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1. Introduction 

Under the support of an NSF SBIR Phase II/IIB grant, OMAX developed and commercialized micro-abrasive 
waterjet (AWJ) technology, culminating in a new product MicroMAX® JetMachining® Center (JMC) for 
meso-micro machining.1 With the addition of the MicroMAX, waterjet has established the full capability 
of multi-mode machining of most materials from macro to micro scales for a wide range of part size and 
thickness (i.e., the “7M” advantage – Liu, 2017a). Waterjet possesses several technological and 
manufacturing merits that are unmatched by most machine tools: 

 A “green” machining process that uses no toxic machining fluid and produces no hazardous waste 

 Material independence – cuts virtually any material from metal, nonmetal, to anything in between 
including nanomaterials with large gradient of nonlinear material properties (Liu, 2017b)    

 Cold cutting with low force exerted on workpiece 
o Cuts at high speeds without inducing a heat affected zone (HAZ)  
o Preserves structural and chemical integrity of parent materials 
o Machines large-aspect-ratio thin webs without inducing mechanical and thermal distortion 
o Requires only simple fixturing  

 A single tool assisted with multi-head accessories qualified for multimode machining (Liu et al., 2018) 

 Broad range of part sizes and thicknesses from macro to micro scales (Liu and McNiel, 2010) 

 Nozzle does not in direct contact with the workpiece - no heat and mechanical induced tool wear 

o A preferable near-net shaping tool to machine difficult materials such as hardened steel and 
alloys 

 Cost effective with fast turnaround for both small and large lots 

 Amenable to micromachining and 3D machining (Miller, 2005, Liu and Schubert, 2012, Liu and Olsen, 
2013) 

Considerable efforts were devoted in applying waterjet for R&D and rapid prototyping with emphasis on meso-
micro machining using the MicroMAX to broaden its applications for a wide range of industrial, biomedical, and 
military applications. Specifically, we have collaborated with several academic and research institutes, including 
the Massachusetts Institute of Technology – MIT (the Mechanical Engineering Department, the Hobby Shop, 
and the Center for Bits and Atoms - CBA), Ryerson University, Pacific Northwest National Laboratory (PNNL) 

                                                      
1 The MicroMAX was named a Finalist of the 2016 R&D 100 Awards (https://www.sbir.gov/node/1308555). 
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under the Advanced Technology Program (ATP) for small businesses, NASA Jet Propulsion Laboratory (JPL), and 
others. The collaborations have led to the discovery of interesting findings, part of which has demonstrated 
several unique capabilities of waterjet for meso-micro machining and others deserve further investigation.  

One of the collaborations with MIT was to apply waterjet to machine nonlinear load cells with 1% of 
sensitivity and a five orders of magnitude in force range (MIT U.S. Patent #20150233440). There were two 
versions of the load cells, constituting of four constant-width and tapered flexures, respectively (Liu, 
2019). The load cells were made from 6.35 mm thick, 6061 T6 aluminum. The novel geometries of the 
flexures presented considerable challenge to traditional machine tools. For example, the constant-width 
flexures was 1 mm wide with an aspect ratio of 98.3. One end of the flexure connected to the frame of 
load cell via a 20-mm diameter loop (3/4 of a circle). The tapered flexures, on the other hand, reduced the 
width gradually from 10 mm to 0.5 mm over a ¼ perimeter of a 176-mm-diameter circle. By taking 
advantage of the cold cutting process with low side force exertion, the load cells were successfully cut on 
the MicroMAX. A Tilt-A-Jet® (TAJ) was used to cut nearly taper-free edges that were a critical factor to 
meet the required precision and repeatability of the load cells. The performance of the load cells was 
subsequently verified through several series of laboratory tests at MIT (Kluger, 2016, 2017).  

Another example was the machining of a set of aluminum flexures used on the microsplines of the 
prototype asteroid gripping device under development at NASA/JPL for the Asteroid Redirection Mission 
(ARM) program. The spring-like flexures consisting of 11 flexure elements were cut from a 3.2 mm thick, 
6061 T6 aluminum sheet. The length and width of the flexure elements were 36.3 mm and 0.5 mm, 
respectively. The separation between each element was 0.76 mm. The aspect ratio was therefore 72.6. 
Such large-aspect-ratio thin flexures presented considerable challenge to traditional machine tools. The 
MicroMAX, again, was applied successfully to machine the set of flexure using similar parameter described 
above (Liu et al., 2018).  

In an attempt to demonstrate the versatility of waterjet for meso-micro machining, we began conducting cutting 
tests of reference miniature parts using several machine tools. During the past five years, we chose three to four 
reference parts that were cut with lasers (CO2 and solid state), wire EDM, AWJ, and CNC milling available at 
OMAX’s R&D machine shop and Waterjet Demo Lab as well as CBA’s Digital Fabrication Facility. Since 2014, 
OMAX collaborated with CBA to conduct test cutting using lasers and the wire EDM to compare their 
performances with that of the AWJ. The test results have helped demonstrate certain aspects of the AWJ as 
a versatile meso-micro machining tool and several pros and cons of lasers, wire EDM, and CNC milling. The 
interesting results prompted the initiation of a Microcutting Project at CBA. The main objective was to expand 
the scope in comparing the performances of a collection of machine tools available at CBA and other facilities. 
A reference part was chosen among the flexures on the NASA/JPL microsplines of the prototype asteroid 
gripping device.2  This Tech Memo documents the results derived from both the early collaboration and the 
Microcutting Project.  

2. Technical Approach and Equipment 

2.1  Technical Approach 

A collection of machine tools available at OMAX, CBA, and other facilities were selected to machine reference 
parts that were successfully machined on the MicroMAX configured for meso-micro machining. These parts, 

                                                      
2 The geometry and the materials of the flexure as the reference part are tailored to AWJ and not necessarily optimum 

for several machine tools used in the Microcutting pro compare their performances on meso-micro machining.  
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machined from materials that were most suitable for the individual tools, were then inspected qualitatively and 
quantitatively to compare the performances of these machine tools.  

2.2  Micro Abrasive Waterjet Technology 

The AWJ is amenable to micromachining as the diameter of the AWJ can reduce to micro scales (Miller, 
2005). The AWJ technology was developed and commercialized under the support of an SBIR Phase II/IIB 
grant. Several novel processes were developed and incorporated into the MicroMAX for meso-micro 
machining of 2D and 3D pars. In essence, the main push was to downsize the AWJ nozzle capable of meso-
micro machining. As such, several challenges were present as the three-phase, supersonic slurry flow inside 
the nozzle transitions from a gravity-dominated flow to a microfluidic flow. Novel processes and apparatus 
were developed to enable AWJ technology for industrial applications. 

1. The flow of fine powders generates static charges that prevent consistent abrasive feed to the 
nozzle (establishment of adequate grounding is required to avoid the buildup of static charges) 

2. The drag of the microfluidic slurry forced through the mixing tube increases as the -4 power of 
the ID (Hagen-Poiseuille flow) 

3. The mean particle size of abrasives must reduce accordingly (< 1/3 mixing tube ID) to avoid 
clogging of the mixing tube by bridging of two large particles).  
o Fine powders of abrasive do not flow well under gravity feed (developed novel process and 

apparatus to improve flowability and gravity feeding - US Patents 9,090,808 and 9,  
4. Alignment of the orifice and the mixing tube becomes increasingly critical with the nozzle 

downsize resulting in nozzle clogging (developed proprietary apparatus to fine tube alignment of 
the orifice and the mixing tube) 

5. The Bernoulli vacuum downstream of the orifice decreases with the decrease in the orifice ID and 
the vacuum level becomes inadequate to entrain all the abrasives fed from the hopper particularly 
in low pressure piercing and cutting (developed vacuum assist to mitigate nozzle clogging) 

6. Challenges to fabricate miniature mixing tubes with the optimum aspect ratio (length-to-ID ≳ 
120)  

At present, the 7/15 nozzle with an orifice and a mixing tube ID of 0.007” (0.18 mm) and 0.015” (0.38 mm) is the 
smallest production nozzle whereas the 5/10 nozzle is currently under beta testing. An R&D nozzle with a 4/8 
combination is being tested. Garnet with 240 mesh can be readily used with these nozzles. For garnets finer 
than 240 mesh, a proprietary process was developed to enhance their flowability. Success in developing the 
AWJ technology led to the culmination in the release of the MicroMAX as a new product debuted in 2013. It 
has a position accuracy and repeatability of 15 m and ? m, respectively. A MicroMAX version II with the 
incorporation of a Rotary Axis for machining axisymmetric features was released for production in 2016.1    

2.3  Participated Partners and available Machine Tools 

The participant in the Microcutting Project included MIT/CBA (www.cba.mit.edu), OMAX 
(www.omax.com), Formlabs (www.formlabs.com), Datron (www.datron.com/), (Moog Inc. 
(http://www.moog.com/), and BMF Precision Technology Co, Ltd . (http://bmftec.com/). Machine tools 
available at the facilities of the participants and used in the Project included  

CBA Digital Fabrication Facility (http://cba.mit.edu/tools/index.html) 

Beam Dynamics Model LMC10000 CO2 laser system – 1.2 mx 1.2 m cutting area, 30.5 m vertical travel, 500w 
(1550W peak), 25 m overall accuracy, 51 m/min max cutting speed (91 m/min traverse speed) 

OMAX 5555 JetMachining Center –  X-Y Travel 1.4 x 1.4 m, Tilt-A-Jet, MAXJET 5i Nozzle (10/21), 7/15 Mini 
MAXJET 5 Nozzle, Precision Optical Locator, Pneumatic Drill 
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Sodick SL400G Wire EDM –  X, Y, Z Axis Travel, 400 x 300 x 250 mm; Wire Diameter Range: 0.051 to 0.30 mm. 

Zund G-3 L-2500 – Repeatability +/- 0.03 mm, position accuracy +/- 0.1 mm/m, working area 1800 mm x 2500 
mm, high speed router 3.6kW 50,000 rpm. 

FabLight 3000 Fiber Laser - 3kW laser, working area of 6.35 m x 1.27 m and tubes of diameter 12.7 mm to 5.1 
mm. Capable of cutting Steel, stainless steel, spring steel, aluminum, copper, brass, titanium. Repeatability 
of 15 m, accuracy of +/- 20 m/m.  

Oxford Solid State Micromachining Laser - 532nm diode-pumped solid-state laser, 150mm XY travel, 50 mm Z 
travel, 1 micron resolution. It has spot size of approximately 20 microns. The laser outputs approximately 6W 
of power at 10 kHz and can quickly cut through materials typically up to 0.5mm thick. It's used for fine cutting, 
ablation, engraving, and marking. 

OMAX Corporation 

MicroMAX – A MicroMAX equipped with a TAJ, a Rotary Axis, and a Precision Optical Locator (POL) is available 
at the OMAX Demo Laboratory. For meso-micro machining, the 7/15 and 5/10 nozzles have been used 
routinely for cutting demo parts and conducting in-house R&D.  

CNC Mill - One of the CNC milling machines (Haas UMC750) with an end mill made by Alu-Power (36573-
E5982016) at OMAX R&D machine shop was used to machine the constant-width and tapered flexures of 
the nonlinear load cells developed at MIT. The objective was to demonstrate whether the relative large side 
force exerted by the end mills on the workpiece would lead to mechanical distortion on the large-aspect-
ratio flexures.  

Formlabs - Form 2 Printer - Build Volume: 145x145x175 mm, Layer Thickness: 25, 50, 100 microns, Laser Spot 
Size: 140 microns, Laser Power: 250 mW, Wavelength: 405 nm (violet), Automated Resin System, Self-
heating Resin Tank, Auto generated supports, Machine size: 350mm (L) Ã— 330mm (W) Ã— 520mm (H) 

Moog, Inc. 

?????? 

BMF Material Technology Inc. – nanoArch Micro Scale 3D Printing System InP140 (http://bmftec.com/print/all) 
nanoArch® is the first commercialized high resolution, multi-material 3D micro-fabrication equipment based 
on PμLSE (Projection Micro Litho Stereo Exposure) technology, which is designed for scientific R&D of 
functional composite materials.  

Datron - DATRON neo Milling Machine (https://www.datron-neo.com/us/datron-neo-simple-milling/overview/).  

Results 

Early Collaboration 

Miniature Butterflies 

In the past five years, OMAX collaborated with CBA to conduct test cutting of microparts to compare the 
performances of lasers and waterjet. One of the reference parts was a miniature butterfly cut from thin titanium 
and stainless-steel sheets. The butterfly consisting of slots separated by thin webs was originally designed for 
large nozzles. Trepanning was set up to cut the slots. When it was downsized for the 5/10 nozzle, the width of 
several slots became narrower than the kerf width of the nozzle (0.28 mm). The tool paths of those slots and 
the OMAX logo were then changed from trepanning to slitting, as represented by the dashed curves in Figure 
1a. Figure 1b illustrates the tool path of the butterfly for the solid-state laser. All the slots and the OMAX logo 
were cut in the trepanning mode as the spot size of laser is approximately 50 m and was capable of negotiate 
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the sharp corners and turns of the tool path. All the slots were cut with the trepanning mode. Figure 1a illustrates 
the modified tool paths of the butterfly.  

Figure 2 illustrates three photographs 
of butterflies cut with the CO2 laser (a), 
the solid- state laser (b), and the 
waterjet (c). The CO2 laser failed to cut 
the titanium butterfly (1.3 mm thick 
with a span of 10 cm) as its intensive 
heat simply evaporated the closely 
packed thin webs (Liu, 2017b, 2017c). 
Subsequently, the butterfly (0.25 mm 
thick stainless steel) was machined 
successfully with a solid-state laser 
pulsed at 5 KHz. The high-frequency 
pulsation reduced the average cutting 
power of the solid-state laser to minimize the heat damage to the part. It took the laser about 60 min to cut the 
butterfly. As a cold cutting tool with low side force exertion on the workpiece, the waterjet on the MicroMAX 
using a 5/10 nozzle with 240 mesh 
garnet (mean particle size ~ 60 m) 
cut the butterfly (0.5 mm thick 
stainless steel) in 2.2 min. The ratio 
of the cutting time of the laser and 
the waterjet is better than  

Comparison of the butterflies shown 
in Figures 2b and 2c clearly 
demonstrates the superiority in the 
spatial resolution of the laser to that 
of the waterjet. In particular, the 
kerf width of the laser-trepanned 
OMAX logo and the narrowest slots 
are considerably narrower in Figure 
1b than the waterjet-slit 
counterparts in Figure 1c. Figure 1d 
shows the micrograph of the 
waterjet cut butterfly using a 3/8 
nozzle. The slots cut with slitting 
display a “dump bell” shape. The 
oversized end points are the result 
of too long a dwell time during 
piercing and exiting. Reducing the 
dwell time will minimize the 
oversize.  

In Figures 2e and 2f the tool paths 
shown in Figure 1a and 1b are 
superimposed onto the photograph 

    
a. Tool path for AWJ (5/10 nozzle)  b. Tool path for solid-state laser 

Figure 1. Two versions of tool path for cutting with waterjet and 
solid-state laser 

    
     a. CO2 Laser                  b. Solid-state laser                          

      
          c. Waterjet (5/10 Nozzle)                      d. Waterjet (3/8 nozzle) 

    
                e. Tool path on b.                             f. Tool path on c. 

Figure 2. Miniature butterflies cut with lasers and waterjet 
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of the laser-cut butterfly and the micrograph of the waterjet-cut counterpart. Figure 2f shows that the match 
between the tool path and the waterjet-cut butterfly is excellent. However, a slight mismatch is observed in 
Figure 2e between the two. A part of the mismatch could be attributed to the distortion of the camera lens.  

No attempt was made to machine the butterfly with the wire EDM as its geometry required many rethreading 
of the wire to cut all the slots.    

Tweezers 

The same sets of tools were also applied to cut miniature titanium tweezers (0.9mm thick). Figure 3 illustrates 
the top, side, and back views of a pair of miniature tweezers with a length of 36.5 mm. Significant heat damage 
ranging from discoloring and warping to the presence of excessive amount of slag is evident. Subsequently, a 
pair of further downsized tweezers was cut with a solid-state laser, as shown in Figures 4a (top view) and 4b 
(side view). For comparison, the same tweezers cut with the waterjet using a 5/10 nozzle with 240 mesh garnet 
is shown in Figures 4c and 4d. Again the small kerf width of the laser was able to negotiate the sharp corners 
and turns considerably better than the waterjet. The time to cut the tweezers is however considerable shorter 
for the waterjet (45 sec) than for the laser (3 hrs), a ratio of 240. It is expected that optimization of the laser 
cutting process could reduce the ratio to about 100. Even pulsed at 5 KHz, the moderate heat generated by the 
laser still induced some discoloring on the edges of the tweezers, as observed from Figure 4b, leading to a minor 
distortion at the tip of the tweezers. 

Nonlinear Load Cell 

Another collaboration was to machine novel nonlinear load cells (MIT US Patent #20150233440). The flexure-
based load cells were highly sensitive with 1% change in the force and five orders of magnitude in the force 
range. There were two designs of the load cells consisted of large-aspect-ratio thin flexures with constant 
and variable width, respectively. For the theory and design of the loads, refer to Kluger et al. (2016, 2017). The 
load cells were to be machined on 6.35 mm thick, 6061 T6 aluminum. It appeared waterjet, being a cold cutting 
tool with low force exertion onto the workpiece, would be preferable to lasers, EDM, and CNC milling. Note that 
lasers were not efficient in cutting the aluminum with high thermal conductivity; EDM was expected to be too 
slow because it must cut via multiple passes to minimize the HAZ; and CNC milling must cut slowly to avoid the 
mechanical distortion of the high-aspect-ratio thin flexures. 

  
   
a 

  
 
b 

 
  
 
c 

Figure 3. Micrographs of miniature Ti tweezers cut with CO2 Laser (Liu, 2017b) 
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The load cells were machined on the MicroMAX with the 7/15 nozzle using 220 mesh garnet with a mass 
flow rate of 45 gm/min. The pump pressure was set at 380MPa. The TAJ was activated to enable achieving 
nearly taper free edges of the thin flexures, a critical factor to meet the required precision and 
repeatability of the load cells. Figures 5a and 5b show photographs of the waterjet-machined load cells. 
Figure 5a shows the one with four constant-width (1 mm wide) cantilever flexures. Each one consists of a 
moment compliant “19.1 mm diameter ring” connector. The aspect ratio (length to width) of the straight 
section is 98.3. At low forces, the full lengths of the four 
flexures serve as the elements to achieve the high 
sensitivity. At high forces, the flexures bend and rest on 
the stops of the load cells. The lengths of the sensing 
elements reduce to about one half of the full length 
enabling the load cell to measure large forces without over 
straining the flexures. The load cell illustrated in Figure 4b 
has four tapered flexures. Other than the geometry of the 
two flexures, the same nonlinear principle applies to both 
for high sensitivity and large force range. Note that the 
tapered flexures at the points of connection to the body of 
the load cell has a minimum width of 0.5 mm. 

The cold cutting of waterjet and its negligible side force 
exerted on the workpiece are the keys to the success in 
machining such large-aspect-ratio thin and curved flexures 
without thermal- and mechanical-induced distortion. To 
demonstrate the above advantages, the flexures with 
constant-width and tapered flexures were selected to be 
machined with CNC milling. 3  The micrographs of the 
waterjet-cut and CNC-milled flexures with constant width 

                                                      
3 In reality, milling does not work to machine the actual load cells as there are gaps between the flexure and the 

supporting frame too narrow for the passage of the miniature end mill. 

 
 
a 

 
 
b 

 
 
 
c 

 
 
d 

Figure 4. Micrographs of miniature Ti tweezers cut with solid-state laser and waterjet 
 

 
a. Load cell with constant-width flexures 

 
b. Load cell with tapered flexures 

Figure 5. Two versions of nonlinear load 
cells (Liu, 2019) 
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were displayed side-by-side in Figure 6 to 
compare their performance. Both the top 
and bottom views of the flexures were 
shown in Figures 6a – 6b and 6c – 6d, 
respectively. The tool paths of the flexures 
were superimposed onto the micrographs 
as a means to determine whether any 
distortion of the flexures was induced by 
the two machine tools. Figures 6a and 6b 
show that the tool paths matched well with 
the waterjet-cut flexure and the frame 
surrounding the flexure. Note that the only 
fixtures were two carpenter claims pushing 
the aluminum plate against the reference 
square that define the x and y axes inside 
the water tank. The flexure was 
cantilevered at the anchor point where its 
left-hand side was connected to the frame 
of the load cell. It would not take much side 
loading or rise in temperature to deflect or 
warp the flexure during waterjetting. With 
the TAJ activated during machining, the tool 
paths matched well with the waterjet-cut 
flexure on both the top and bottom views of 
the micrographs. 

The flexure shown in Figures 6c – 6d were 
milled using the Haas UMC750 with a 6.35 mm end mill on a 6.35 mm thick aluminum plate. There were, 
however, slight mismatch between the tool paths and the CNC-milled part, indicating that the flexure was 
bent slightly in the presence of the relatively high side loading and/or the increase in the frictional heat 
during the milling operation. In addition, the end mill did not cut through the plate between the midpoint 
and the beginning of the circular loop. A thin raw material was left on the bottom edge of the flexure. One 
of the remedies was to use a plate that was thicker than the part thickness. A second run used a plate 
twice the thickness of the flexure or 12.7 mm. During the milling operation, the flexure supported by a 
6.35 thick solid base, did not bend nor warp by the side force of the end mill or the induced frictional heat. 
In fact, a large amount of the heat was diffused through the solid base. The flexure was then finished by 
milling off the solid base. Figures 6e and 6f show the finish flexure that matched well with the tool path. 
However, the remedy increased the cost of machining as the result of additional material waste and the 
secondary process to remove the solid base.  

The tapered flexures machined with the waterjet were inspected under the microscope. Figures 7a and 
7b show the stitched micrograph of a portion of one of the tapered flexures (top and bottom views). The 
flexure with its ends tapered to a width of merely 0.5 mm and connected to the frame of the load cell was 
extremely delicate and flexible, more so than the constant-width counterpart. The fact that the waterjet-
cut flexure matched very well with the tool path further demonstrated the importance of machining 
delicate features that are prone to mechanical and heat damage. 
 

a 

 

b 

 

c 

 

d 

 

e 

  

f 

 
Figure 6. Constant-width flexure machined with waterjet 

and CNC milling 
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 CNC milling was conducted to machine one half of the left 
tapered flexure shown in Figure 5b. We had to modify the 
design to facilitate the milling operation. The modifications, 
as shown in Figure 7c, included the connection of the 
midpoint of the flexure to the frame of the load cell and to 
widen the gap between the flexure and the frame. As a result, 
the CNC-milled one half of the tapered flexure matched well 
with the modified tool path. Without the modifications, the 
flexure was certain to be deflected by the side force of the 
end mill or the frictional heat generated during the milling 
operation. Remedies similar to that described for machining 
the constant-width flexure would be required.  

  

 

 

 a 

 

   b 

 

   c 

 
Figure 7. Tapered flexure machined with 

waterjet and CNC Milling 
 


