The cell size is also in the order of Microspora 

willeana, mentioned in previous experiment, which means boundary layer effect, caused by 

different feature sizes, could be an important factor for colonizing cells to find inert zones for 

attachment and colonization. This study showed that 500 µm sections is statistically the best 

feature size for colonizing of benthic filamentous algal community (mostly Mougeotia sp.) which 

could happen because of velocity in boundary layer or interstitial spaces of 500 µm features. For 
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larger filament parts of filamentous algae community, the colonization pattern would be different 

than colonizing cells because of the considerable difference in length. Bigger surface feature area 

such as 2000 µm section could be a better environment for such a broken filament parts for 

reproduction at boundary layer with quiescent zones in their size order. These analyses needs 

further experimentation on isolated reactors with fluid dynamic modeling and matched nutrients 

and other situation as a future study.  
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7. Experiment#3:  Study on 3D-printed polymers under collision 

Based on the application of 3D-printed polymer surfaces, there is always a chance of collisions 

with other objects. Therefore, it is necessary to have an understanding of the effect of such 

collisions on the integrity of the surface as it may affect the productivity of the algal system. 

Behavior of these materials under dynamic contacts especially the history of contact force during 

collision can help with more efficient mechanical designs. However, mechanical properties of the 

rapidly evolving material set available for 3D printing is somewhat limited and quickly rendered 

obsolete. 

In this effort, the focus is on the dynamic behavior of traditional polymer material (e.g. PLA, ABS, 

and acrylic) used in additive manufacturing during collision with a rigid body. This includes both 

the motion of objects before and after the impact and permanent plastic deformations on the weaker 

materials, which is the 3D printed material in this case. Both dynamic and static behavior of the 

material were accounted in the contact force. Due to ease of implementation, the Stronge 

formulation67 for the contact force is used for the static phase of the force. For the dynamic 

behavior of the force, a nonlinear simple damper62 has been incorporated to the Stronge's 

formulation. 

7.1 Materials and Methods 

In order to conduct this experiment, a square-shaped part with four anchor points in corners was 

designed in Solidworks® with dimensions of 76 x 76 x 15 mm. The equipment used to fabricate 

the parts included BigRep ONE® for Industrial PLA and Ultra PLA with FDM technology, 

Makerbot® for PLA with FDM technology, Stratasys® Objet30 using Verowhite® acrylic with 

Poly-jet technology, and Cube® using ABS with FDM technology. The same printing orientation 

pattern with 100% infill rate has been used for all of the methods.   
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The experiments have been designed in order to measure permanent deformation of the plastic 

surface after each impact and motion of the rod. A rounded end stainless steel rod with length L = 

304 mm, diameter D = 8.8 mm, and mass m = 0.567 kg modulus of elasticity of Es = 212 GPa and 

yield strength of Sys = 750 MPa was used. Flat surfaces were 3D-printed and then finished with 

abrasive papers to the smoothest possible surface (Ra between 0.2 to 0.4 µm). The material 

properties of 3D-printed materials are listed in Table 6. 

Table 6: Properties of materials used in experiment  

Type Trade name E (GPa) Sy (MPa) Poisson Ratio (ν) 
PLA Industrial 3.2 37 0.360 
PLA Ultra 2.3 31 0.360 

Acrylic Vero White 2.0 60 0.375 
PLA Makerbot 3.4 48 0.360 
ABS Cube Tough 1.8 28 0.350 

 

The schematic of the experimental setup is shown in Figure 32. The 3D-printed part was fixed on 

a massive metal flat, which itself is fixed to the table. A magnet device is used to drop the rod 

vertically from different heights, H, between 25 mm to 520 mm. A four-head flexible microscopy 

illumination light with a 1000 W projector were used to capture clear videos with minimal noise 

during the impact. 

Each impact was analyzed with two techniques: optical profilometry and image processing. To 

capture motion of the rod before, during, and after the impact, a high-speed camera capable of 

recording up to 200,000 frames per second (fps) was used.  The profile of each deformation was 

measured with an optical profilometer after each impact. The maximum depth in the deformed 

region was defined as permanent deformation. 
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Figure 32: Schematic view of the normal impact 

7.1.1 Surface measurement 

3D-printed parts and rod samples were polished so that the average roughness of the 3D-printed 

surfaces ranged between 0.2 to 0.4 µm. After each impact test, parts were scanned by optical 

profilometer to get 3D images and 2D profiles from deformed regions (Figure 33). The average of 

three cross sections of the deepest points in deformed region was used to measure the permanent 

deformation. Distance between scanned points in X direction and profiles in Y direction was 3 

µm.  

In this study, for each 3D-printed part, 36 experiments for 3 specimens were done at 12 different 

initial velocities from 0.5 m/s to 4.0 m/s. The coefficient of restitution and the permanent 

deformation are calculated for each initial velocity by averaging data from three experiments. 
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Figure 33: Aerial height map and 2D profile of permanent deformation of one impact 

7.1.2 Image processing 

The motion of the rod and the radius of curvature of the tip of the rod have been calculated using 

image-processing techniques. The radius of the curvature is needed in the contact force 

formulation while the motion of the rod is required to calculate the coefficient of restitution. The 

following subsections are explaining the process in detail. 

7.1.2.1 Radius of curvature of the rod 

Radius of curvature of the tip of the rod is an important factor in our contact force formulation. 

Therefore to measure this parameter accurately image-processing technique has been used. A 12 

mega pixel image from the tip of the rod has been used for the measurements. Figure 34(a) shows 

the picture from the tip of the rod. The boundary of the rod has been identified and an eight-order 

polynomial has been fitted on the boundary (Figure 34(b)). The radius of the curvature of the rod 

has been derived from the polynomial as, R = 9.7 mm. 
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Figure 34: The original picture (a), and processing image (b) for the tip of the rod  

7.1.2.2 Motion of the rod 

The velocity of the rod during the tests is required for the model. Each impact collision has been 

recorded using a high speed camera at 10,000 frames per second. Every part of the rod but the tip 

has been painted in black. Two white adhesive strips have been attached to the rod for use in image 

processing (Figure 35(a)). In the image processing each frame has been threshold to pure white 

and pure black (Figure 35(b)). In order to track the motion of the rod, the positions of the three 

edges from the white strips can be calculated. To find the position of the edges, the first derivative 

of the vertical direction can be used. Each pixel has a gray value, g(x, y), which is an 8-bit number 

with x and y as the horizontal and vertical axis respectively. Let the frame size be m×n where m 

and n are the number of rows and columns respectively and the χ(y) be a coefficient that we defined 

as: 

      𝜒𝜒(𝑦𝑦) = ∑ 𝜕𝜕𝜕𝜕(𝑥𝑥,𝑦𝑦)
𝜕𝜕𝑦𝑦

𝑛𝑛
𝑥𝑥=1            (2) 

χ(y) is the sum of vertical first derivation of g(x, y) for all pixels in each row. Figure 35(c) shows 

χ(y) for the same frame as Figure 35(a). The three large peaks show the position of the edges shown 

in Figure 35(b), three horizontal lines. The average positions of these three peaks have been used 
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to calculate the position of the rod. 

 

Figure 35: (a) the image processing procedure of the rod during one of the impacts. (a) The original frame. 

(b) Pure black and white image. (c) χ(y) for (b), sum of the first order vertical derivation. 

Figure 36 shows the vertical position of the rod during an impact test. The minimum point shows 

the instant the impact happens. To find the velocity before and after the impact two lines have been 

fitted on the data after and before the collision (Figure 36). The slopes of the lines show the 

velocities. For this specific experiment the initial vertical velocity is, vi = -3.258 m/s, the final 

vertical velocity is, vf = 1.794 m/s and coefficient of restitution, e = 0.550. 
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Figure 36: Vertical position of the rod during a test for industrial PLA (initial velocity, vi = -3.258 m/s) 

Conventionally, the coefficient of restitution is defined as the ratio between the rebound and initial 

velocities (i.e. Newton's definition) or as the ratio between the restitution and compression 

impulses (i.e. Poisson's definition57) has been used to account for the energy loss during the impact. 

The coefficient of restitution is easy to measure experimentally but has the lack of information for 

the history of the contact force during impact. Recently it was shown that permanent deformations 

after the impact can be used to achieve a better understanding of the history of the contact force 

during impact61,88. 

7.1.3 Theoretical Modeling 

Figure 37 shows schematic of the normal impact of a rod with a flat. The contact force is applied 

on the tip of the rod in the Y-direction. The equation of motion for the rod is: 

     𝑚𝑚�̈�𝛿 = 𝐹𝐹𝑛𝑛 − 𝑚𝑚𝑚𝑚                                                                 (3) 

Where δ is the displacement of the tip of the rod, which is equal to the deformation on the flat, m 
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is the mass of the rod and g is the gravitational acceleration. The equation of motion can be solved 

numerically to simulate the motion of the rod during the impact.  

The contact force Fn can be written as:     

𝐹𝐹𝑛𝑛 = 𝐹𝐹𝑠𝑠(𝛿𝛿) + 𝐹𝐹𝑑𝑑��̇�𝛿�             (4) 

Where Fs and Fd are accounting for the static and dynamic behavior of the material, respectively. 

For Fd during the compression phase we propose the simple nonlinear damper equation: 

𝐹𝐹𝑑𝑑��̇�𝛿� = 𝑏𝑏�̇�𝛿1.5 �̇�𝛿
��̇�𝛿�

 .                                                      (5) 

 

Figure 37: Schematic of the normal impact 

For the Fs, the Stronge's formulation has been used67. The static contact force is divided into two 

main phases, the compression and the restitution. The compression phase starts when the collision 

starts and continues until the relative normal velocity of the objects is zero. At this instant the 
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restitution phases starts and continues until the displacement of the tip, δ gets to permanent 

deformation, δr. 

7.1.3.1 Compression phase 

The compression phase divides into three sub-phases, fully elastic, elastic-plastic and fully plastic 

phase. For the fully elastic phase Hertzian theory89 has been used as following: 

𝐹𝐹𝑠𝑠 = 4
3
𝐸𝐸∗𝑅𝑅∗0.5𝛿𝛿1.5 ,                                                        (6)  

where E* is the effective modulus of elasticity and R* is the effective radius of curvature and can 

be calculated as: 

𝐸𝐸∗−1 = �1−𝑣𝑣𝑟𝑟2�
𝐸𝐸𝑟𝑟

+
�1−𝑣𝑣𝑓𝑓

2�

𝐸𝐸𝑓𝑓
  , 𝑅𝑅∗−1 = 1

𝑅𝑅
+ 1

𝑅𝑅𝑓𝑓
 ,                (7) 

Where vr and vf, Rr and Rf, and Er and Ef are the Poisson's ratio, radius of curvature and modulus 

of elasticity of the rod and the flat, respectively. For our case Rf = ∞ and Er = ∞, therefore R* = Rr 

and 𝐸𝐸∗ = 𝐸𝐸𝑓𝑓/(1 − 𝑣𝑣2). The elastic phase continues until δ = δy, where δy is the deformation in 

which the yield starts: 

𝛿𝛿𝑦𝑦 = 𝑅𝑅∗ �3𝜋𝜋𝑣𝑣𝑦𝑦𝑆𝑆𝑦𝑦
4𝐸𝐸∗

�
2

 ,            (8) 

   

Where the Sy is the yield strength of the flat. 

The elastic-plastic phase starts at δ = δy. The contact force is calculated from Stronge’s67 as: 

𝐹𝐹𝑠𝑠 = 𝐹𝐹𝑦𝑦 �
𝑎𝑎
𝑎𝑎𝑦𝑦
�
2
�1 + 0.67𝑣𝑣𝑦𝑦−1𝑙𝑙𝑛𝑛 �

𝑎𝑎
𝑎𝑎𝑦𝑦
�� ,          (9) 

Where a/ay and Fy can be calculated as: 

𝑎𝑎
𝑎𝑎𝑦𝑦

= �2𝛿𝛿
𝛿𝛿𝑦𝑦
− 1�

0.5
 ,   𝐹𝐹𝑦𝑦 = 𝑣𝑣𝑦𝑦𝑆𝑆𝑦𝑦𝑅𝑅∗2𝜋𝜋 �

3𝜋𝜋𝑣𝑣𝑦𝑦𝑆𝑆𝑦𝑦
4𝐸𝐸∗

�
2
        (10) 

The fully plastic phase starts at 𝛿𝛿 = 𝛿𝛿𝑝𝑝 = 84𝛿𝛿𝑦𝑦, and δp is the instant in which the fully plastic 

phase starts. The fully plastic contact force is: 
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     𝐹𝐹𝑠𝑠 = 2.8𝐹𝐹𝑦𝑦
𝑣𝑣𝑦𝑦

�2𝛿𝛿
𝛿𝛿𝑦𝑦
− 1�                                                          (11) 

7.1.3.2 Restitution phase 

The restitution starts at �̇�𝛿 = 0, at this instant 𝛿𝛿 = 𝛿𝛿𝑚𝑚 and 𝐹𝐹𝑠𝑠 = 𝐹𝐹𝑚𝑚. The restitution phase continues 

until δ = δr, and δr is the permanent deformation. The contact force for the restitution phase follows 

the Hertzian theory and can be calculated as:        

              𝐹𝐹𝑠𝑠 = 4
3
𝐸𝐸∗𝑅𝑅𝑟𝑟∗0.5(𝛿𝛿 − 𝛿𝛿𝑟𝑟)1.5 ,                                              (12) 

And 

       𝑅𝑅𝑟𝑟∗ = �4
3
𝐸𝐸∗𝐹𝐹𝑚𝑚�

2 1
(𝛿𝛿𝑚𝑚𝛿𝛿𝑟𝑟)3 .          (13) 

The permanent deformation has been measured from the experimental results for each material 

presented in the following section. The general empirical equation for the permanent deformation 

is proposed as: 

𝛿𝛿𝑟𝑟
𝛿𝛿𝑚𝑚

= 𝜆𝜆1 �
𝛿𝛿𝑚𝑚
𝛿𝛿𝑦𝑦
�
𝜆𝜆2

 ,           (14) 

Where λ1 and λ2 have been found from the experiments for each material. For the dynamic force, 

𝐹𝐹𝑑𝑑��̇�𝛿� during the restitution phase we propose the following formula: 

𝐹𝐹𝑑𝑑��̇�𝛿� = 𝑏𝑏��̇�𝛿�
1.5
� 𝛿𝛿−𝛿𝛿𝑟𝑟
𝛿𝛿𝑚𝑚−𝛿𝛿𝑟𝑟

� �̇�𝛿
��̇�𝛿�

 ,          (15) 

Which satisfies the boundary conditions during the restitution phase at maximum deformation and 

at permanent deformation. 

7.2 Results and discussion 

Figure 38 shows the experimental results for the coefficient of restitution as a function of initial 

velocity for different 3D-printed materials. Initial velocity for all experiments ranged from 0.5 to 

4 m/s. Industrial PLA and VeroWhite Polyjet showed the largest and Ultra PLA shows smallest 
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coefficients of restitution for most initial velocities. Coefficients of restitution appear to be 

decreasing with increase in initial velocity. Also it can be seen that the coefficient of restitution is 

converging to a constant value for higher initial velocities which matches the previous studies in 

the field of mechanical impact62,69. For low velocities, part of the contact region deforms elastically 

and a part is deforming plastically while for higher velocities almost whole impact regime is under 

plastic deformation, therefore, more energy will be lost during impact and COR decreases. The 

same trend could be approximately predicted for COR of each material. The material that can go 

under higher deformations and stay elastic such as Polyjet should yield higher values for COR, 

while weaker materials such as ABS and Ultra PLA should result in smaller COR61,63,65,69. 

 

Figure 38. Coefficient of restitution vs. an initial impact velocity. 

Figure 39 represents the permanent deformation after the impact as a function of the initial 

velocity. The permanent deformation increases with the increase of the initial velocity. Cube ABS 
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and then Ultra PLA show larger permanent deformations with significant difference compare to 

other materials. It could also be predicted from the material properties that the Cube ABS with the 

smallest yield strength deforms more than the other materials. Makerbot PLA and then Industrial 

PLA show shallower permanent deformations. Same as COR, materials that can be on elastic phase 

for higher velocities such as Industrial PLA and Makerbot PLA would have less deformation than 

weaker materials such as ABS and Ultra PLA which for higher velocities their impact regime is 

mostly under plastic deformation64,88. 

 

Figure 39. Permanent deformation vs. an initial impact velocity 

Permanent deformation for VeroWhite Polyjet were as measured as 10 times smaller than the 

average roughness (Ra) of the surface, therefore the deformations for this material has been 

assumed negligible. This would be mostly because of the difference between technologies for 

printing polymers of Polyjet system and extrusion-based FDM systems for other materials tested 

in this experiment. In Polyjet, an acrylic photopolymer is projected over the printed object and 
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curing to its succeeding by ultraviolet (UV) radiation. When the layer has been cured, the tray goes 

downhill a layer (28 µm) along the Z axis, and this procedure is repeating until the part is 

accomplished90,91. But in extrusion based systems, the part is made by extruding small strings of 

molten materials to form layers as the material (150-200 µm thickness) becomes hard immediately 

after extrusion from the nozzle92. Based on the nature of the processes it can be concluded that, 

polyjet based materials would have much stronger bonding between layers than extrusion based 

materials which have thicker layers with no UV curing process, and then very stronger structure 

under impact in the range of this experiment’s initial velocities. This could make difference 

between elastic and plastic phase of Polyjet Verowhite with other material in this study, which is 

almost totally elastic for Polyjet in the range of initial velocities of this experiment. Figure 40 

shows a micrograph of a printed part with polyjet system using Keyence VHX-1000 digital 

microscope with 100x magnification which still does not show the printed layers clearly versus 

extrusion-based printed part, using same microscope and magnification, which clearly shows the 

printed layers with less than 4x magnification picture.  

 

   (a)                                                                                           (b) 

Figure 40. Polyjet printed part (a), extrusion based (FDM) printed part 



74 
 

Using the numerical simulations and the experimental results an empirical equation, Eq. (14) has 

been fitted for the permanent deformation of each of the materials. First, the experimental results 

for the permanent deformation, Figure 39, has been used to find λ1 and λ2 in Eq. (14). The results 

for each of the materials is presented in Table 7. Second, the damping coefficient in Eq. (5) for 

each of the materials has been found, Table 7. 

Table 7. Damping coefficient, b, (Eq. 5), λ1 and λ2 (Eq. 14) 

Material b (kg/s) λ1 λ2 
Industrial PLA 365 0.000393 1.219 

Ultra PLA 550 0.008766 0.817 
Polyjet Vero White 496 - - 

Makerbot PLA 535 0.004606 0.786 
Cube Tough ABS 410 0.049270 0.514 

 

To calculate the damping coefficient, b, for each of the materials the experimental results of 

coefficient of restitution for different initial velocities have been used. For each material 

the nonlinear differential equation of motion for a range of damping coefficient has been solved 

using the Runge-Kutta numerical integration method. The numerical results then have been 

compared with the experimental values of COR for all of the initial velocities. The average error 

between the experiments and the theory has been calculated for each value of the damping 

coefficient, b, of the corresponding material. The damping coefficient, b, with the least error has 

been chosen for each of the materials. 

Now this will give only one damping coefficient for each material; however, it should be 

considered that this damping coefficient takes both the value and the curvature of the COR as a 

function of initial velocity. The damping coefficient cannot be solved for each of the experimental 

results, because the nonlinear differential equations are irreversible in time. 

The results presented in Table 7 along with Equations (3-15) can be used to simulate the impact 
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for each of these materials. Figure 41 shows the comparison between the results from Table 7 with 

the experimental data for coefficient of restitution for each of the materials. As it can be seen the 

proposed model matches the experimental results for all of the materials. The average error 

between the experiments and the model is less than 5%. 

 

Figure 41. Verification of the formulation for coefficient of restitution of each of the materials. 

Figure 42 shows the comparison between the model and the experimental data for the permanent 
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deformation. The models show a good agreement with average error less than 5% compare to the 

experiments. Results for the VeroWhite polyjet material is not presented because for the initial 

velocity range in our experiments the permanent deformations were negligible. 

 

Figure 42. Verification of the formulation for permanent deformation of each of the materials. 

To match the model to the experiments for the permanent deformation and the coefficient of 

restitution, both the history of the contact force and the impulse during the impact should follow 

the material behavior. This would show that the proposed model matches the behavior of the 

materials. 

Finally the material behavior during impact can be simulated using the proposed formulation. 

Figure 43 shows the contact force as a function of deformation for all of the materials. The initial 

velocity of the impact is vi = 0.68 (m/s) for all materials. The force starts with a positive value at 
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δ = 0 because of the existence of a damper in the model. With the increase of the deformation the 

contact force increases until reaches the maximum value. At this instant the velocity is zero and 

the restitution phase starts. The difference between the maximum force and deformation of 

different materials is because of elastic phase of stronger materials such as Industrial PLA and 

Makerbot PLA than weaker ones which have less elastic phase and will get more maximum and 

permanent deformation, as it was mentioned before. During the restitution phase the contact force 

decreases until the deformation reaches the permanent deformation, δ = δr. The impact ends at this 

instant and the contact force is zero. 

 

Figure 43. Contact force during the impact vs. deformation of the flat 

The experimental and theoretical methods used in this research could be applied for other polymers 

to find same parameters for predicting permanent deformation and coefficient of restitution of 

these materials. 
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8. Sources of uncertainty 

There are some sources for uncertainty in this study which could be considered for future similar 

experiments or follow-up researches. In the first experiment uncertainty would come from multiple 

sources. All growth plates were printed by Stratasys Objet30 3D-printer with 28 µm layer 

thickness resolution. Since the research was done in the Chewacla creek bed and it is not perfectly 

flat, there would be chances of unequal light intensity getting to the tiles. In the harvesting process, 

because it was done manually, there would be very low percentage chance of attached biofilm 

remaining between features of surfaces. In the sampling for identifying algal species, there is 

always certain chances of not sampling all harvested biofilms to identify, since it is, almost, not 

possible to identify all harvested bios. In identifying process, two trained technicians were used to 

do the process to get the least chance of uncertainty, but still there would be chances to not 

identifying right species from micrographs.  

In second experiment sources of uncertainty would come from several actions as well. Same would 

happen during harvesting tiles which is not completely harvesting in textures areas. There would 

be chances of uncertainty during weighing process for aluminum containers for both before and 

after oven drying. However, there was a proper cooling process before weighing containers after 

oven drying, still, there would be little chances of changing the weight of containers. All surfaces 

were scanned by Nanovia ST-400 optical profilometer with lateral resolution of 1.55 µm and Z 

resolution of 20 nm. For taking micrographs during identification process, Motic B1-220 binocular 

microscope with 40x, 100x, 400x, and 1000x magnifications was used. Also, Acculab ALC scale 

with 0.1 mg accuracy was used for weighing samples. 

In the third experiment, the difference between additive manufacturing technologies would be a 

source of uncertainty where polyjet has different printing system and pattern than other FDM 
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machines. Experimental parts were tried to be smooth as possible (average roughness between 0.2 

to 0.4 µm), but all parts do not have exact same surface roughness necessarily. During scanning 

impacted surfaces to find deepest point as permanent deformation, average of three deepest 2-D 

profiles was used, which may not be the exact deepest point for each impact. Also, to find initial 

and final velocity of rod during each impact, position of the tip of the rod has been found with 

finding the average of three horizontal lines from image processing for every moment which may 

not be the exact position. To find theoretical coefficient of restitution and maximum deformation 

(δm) numerical simulation with ordinary differential equation (ODE) in Matlab was employed 

which would not be exact method for finding the parameters.        
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9. Conclusions 
Improving algal cell density attached to surface by knowing different species attachment 

preferences and understand surface characterization to increase algal biomass has been 

investigated because of their application in aquatic pollution recovery, water quality 

improvements, as well as biomass production for various economic uses including protein 

production and biofuels. 

Additive manufacturing, or 3D printing, was shown to be effective in making surface feature 

elements for experimentation into colonization dynamics of periphyton communities. Printed 

surface features of scales ranging from 100 to 2000 μm were successfully deployed to expose scale 

preferences for colonization for various species of a mixed periphyton community. Some species 

showed significant preferences for surface feature sizes of a particular scale range. Microspora 

wileana displayed a preference for surfaces with topographic feature sizes less than 500 μm, and 

Stigeoclonium tenue displayed a preference for surfaces with topographic feature sizes less than 

or equal to 100 μm and greater than or equal to 1500 μm. In other attempt for biomass analysis, 

clay tiles with different surface features deployed in laboratory-based bio-reactor. The dominant 

species in filamentous benthic algal community of this study was Mougeotia sp, which showed 

more attachment and colonization in 500 μm topographic section among others.  

Through demonstrating the effect of surface topographic feature size on colonization dynamics of 

individual species, the surface feature size was shown to have an effect on the overall species 

diversity and amount of biomass of the colonizing periphyton community. These results suggest 

that surface design using additive manufacturing or other technologies may be used to affect 

species composition and dominance relationships in a mixed community in engineered systems 

for algal cultivation. 
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These research efforts aim to demonstrate important role of surface texture in algal attachment by 

changing area of contact between the algal cells and solid carrier surface as well as the potential 

for increasing the yield and productivity of algal biosystems. Surface characteristics, such as 

texture, are key factors in attachment of algal cells and maintaining integrity of growth surface 

topography. Several theories are applied to examine interaction between algal cells and surfaces, 

also to understand behavior of these solid carrier surfaces under dynamic contact forces.  

In other effort, to investigate an important mechanical property of 3D-printed polymers which are 

using in different applications, five different 3D-printed materials have been analyzed during the 

impact. The contact force during the impact for each of the materials has been modeled. A damping 

force has been added to the Stronge's formulation for the impact. Behavior of each of the materials 

during the impact has been analyzed experimentally for both the coefficient of restitution and the 

permanent deformations. Experimental results have been used to find the needed coefficients in 

the formulation for each of the materials. Model were proposed to predict the behavior of these 

3D-printed polymers under low speed collision. Proposed formulation showed very good 

agreement with experimental results with minimum error. This achievement means mechanical 

designs for future applications of these 3D-printed polymers could be more efficient and effective. 

The potential contributions of this work will include: 

• Fundamental knowledge of species selectivity by substrata topography that will aid in 

bioreactor designs for exclusion/inclusion of species that would increase efficiencies in 

water treatment or biomass applications. 

• Fundamental knowledge of the relationship between growth rates and surface topography 

that would increase the biomass yield and regeneration cycles, thus improving the 

economics of such systems. 
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• A better understanding of the behavior of materials used in polymer 3D printing under low 

velocity collision to aid in the design and selection for natural environment applications. 

As future study, bioreactors can be designed with more controlled and isolated situations for every 

species studied in this research, with changing only one factor, such as light intensity, nutrient 

level or type, and temperature at a time.  Also, for every algal cell investigated in this study, cell 

attachment patterns can be investigated in detail, as well as fluid dynamic models for different 

bioreactors. 

For mechanical impact study, there are several parameters in 3D-printed machines that can affect 

the permanent deformations and coefficient of restitution of printed polymers investigated in this 

study. Parameters such as porosity of printed part, average roughness of impacted surfaces, 

printing pattern and layer thickness of 3D-printing machines, and layer (film) of lubricant on 

surface can be changed for each experiment and be studied in future research. 
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Appendix I: Raw data of all identified and unidentified algal species (Experiment #1) 
 
 

 

Down 1-1 Sub-1 Sub-2 Sub-3 Sub-1 Sub-2 Sub-3 Sub-1 Sub-2 Sub-3 Sub-1 Sub-2 Sub-3 Sub-1 Sub-2 Sub-3 Sub-1 Sub-2 Sub-3 Sub-1 Sub-2 Sub-3

Down 1-2 Sub-1 Sub-2 Sub-3 Sub-1 Sub-2 Sub-3 Sub-1 Sub-2 Sub-3 Sub-1 Sub-2 Sub-3 Sub-1 Sub-2 Sub-3 Sub-1 Sub-2 Sub-3 Sub-1 Sub-2 Sub-3

Down 1-3 Sub-1 Sub-2 Sub-3 Sub-1 Sub-2 Sub-3 Sub-1 Sub-2 Sub-3 Sub-1 Sub-2 Sub-3 Sub-1 Sub-2 Sub-3 Sub-1 Sub-2 Sub-3 Sub-1 Sub-2 Sub-3

Down 2-1 Sub-1 Sub-2 Sub-3 Sub-1 Sub-2 Sub-3 Sub-1 Sub-2 Sub-3 Sub-1 Sub-2 Sub-3 Sub-1 Sub-2 Sub-3 Sub-1 Sub-2 Sub-3 Sub-1 Sub-2 Sub-3

Down 2-2 Sub-1 Sub-2 Sub-3 Sub-1 Sub-2 Sub-3 Sub-1 Sub-2 Sub-3 Sub-1 Sub-2 Sub-3 Sub-1 Sub-2 Sub-3 Sub-1 Sub-2 Sub-3 Sub-1 Sub-2 Sub-3

Down 2-3 Sub-1 Sub-2 Sub-3 Sub-1 Sub-2 Sub-3 Sub-1 Sub-2 Sub-3 Sub-1 Sub-2 Sub-3 Sub-1 Sub-2 Sub-3 Sub-1 Sub-2 Sub-3 Sub-1 Sub-2 Sub-3

2 132 2 2 1Smooth

221 12000 1 1

1 31 11 1 11500

3 134 2 1 21000 1 1

11 2500

2 11 3 2100 2 2

11Smooth 1

2 112 12000 1 2

1 2 3 32 15 1 11500 1

21 11 1 11000 1 1 1 2

11 12500 2

3 11 1 51 3100 1 1 2 2

1 5 9Smooth

5 41 12000 1 2

1 4 1 8211500

41 1 31 11000 1

1 4 32 1500

11 2 51 2100 2

1 22 2 1 11 1 2 3Smooth

22 11 1 2 12000 1

1 22 11500

111000 1 2

1 1 22 21500 1

21 11 1 2100 2 1

1 3 5 511 1 1 1 1Smooth 1

1 11 11 2 2 1 22000 2 1 2 2

1 221 1 11500 1

1 11 11 1 2 21000 1

1 223 1 3 1 1 2500

2 11 12 1100 1

3 1 1 5 61 11 1 2 2Smooth 1

3 21 2 21 1 42000 2 1 3 2

4 1 21 2 11500 2

3 321 11000 4 1 2

2 5 1 51 11 2500

3 41 1 31 1 2 3 1100 2 1



94 
 

 
 
 
 
 
 

UP 1-1 Sub-1 Sub-2 Sub-3 Sub-1 Sub-2 Sub-3 Sub-1 Sub-2 Sub-3 Sub-1 Sub-2 Sub-3 Sub-1 Sub-2 Sub-3 Sub-1 Sub-2 Sub-3 Sub-1 Sub-2 Sub-3

UP 1-2 Sub-1 Sub-2 Sub-3 Sub-1 Sub-2 Sub-3 Sub-1 Sub-2 Sub-3 Sub-1 Sub-2 Sub-3 Sub-1 Sub-2 Sub-3 Sub-1 Sub-2 Sub-3 Sub-1 Sub-2 Sub-3

UP 1-3 Sub-1 Sub-2 Sub-3 Sub-1 Sub-2 Sub-3 Sub-1 Sub-2 Sub-3 Sub-1 Sub-2 Sub-3 Sub-1 Sub-2 Sub-3 Sub-1 Sub-2 Sub-3 Sub-1 Sub-2 Sub-3

UP 2-1 Sub-1 Sub-2 Sub-3 Sub-1 Sub-2 Sub-3 Sub-1 Sub-2 Sub-3 Sub-1 Sub-2 Sub-3 Sub-1 Sub-2 Sub-3 Sub-1 Sub-2 Sub-3 Sub-1 Sub-2 Sub-3

UP 2-2 Sub-1 Sub-2 Sub-3 Sub-1 Sub-2 Sub-3 Sub-1 Sub-2 Sub-3 Sub-1 Sub-2 Sub-3 Sub-1 Sub-2 Sub-3 Sub-1 Sub-2 Sub-3 Sub-1 Sub-2 Sub-3

UP 2-3 Sub-1 Sub-2 Sub-3 Sub-1 Sub-2 Sub-3 Sub-1 Sub-2 Sub-3 Sub-1 Sub-2 Sub-3 Sub-1 Sub-2 Sub-3 Sub-1 Sub-2 Sub-3 Sub-1 Sub-2 Sub-3

1 2 3 71 1Smooth

3 21 22000 1

3 3 5111500

4 41 111000 1

11 11500

51 6100 1 3

2 7 3 222 2 1Smooth

3 5312000 1 1

3 5 111 11500

9 91 521000 1

1 7 5 411 1 1500 1

10 34 1 7100

6 5 71Smooth

4 3312000

3 3 31500

3 2311000 1

1 1 8 3 411 1 1500

4 61 61100 1

1 4 42Smooth

3 3512000

6 5 61 11500

3 431000

3 1500

7 33100

100 1 1 2 2 1 3 1

500 1 1 2 1 1 2 2 1

1000 1 1 1 2 1 3

1500 1 1 1 2 4 2 6

2000 1 1 2 2 4 6 2

Smooth 1 1 5 2 3

100 1 1 1 1 1 2 1 1 5 2

500 1 1 2 2 1 1 1

1000 2 1 1 6 4 3

1500 1 1 1 1 2 1 2 4

2 2 5 7 3

3 1

1 1 1 1

Smooth 1 1 3

2000

3 4 2 1 1
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Sub-1 Sub-2 Sub-3 Sub-1 Sub-2 Sub-3 Sub-1 Sub-2 Sub-3 Sub-1 Sub-2 Sub-3 Sub-1 Sub-2 Sub-3 Sub-1 Sub-2 Sub-3 Sub-1 Sub-2 Sub-3

Sub-1 Sub-2 Sub-3 Sub-1 Sub-2 Sub-3 Sub-1 Sub-2 Sub-3 Sub-1 Sub-2 Sub-3 Sub-1 Sub-2 Sub-3 Sub-1 Sub-2 Sub-3 Sub-1 Sub-2 Sub-3

Sub-1 Sub-2 Sub-3 Sub-1 Sub-2 Sub-3 Sub-1 Sub-2 Sub-3 Sub-1 Sub-2 Sub-3 Sub-1 Sub-2 Sub-3 Sub-1 Sub-2 Sub-3 Sub-1 Sub-2 Sub-3

Sub-1 Sub-2 Sub-3 Sub-1 Sub-2 Sub-3 Sub-1 Sub-2 Sub-3 Sub-1 Sub-2 Sub-3 Sub-1 Sub-2 Sub-3 Sub-1 Sub-2 Sub-3 Sub-1 Sub-2 Sub-3

Sub-1 Sub-2 Sub-3 Sub-1 Sub-2 Sub-3 Sub-1 Sub-2 Sub-3 Sub-1 Sub-2 Sub-3 Sub-1 Sub-2 Sub-3 Sub-1 Sub-2 Sub-3 Sub-1 Sub-2 Sub-3

Sub-1 Sub-2 Sub-3 Sub-1 Sub-2 Sub-3 Sub-1 Sub-2 Sub-3 Sub-1 Sub-2 Sub-3 Sub-1 Sub-2 Sub-3 Sub-1 Sub-2 Sub-3 Sub-1 Sub-2 Sub-3

6 7 82 11

4 6 1 1 15 2 11 21

2 2 8 102 2 1 2

6 5 21 71

214 9 8 11 1 1 2

1 3 1 12 1 5

9 15 42 6

7 3 11 52

11 7 5 6 11 1

7 6 1 21 1 91

6 6 101 1 21

5 4 4 25 4 1 107

23 4 24 1 1 3

6 5 1 1 15 1 7

16 8 72

6 6 1 21 1 1 1 2 41 1 11

11 1 7 7 6 11 1

6 5 1 12 1 52

1 113 8 7 11 11

7 10 171

1 10 11 112 2 1 1

4 72 1 1 721

1 8 4 6 1

11 9 1 11 1 1 8

3 11 1 9 4 11 43 2 1

17 11 2 2 12 1 1 14

0 110 12 6 03 2 1

4 4 0 0 01 1 1 101 2

1 01 1 5 9 11 21 1 11

8 7 0 1 01 1 71 1 1

1 11 1 13 5 10 02

13 12 0 0 11 1 1 821

1 01 7 7 7 21 11.33 1

4 9 2 3 12 1 131

1 26 3 7 1

1 2 12 1 103 2

Unidentified Diatoms Unidentified Algae

8 7
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Sub-1 Sub-2 Sub-3 Sub-1 Sub-2 Sub-3 Sub-1 Sub-2 Sub-3 Sub-1 Sub-2 Sub-3 Sub-1 Sub-2 Sub-3 Sub-1 Sub-2 Sub-3 Sub-1 Sub-2 Sub-3

Sub-1 Sub-2 Sub-3 Sub-1 Sub-2 Sub-3 Sub-1 Sub-2 Sub-3 Sub-1 Sub-2 Sub-3 Sub-1 Sub-2 Sub-3 Sub-1 Sub-2 Sub-3 Sub-1 Sub-2 Sub-3

Sub-1 Sub-2 Sub-3 Sub-1 Sub-2 Sub-3 Sub-1 Sub-2 Sub-3 Sub-1 Sub-2 Sub-3 Sub-1 Sub-2 Sub-3 Sub-1 Sub-2 Sub-3 Sub-1 Sub-2 Sub-3

Sub-1 Sub-2 Sub-3 Sub-1 Sub-2 Sub-3 Sub-1 Sub-2 Sub-3 Sub-1 Sub-2 Sub-3 Sub-1 Sub-2 Sub-3 Sub-1 Sub-2 Sub-3 Sub-1 Sub-2 Sub-3

Sub-1 Sub-2 Sub-3 Sub-1 Sub-2 Sub-3 Sub-1 Sub-2 Sub-3 Sub-1 Sub-2 Sub-3 Sub-1 Sub-2 Sub-3 Sub-1 Sub-2 Sub-3 Sub-1 Sub-2 Sub-3

Sub-1 Sub-2 Sub-3 Sub-1 Sub-2 Sub-3 Sub-1 Sub-2 Sub-3 Sub-1 Sub-2 Sub-3 Sub-1 Sub-2 Sub-3 Sub-1 Sub-2 Sub-3 Sub-1 Sub-2 Sub-3

14 1 5 22 1 2

3 4 3 1 21 5 58

25 10 51 1 2

6 12 11 5

24 7 411

9 4 3 33 2 31

1 11 4 6 52

7 8 1 2 23 1 311

10 4 6 32

9 4 1102

1 31 9 11 14 31

6 5 1 212

24 4 32 1 2

3 31 1 1

12 4 6

2 9 22 3

4 4 8 21

6 2 12 53

11 21

4 41 4 31

5 71 3

3 1 11 2

2 11

2 1 21 21

5 4 1 14 11 13 2 1

2 2 7 7 7 1 1 1

2 8 5 10 3 1

2 1 5 10 4 1 3

1 3 2 13 7 7 2 2

1 1 2 1 6 1

2 3 4 4 1 1 1

1 2 2 7 9 1

1 5 2 1

3 3 1

5 6

1 3 3 2 1

1

1

1 2

9 5 4 1 2 1

8 5 3 1 21 4

12 9 5
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Appendix II:  Raw data of all replications (Experiment #2) 
 
Replication 1 results: 
 

2000 3.9346 4.0123 0.0777
1000 3.9319 3.9677 0.0358
500 3.9141 4.022 0.1079

Plain 3.8978 3.9012 0.0034
2000 3.9187 4.0049 0.0862
1000 3.8268 3.9644 0.1376
500 3.9149 3.9976 0.0827

Plain 3.9249 3.9487 0.0238
2000 3.8803 3.9615 0.0812
1000 3.9163 3.9765 0.0602
500 3.8819 3.9521 0.0702

Plain 3.885 3.9018 0.0168
2000 3.9139 4.0391 0.1252
1000 3.9058 3.9985 0.0927
500 3.949 4.0804 0.1314

Plain 3.8748 3.9549 0.0801
2000 3.8953 4.0304 0.1351
1000 3.9182 3.9328 0.0146
500 3.8999 4.0848 0.1849

Plain 3.9033 3.9154 0.0121
2000 3.8863 4.0001 0.1138
1000 3.9034 3.9871 0.0837
500 3.9051 4.0458 0.1407

Plain 3.9087 3.9728 0.0641
2000 3.9387 4.0767 0.138
1000 3.9084 3.9819 0.0735
500 3.9254 4.0855 0.1601

Plain 3.9078 4.0023 0.0945
2000 3.901 4.0097 0.1087
1000 3.9417 3.9953 0.0536
500 3.9367 4.0656 0.1289

Plain 3.8956 3.9698 0.0742

8

Weights in Grams
Before 
Heating

After 
Heating 

Biomass

1

2

3

4

5

6

7
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Replication 2 results: 
 

2000 3.9946 4.1105 0.1159
1000 3.9489 4.1061 0.1572
500 3.9076 4.0752 0.1676

Plain 3.9912 4.0237 0.0325
2000 3.9621 4.1026 0.1405
1000 3.8721 3.9519 0.0798
500 3.9309 4.1071 0.1762

Plain 3.9782 4.0548 0.0766
2000 3.9021 4.0525 0.1504
1000 3.8953 4.1549 0.2596
500 3.9433 4.12 0.1767

Plain 3.958 4.0058 0.0478
2000 3.9264 4.0721 0.1457
1000 3.9171 4.0203 0.1032
500 3.8838 4.0791 0.1953

Plain 3.8721 3.9508 0.0787
2000 3.8869 4.0525 0.1656
1000 3.8995 4.0096 0.1101
500 3.911 4.158 0.247

Plain 3.9044 3.9971 0.0927
2000 3.8657 3.9684 0.1027
1000 3.8635 3.9396 0.0761
500 3.8897 4.111 0.2213

Plain 3.8871 3.969 0.0819
2000 3.8986 4.113 0.2144
1000 3.9253 4.0399 0.1146
500 3.9069 4.1585 0.2516

Plain 3.8868 3.9797 0.0929
2000 3.9056 4.0787 0.1731
1000 3.9342 4.0306 0.0964
500 3.8847 4.0986 0.2139

Plain 3.8946 3.9766 0.082

8

Weights in Grams
Before 
Heating

After 
Heating 

Biomass

1

2

3

4

5

6

7
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Replication 3 results: 
 

2000 3.8807 4.0589 0.1782
1000 3.9565 4.0713 0.1148
500 3.9704 4.1575 0.1871

Plain 3.9505 4.088 0.1375
2000 3.9121 4.0538 0.1417
1000 3.9489 4.0667 0.1178
500 3.8739 4.0285 0.1546

Plain 3.894 3.9859 0.0919
2000 3.9409 4.1179 0.177
1000 3.9987 4.1294 0.1307
500 3.8619 4.0484 0.1865

Plain 3.9975 4.1371 0.1396
2000 3.9651 4.1583 0.1932
1000 3.9652 4.1508 0.1856
500 3.982 4.1716 0.1896

Plain 4.0034 4.0846 0.0812
2000 3.9969 4.2161 0.2192
1000 3.9547 4.0891 0.1344
500 4.0003 4.1845 0.1842

Plain 4.0018 4.1259 0.1241
2000 3.983 4.1116 0.1286
1000 3.9768 4.1044 0.1276
500 3.9923 4.1827 0.1904

Plain 3.9949 4.1084 0.1135
2000 3.9675 4.2081 0.2406
1000 3.9698 4.1037 0.1339
500 3.9694 4.2038 0.2344

Plain 3.9573 4.0581 0.1008
2000 3.998 4.142 0.144
1000 3.9481 4.0366 0.0885
500 3.9627 4.1704 0.2077

Plain 3.9896 4.0767 0.0871

8

Weights in Grams
Before 
Heating

After 
Heating 

Biomass

1

2

3

4

5

6

7
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Appendix III: Log data from bioreactor (experiment #2) 
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Log data for experiment #2: 
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Appendix IV: Raw data for experiment #3 
 
Industrial PLA: 
 

 
 
 
 
 
 
 
 

e sf ef th Vi Vf e PD
0.647 500 750 50
0.705 450 700 90
0.734 450 700 90
0.707 800 1100 80
0.55 800 1000 40

0.7432 950 1150 90
0.747 350 550 70

0.6354 400 600 70
0.6563 400 600 70
0.6462 200 450 70
0.6558 200 450 70
0.6493 200 450 70
0.61107 250 400 70

0.631 200 400 70
0.64974 200 400 70
0.6449 150 400 70
0.633 150 400 70

0.6349 150 400 70
0.4856 100 350 70
0.6148 100 350 70
0.549 100 300 70

0.54323 100 300 70
0.5419 100 300 70

0.56 100 300 70
0.5652 100 300 70
0.5421 100 300 70
0.559 100 300 70

0.5657 100 300 70
0.5661 100 300 70
0.5175 20 250 70
0.5242 20 250 70

0.5636

0.52085

0.695333

0.666733

0.679567

0.650433

0.630603

0.63761.398433

1.34247

1.549367

1.73882

0.5502

0.54471

0.555767

1.970833

1.99555

2.44445

2.8433

3.128133

3.496467

3.83255

0.475133

0.75193

0.993933

1.127433

1.234103

2.192633

0.684367

1.128533

1.462673

1.732977

1.958767

12.12333

8.06

10.47

19.24333

16.56

65.87667

24.18667

24.45333

35.26333

57.55667

56.31667
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Industrial PLA (continue) 
 

 
 
 
 
 
 
 
 

EXP# W1 W2 PD
1 1689.12 1236.96 3.1
2 4243.14 4429.35 18.67
3 4314.39 4310.59 14.6
4 3055.98 2579.02 9.26
5 3002.01 4615.79 4.25
6 3219.22 3191.63 10.67
7 3647.89 4061.88 8.77
8 3764.12 3252.23 11.37
9 3666.44 3866.82 11.27
10 4120.7 4266.82 16.33
11 4119.85 4148.64 18.78
12 4164.59 4164.79 22.62
13 4293.97 4324.88 16.41
14 4253.14 4429.35 18.67
15 4314.39 4300.59 14.6
16 4365.42 4613.99 29.31
17 4498.12 4634.88 22.59
18 4508.33 4530.42 20.66
19 4814.55 4770.69 23.22
20 4838.28 4781.13 24
21 4773.72 4896.05 26.14
22 5222.84 5136.32 33.64
23 5324.91 5296.41 37.11
24 5273.88 5240.78 35.04
25 5620.92 5595.97 56.3
26 5656.85 5558.04 57.56
27 5634.29 5615.86 58.81
28 5758.24 5743.05 55.71
29 5780.88 5731.49 50.24
30 5859.81 5881.81 63
31 5950.02 5928.06 64.36
32 6040.23 6043.69 63.66
33 6096.61 6124.63 69.61
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Ultra PLA: 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

EXP# vi vf e sf ef th Vi Vf e PD
1 -3.8065 1.56802 0.4119 50 200 80
2 -4.007 1.2899 0.3218 50 250 70
3 -3.8318 1.4845 0.3874 50 250 60
4 -3.4526 1.4622 0.4235 50 250 60
5 -3.4835 1.41405 0.40592 50 250 60
6 -3.4905 1.3919 0.3987 50 250 60
7 -3.2028 1.30313 0.4069 50 250 60
8 -3.1453 1.26499 0.4021 50 250 60
9 -3.1742 1.2896 0.4062 50 250 60
10 -2.73 1.067 0.3909 50 250 60
11 -2.72 1.1052 0.4062 50 250 70
12 -2.7117 1.1562 0.4263 50 250 70
13 -2.5527 1.10844 0.4342 100 280 70
14 -2.561 0.9786 0.38198 100 280 70
15 -2.6178 1.0038 0.38347 100 280 70
16 -2.4112 1.067 0.4425 150 320 70
17 -2.404 1.0603 0.441 150 320 70
18 -2.334 1.04315 0.4469 150 320 70
19 -2.17643 0.95993 0.44106 150 320 70
20 -2.1096 1.1211 0.5314 150 320 70
21 -2.2228 1.04224 0.4688 150 320 80
22 -1.9046 0.9454 0.49 150 320 80
23 -1.94751 0.94548 0.4854 150 320 80
24 -1.9575 0.92 0.4725 150 320 80
25 -1.5428 0.81 0.525 210 410 70
26 -1.6771 0.9293 0.5541 210 410 60
27 -1.70932 0.816 0.4774 210 410 70
28 -1.3931 0.7489 0.5376 310 450 70
30 -1.35074 0.7497 0.555 320 490 70
31 -1.1004 0.5753 0.523 520 790 70
32 -1.097 0.589 0.5366 520 790 70
33 -1.044 0.61143 0.5854 520 790 70
34 -0.6713 0.4808 0.7162 520 790 70
35 -0.75726 0.5071 0.66971 520 790 70
36 -0.73642 0.498784 0.677305 520 790 70

3.881767 1.447473 0.3737

3.475533 1.422717 0.409373

3.1741 1.285907 0.405067

2.720567 1.109467 0.4078

2.577167 1.03028 0.399883

2.383067 1.056817 0.443467

2.16961 1.04109 0.48042

1.936537 0.93696 0.482633

1.643073 0.851767 0.518833

1.37192 0.7493 0.5463

1.080467 0.59191 0.548333

0.721658 0.495561 0.687738 23.80333

314.9033

278.9967

267.12

227.0733

211.9133

180.5767

158.99

113.48

100.3933

69.21

32.70333
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Ultra PLA (continue): 
 

 
 
 
 

EXP# W1 W2 PD
1 6982.57 7566.83 302.32
2 7182.47 7163.11 322.1
3 7880.23 7471.24 320.29
4 6619.11 7029.14 279.61
5 6782.92 6456.25 263.42
6 6984.96 7221.05 293.96
7 6379.41 6988.95 240.38
8 7266.2 7284.69 281.33
9 6861.49 6965.18 279.65
10 6580.39 6428.88 230.01
11 6247.46 6045.17 196.18
12 6707.98 6535.14 255.03
13 6121.86 6270.55 202.13
14 6400.97 6333.54 217.31
15 6721.94 6560.34 216.3
16 5870.66 6144.55 170.19
17 6219.55 6207.56 183.12
18 6163.73 6144.83 188.42
19 5689.24 5690.96 169.21
20 5675.29 5716.16 149.26
21 5884.62 5728.76 158.5
22 5294.29 6144.55 110.87
23 5513.6 5213.57 131.83
24 5030.76 5112.37 97.74
25 5203.97 5224.81 116.21
26 5034.51 4902.39 94.25
27 4949.93 4808.79 90.72
28 4740.91 4820.03 74.63
29 4571.88 4707.59 71.84
30 4270.05 4538.93 61.16
31 3772.53 3902.05 31.2
32 3752.66 3845.59 32.85
33 3772.35 3836.18 34.06
34 3199.46 4005.55 25.16
35 3549.3 3537.65 22.17
36 3291.56 3467.32 24.08
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Vero White Polyjet: 
 

 
 
 
 
 
 
 
 
 
 
 
 

EXP# vi vf e sf ef th Vi Vf e
1 -0.7022 0.4949 0.7047 520 790 100
2 -0.649 0.4388 0.6762 520 790 100
3 -0.6941 0.5128 0.738796 520 790 100
4 -0.94433 0.67157 0.7111 520 790 90
5 -0.9622 0.6644 0.6904 520 790 90
6 -0.96 0.65 0.6833 520 790 90
7 -1.33 0.86 0.6519 200 500 90
8 -1.308 0.8517 0.650775 200 500 90
9 -1.29544 0.8127 0.6274 300 600 90
10 -1.308 0.8517 0.650775 200 500 90
11 -1.58 0.9902 0.6267 200 500 140
12 -1.58 0.9952 0.6298 200 500 140
13 -1.9582 1.1931 0.60927 100 500 140
14 -1.91345 1.1919 0.6229 100 500 140
15 -1.93661 1.2306 0.6361 150 450 140
16 -2.9909 1.73966 0.581644 100 350 140
17 -2.2149 1.3371 0.603667 150 450 140
18 -2.2098 13.3348 0.60405 150 450 140
19 -2.4865 1.51334 0.6086 100 350 140
20 -2.48626 1.49934 0.603 100 350 140
21 -2.52108 1.5263 0.60543 100 350 140
22 -2.9909 1.73966 0.581644 100 350 140
23 -3.08861 1.76724 0.5721 100 350 140
24 -3.11395 1.69941 0.5457 100 350 140
25 -3.35593 1.9059 0.5679 100 350 140
26 -3.409 1.85735 0.54482 50 250 140
27 -3.4548 1.8239 0.527918 50 250 120
28 -3.74371 2.0293 0.542038 50 250 120
29 -3.7165 2.0039 0.5382 50 250 100
30 -3.707 2.03206 0.548 50 250 100
31 -3.87906 2.1503 0.5543 50 250 100
32 -3.87186 2.1374 0.552 50 250 100
33 -3.8972 2.114 0.5424 50 250 100

3.882707 2.1339 0.549567

3.406577 1.862383 0.546879

3.722403 2.021753 0.542746

2.497947 1.512993 0.605677

3.064487 1.735437 0.566481

1.936087 1.2052 0.622757

2.471867 5.47052 0.596454

1.311147 0.841467 0.643358

1.489333 0.9457 0.635758

0.681767 0.482167 0.706565

0.95551 0.66199 0.694933
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Makerbot PLA: 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

EXP# vi vf e sf ef th Vi Vf e PD
1 -3.7156 1.9602 0.52757 50 250 100
2 -3.72 1.963 0.527682 50 250 100
3 -3.7541 1.9409 0.517 50 250 100
4 -3.4063 1.7788 0.5222 50 250 100
5 -3.4 1.825 0.537 50 250 100
6 -3.46311 1.8522 0.5348 50 250 100
7 -3.2132 1.7039 0.53027 50 250 100
8 -3.1 1.6391 0.5286 50 250 100
9 -3.1736 1.5877 0.5002 50 250 100
10 -2.8253 1.5003 0.531 50 250 100
11 -2.86507 1.5633 0.5456 50 250 100
12 -2.9406 1.555 0.52881 50 250 100
13 -2.556 1.354 0.5295 50 250 100
14 -2.48715 1.3407 0.539 50 250 100
15 -2.508 1.321 0.5267 50 250 100
16 -2.3212 1.2483 0.53779 100 300 100
17 -2.2557 1.2151 0.5387 100 300 100
18 -2.2255 1.2674 0.569487 100 300 100
19 -1.9783 1.1249 0.5686 100 300 100
20 -1.994 1.1183 0.5606 100 300 100
21 -1.98249 1.1474 0.5787 100 300 100
22 -1.5311 0.91043 0.5946 100 300 100
23 -1.4958 0.8812 0.5891 100 300 100
24 -1.5442 0.9263 0.59637 100 300 100
25 -1.2581 0.8034 0.6385 300 500 100
26 -1.994 1.1183 0.5606 100 300 100
27 -1.2535 0.78143 0.62337 300 500 100
28 -0.94137 0.6072 0.64509 300 500 100
29 -0.91736 0.6034 0.6577 300 500 100
30 -0.9173 0.6034 0.6577 300 500 100
31 -0.69 0.457 0.6623 300 500 100
32 -0.6819 0.4939 0.7263 300 500 100
33 -0.6839 0.4941 0.7251 300 500 100

9.166667

51.09333

44.17

28.30667

18.28667

12.44333

105.38

96.78

84.52333

75.81

62.18667

3.7299 1.9547 0.524084

3.423137 1.818667 0.531333

3.162267 1.643567 0.51969

2.87699 1.539533 0.535137

2.51705 1.338567 0.531733

2.267467 1.2436 0.548659

1.98493 1.1302 0.5693

1.5237 0.905977 0.593357

0.685267 0.481667 0.704567

1.501867 0.901043 0.60749

0.925343 0.604667 0.653497
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Makerbot PLA (continue) 
 

 
 
 
 
 
 
 
 

EXP# W1 W2 PD
1 5860.33 5488.72 103.82
2 5845.48 5862.11 107.14
3 5954.39 5642.05 105.18
4 5673.68 5725.78 100.62
5 5622.65 5630.08 99.18
6 5686.44 5713.82 90.54
7 5444.02 5307.12 84.24
8 5845.48 5862.11 75.77
9 5238.99 5669 93.56
10 5117.08 5358.95 79.68
11 5188.2 5106.32 72.45
12 5271.23 5140.77 75.3
13 4652 4865.17 61.68
14 4789.61 4773.3 59.46
15 4801.07 4738.85 65.42
16 4422.65 4486.22 51.89
17 4479.99 4463.25 50.06
18 4560.26 4440.29 51.33
19 4325.59 4290.72 49.93
20 4104.3 4126.69 38.65
21 4378.7 4232.83 43.93
22 3874.16 3885.46 25.41
23 3821.05 3981.95 29.33
24 3930.92 3810.85 30.18
25 3512.16 3351.59 17.83
26 3394.61 3497.05 19.79
27 3405.3 3560.68 17.24
28 2849.64 3224.32 9.24
29 2828.27 2933.41 13.79
30 2871.01 2924.32 14.3
31 2304.66 2406.14 10.17
32 2293.98 2278.86 8.9
33 2447.05 2360.68 8.43
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Cube Tough ABS: 
 

 
 

 
 
 
 

EXP# vi vf e sf ef th Vi Vf e PD
1 -0.7764 0.4175 0.5377 550 900 100
2 -0.76402 0.4116 0.5388 450 800 100
3 -0.74663 0.38804 0.5202 550 900 100
4 -1.0212 0.503 0.4928 550 900 100
5 -1.03 0.525 0.5105 550 900 100
6 -1.05 0.55236 0.5259 550 900 100
7 -1.42856 0.6268 0.4387 250 700 100
8 -1.4324 0.6498 0.4536 250 700 100
9 -1.444 0.6157 0.4262 250 700 100
10 -1.7532 0.667 0.38046 250 600 100
11 -1.7259 0.6789 0.39336 250 600 100
12 -1.79665 0.73183 0.4073 250 600 100
13 -2.2057 0.827 0.3749 100 500 100
14 -2.091 0.7313 0.349 100 500 100
15 -2.20526 0.8627 0.39121 100 500 100
16 -2.4311 0.8945 0.3679 100 500 100
17 -2.4171 0.8558 0.354 100 500 100
18 -2.5234 0.938119 0.3717 100 500 100

716.79

141.4667

183.5967

338.79

505.7467

628.86332.16732 0.807 0.371703

2.4572 0.89614 0.364533

1.434987 0.630767 0.4395

1.758583 0.692577 0.393707

0.76235 0.405713 0.532233

1.033733 0.526787 0.509733

EXP# W1 W2 PD
1 4973.31 5487 146.71
2 5289.15 5162.12 125.88
3 5650.1 5765.47 151.81
4 5620.02 5873.76 207.06
5 7788.13 5997.52 175.91
6 5691.79 5703.58 167.82
7 6959.74 7374.4 335.68
8 6739.96 7581.54 307.16
9 7357.57 7635.61 373.53
10 7551.44 7996.06 500.28
11 9289.2 7797.81 501.19
12 7755.23 7653.63 515.77
13 8540.48 10339.63 625.48
14 8248.29 8361.37 624.88
15 8102.2 7941.91 636.23
16 8618.19 8466.23 729.44
17 9167.03 8948.61 737.53
18 8537.76 8782.72 683.4
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