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ABSTRACT 

Over forty percent of the global population lives in regions incapable of meeting human and ecological 

water demand; an issue only to be exacerbated by a projected annual global population increase of over 

80 million. In the face of this crisis global water desalination capacities have leapt from an estimated 326 

cubic meters of water produced per day in 1945 [5] to an estimated 86.8 million cubic meters produced 

per day in 2015 [6]. Though a wide range of mature desalination technologies are currently commercially 

available, membrane desalination technologies are rapidly becoming popular for their superior energetics 

(i.e. lower specific energy consumption (kWh/m3) [10] and in turn, lower monetary costs. Forward 

osmosis (FO) is one membrane desalination technology that has received little commercial attention due 

to challenges such as scaling, specific energy cost, and concentration polarization. Addressing the latter, 

prior studies focus primarily on the significance of membrane and draw solute parameters [12, 13, 14]: (1) 

membrane orientation, (2) magnitude of the diffusion coefficient of the draw solute, (3) structural 

properties of the membrane support layer, and (4) the solute resistivity and their effects on ICP. However, 

no existing published body of work investigates the effect of mixing in a FO cell channel on 

concentration polarization. Herein, the design of three lab-scale FO cells intended for such investigation 

are covered in-depth, as well as discussion of the effect of mixing in a FO cell channel on concentration 

polarization. 
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1.0 BACKGROUND & MOTIVATION 

1.1 THE GLOBAL IMMINENCE OF WATER STRESS 

Presently, just over two out of five people across all seven continents of our planet live in regions 

incapable of meeting human and ecological water demand—an issue only to be exacerbated by a 

projected annual global population increase of over 80 million. A nation’s ability, or lack thereof, to meet 

the demand for clean water can undermine its health, economic growth, food and energy security, 

ecological processes and biodiversity, as well as conflict reduction. In a global effort to alleviate stress on 

existing water sources, Table 1 illustrates strides made in the areas of infrastructure repair, water 

treatment, and other water conservation methods.  

Table 1. Global growth rates of selected water sectors (redrawn from [1]) 

Region 

Pumps, 

Pipes, 

Valves 

Water 

Treatment 

Equipment 

Water 

Testing 

Equipment 

Irrigation 

Water, 

Wastewater 

Project 

Market 

Global 2.4% 2.4% 5-7% 6-12% 6.2% 

China 10-15% 13.5% 11% 14-16% 24% 

India >15% 15-20% 15-20% 16% 12-15% 

Though these efforts are indeed critical to conserving existing water resources, each of these efforts are 

staunchly limited to the supply of the hydrological cycle. Within the hydrological cycle, fresh water 

constitutes a meager 2.5% of the total water on Earth. Further, only .007% of that number is directly 

usable, with the remainder either frozen in polar regions or lying in remote, inaccessible, underground 

aquifers [2]. 

Present knowledge suggests that the only methods capable of increasing water supply beyond this cycle 

are: water reuse and seawater desalination [3]. The abundance of seawater (97.5% of Earth’s water 

supply) on Earth has recently pushed the latter to the forefront of global interest. Analysis from private 

companies estimate an eighty percent increase in the total global investment for water public-private 

partnership (PPP) schemes targeting new seawater desalination and wastewater treatment plants between 

2016 and 2020 [4]. 

1.2 SEAWATER DESALINATION ACROSS TIME 

Separating seawater into salt and water is a process that has existed on a small-scale for millennia. In 384-

322 BCE, Aristotle documented that “salt water when it turns into vapour becomes sweet and the vapour 

does not form salt water again when it condenses.” In 200 BC,  Alexander of Aphrodisias recounts a 

technique by which sailors boiled seawater and used sponges to collect the vapor [5].  
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The end of World War II, however, marks the beginning of a steady annual increase in the number of 

desalination projects worldwide—leaping from an estimated 326 cubic meters of water produced per day 

in 1945 [5] to an estimated 86.8 million cubic meters produced per day in 2015 [6]. 

1.3 PROMINENT DESALINATION TECHNOLOGIES 

Together, thermal and membrane desalination technologies (Table 2) constituted 96% of the desalination 

market in 2016 [7]. Thermal desalination involves heating saline water into water vapor which is then 

collected for use, leaving behind a highly saline solution. Whereas membrane desalination technologies 

employ semi-permeable materials to separate water molecules from unwanted minerals. In 2016, the 

global desalination capacity measured approximately 100 million m3 per day, of which 65% was from 

membrane processes and 31% from thermal-based processes [7]. 

Table 2. Prominent desalination technologies. 

Thermal Technologies Membrane desalination technologies 

Multi Stage Flash (MSF) Reverse Osmosis (RO) 

Multi-Effect Distillation (MED) Electrodialysis (ED) 

Vapor Compression (VC) Forward Osmosis (FO) 

Existing publications Invalid source specified. offer a detailed and comprehensive overview of how 

various thermal-based desalination technologies work. However, such an overview lies outside of the 

scope of this discussion and will thus be omitted. In its place, this paper focuses on membrane 

desalination technologies both because of their increasing global capacity (Figure 1), and their relevance 

to later discussion. 

 

Figure 1. Awarded membrane and thermal desalination capacity, 1990-2014. Adapted from [9]. 
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1.3.1 MEMBRANE DESALINATION TECHNOLOGIES 

Though a wide range of mature desalination technologies are currently commercially available, interest 

has recently been directed towards membrane desalination technologies in favor of their superior 

energetics (i.e. lower specific energy consumption (kWh/m3) [10] and in turn, lower monetary costs. All 

membrane desalination technologies depend on the net movement of water through a selectively 

permeable membrane. Save for electrodialysis, which employs an electric potential, all membrane 

desalination technologies occur either via the natural net movement of water (i.e. osmosis or forward 

osmosis) or oppose it via an applied pressure (i.e. reverse osmosis). 

1.3.1.1 OSMOSIS  

Osmosis is the tendency of molecules 

of a solvent to traverse a 

semipermeable membrane from a 

solution of lower molar concentration 

(lower osmotic pressure) to one of 

higher molar concentration (higher 

osmotic pressure), until the pressure on 

either side of the membrane equalizes 

(Figure 2). Osmotic pressure is the 

pressure which, if applied as a 

hydraulic pressure, would bar the 

movement of solvent across a 

membrane.  

Though osmosis is central to membrane-based desalination technologies, it can be exploited in a variety 

of forms. Forward osmosis (FO) desalination follows the course of nature—requiring no applied pressure 

to coax water across a membrane for desalination. By contrast, reverse osmosis (RO) desalination applies 

hydraulic pressure in the opposite direction of osmosis to achieve the same end: desalinated water. 

Though RO currently holds the greatest desalination capacity worldwide, the advantages of FO—should it 

be realized on the commercial scale—greatly exceed that of energy-intensive desalination technologies 

such as RO. 

Figure 2. Osmosis in a beaker over time. 
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1.3.1.3 FORWARD OSMOSIS (FO) 

 

 

 

The osmotic pressure generated during osmosis depends solely on the molar concentration of the solute 

but not on its identity. Exploiting this phenomenon, forward osmosis (FO) desalination employs a draw 

solution of a higher molar concentration than the feed—i.e. seawater—to draw water molecules across a 

semi-permeable membrane (Figure 3).  

Debate remains as to whether or not FO is a feasible process for large-scale desalination [11, 12]. In the 

face of the emerging global water and energy crises, however, FO potentially offers [12, 13]: (1) water of 

comparable quality to conventional desalination technologies (e.g. reverse osmosis), (2) zero hydraulic 

pressure necessary for desalination, (3) low electrical energy requirement if combined with a suitable 

draw solution post-treatment step, and (4) high volume water recovery, (5) potentially lower membrane 

fouling than pressure-driven processes, and (6) minimal disturbance to sensitive species (e.g. membrane 

bioreactors) and or sensitive components in the feed solution. 

Despite these positive attributes, FO also faces challenges—albeit common to most membrane 

technology—such as membrane fouling, reverse solute diffusion, and concentration polarization (Figure 

4), which all contribute to lower-than-expected flux across the membrane. Membrane fouling arises when 

deposits of solute or other particles accumulate on the membrane surface. Reverse solute diffusion refers 

to the tendency of particles (i.e. draw solute, in the case of FO) to traverse a semipermeable membrane 

toward higher concentration gradients—contrary to conventional diffusion. Finally, concentration 

polarization is an inescapable phenomenon in both pressure- and osmotically-driven processes, and will 

serve as the primary focus of this work. 

Figure 3. Forward osmosis desalination process. 
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Figure 4. a) Internal concentration polarization (ICP). b) External concentration polarization (ECP). 

Concentration polarization processes can be divided into two phenomena: external concentration 

polarization (IECP) which occurs at the active face of an asymmetric membrane, and internal 

concentration polarization (ICP) which occurs at within the porous support layer of a membrane (Figure 

4), both of which are common hurdles in FO applications. ICP has been shown to incite a flux decline of 

over 80%, as it radically decreases the osmotic pressure at the membrane interface [14]. ECP reduces flux 

across a membrane due to dilution on the draw solution—which results in a decreased osmotic pressure—

on the active side of the membrane. For FO technology to advance beyond the lab bench and into 

commercial desalination practices for potable water, the aforementioned challenges must be addressed 

head-on. 

1.3 MOTIVATION & OBJECTIVES 

1.3.1 MOTIVATION & OBJECTIVES 

As discussed in Section 1.3.1.3, realizing FO for commercial desalination presents an abundance of 

challenges (or perhaps opportunities) that must be addressed before the technology is brought to 

commercialization. Of these barriers to entry, this study focuses on minimizing the effects of 

concentration polarization in a lab-scale desalination unit. Prior studies focus primarily on the 

significance of membrane and draw solute parameters [12, 13, 14]: (1) membrane orientation, (2) 

magnitude of the diffusion coefficient of the draw solute, (3) structural properties of the membrane 

support layer, and (4) the solute resistivity and their effects on ICP. However, no existing published body 

of work investigates the effects of mixing on concentration polarization in a forward osmosis desalination 

applications. 

Several studies [15, 16, 17, 18], however, have simulated flow around spacer filaments between channel 

walls in spiral-wound membrane reverse osmosis configurations because of their apparent ability to 

promote eddy mixing and enhance wall shear stress at the membrane interface. Wardeh and Morvan 

demonstrate [18] that having spacer filaments in the feed channel of a desalination cell reduces the 

concentration polarization on the surfaces of a spiral-wound membrane. Furthermore, the same study 
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found that spacer filaments woven in 

a zig-zag pattern, as compared to the 

submerged type (Figure 5), promote 

eddy mixing, induce lower pressure 

loss, experience lower salt 

concentrations at the membrane 

surface, and he highest cross flow for 

most Reynolds numbers. Inspired by 

the influence of physical bodies on 

mixing and thus concentration 

polarization, this study seeks similar 

results via the design of geometries 

for mixing in a forward osmosis 

desalination cell. 

1.3.2 EXISTING LAB-SCALE COMMERCIAL FORWARD OSMOSIS SYSTEMS  

Presently, Sterlitech is the sole commercial mass-producer of lab-scale forward osmosis cells. Sterlitech 

produces a wide variety of cells, ranging in price from $2500.00 to $7200.00. Though indeed these cells 

are robust in performance and design, their retail price greatly exceeds the modest research budget of a 

college student. Furthermore, the non-modifiable design of Sterlitech’s cells are not suitable to 

accommodate experimentation with fluid dynamics in the cell’s channels. Thus, in the face of necessity, 

this work documents the design of three lab-scale forward osmosis desalination cell prototypes, intended 

for concentration polarization mitigation testing. 

 

2. DESIGN, CONSTRUCTION, AND EXPERIMENATION 

2.1 PROTOTYPE 1: MEMBOXX 1.0 

2.1.1 DESIGN  

Every iteration of the Memboxx is composed of two primary elements: the membrane and the “box” (i.e. 

the fabricated cell) that encloses it. For the membrane, five Forward Osmosis (FO) Flat Sheet Membranes 

were purchased from the Sterlitech Corporation. The specifications of Sterlitech’s FO Flat Sheet 

Membrane are outlined in Table 3 below, adapted from Sterlitech’s product website. 

Table 3. Sterlitech FO Flat Sheet Membrane specifications. 

Base Membrane 

Material 

Polyethersulfone (PES) 

Membrane thickness 110 micron (±15 micron) 

Water flux >7 L/m2/hr (H2O vs 1 M NaCl; FO mode) 

NaCl reverse flux <2 g/m2/hr (H2O vs 1 M NaCl; FO mode) 

Boron rejection >70% 

Arsenic rejection >95% 

Figure 5. Submerged versus zigzag filament orientation, adapted from 

[18]. 
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Operating conditions  Temperature range: 5-50 deg C  

Short term exposure maximum: 65 deg C 

pH range: 2-11 (short term exposure) 

Packaging Stored wet and sealed in a watertight bag 

Storage* Can be stored at room temperature, but preferably stored at 4 deg C 

*Do not allow membrane to dry as this will compromise its performance 

Shelf life Minimum 6 months 

Memboxx 1.0 was designed simply 

to gather preliminary data about the 

effects of mixing on forward 

osmosis, thus both its design and 

construction are not complex. For 

each run, Memboxx 1.0 was to be 

set on two independent stirring 

plates with stir bars set to differing 

rotational velocities and allowed to 

run for the duration of three hours 

(Figure 5). Water flux was to be 

measured via observed changes in 

water level height. 

2.1.2 FABRICATION 

On either side of the membrane, both water-holding containers of Memboxx 1.0 have interior dimensions 

of 10x10x14.75 cm3, designed to comfortably house one liter of draw solution in one section and one liter 

of feed solution in the other (Figure 5). To fabricate Memboxx 1.0, acrylic sheets of varying dimensions 

were cut to size via an Epilog Legend 36EXT laser cutter, then welded together using TAP Acrylic 

Cement. An acrylic frame and a rubber gasket of identical profiles were cut to serve as the “doorway” in 

which the aquaporin membrane would rest—separating the draw from the feed solutions. Finally, holes 

7mm in diameter were punched in the aquaporin membrane to allow for eight 7mm bolts to pass through 

the “doorway” and secure the door to the rest of the apparatus. An exploded view of the construction and 

an image of the final construction can be found below in Figures 6a and 6b, respectively. 

Figure 6. Memboxx 1.0 water flux testing setup. 
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Figure 7. a) Exploded view of Solidworks assembly. b) Final assembly of Memboxx 1.0 with FO membrane in 

place. 

2.1.3 TESTING 

To verify the water flux properties of the FO membrane (i.e. >7 L/m2/hr (H2O vs 1 M NaCl; FO mode)) 

as well as the water-tightness of the cell design, a baseline test was performed. 1.0 Liter of DI water and 

1.0 Liter of a 1M NaCl solution were poured simultaneously into opposing cavities. After one hour, 

however, the observed flux measured was found to be .00032% of the flux specified by the manufacturer 

(Table 4). 

Table 4. Water flux results for 1M NaCl versus DI Water. 

Run duration [hr] 1.00 

Membrane SA [m2] 0.021025 

Observed height change [m] 0.0047625 

Calculated volume change [L] 4.7625E-07 

Observed flux [L/hr] 4.76E-07 

Expected flux [L/hr] 0.147175 

Later, this lower-than-expected flux was attributed to a poor seal provided by the rubber gasket 

sandwiched between the membrane and the acrylic frame. The poor seal allowed exchange between the 

NaCl solution and the DI water, thus creating volume changes not entirely attributable to osmosis. 

Seeking a more robust system to remediate this issue, the second iteration of the Memboxx began. 
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2.3 PROTOTYPE 2: MEMBOXX 2.0 

2.3.1 DESIGN 

The design of Memboxx 2.0 was largely 

inspired by Sterlitech’s Sepa Test Cell 

(Figure 8). Emulating the design of the 

Sepa Test Cell results in a robust design, 

more compatible with Sterlitech’s FO 

Membrane, at a fraction of the price of the 

Sepa Test Cell. Similar to the Sepa Test 

Cell, transparent cast acrylic was chosen as 

the bulk material for the cell—allowing the 

user to visualize flow patterns in the cell 

and monitor any fouling on the membrane 

surface. In addition, cast acrylic is unique 

in that it is relatively easy to machine for a 

plastic—a critical property for in-house 

construction of the Memboxx 2.0. 

The design of Memboxx 2.0 was largely shaped by a list of needs, outlined in Table 5 below in order of 

importance.  

Table 5. Memboxx 2.0 cell design needs. 

No. Need Reasoning 

1 Robust, water-proof seal Accurate measurement of volume changes 

2 Transparent cell Visualizing flow and membrane fouling 

3 CNC-machinable design Necessary for fabrication with cast acrylic 

4 Variable flow through channel Essential for testing at different Reynold’s numbers 

5 Easy disassembly and cleaning Necessary for ease of membrane replacement 

6 Channel is compatible with 3D 

printed geometries 

Testing the effects of 3D printed geometries on 

mixing and thus concentration polarization 

With the initial design needs outlined, Memboxx 

2.0 now had to be considered in the context of a 

lab-scale forward osmosis system. Adapting 

typical industrial forward osmosis system design 

(Figure 3) for lab-scale forward osmosis, Figure 9 

illustrates the final system design for Memboxx 

2.0. On either side of the membrane, a low-

pressure pump pulls liquid from a beaker of 

solution (i.e. feed or draw) and pushes it through 

the cell channel, parallel to the membrane, before 

a portion of the liquid (not subject to flux) returns 

to the beaker and the cycle repeats itself. For 

further details on system setup and testing see 

Section 2.3.2. 

Figure 8. Sterlitech's Sepa Test Cell (source: Sterlitech). 

Figure 9. Lab-scale forward osmosis system diagram. 
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Meeting Design Need 1, O-Rings purchased from O-Rings West (Table 6) were selected for a water-tight 

seal between the layers of acrylic. Design Need 2 was satisfied via cast acrylic slabs (Table 6) purchased 

from USA Plastics, chosen for their transparency as well as machinability. Addressing the machinability 

of the design, however, took some iteration before it was met. The most apt and available tool for 

machining the body was a 3-Axis Bridgeport Computer Numerical Control (CNC) Machining Center (i.e. 

TorqCut V22). The TorqCut V22 uses a cutting tool that rotates rapidly around its Z-axis (i.e. the vertical 

axis) as it translates in the X, Y, and Z axes. One shortcoming of this process is that is incapable of 

removing material along axes other than the vertical axis, thus requiring some ingenuity to achieve 

complex internal geometries. Remedying this, Memboxx 2.0 consists of four slabs of acrylic, machined 

on the TorqCut V22 individually, that when bolted together form the desired flow channels (Figure 10). 

 

Figure 10. a) Solidworks exploded view of Memboxx 2.0. b) Solidworks collapsed side view of Memboxx 2.0. 

Finally, to address Design Need 6, the 

channel height of Memboxx 2.0 (i.e. 

9mm) was designed to provide ample 

room for any 3D geometries to be added 

to the channels (see Section 3.2). The 

dimensions of Memboxx 2.0 are 

illustrated right in Figure 11.  

2.3.2 FABRICATION 

With the design of Memboxx 2.0 

finalized in Solidworks, the necessary 

code for machining on the TorqCut V22 

was generated in Mastercam X6 

software (see Appendix A). The code in 

Appendix A was edited by hand to 

ensure compatibility with the TorqCut’s 
Figure 11. Major dimensions of Memboxx 2.0. 
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older operating system. Each of the four slabs of cast acrylic was then machined accordingly. To 

complete system assembly, the remaining components for Memboxx 2.0 (Table 6) were ordered from 

various suppliers. 

Table 6 . Bill of materials for Memboxx 2.0 system assembly. 

Qty. Material 

2 Cast acrylic pieces (12x24x0.354 in3) 

2 Cast acrylic pieces (12x24x0.708 in3) 

4 Brass Male Connector, 10-32x3/32” 

8 Stainless Steel ¼-28 Hex Nuts 

8 Stainless Steel 1½” x ¼-28 Bolts 

8 Stainless Steel ¼” ID Flat Washers 

4’ 3/32” ID, 5/32” OD Beverage Tubing 

2 TCS M100s Micropumps 

2 DC Voltage sources (~2.0-4.0V) 

1 Aquaporin Membrane (11 cm by 13.5 cm) 

 

2.3.3 TESTING 

Each experiment conducted using Memboxx 2.0 followed the procedure below: 

1. Soak the Sterlitech FO Flat Sheet membrane in DI water for thirty minutes to prime the 

membrane.  

2. Rinse each of the four acrylic pieces with DI water thoroughly. Wipe dry. Wipe down surfaces 

with isopropyl alcohol.  

3. Stack the bottom two acrylic pieces, fitting the O-ring in its groove, then carefully lay the FO 

membrane in place on top of the second piece.  

4. Stack the top two acrylic pieces, fitting the next two O-rings in their respective grooves. 

5. Push all ten bolts through their respective holes and thread the hex nuts on by hand. Using an 

Allen wrench, tighten the bolts in a “star pattern” until the edges of the membrane are visibly 

compressed against the acrylic surfaces and the bolts feel snug. 

6. If first time assembling—wrap threads of the brass male connectors with Teflon tape. Thread all 

four male connectors in their respective holes using standard pliers.  

7. Cut sections of the beverage tubing in accordance with the diagram illustrated in Figure 9. See 

Figure 11 for further clarity. Push ends of tubing over the male adapters of the brass male fitting 

and the TCS M100s micropumps respectively. 

8. Wire the TCS M100s micropumps to the desired voltage source. 

9. Fill designated beakers with draw and feed solutions respectively. CAUTION: Be sure to keep 

liquids away from wires and voltage source. 

10. Fix ends of beverage tubing inside of beakers as illustrated in Figure 9. 

11. The final assembly should resemble that illustrated in Figure 11 below. To begin experiment, turn 

on DC voltage source to appropriate voltage and begin recording. 
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Figure 12. Memboxx 2.0 model system setup. 

An initial experiment was run with DI water on either side of the FO membrane to ensure that the system 

was functioning properly and was watertight. Both pumps were provided 2.0V, resulting in a flow rate of 

93mL per minute and a pressure of 125 mBar. During this procedure, it was noted that the membrane 

would stretch (visually similar to an inflating pillow) in one direction during the run, thus causing a 

change in volume in one of the beakers. However, once the pumps were shut off, this stretching was no 

longer present. The reason for this phenomena is still unknown, but was accounted for in following 

experiments by measure volume change only after the pumps had been shut off. 

After this initial run the system was disassembled, two experiments were then run to ensure that 

Sterlitech’s FO membrane was performing to specification. Both experiments tested approximately 

300mL of DI Water against 300mL of 1M NaCl solution; both TCS M100s micropumps were provided 

2.0V, resulting in equivalent flow rates of 93mL per minute; the solutions flowed in the same direction, 

parallel to the membrane; and were run for the same duration of time. The difference between the two 

experiments was the orientation of the membrane. Sterlitech recommends that the FO membrane be run 

with the active side facing the draw solution. Run 1 was run with the active side facing the feed solution. 

Run 2 was run with the active side facing the draw solution. The results of both of these runs are recorded 

in Table 7. 

Memboxx 2.0 is designed such that 100mm2 of membrane will be in contact with both solutions—

resulting in an expected flux rate (according to Sterlitech’s specifications) of 0.07 L/hr. Experiment 1, 

with the active side of the membrane facing the feed solution, resulted in the higest observed flux rate—

just 3.37% of the expected flux rate. Using a salinity refractometer, it was also determined that the salinity 
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on the feed side had significantly increased in both cases, suggesting an appreciable amount of reverse 

draw solute flux. 

 

To rule out the possibility of a poor seal Memboxx 2.0 was reassembled, blue dye—whose particles are 

larger in diameter than the pores of the FO membrane—was mixed with DI water on one side of the 

membrane, and DI water was placed on the other. Allowing to sit for one week, no change in color on the 

DI water side was observed (Figure __).  

 

Figure 13. a) Memboxx 2.0 blue-dye test. b) Close-up of blue dye test. 

Table 7. Memboxx 2.0 run results, 1M NaCl versus DI Water. 
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After sending images of the Memboxx 2.0 setup and the results of the blue-dye test to Sterlitech (Figure 

13), the membrane was found to be faulty and was returned with a full monetary refund. Based on the 

performance of Sterlitech’s membrane, an alternative membrane manufacturer was chosen for Memboxx 

3.0. 

2.4 PROTOTYPE 3: MEMBOXX 3.0  

2.4.1 DESIGN 

Despite the robust and watertight design of Memboxx 2.0, it allowed for significant membrane stretching 

during experiments which in turn may have skewed the observed changes in volume. Thus Memboxx 3.0 

sought to incorporate all the successes and address all the inadequacies of previous designs. Though 

emulating the construction of Memboxx 2.0 would have been ideal, editing the Mastercam X6 code and 

machining acrylic on the CNC machine were time-intensive, costly, and thus slow to iterate. Seeking to 

begin experimenting with the internal geometry of the cell channel, 3D printing was chosen as the fastest 

process for iteration of design and experimentation with internal geometries.  

Before significant time was invested into the design of Memboxx 3.0, a proof of concept was attempted. 

A simple container (Figure 14a) was designed in Solidworks and then printed via a Makerbot Replicator 

2, using polylactic acid (PLA) plastic.  

 

Figure 14. a) Proof-of-concept Solidworks design. b-d) Thermal warping of proof-of-concept 3D print. 

The Makerbot Replicator 2 prints in an open-air environment, however, and large flat pieces such as this 

proof-of-concept are subject to thermal warping due to rapid heating and cooling (Figure 14b-d). Though 

certain techniques can be used to remedy thermal warping of 3D printing pieces printed in an open-air 

environment, the build volume of the Makerbot Replicator 2 only measures 153x155x285 mm3. The 

transition was thus made to an Dimension 1200 ES printer, boasting a build volume of 254x254x305 

mm3, a closed environment, a heated build plate to prevent thermal warping, and soluble support material 

for complex geometries.  

 



22 

 

Figure 15. Memboxx 3.0 a) isometric view, b) side view, and c) front view. 

Three major design changes were made between Memboxx 2.0 and Memboxx 3.0: (1) Because Memboxx 

3.0 was 3D printed, it now only consisted of two pieces that were to be bolted together on either side of 

the membrane; (2) Memboxx 3.0 has a longer body, allowing for a longer flow channel to ideally 

accommodate fully developed flow; and (3) Male adapters parallel to the membrane surface were 3D 

printed for the entering and exiting flows (Figure 15b), thus eliminating the sharp bend in Memboxx 2.0 

that did not allow for fully-developed flow; (4) Angled grooves were added around the perimeter of the 

membrane to stretch the membrane tight as the two pieces were pressed together (Figure 16).  

 

Figure 16. a) Solidworks tilted view of angled grooves. b) Memboxx 3.0 printed grooves. 
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Lastly, the major dimensions of Memboxx 3.0 (Figure 17) was constrained by the Dimension 1200 ES 

printer’s build volume of 254x254x305 mm3. 

 

Figure 17. Major dimensions of Memboxx 3.0 

 

2.4.2 FABRICATION  

After designing the body in Solidworks, it was then sent to the Dimension 1200 ES and printed out of 

PLA material. After printing, it underwent a chemical bath for 24 hours to remove all support material. In 

assembling Memboxx 3.0, it was found that the angled teeth were printed larger than intended because 

their dimensions were smaller than the printer layer resolution, which resulted in a mismatched fit 

between male and female grooves (Figure 18).  

 

Figure 18. Mismatched groove size on Memboxx 3.0. 

Despite this, Memboxx 3.0 was watertight around its edges and a preliminary test could be performed. 
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2.4.3 TESTING 

A preliminary water-tightness test (i.e. pumping DI 

water through assembly) revealed that the material 

on the slanted surfaces was porous and water 

foamed out (Figure 19).  

To design the cell for concentration polarization 

mitigation, requires further design iteration that is 

yet to be realized. Design refinements and 

experiments towards this end are proposed in the 

following section. 

 

3. FUTURE WORK 

Provided more time, the fabrication of Memboxx 3.0 would be further refined by thickening the defective 

surface illustrated in Figure 19 and increasing the width of the grooves illustrated in Figure 18. With the 

construction of the base cell completed, investigation into the effects of channel geometries on 

concentration polarization would begin. Similar to prior experiments, the baseline performance of 

Memboxx 3.0 would be established by 

running 300mL of draw solution (i.e. 1M 

NaCl) against 300mL of feed solution (i.e. DI 

Water) with smooth channels on either side 

(Figure 20a). Thereafter, the same experiment 

would be run with protruding geometries 

placed on the draw side. By varying the 

dimensions of the protrusions (Figure 20c), 

the geometries may be optimized for 

producing eddies in on the draw side—which 

in effect may increase mixing, decrease 

concentration polarization, and promote 

increased mass transfer across the membrane. 

A better understanding of this passive mixing 

process may be critical to improving water 

flux in forward osmosis systems from lab to industrial scales.  

  

Figure 19. Identified porous surfaces on Memboxx 3.0. 

Figure 20. a) Smooth channel. b) Channel with geometries. c) Channel 

geometry parameters. 
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APPENDIX A 

MasterCam X6 Code for Memboxx 2.0 (3-Column Format) 

' 09-05-16 12:52 ' 

' MCX FILE - 

PIECE1.EMCX-6 ' 

' NC FILE - 

PIECE1.TXT ' 

' MATERIAL - 

ALUMINUM INCH - 

2024 ' 

N100 G0 G17 G40 G70 

G80 G90 

'  1/8 FLAT ENDMILL ' 

N110 T14 M6 

N120 S4000 M3 

N130 G54 

N140 G0 X.7987 Y-.733 

N150 M8 

N160 Z.25 

N170 Z.2 

N180 G1 Z-.0799 F2. 

N190 X6.2879 F16. 

N200 G2 X6.6337 Y-

1.0788 R.3543 

N210 G1 Y-5.2204 

N220 G2 X6.2879 Y-

5.5662 R.3543 

N230 G1 X.7987 

N240 G2 X.4529 Y-5.2204 

R.3543 

N250 G1 Y-1.0788 

N260 G2 X.7987 Y-.733 

R.3543 

N270 G0 Z.25 

N280 X.4358 Y-5.2204 

N290 Z.2 

N300 G1 Z-.0799 F2. 

N310 Y-1.0788 F16. 

N320 G2 X.7987 Y-.7159 

R.3543 

N330 G1 X6.2879 

N340 G2 X6.6508 Y-

1.0788 R.3543 

N350 G1 Y-5.2204 

N360 G2 X6.2879 Y-

5.5833 R.3543 

N370 G1 X.7987 

N380 G2 X.4358 Y-5.2204 

R.3543 

N390 G0 Z.25 

N400 M9 

N410 M5 

N420 M01 

'  1/4 DRILL ' 

N610 T16 M6 

N620 S1000 M3 

N630 G54 

N640 G0 X6.6929 Y-

5.9725 

N650 Z.1 M8 

N660 G83 X6.6929 Y-

5.9725 Z1.1 Z.1 Z.03 F2.1 

N670 X5.1181 

N680 X3.5433 

N690 X1.9685 

N700 X.3937 

N710 Y-.3267 

N720 X1.9685 

N730 X3.5433 

N740 X5.1181 
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N750 X6.6929 

N760 G80 M9 

N770 M5 

N780 M01 

'  1/4 FLAT ENDMILL ' 

N790 T17 M6 

N800 S3000 M3 

N810 G54 

N820 G0 X1.445 Y-4.9931 

N830 Z.25 

N840 Z.1 

N850 G1 Z0. F2. 

N860 Y-3.2018 Z-.4587 

F12. 

N870 Y-3.0974 

N880 Y-1.3061 Z0. 

N890 X1.4401 

N900 Y-3.0974 Z-.4587 

N910 Y-3.2018 

N920 Y-4.9931 Z0. 

N930 X1.4351 

N940 Y-3.2018 Z-.4587 

N950 Y-3.0974 

N960 Y-1.3061 Z0. 

N970 X1.4301 

N980 Y-3.0974 Z-.4587 

N990 Y-3.2018 

N1000 Y-4.9931 Z0. 

N1010 X1.4251 

N1020 Y-3.2018 Z-.4587 

N1030 Y-3.0974 

N1040 Y-1.3061 Z0. 

N1050 X1.4201 

N1060 Y-3.0974 Z-.4587 

N1070 Y-3.2018 

N1080 Y-4.9931 Z0. 

N1090 X1.4151 

N1100 Y-3.2018 Z-.4587 

N1110 Y-3.0974 

N1120 Y-1.3061 Z0. 

N1130 X1.4101 

N1140 Y-3.0974 Z-.4587 

N1150 Y-3.2018 

N1160 Y-4.9931 Z0. 

N1170 X1.4051 

N1180 Y-3.2018 Z-.4587 

N1190 Y-3.0974 

N1200 Y-1.3061 Z0. 

N1210 X1.4001 

N1220 Y-3.0974 Z-.4587 

N1230 Y-3.2018 

N1240 Y-4.9931 Z0. 

N1250 X1.3951 

N1260 Y-3.2018 Z-.4587 

N1270 Y-3.0974 

N1280 Y-1.3061 Z0. 

N1290 X1.3901 

N1300 Y-3.0974 Z-.4587 

N1310 Y-3.2018 

N1320 Y-4.9931 Z0. 

N1330 X1.3852 

N1340 Y-3.2018 Z-.4587 

N1350 Y-3.0974 

N1360 Y-1.3061 Z0. 

N1370 X1.3802 

N1380 Y-3.0974 Z-.4587 

N1390 Y-3.2018 
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N1400 Y-4.9931 Z0. 

N1410 X1.3752 

N1420 Y-3.2018 Z-.4587 

N1430 Y-3.0974 

N1440 Y-1.3061 Z0. 

N1450 X1.3702 

N1460 Y-3.0974 Z-.4587 

N1470 Y-3.2018 

N1480 Y-4.9931 Z0. 

N1490 X1.3652 

N1500 Y-3.2018 Z-.4587 

N1510 Y-3.0974 

N1520 Y-1.3061 Z0. 

N1530 X1.3602 

N1540 Y-3.0974 Z-.4587 

N1550 Y-3.2018 

N1560 Y-4.9931 Z0. 

N1570 X1.3552 

N1580 Y-3.2018 Z-.4587 

N1590 Y-3.0974 

N1600 Y-1.3061 Z0. 

N1610 X1.3502 

N1620 Y-3.0974 Z-.4587 

N1630 Y-3.2018 

N1640 Y-4.9931 Z0. 

N1650 G0 Z.1 

N1660 Z.25 

N1670 X5.7364 

N1680 Z.1 

N1690 G1 Z0. F2. 

N1700 Y-3.2018 Z-.4587 

F12. 

N1710 Y-3.0974 

N1720 Y-1.3061 Z0. 

N1730 X5.7314 

N1740 Y-3.0974 Z-.4587 

N1750 Y-3.2018 

N1760 Y-4.9931 Z0. 

N1770 X5.7264 

N1780 Y-3.2018 Z-.4587 

N1790 Y-3.0974 

N1800 Y-1.3061 Z0. 

N1810 X5.7214 

N1820 Y-3.0974 Z-.4587 

N1830 Y-3.2018 

N1840 Y-4.9931 Z0. 

N1850 X5.7164 

N1860 Y-3.2018 Z-.4587 

N1870 Y-3.0974 

N1880 Y-1.3061 Z0. 

N1890 X5.7114 

N1900 Y-3.0974 Z-.4587 

N1910 Y-3.2018 

N1920 Y-4.9931 Z0. 

N1930 X5.7064 

N1940 Y-3.2018 Z-.4587 

N1950 Y-3.0974 

N1960 Y-1.3061 Z0. 

N1970 X5.7014 

N1980 Y-3.0974 Z-.4587 

N1990 Y-3.2018 

N2000 Y-4.9931 Z0. 

N2010 X5.6965 

N2020 Y-3.2018 Z-.4587 

N2030 Y-3.0974 

N2040 Y-1.3061 Z0. 

N2050 X5.6915 
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N2060 Y-3.0974 Z-.4587 

N2070 Y-3.2018 

N2080 Y-4.9931 Z0. 

N2090 X5.6865 

N2100 Y-3.2018 Z-.4587 

N2110 Y-3.0974 

N2120 Y-1.3061 Z0. 

N2130 X5.6815 

N2140 Y-3.0974 Z-.4587 

N2150 Y-3.2018 

N2160 Y-4.9931 Z0. 

N2170 X5.6765 

N2180 Y-3.2018 Z-.4587 

N2190 Y-3.0974 

N2200 Y-1.3061 Z0. 

N2210 X5.6715 

N2220 Y-3.0974 Z-.4587 

N2230 Y-3.2018 

N2240 Y-4.9931 Z0. 

N2250 X5.6665 

N2260 Y-3.2018 Z-.4587 

N2270 Y-3.0974 

N2280 Y-1.3061 Z0. 

N2290 X5.6615 

N2300 Y-3.0974 Z-.4587 

N2310 Y-3.2018 

N2320 Y-4.9931 Z0. 

N2330 X5.6565 

N2340 Y-3.2018 Z-.4587 

N2350 Y-3.0974 

N2360 Y-1.3061 Z0. 

N2370 X5.6515 

N2380 Y-3.0974 Z-.4587 

N2390 Y-3.2018 

N2400 Y-4.9931 Z0. 

N2410 X5.6465 

N2420 Y-3.2018 Z-.4587 

N2430 Y-3.0974 

N2440 Y-1.3061 Z0. 

N2450 X5.6416 

N2460 Y-3.0974 Z-.4587 

N2470 Y-3.2018 

N2480 Y-4.9931 Z0. 

N2490 G0 Z.1 

N2500 Z.25 

N2510 M5 

N2520 M01 

'  5/32 DRILL ' 

N2630 T18 M6 

N2640 S1500 M3 

N2650 G54 

N2660 G0 X1.3976 Y-

3.1496 

N2670 Z.1 M8 

N2680 G83 X1.3976 Y-

3.1496 Z1.1 Z.1 Z.03 F3. 

N2690 X5.689 

N2700 G80 M9 

N2710 M5 

N2720 M25 

N2730 M22 

 

 

 

' 09-05-16 13:03 ' 

' MCX FILE - 

PIECE2.EMCX-6 ' 
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' NC FILE - 

PIECE2.TXT ' 

' MATERIAL - 

ALUMINUM INCH - 

2024 ' 

N100 G0 G17 G40 G70 

G80 G90 

'  1/4 FLAT ENDMILL ' 

N110 T17 M6 

N120 S3000 M3 

N130 G54 

N140 G0 X1.8764 Y-

3.1496 

N150 M8 

N160 Z.25 

N170 Z.2 

N180 G1 Z-.1 F3. 

N190 Y-3.3163 F12. 

N200 G2 X1.7098 Y-

3.1496 R.1667 

N210 G1 Y-1.3161 

N220 X5.3768 

N230 Y-4.9831 

N240 X1.7098 

N250 Y-3.1496 

N260 G2 X1.8764 Y-

2.9829 R.1666 

N270 G1 Y-3.1496 

N280 Z-.2 F3. 

N290 Y-3.3163 F12. 

N300 G2 X1.7098 Y-

3.1496 R.1667 

N310 G1 Y-1.3161 

N320 X5.3768 

N330 Y-4.9831 

N340 X1.7098 

N350 Y-3.1496 

N360 G2 X1.8764 Y-

2.9829 R.1666 

N370 G1 Y-3.1496 

N380 Z-.3 F3. 

N390 Y-3.3163 F12. 

N400 G2 X1.7098 Y-

3.1496 R.1667 

N410 G1 Y-1.3161 

N420 X5.3768 

N430 Y-4.9831 

N440 X1.7098 

N450 Y-3.1496 

N460 G2 X1.8764 Y-

2.9829 R.1666 

N470 G1 Y-3.1496 

N480 Z-.4 F3. 

N490 Y-3.3163 F12. 

N500 G2 X1.7098 Y-

3.1496 R.1667 

N510 G1 Y-1.3161 

N520 X5.3768 

N530 Y-4.9831 

N540 X1.7098 

N550 Y-3.1496 

N560 G2 X1.8764 Y-

2.9829 R.1666 

N570 G1 Y-3.1496 

N580 G0 Z.25 

N590 M9 

N600 M5 

N610 M01 

'  1/4 BALL ENDMILL ' 

N620 T19 M6 

N630 S3000 M3 

N640 G54 
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N650 G0 X5.8611 Y-

5.1174 

N660 Z.25 

N670 Z.0999 

N680 G1 Z-.0001 F2. 

N690 Y-1.1818 F12. 

N700 X5.8561 Y-1.1837 

N710 Z-.0004 

N720 Y-5.1155 

N730 X5.8511 Y-5.1121 

N740 Z-.0009 

N750 Y-1.1871 

N760 X5.8462 Y-1.199 

N770 Z-.0016 

N780 Y-5.1002 

N790 X5.8412 Y-5.0965 

N800 Z-.0025 

N810 Y-1.2027 

N820 Z-.0024 

N830 X5.8362 Y-1.2072 

N840 Z-.0037 

N850 Y-5.092 

N860 Z-.0033 

N870 X5.8312 Y-5.0865 

N880 Z-.005 

N890 Y-1.2127 

N900 Z-.0049 

N910 X5.8262 Y-1.219 

N920 Z-.0066 

N930 Y-5.0802 

N940 X5.8212 Y-5.0733 

N950 Z-.0084 

N960 Y-1.2259 

N970 X5.8162 Y-1.2297 

N980 Z-.0104 

N990 Y-5.0695 

N1000 Z-.0103 

N1010 X5.8112 Y-5.0651 

N1020 Z-.0127 

N1030 Y-1.2341 

N1040 Z-.0126 

N1050 X5.8062 Y-1.2391 

N1060 Z-.0153 

N1070 Y-5.0601 

N1080 X5.8012 Y-5.0547 

N1090 Z-.0182 

N1100 Y-1.2445 

N1110 X5.7962 Y-1.2506 

N1120 Z-.0214 

N1130 Y-5.0486 

N1140 X5.7913 Y-5.044 

N1150 Z-.0249 

N1160 Y-1.2552 

N1170 X5.7863 Y-1.2597 

N1180 Z-.0289 

N1190 Y-5.0395 

N1200 X5.7813 Y-5.0346 

N1210 Z-.0332 

N1220 Y-1.2646 

N1230 Z-.033 

N1240 X5.7763 Y-1.2701 

N1250 Z-.0381 

N1260 Y-5.0291 

N1270 Z-.0378 

N1280 X5.7713 Y-5.0235 

N1290 Z-.0436 

N1300 Y-1.2757 
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N1310 X5.7663 Y-1.2799 

N1320 Z-.0498 

N1330 Y-5.0193 

N1340 X5.7613 Y-5.0144 

N1350 Z-.0569 

N1360 Y-1.2848 

N1370 Z-.0558 

N1380 X5.7563 Y-1.2906 

N1390 Z-.0653 

N1400 Y-5.0086 

N1410 X5.7513 Y-5.0042 

N1420 Z-.0755 

N1430 Y-1.295 

N1440 Z-.0749 

N1450 X5.7463 Y-1.3002 

N1460 Z-.0893 

N1470 Y-4.999 

N1480 X5.7414 Y-4.994 

N1490 Z-.1174 

N1500 Y-1.3052 

N1510 X5.7364 Y-1.3061 

N1520 Z-.171 

N1530 Y-4.9931 

N1540 X5.7314 

N1550 Z-.1902 

N1560 Y-1.3061 

N1570 X5.7264 

N1580 Z-.205 

N1590 Y-4.9931 

N1600 X5.7214 

N1610 Z-.2176 

N1620 Y-1.3061 

N1630 X5.7164 

N1640 Z-.2279 

N1650 Y-4.9931 

N1660 X5.7114 

N1670 Z-.2372 

N1680 Y-1.3061 

N1690 X5.7064 

N1700 Z-.2462 

N1710 Y-4.9931 

N1720 X5.7014 

N1730 Z-.2533 

N1740 Y-1.3061 

N1750 X5.6964 

N1760 Z-.2605 

N1770 Y-4.9931 

N1780 X5.6914 

N1790 Z-.2675 

N1800 Y-1.3061 

N1810 X5.6865 

N1820 Z-.2731 

N1830 Y-4.9931 

N1840 X5.6815 

N1850 Z-.2787 

N1860 Y-1.3061 

N1870 X5.6765 

N1880 Z-.2843 

N1890 Y-4.9931 

N1900 X5.6715 

N1910 Z-.2894 

N1920 Y-1.3061 

N1930 X5.6665 

N1940 Z-.2938 

N1950 Y-4.9931 

N1960 X5.6615 
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N1970 Z-.2982 

N1980 Y-1.3061 

N1990 X5.6565 

N2000 Z-.3027 

N2010 Y-4.9931 

N2020 X5.6515 

N2030 Z-.3067 

N2040 Y-1.3061 

N2050 X5.6465 

N2060 Z-.3102 

N2070 Y-4.9931 

N2080 X5.6415 

N2090 Z-.3137 

N2100 Y-1.3061 

N2110 X5.6366 

N2120 Z-.3171 

N2130 Y-4.9931 

N2140 X5.6316 

N2150 Z-.3206 

N2160 Y-1.3061 

N2170 X5.6266 

N2180 Z-.3233 

N2190 Y-4.9931 

N2200 X5.6216 

N2210 Z-.3259 

N2220 Y-1.3061 

N2230 X5.6166 

N2240 Z-.3286 

N2250 Y-4.9931 

N2260 X5.6116 

N2270 Z-.3313 

N2280 Y-1.3061 

N2290 X5.6066 

N2300 Z-.3337 

N2310 Y-4.9931 

N2320 X5.6016 

N2330 Z-.3357 

N2340 Y-1.3061 

N2350 X5.5966 

N2360 Z-.3377 

N2370 Y-4.9931 

N2380 X5.5916 

N2390 Z-.3397 

N2400 Y-1.3061 

N2410 X5.5866 

N2420 Z-.3417 

N2430 Y-4.9931 

N2440 X5.5817 

N2450 Z-.3433 

N2460 Y-1.3061 

N2470 X5.5767 

N2480 Z-.3447 

N2490 Y-4.9931 

N2500 X5.5717 

N2510 Z-.346 

N2520 Y-1.3061 

N2530 X5.5667 

N2540 Z-.3474 

N2550 Y-4.9931 

N2560 X5.5617 

N2570 Z-.3488 

N2580 Y-1.3061 

N2590 X5.5567 

N2600 Z-.3498 

N2610 Y-4.9931 

N2620 X5.5517 
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N2630 Z-.3506 

N2640 Y-1.3061 

N2650 X5.5467 

N2660 Z-.3514 

N2670 Y-4.9931 

N2680 X5.5417 

N2690 Z-.3521 

N2700 Y-1.3061 

N2710 X5.5367 

N2720 Z-.3529 

N2730 Y-4.9931 

N2740 X5.5317 

N2750 Z-.3533 

N2760 Y-1.3061 

N2770 X5.5268 

N2780 Z-.3536 

N2790 Y-4.9931 

N2800 X5.5218 

N2810 Z-.3538 

N2820 Y-1.3061 

N2830 X5.5168 

N2840 Z-.3541 

N2850 Y-4.9931 

N2860 X5.5118 

N2870 Z-.3544 

N2880 Y-1.3061 

N2890 X5.5068 

N2900 Z-.3545 

N2910 Y-4.9931 

N2920 X5.5018 

N2930 Z-.3548 

N2940 Y-1.3061 

N2950 X5.4968 

N2960 Z-.3553 

N2970 Y-4.9931 

N2980 X5.4918 

N2990 Z-.356 

N3000 Y-1.3061 

N3010 X5.4868 

N3020 Z-.3569 

N3030 Y-4.9931 

N3040 X5.4818 

N3050 Z-.358 

N3060 Y-1.3061 

N3070 X5.4769 

N3080 Z-.3593 

N3090 Y-4.9931 

N3100 X5.4719 

N3110 Z-.3609 

N3120 Y-1.3061 

N3130 X5.4669 

N3140 Z-.3627 

N3150 Y-4.9931 

N3160 X5.4619 

N3170 Z-.3648 

N3180 Y-1.3061 

N3190 X5.4569 

N3200 Z-.3671 

N3210 Y-4.9931 

N3220 X5.4519 

N3230 Z-.3696 

N3240 Y-1.3061 

N3250 X5.4469 

N3260 Z-.3725 

N3270 Y-4.9931 

N3280 X5.4419 
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N3290 Z-.3757 

N3300 Y-1.3061 

N3310 X5.4369 

N3320 Z-.3793 

N3330 Y-4.9931 

N3340 X5.4319 

N3350 Z-.3832 

N3360 Y-1.3061 

N3370 X5.4269 

N3380 Z-.3876 

N3390 Y-4.9931 

N3400 X5.422 

N3410 Z-.3924 

N3420 Y-1.3061 

N3430 X5.417 

N3440 Z-.3979 

N3450 Y-4.9931 

N3460 X5.412 

N3470 Z-.4041 

N3480 Y-1.3061 

N3490 X5.407 

N3500 Z-.4112 

N3510 Y-4.9931 

N3520 X5.402 

N3530 Z-.4196 

N3540 Y-1.3061 

N3550 X5.397 

N3560 Z-.4299 

N3570 Y-4.9931 

N3580 X5.392 

N3590 Z-.4436 

N3600 Y-1.3061 

N3610 X5.387 

N3620 Z-.4717 

N3630 Y-4.9931 

N3640 G0 Z-.3717 

N3650 Z.25 

N3660 X1.2254 Y-1.1818 

N3670 Z.0999 

N3680 G1 Z-.0001 F2. 

N3690 Y-5.1174 F12. 

N3700 X1.2304 Y-5.1155 

N3710 Z-.0004 

N3720 Y-1.1837 

N3730 X1.2354 Y-1.1871 

N3740 Z-.0009 

N3750 Y-5.1121 

N3760 X1.2404 Y-5.1002 

N3770 Z-.0016 

N3780 Y-1.199 

N3790 X1.2454 Y-1.2027 

N3800 Z-.0025 

N3810 Y-5.0965 

N3820 Z-.0024 

N3830 X1.2504 Y-5.092 

N3840 Z-.0037 

N3850 Y-1.2072 

N3860 Z-.0033 

N3870 X1.2554 Y-1.2127 

N3880 Z-.005 

N3890 Y-5.0865 

N3900 Z-.0049 

N3910 X1.2604 Y-5.0802 

N3920 Z-.0066 

N3930 Y-1.219 

N3940 X1.2654 Y-1.2259 
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N3950 Z-.0084 

N3960 Y-5.0733 

N3970 X1.2704 Y-5.0695 

N3980 Z-.0104 

N3990 Y-1.2297 

N4000 Z-.0103 

N4010 X1.2753 Y-1.2341 

N4020 Z-.0127 

N4030 Y-5.0651 

N4040 Z-.0126 

N4050 X1.2803 Y-5.0601 

N4060 Z-.0153 

N4070 Y-1.2391 

N4080 X1.2853 Y-1.2445 

N4090 Z-.0182 

N4100 Y-5.0547 

N4110 X1.2903 Y-5.0486 

N4120 Z-.0214 

N4130 Y-1.2506 

N4140 X1.2953 Y-1.2552 

N4150 Z-.0249 

N4160 Y-5.044 

N4170 X1.3003 Y-5.0395 

N4180 Z-.0289 

N4190 Y-1.2597 

N4200 X1.3053 Y-1.2646 

N4210 Z-.0332 

N4220 Y-5.0346 

N4230 Z-.033 

N4240 X1.3103 Y-5.0291 

N4250 Z-.0381 

N4260 Y-1.2701 

N4270 Z-.0378 

N4280 X1.3153 Y-1.2757 

N4290 Z-.0436 

N4300 Y-5.0235 

N4310 X1.3203 Y-5.0193 

N4320 Z-.0498 

N4330 Y-1.2799 

N4340 X1.3253 Y-1.2848 

N4350 Z-.0569 

N4360 Y-5.0144 

N4370 Z-.0558 

N4380 X1.3302 Y-5.0086 

N4390 Z-.0653 

N4400 Y-1.2906 

N4410 X1.3352 Y-1.295 

N4420 Z-.0755 

N4430 Y-5.0042 

N4440 Z-.0749 

N4450 X1.3402 Y-4.999 

N4460 Z-.0893 

N4470 Y-1.3002 

N4480 X1.3452 Y-1.3052 

N4490 Z-.1174 

N4500 Y-4.994 

N4510 X1.3502 Y-4.9931 

N4520 Z-.171 

N4530 Y-1.3061 

N4540 X1.3552 

N4550 Z-.1902 

N4560 Y-4.9931 

N4570 X1.3602 

N4580 Z-.205 

N4590 Y-1.3061 

N4600 X1.3652 
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N4610 Z-.2176 

N4620 Y-4.9931 

N4630 X1.3702 

N4640 Z-.2279 

N4650 Y-1.3061 

N4660 X1.3752 

N4670 Z-.2372 

N4680 Y-4.9931 

N4690 X1.3801 

N4700 Z-.2462 

N4710 Y-1.3061 

N4720 X1.3851 

N4730 Z-.2533 

N4740 Y-4.9931 

N4750 X1.3901 

N4760 Z-.2605 

N4770 Y-1.3061 

N4780 X1.3951 

N4790 Z-.2675 

N4800 Y-4.9931 

N4810 X1.4001 

N4820 Z-.2731 

N4830 Y-1.3061 

N4840 X1.4051 

N4850 Z-.2787 

N4860 Y-4.9931 

N4870 X1.4101 

N4880 Z-.2843 

N4890 Y-1.3061 

N4900 X1.4151 

N4910 Z-.2894 

N4920 Y-4.9931 

N4930 X1.4201 

N4940 Z-.2938 

N4950 Y-1.3061 

N4960 X1.4251 

N4970 Z-.2982 

N4980 Y-4.9931 

N4990 X1.4301 

N5000 Z-.3027 

N5010 Y-1.3061 

N5020 X1.435 

N5030 Z-.3067 

N5040 Y-4.9931 

N5050 X1.44 

N5060 Z-.3102 

N5070 Y-1.3061 

N5080 X1.445 

N5090 Z-.3137 

N5100 Y-4.9931 

N5110 X1.45 

N5120 Z-.3171 

N5130 Y-1.3061 

N5140 X1.455 

N5150 Z-.3206 

N5160 Y-4.9931 

N5170 X1.46 

N5180 Z-.3233 

N5190 Y-1.3061 

N5200 X1.465 

N5210 Z-.3259 

N5220 Y-4.9931 

N5230 X1.47 

N5240 Z-.3286 

N5250 Y-1.3061 

N5260 X1.475 
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N5270 Z-.3313 

N5280 Y-4.9931 

N5290 X1.48 

N5300 Z-.3337 

N5310 Y-1.3061 

N5320 X1.4849 

N5330 Z-.3357 

N5340 Y-4.9931 

N5350 X1.4899 

N5360 Z-.3377 

N5370 Y-1.3061 

N5380 X1.4949 

N5390 Z-.3397 

N5400 Y-4.9931 

N5410 X1.4999 

N5420 Z-.3417 

N5430 Y-1.3061 

N5440 X1.5049 

N5450 Z-.3433 

N5460 Y-4.9931 

N5470 X1.5099 

N5480 Z-.3447 

N5490 Y-1.3061 

N5500 X1.5149 

N5510 Z-.346 

N5520 Y-4.9931 

N5530 X1.5199 

N5540 Z-.3474 

N5550 Y-1.3061 

N5560 X1.5249 

N5570 Z-.3488 

N5580 Y-4.9931 

N5590 X1.5299 

N5600 Z-.3498 

N5610 Y-1.3061 

N5620 X1.5349 

N5630 Z-.3506 

N5640 Y-4.9931 

N5650 X1.5398 

N5660 Z-.3514 

N5670 Y-1.3061 

N5680 X1.5448 

N5690 Z-.3521 

N5700 Y-4.9931 

N5710 X1.5498 

N5720 Z-.3529 

N5730 Y-1.3061 

N5740 X1.5548 

N5750 Z-.3533 

N5760 Y-4.9931 

N5770 X1.5598 

N5780 Z-.3536 

N5790 Y-1.3061 

N5800 X1.5648 

N5810 Z-.3538 

N5820 Y-4.9931 

N5830 X1.5698 

N5840 Z-.3541 

N5850 Y-1.3061 

N5860 X1.5748 

N5870 Z-.3544 

N5880 Y-4.9931 

N5890 X1.5798 

N5900 Z-.3545 

N5910 Y-1.3061 

N5920 X1.5848 
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N5930 Z-.3548 

N5940 Y-4.9931 

N5950 X1.5898 

N5960 Z-.3553 

N5970 Y-1.3061 

N5980 X1.5947 

N5990 Z-.356 

N6000 Y-4.9931 

N6010 X1.5997 

N6020 Z-.3569 

N6030 Y-1.3061 

N6040 X1.6047 

N6050 Z-.358 

N6060 Y-4.9931 

N6070 X1.6097 

N6080 Z-.3593 

N6090 Y-1.3061 

N6100 X1.6147 

N6110 Z-.3609 

N6120 Y-4.9931 

N6130 X1.6197 

N6140 Z-.3627 

N6150 Y-1.3061 

N6160 X1.6247 

N6170 Z-.3648 

N6180 Y-4.9931 

N6190 X1.6297 

N6200 Z-.3671 

N6210 Y-1.3061 

N6220 X1.6347 

N6230 Z-.3696 

N6240 Y-4.9931 

N6250 X1.6397 

N6260 Z-.3725 

N6270 Y-1.3061 

N6280 X1.6446 

N6290 Z-.3757 

N6300 Y-4.9931 

N6310 X1.6496 

N6320 Z-.3793 

N6330 Y-1.3061 

N6340 X1.6546 

N6350 Z-.3832 

N6360 Y-4.9931 

N6370 X1.6596 

N6380 Z-.3876 

N6390 Y-1.3061 

N6400 X1.6646 

N6410 Z-.3924 

N6420 Y-4.9931 

N6430 X1.6696 

N6440 Z-.3979 

N6450 Y-1.3061 

N6460 X1.6746 

N6470 Z-.4041 

N6480 Y-4.9931 

N6490 X1.6796 

N6500 Z-.4112 

N6510 Y-1.3061 

N6520 X1.6846 

N6530 Z-.4196 

N6540 Y-4.9931 

N6550 X1.6896 

N6560 Z-.4299 

N6570 Y-1.3061 

N6580 X1.6946 
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N6590 Z-.4436 

N6600 Y-4.9931 

N6610 X1.6995 

N6620 Z-.4717 

N6630 Y-1.3061 

N6640 G0 Z-.3717 

N6650 Z.25 

N6660 M5 

N6670 M01 

'  1/4 DRILL ' 

N6860 T16 M6 

N6870 S1000 M3 

N6880 G54  

N6890 G0 X.3937 Y-.3267 

N6900 Z.1 M8 

N6910 G83 X.3937 Y-

.3267 Z.5 Z.1 Z.03 F2.1 

N6920 X1.9685 

N6930 X3.5433 

N6940 X5.1181 

N6950 X6.6929 

N6960 Y-5.9725 

N6970 X5.1181 

N6980 X3.5433 

N6990 X1.9685 

N7000 X.3937 

N7010 G80 M9 

N7020 M5 

N7030 M25 

N7040 M22
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