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to Micro Machining – Part 1 

By H.T. Peter Liu       
Abstract- Abrasive-waterjet (AWJ) technology possesses inherent characteristics unmatched by most 
machine tools. The initial commercialization of AWJ in the mid1980s was to take advantage of its superior 
cutting power for raw cutting of thick and difficult-to-machine materials. Subsequenlty, considerable R&D 
was devoted to take full advantage of the above characteristics while refining machining processes 
toward precision machining and automation. This two-part paper presents the accomplishments that 
advance AWJ technology in terms of improving the cutting accuracy and efficiency, broadening 
applications for machining delicate materials from macro to micro scales, and enabling 3D capability for 
multimode machining. In Part 1 of the paper, six topical areas are presented to demonstrate some of the 
important achievements in advancing AWJ technology. The areas include: - control software, meso-micro 
and stack machining, macro to micro machining, cold cutting, hole drilling, and gear making. Additional 
topical areas will be presented in Part 2 of the paper to fully explore the technological and manufacturing 
merits of AWJ technology. Such merits had elevated AWJ technology as one of the most versatile 
machine tools competing on equal footing, and with advantage in some cases, among subtractive and 
additive manufacturing tools. The accomplishments presented in this paper had clearly demonstrated that 
AWJ technology was capable of multi-mode machining for most materials from macro to micro scales, 
the “7M” advantage. The versatility of AWJ technology has clearly demonstrated its “7M” advantage.  
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1 The author had the honor to be supervised by the late Dr. 
John Olsen who enabled the commercialization of waterjet 
technology by perfecting the ultra-high pressure intensifier 
pump. 
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Review of Accomplishments in Abrasive-
Waterjet from Macro to Micro Machining – Part 1

Abstract- Abrasive-waterjet (AWJ) technology possesses 
inherent characteristics unmatched by most machine tools.
The initial commercialization of AWJ in the mid1980s was to 
take advantage of its superior cutting power for raw cutting of 
thick and difficult-to-machine materials. Subsequenlty, 
considerable R&D was devoted to take full advantage of the 
above characteristics while refining machining processes 
toward precision machining and automation. This two-part 
paper presents the accomplishments that advance AWJ 
technology in terms of improving the cutting accuracy and 
efficiency, broadening applications for machining delicate 
materials from macro to micro scales, and enabling 3D 
capability for multimode machining. In Part 1 of the paper, six 
topical areas are presented to demonstrate some of the 
important achievements in advancing AWJ technology. The 
areas include: - control software, meso-micro and stack 
machining, macro to micro machining, cold cutting, hole 
drilling, and gear making. Additional topical areas will be
presented in Part 2 of the paper to fully explore the 
technological and manufacturing merits of AWJ technology.
Such merits had elevated AWJ technology as one of the most 
versatile machine tools competing on equal footing, and with 
advantage in some cases, among subtractive and additive 
manufacturing tools. The accomplishments presented in this 
paper had clearly demonstrated that AWJ technology was 
capable of multi-mode machining for most materials from 
macro to micro scales, the “7M” advantage. The versatility of 
AWJ technology has clearly demonstrated its “7M” 
advantage.

I. Introduction

n 1973, after joining Flow Research, Inc., where the 
waterjet technology was developed and 
commercialized, the author had the privilege of 

participating in R&D activities to advance the 
technology.1 He subsequently joined OMAX Corporation 
in 2005 and continued his pursue in advancing waterjet 
technology. He was involved in the commercialization of 
the technology while witnessing its maturing and growth 
in the adaptation by the manufacturing community. In 
the early stage, when the abrasive waterjet (AWJ) was
commercialized in the mid1980s, a reasonable controller 
to maneuver the operation had yet to be developed. It 
merely served as a  raw cutting tool  for  difficult-to-cut

I

and thick materials to take advantage of its superior 
cutting power. As the technology advanced, additional 
technological and manufacturing merits were 
discovered and progressively verified. Among the merits
in addition to the superior cutting power are green 
machining process, material independence, cold 
cutting, adaptability to automation, amenability to 
micromachining, low loading on work pieces, and 3D 
capability (Liu and Schubert, 2012; Liu, 2017a). Most of 
the development efforts in the last three decades, in 
addition to hardware improvement for cutting
performance, were to develop controller and smart 
software for operating the machine toward precision
machining. In modern times, AWJ possesses 
technological and manufacturing merits that are 
superior to most other tools. It has been elevated as a 
modern machine tool competing on equal footing 
among lasers, electrical discharged machining (EDM), 
and precision milling tools.

Since AWJ carries out machining by means of a 
high-speed and thin beam of water-only-jet (WJ) and 
AWJ, it is amenable to micromachining. Recent success 
in commercialization of micro abrasive-waterjet (µAWJ)
technology has broadened the range from macro to 
micro machining. The diameter of the WJ was defined 
by the diameter of the orifice, the single phase WJ with 
diameters smaller than 100 µm has been used to cut 
relatively soft materials such as fabrics, rubber, foam, 
thin plastics, and various food products (Yadav and 
Singh, 2016). With the entrainment of abrasives and air 
together with the incorporation of the mixing tube, the 
diameter of the three-phase AWJ is about three to four 
times that of the WJ. At present, the smallest kerf width 
achievable with commercially available AWJ systems is 
around 300 to 400 µm. Preliminary tests using a 
research µAWJ nozzle, with a φ76 µm orifice and a φ175 
µm mixing tube, showed that a kerf width of 200 µm was 
achievable (Liu and Gershenfeld, 2020). Very thin 
materials that are too delicate to machine otherwise can 
be machined by stacking multiple layers of materials 
with the powerful AWJ. The increase in the thickness of 
the stack not only stiffens the individual layers for ease 
of fixturing but also allows utilization of the Tilt-A-Jet for 
machining nearly taper free edges of individual thin 
materials within the stack.2

                                                          
2 For very thin materials, the Tilt-A-Jet is deactivated as the 
cutting speeds are too fast such that the Tilt-A-Jet is too slow 
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AWJ is capable of machining most materials 
from metal, nonmetal, to anything in between, whether 
they are conductive or nonconductive and reflective or 
non reflective. In particular, AWJ will meet the challenge 
of machining nanomaterials integrated with various 
material types possessing nonlinear material properties 
(Liu, 2017b). Such nanomaterials would present 
considerable challenge to conventional tools. As a cold 
cutting tool without the introduction of a heat-affected 
zone (HAZ), AWJ often is capable of cutting one order of 
magnitude faster than solid state lasers (pulsed at high 
frequency) and wire EDM (cut with multiple passes) (Liu, 
2019a). For extremely high precision parts made of 
difficult-to-cut materials, end mills and spindles are often 
subject to severe tool wear resulting in high retooling 
costs. AWJ could preferably apply as a near-net shaping 
tool to remove the bulk of the materials. Near-net 
shaped parts can then be finished via light trimming with 
precision CNC tools. Such a hybrid process, particularly 
for delicate and difficult-to-machine materials, would 
speed up the turnaround time while minimizing the 
retooling costs. 

The unconventional AWJ differs from most 
machine tools as its cutting tool is a flexible beam of 
abrasive slurry. One of the emphases to achieve 
superior precision is to develop smart control software 
to mitigate anomalies induced by the flexibility of the 
AWJ. Continued advancements in AWJ technology 
would unleash its potential to be one of the all-in-one 
and one-in-all process to machine a wide range of 
advanced materials that present considerable challenge 
to most machine tools. The benefits would include the 
preservation of structural and chemical properties of 
parent materials, extension of tool lives, and expediting 
turnaround time leading to significant overall cost 
saving. 

Future advancement in AWJ technology is 
expected to develop an all-in-one and one-in-all tool for 
precision machining from macro to micro scales. 
Continued efforts are underway to improve the cutting 
accuracy and to further downsize µAWJ nozzles. In this 
two-part paper, recent advancements in AWJ 
technology to take advantage of its technological and 
manufacturing merits are described. In particular, 
emphasis will be made to present several established 
and new trends in applying AWJ for precision 
machining. 

II. R&D and Demonstration Facilities 

OMAX is equipped with two laboratories for 
R&D and demonstration. The R&D Lab is dedicated to 
engineering research and development from 
components and processes, cutting model, to nozzle 

                                                                                                  
to respond for taper compensation, The lag in the response 
could lead unacceptable anomolies. 

 

 
 
 

 

 

These accessories were used in machining the 
sample parts presented in the paper. A combination of 
multiple accessories were often used to machine certain 
features. For example, the combined operations of the 
A-Jet and Rotary Axis can be used to machine rather 
complicated 3D features such as the “fish mouth” 
saddle weld joints on pipes and features on curved 
surfaces. 

There are R&D and manufacturing machine 
shops equipped with CNC machines for fabricating 
components used in R&D activities and assembling the 
four product lines of waterjet systems. Various 
instruments and devices are available in the laboratories 
and Quality Control Department for measuring 
parameters to quantify the part geometries such as 
edge taper, surface roughness, part accuracy, and 
others. Several sample parts presented herein were 
made by academic and industrial collaborators. Their 
tools will be described briefly where these parts are 
presented. 

III. Advances in awj Technology 

a) Controller software 
Based on the fact that AWJ process is 

adaptable to digital machining, considerable efforts 
were placed to develop PC-based computer numeric 
control (CNC) software toward automation. The Intelli-
MAX Software Suite was developed to take abrasive 
waterjet cutting to the industry’s highest levels of speed 
and performance. The Suite contains a collection of a 
number of PC-based software modules related to AWJ 
machining. Two of the most used modules are the 
Layout (CAD) and MAKE (CAM). LAYOUT is used to 
transform the design intent into a continuous tool path 
by adding Lead-In and Lead-Out (the entry and exit of 
the AWJ stream to cut paths) to different parts of the tool 
path. LAYOUT uses colors to represent five different 

performance testing. The Demo Lab is mainly for 
demonstrating AWJ machining for prospective and 
existing clients. There are several Jet Machining® Center 
(JMC) from the four product lines installed in the two 
laboratories (https://www.omax.com/products). The 
OMAX 2652 and MicroMAX were used most often for 
general and meso-micro machining. A number of 
accessories are installed on these machines to enhance 
AWJ machining (https://www.omax.com/accessories).
Key accessories include but are not limited to:

• Tilt-A-Jet (TAJ) for compensating edge.
• Rotary Axis (RA) for axisymmetric machining.
• A-Jet or articulated jet for beveling and 

countersinking.
• Precision Optical Locator (POL) for facilitating 

alignment and orientation of pre-machined 
components for precision machining.

• Vacuum Assist (VA) for low-pressure piercing and 
machining to mitigate nozzle clogging.

Review of Accomplishments in Abrasive-Waterjet from Macro to Micro Machining – Part 1

© 2020   Global Journals



 

 

 
 

 
 

 

 

       
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 1:

 

Performance of latest three cutting models, G2 through G4 (Liu et al., 2018a)

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 

                                                           
3 There are five edge qualities defined for AWJ machining, Q1, 
Q2, Q3, Q4, and Q5. Q1 and Q5 correspond to the edge 
qualities of rough and precision cuts, respectively. 
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edge qualities from rough (Q1) to precision (Q5) cutting. 
The colors of a LAYOUT drawing indicate the edge 
quality that will be used to make it. The tool path is 
saved in an ORD (OMAX Routed Data) file and contains 
a series of commands for moving the AWJ machining 
head. The ORD file is then loaded to MAKE to assign 
cutting parameters based on the cutting model, the 
brain of the controller software.

Since AWJ is not a rigid tool, it must simply be 
guided along a particular path to make a part with the 
controller software. In particular, the controller must be 
designed to correct for several errors induced by the 
AWJ moving at high speeds, including jet lag, edge 
striation pattern, edge taper, kerf width, and kickback. 
For common engineering materials, the cutting model 

based on the results of extensive cutting tests (Zeng, 
2007, Zeng et al., 1992, Liu, 2019b). The value of M is 
proportional to the cutting speed for a given material. 
For example, The M indices equal 215, 108, and 81 for 
aluminum, stainless steel, and titanium, respectively. In 
other words, waterjet cuts aluminum 215/81 or 2.65 
times faster than it cuts stainless steel for the same 
setup. Since erosion by the impact of high-speed 
abrasives is the primary mode of material removal, it 

behaves differently from cutting with CNC hard tools. As 
such, waterjet cuts titanium 34% faster than it cuts 
steel.; It also cuts hardened steel nearly as fast as it cuts 
the annealed counterpart thus saving the need to shape 
the part in the annealed condition and mitigate the 
distortion of thermal treatment after shaping. The 
incorporation of the machinability index into the cutting 
model enabled waterjet as an automation machining 
process. In particular, the cutting model has been 
upgraded through the optimization of cutting processes 
and strategies to increase the cutting speed without 
degrading the cutting accuracy. There were three 
upgrades of the cutting model since it was incorporated 
into the IntelliMAX Software Suite, each upgrade had led 
to significant enhancement in the cutting efficiency (Liu 
et al., 2018a). Figure 1a illustrates three 12.7 mm thick 
stainless-steel gears cut with three different generation 
of cutting models. The gears were cut at a quality of Q5 
for all three.3 The lengths of cut for the three gears are 
0.28, 0.15, and 0.13 m. The ratio of the lengths of cut, 
therefore represented the performance of the three
cutting models: G4 versus G2 215% and G4 versus G3 
187%. Figure 1b shows the cutting times for 10 pieces 
of identical parts. The ratios of the cutting times are 
consistent with those of the cutting length.

assigns a machinability index, M, that was defined 

a. Cutting stainless steel b. Cutting speeds of three cutting models (Henning and Miles, 2016)
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4  The naming convention of nozzle is the orifice diameter 
versus the mixing tube diameter in thousandth of an inch. 
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Figure 2: Progress in AWJ meso-micro machining (Liu, 2015)

b) Meso-micro and stack machining
The diameter of the AWJ is controlled by those 

of the orifice and mixing tube; it is amenable to micro-
machining (Miller, 2003; 2005). Micro abrasive-waterjet 
(µAWJ) technology was successfully developed under 
the support of an NSF SBIR grant (Liu and Schubert, 
2012). The µAWJ technology was commercialized in 
2013, culminating in a new product - the award-winning 
MicroMAX® JetMachining® Center. It was equipped 
with a production 7/15 nozzle with a φ0.007” (φ 0.18 
mm) orifice and φ0.015” (φ0.38 mm) mixing tube is 
capable of machining features around 0.018” (0.5 mm).4

A 5/10 nozzle capable of machining features around 0.3 
mm has been under beta testing. The µAWJ technology 
was enhanced through upgrading the MicroMAX by 
incorporating a Rotary Axis for machining axisymmetric 
parts and by further downsizing the µAWJ nozzle toward 
micromachining. Subsequently, experimental nozzles as 
small as a 2/6 nozzle combination was investigated with 
good promise. 

In parallel to downsizing of the µAWJ nozzle, the 
size of the garnet abrasives must be reduced 
accordingly. As a rule of thumb, the average size of the 
abrasives should be smaller than 1/3 of the internal 
diameter (ID) of the mixing tube in order to mitigate 
clogging the mixing tube due to the bridging of two

large particles. For the 5/10 and 4/8 nozzles, 240 mesh 
garnet with an average particle size of 60 µm meets the 
above criterion as the ID of the 4/8 nozzle is 203 µm. For 
the 3/6 nozzle with the ID of the mixing tube equal to 152 
µm, the 240-mesh garnet no longer meets the above 
criterion. The next smaller size 320 mesh garnet with an 
average particle size of 30 µm was used instead. 
Unfortunately, the powdery 320 garnet ceases to flow 
consistently under gravity feed, as the flow ability of 
abrasive is known to deteriorate with the reduction in 
particle size (Xu et al., 2018). One of the common 
problems is that the flow of fine abrasive is interrupted 
with the development of “worm hole” inside the hopper. 
A solution to overcome the poor flow ability of fine 
abrasives was through the development of patented 
novel processes and devices. This allowed the 
successful operation of the downsized µAWJ nozzles. 

However, it is capable of machining certain features with 
size near100 µm to take advantage of the cold cutting 
and low exertion of side force on the work piece (Liu and 
Gershenfeld, 2020). Figure 2 shows a set of tweezers 
machined with several nozzles to demonstrate the 
progress in the development of µAWJ technology 
toward micromachining (Liu, 2015).

With the 5/10 nozzle, the kerf width is ≲ 300µm. 
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Table 1: Optimum stack height estimate 

Number of Sheets in Stack Time for Stack (min) Time For one Layer (min) Total Thickness 

1 2.2455 2.2455 0.02/0.51 

2 2.5879 1.2939 0.04/1.02 

3 3.0557 1.0186 0.06/1.52 

4 3.6441 0.9110 0.08/2.03 

5 4.2408 0.8482 0.10/2.54 

6 4.9268 0.8211 0.12/3.05 

7 5.6523 0.8075 0.14/3.56 

8 6.4519 0.8065 0.16/4.06 

9 7.2732 0.8081 0.18/4.57 

10 8.0696 0.8070 0.20/5.08 

11 8.8651 0.8059 0.22/5.59 

12 9.7329 0.8111 0.24/6.10 

When stacking together with taper 
compensation using the TAJ was

 
adopted for the µAWJ, 

the above advantages of the Zund over the µAWJ 
disappeared or the trend even reversed. The combined

 

stack machining and taper compensation not only 
improved the part accuracy and edge quality but

 
also 

enhanced the productivity of the µAWJ. Comparing to 

single‐sheet machining, AWJ stack cutting cut the 
aluminum flexure above three times faster than the Zund 
did. As µAWJ is further downsized toward 
micromachining of very thin and delicate

 
materials, 

stack machining would serve as an enhancer to fixture 
such

 
materials.

 
 

G
l o
ba

l 
Jo

ur
na

l 
of

R
es
ea

rc
he

s 
in
 E

ng
in
ee

ri
ng

  
   

  
(A 

 )
  V

ol
um

e 
 X

xX
  

 I
ss
ue

  
I 
 V

er
si
on

 I
  

  
  
 

  

 5

Y
e
a
r

20
20

© 2020   Global Journals

In collaborating with JPL/NASA, cutting tests 
were conducted using the µAWJ nozzles to machine 
several miniature flexures used in prototype 
microsplines for asteroid grippers developed under the 
Asteroid Redirect Mission at NASA (Tate, 2013). 
Comparison of the performance of the µAWJ and wire 
EDM conducted at JPL, the cost ratio between waterjet 
and wire EDM was 1:14, leading to a cost reduction to 

machining, only very low loading was exerted onto the 
workpiece. This simplifies fixturing to secure the even 
relatively thin workpieces. The low side force exerted 
onto the workpiece together with cold cutting enables 
AWJ cutting very thin walls with large aspect ratios 
(length-to-width and length-to-thickness) even on 
delicate materials such as thin glass without deforming 
them thermally and mechanically (Liu et al., 2018a). 

A MicroCutting Project was initiated at the MIT 
Center for Bits and Atoms (CBA – www.cba.mit.edu) (Liu 
and Gershenfeld, 2020).The performances of µAWJ and 
several subtractive and additive tools were compared by 
machining one of the above flexures. Subtractive tools 
included waterjets, lasers, micro-milling systems, and 
additive tools such as laser powder bed fusion and 3D 
printers using metal and non-metal media. For this 
particular flexure, it should be pointed out that the 
geometry and/or materials of the flexure were not 
necessarily optimized for some of the machine tools. 

The results of MicroCutting Project are partly 
summarized in Figure 3 in which aluminum flexures ma-
chined with both subtractive and additive tools are 
shown. The nominal size of the full-scale flexure was 
60.7 mm (L) x 32.5 mm (W).The flexures were fabricated 
in different material thicknesses around 0.5 mm. Two 
additional flexures with 1/2 and 1/3 scales were also 

fabricated with several tools. The performance of the 
machine tools were evaluated by inspecting the 
geometries of the flexures under the microscope and 
observing the match/mismatch between the flexures 
and the tool path. Based on the test results, the 
performances of the µAWJ on the MicroMAX platform 
and the CNC micro milling conducted on the Zund G‐3 
L2500 stood out among all the tools investigated in the 
MicroCutting Project. For machining a single piece of 
flexure, the Zund took 2.5 min to machine part. The 
Zund performed slightly better than the MicroMAX in 
terms of part accuracy (element width and the uniformity 
along its axis) and edge quality (roughness and taper) 
(Liu and Gershenfeld, 2020).

For very thin materials, the OMAX PC-based 
CAM, MAKE, includes an optimum stack height 
calculator to estimate iteratively the optimum stack 
height that achieves the shortest cut time for the single 
sheet. As shown in Table 1, the AWJ using the 7/15 
nozzle took 2.25 minutes to machine the flexure on a 
single sheet of 0.51 mm thick aluminum. The optimum 
number of sheets from the iteration to achieve the 
minimum time for one layer of 0.806 min was 11. The 
corresponding total stack thickness was 5.59 mm. As a 
result, there was a 2.79 times reduction in the cut time. 
In addition, there are two other benefits associated with 
of AWJ stack machining. First, the increase in the 
material thickness would effectively enable the activation 
of the TAJ for taper compensation. As a result, the taper 
for the individual sheets was minimized. Second, single 
sheets could be too delicate to be fixtured securely and 
firmly, degrading the cutting accuracy. The single sheets 

7% of that of the EDM process (Liu, 2019a). During AWJ 

might be deformed under the load exerted onto the 
workpieces or distorted by the induced heat during 
machining.
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Aluminum flexures

 
machined with subtractive and additive tools (Liu and Gershenfeld, 2020)
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Figure 4: Macro to micro machining with AWJ (Liu, 2017a)
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On the other hand, stack machining would not 
be an option for most CNC micromachining as the 
miniature spindles and end mills are too delicate to 
handle the increased load of the stack and the 
thickness-limited microlasers. For a detailed description 
of the above, refer to Liu and Gershenfeld (2020).

c) Macro to Micro Machining
In the early stage after the AWJ was 

commercialized, most R&D was focused on improving 
its performance in machining thick and difficult-to-cut 
materials to take advantage of its superior cutting 
power. Emphasis was made to engage in macro 
machining using relatively large nozzles and coarse 
abrasives at high feed rates. Metal parts such as 
aluminum and steel (annealed and/or hardened) around 
0.20 m thick were routinely cut with AWJ (Liu and 
McNiel, 2010). An example is an AWJ-cut segment of a 
φ1.52 m and 100 mm thick Bisalloy gear of a wind 
turbine to replace a damaged counterpart below it, as 
shown in Figure 4. Also shown in the lower left of the 
figure is a portion of the damaged and AWJ-cut 
segments.

As the AWJ technology was maturing, R&D 
effort was subsequently shifted to improve the 
performance of AWJ for precision machining. Since AWJ 
is largely material independent, AWJ had progressively 
broardened the applications for machining most 

materials from metals, to nonmetals, and anything in 
between (Liu, 2017a). One of the important 
demonstrations was the success to apply AWJ to 
machine a simulated nanomaterial with large gradients 
of nonlinear material properties (Liu 2017b). The stack 
consisted of eight thin sheets of different materials 
including titanium, float glass, G-10 (black), aluminum, 
polycarbonate, stainless steel, carbon fiber, and copper. 
Based on the diverse properties of the individual 
materials, the stack possessed a wide range of 
properties from metallic to nonmetallic, conductive to 
non conductive, reflective to non reflective, and ductile 
to brittle. There would be few conventional tools, if any, 
capable of machining such a stack. Meanwhile, smart 
digital control software was developed to streamline 
machining processes toward automation.

As described in Section 3.2, parallel effort was 
devoted to develop µAWJ technology for meso-micro 
machining with good success. In Figure 4 a µAWJ-cut 
miniature φ3.5 mm planetary gear machined with the 
5/10 µAWJ nozzle was superimposed onto one of the 
teeth of the wind turbine gear; the miniature gear was 
merely shown as a speckle on the photograph. The 
striking size contrast in the two gears had demon-
strated the capability of AWJ for machining features 
from macro to micro scales.

Note that the cutting power of AWJ diminishes 
with the nozzle size. Table 2 compares the typical 
parameters used with the 5/10 and 10/21 nozzles. First 
of all, at the same pressure the hydraulic power and the 
water flow rate are proportional to the square of the 
orifice ID. In addition, the abrasive size (<1/3 mixing 
tube ID) and abrasive feed rate (~12% of water by 
weight) must reduce according to the mixing tube ID. As 
a result, the typical mean abrasive particle size and feed 

rate reduce 1/3 and ¼, respectively. It is the 
combination of the reduction in the above parameters 
that leads to the diminishing of the cutting power. As 
such, the optimum material thickness reduces 
noticeably as the nozzle size decreases. For cutting 
thick materials, large nozzles with 10/21, 14/30, and 
22/48 combination were preferably used for high 
productivity.
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Table 2: Typical parameters for the 5/10 and 10/21 nozzles 

Orifice ID 
(in/mm) 

Pressure 
(ksi/MPa) 

Hydrau- lic 
Power 

(hp/kW) 

Flow Rate 
(gpm/l/min) 

Abrasive Feed Rate 
(lb/min/g/min) 

Abrasive and 
Mean Size 
(Mesh/µm) 

Standoff 
Distance 
(in/mm) 

0.005/0.127 55/379 3.7/2.7 0.11/0.53 0.10/26 240/60 0.03/0.76 

0.010/0.254 55/379 15/11 0.44/2.1 0.35/92 80/250 0.06/1.52 

  

 

 

 
 

 

 

The cold cutting and low side force exertion onto the 
work-

 
piece by the µAWJ induced minimum mechanical 

and thermal distortion to the thin walls, preserving their 
designed shapes with no breakage. The

 
average power 

of the solid-state laser pulsed at 5 kHz was about 6W. It 
induced no HAZ on the cut edges and no observed 
distortion on the walls. With a spot size of 50 µm, it was 
able to cut the slots and walls accurately according to 
the designed dimensions. As such, the slots and walls 
were narrower and wider, respectively, for the solid-state 
laser cut butterfly than for

 
the µAWJ and solid-state 

laser-cut counterparts. Pulsing
 
the solid-state laser to 

minimize the HAZ resulted in slowing down the cut 
speed considerably. The cut time for the solid-state 
laser was about 60 minutes while that for the AWJ 5/10 
nozzle was 2.2 min. In other words, the 5/10 nozzle cut 
27 times faster than the solid-state laser did.

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5: Miniature butterflies machined with lasers and 
µAWJ (Liu, 2017c, 2019a) 
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d) Cold Cutting
The high-speed water not only accelerates the 

abrasive particles but also serves as the coolant. During 
AWJ cutting, the heat generated by the erosive 
mechanism of the abrasive is carried away by the spent 
water. As a result, the temperature at the cut edges only 
raised moderately to around 80ᴼC or less particularly 
when a chiller is used (Jerman, et al., 2011). On the 
other hand, the induced heat by lasers cutting and EDM 
was so high that they must slow down the cutting speed 
significantly to minimize the heat-affected zone (HAZ). 
The remedies were to pulse Lasers at high frequencies 
(e.g. solid-state lasers) and apply thin wire EDM to cut 
with multiple passes. For heat sensitive materials, 
therefore, AWJ is capable of cutting at speeds about 
one order of magnitude faster than lasers and EDM (Liu, 
2019a; Liu and Gershenfeld, 2020). Other thermal-
based machine tools such as plasma and oxyfuel 
cutters induced so much HAZ for cutting stainless steel 
and hardened steel that results in surface hardening and 
reduces the weld integrity of the workpiece. The HAZ 
must be removed by secondary processes such as 
grinding (Wright, 2016). The secondary process of 
grinding is often time consuming and labor intensive, 
particularly for very large structure such as shells of 
spherical pressure vessels made from stainless steel or 
hardened steel.

For thermal or mechanical-based machine 
tools, the high heat or large side force distorts the parts 
during machining. Such distortions may lead to 
permanent blemishes on the parts. In collaboration with 
the Center of Bits and Atoms at Massachusetts 
Institutes of Technology, the performances of a CO2 and 
a solid- state lasers with the 5/10 µAWJ nozzle were 
compared by machining a miniature butterfly on 0.5 mm 
thick stainless steel.5

                                                          
5 Beam Dynamics Model LMC10000 CO2 laser system (500W) 
and Oxford Solid State Micro Machining Laser - 532nm 
diodepumped solid-state laser (6W at 10 kHz).

Figure 5 shows three photographs 
of the laser- and µAWJ-cut parts. It is evident that the 
heat generated by the CO2 laser led to evaporate most 
of the material. The µAWJ-cut butterfly shows that the 
kerf width of about 280 µm was slightly too large to 
negotiate the narrow slots that are wider than the 
designed width of these slots. As a result, the walls 
between the slots are thinner than their designed width. 

Review of Accomplishments in Abrasive-Waterjet from Macro to Micro Machining – Part 1



 

The MIT Precision Engineering Research Group 
(www.perg.com) has developed flexure-based nonlinear 
load cells, with 1% change in the force and five orders of 
magnitude in the force range (MIT US Patent 
#20150233440). There were two designs of the load 
cells consisted of large-aspect-ratio thin flexures with 
constant and variable width, respectively (Kluger et al., 
2016, 2017). The constant taper load cell consisted of 
four 1 mm wide flexure straight elements with an aspect 
ratio (length to width) of 98.3. The tapered load cell 
consisted of four tapered ring-shaped flexures with a 
diameter of 19.1 mm. The taper began and ended with 
widths of 10 mm and 0.5 mm. The narrows gaps 
between the flexures and the frames of the load cells 
were 1.06 mm and 0.42 mm, respectively. There was 
considerable challenge in machining the load cells 
made from 6.35 mm thick 6061T6 aluminum because of 
their geometries and tight tolerances. 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 as pectratio thin 
flexures. The flexures were subsequently machined with 
the µAWJ to take advantage of its capability of cold 
cutting and low side force exertion to the workpiece. 
Machining was successfully conducted using the 7/15 
nozzle with 240 mesh garnet. The Tilt A-Jet was 
activated to minimize the edge taper. Figure 6 shows 
photographs of the two µAWJ machined nonlinear load 
cells. Their performances were verified through 
laboratory tests    conducted at MIT (Kluger et al., 2016, 
2017). One of the essential criteria for the success in the 
verification of their performances was that the edge 
taper on the flexure element must be minimized. The 
software’s IntelliTaper process was utilized to minimize 
the edge taper. Machined aluminum coupons that were 
51 mm long x 12.7 mm width x 6.35 mm thick, the same 
thickness as the load cells, showed that the average 
edge taper of the two sides on the coupon was reduced 
to 0.03 degree. (Liu, 2016). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 6:

 

Two µAWJ-machined nonlinear load cells (Liu, 2019a)

 

Figure 7a is a micrograph of one of the four 
flexures shown in Figure 6a with the superimposition of 
the corresponding tool path. Excellent match between 
the µAWJ-machined part and the tool path is observed. 
The constant-width and tapered flexures were also 
machined with CNC milling on a Haas UMC750 with a

 

6.35 mm end mill, as shown in Figure 7b. Since the 
diameter of the end mill is larger than the gaps between 
the flexures and the frame of the load cells, the above 
setup would be unable to machine the load cells. 
Modifications of the flexures by enlarging the gaps were 

made to accommodate the large end mill. The CNC-
milled constant-width flexure shown in Figure 7b was 
bent slightly either due to the side force exerted by the 
end mill on the flexure or the excessive heat induced 
during milling (Liu, 2019a). Besides, a part of the flexure 
did not cut through its full depth. The above findings 
demonstrated that the cold cutting and low side force 
exertion of the AWJ are import factors in achieving the 
part accuracy and structural integrity for meso-micro 
machining.
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a. Constant-width flexures

b. Tapered flexures
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Figure 7: Comparison of flexure elements machined with µAWJ and CNC mill (Liu, 2019a)

e) Hole Drilling
As a material independent tool, AWJ has been 

applied to drill holes on most materials (Liu, 2016a, 
2016b). Since the AWJ cuts with erosive mechanism, it 
is largely material independent. Note that lasers and 
EDM are material restrictive because they are incapable 
of cutting reflective material with high conductivity and 
conductive materials, respectively. As a flexible 
cutting/drilling tool, AWJ does not drill straight walled 
holes but with specific geometries that vary with the 
materials (Liu, 2006b). Figures 8a and 8b show photo-

graphs of two sets of holes drilled with the AWJ at p = 
241 MPa on aluminum and float glass, respectively. The 
overall geometries of these holes are similar except at 
the hole entry. The difference in geometries, as can be 
observed in the profiles of the holes shown in Figures 8a 
and 8b is attributed to the difference in the material 
properties and the wear resistance. Note that the float 
glass and aluminum are brittle and ductile materials with 
machinability numbers of M = 350 and 215, 
respectively. During drilling blind holes, the return  slurry 

Figure 8: AWJ-drilled holes (Liu, 2006b)

flow when exiting the entry holes wears the glass more 
than the aluminum. As a result, the glass hole entry was 
rounded to form a funnel shape. Figure 9a presents the 
profiles of the holes measured from the photographs 
shown in Figure 8. By scaling the hole depth, l, with the 

The profiles shown in Figure 9a were reason-
ably collapsed as demonstrated in Figure 9b. As a 

result, the dependency on drill time was minimized. Note 
that the left-hand-side of the equation would become 
non dimensional provided the drill time is multiplied by 
the drill speed. However, the drill time was not 
monitored at that time. For an in-depth study of AWJ 
drilling in ductile materials such as aluminum and mild 
steel, empirical modeling by means of nonlinear 
regression methods was conducted to include a wide 
range of relevant parameters including pump pressure 
abrasive flow rate, material thickness, dwell time, and 
nozzle combination (Liu, 2006c).

maximum depth, lmax, and the hole diameter, d, with, the 
logarithm of the drill time, t, as given in the equation

a. µAWJ-cut flexure with tool path

b. CNC-milled flexure with tool path

a. Aluminum b. Float glass
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Figure 9: Profiles of AWJ-drilled holes in aluminum and float glass (Liu, 2006b) 

Early attempts to pierce delicate materials such 
as composites and laminates with AWJ had failed due 
to cracking, delamination, and chipping. Considerable 
R&D was devoted to investigate the causes of the 
phenomenon. Based on a CFD simulation in drilling 
holes with AWJ, it was determined that the damage was 
attributed to the buildup of stagnation pressure during 
the initial piercing stage before breakthrough (Liu et al., 
1998; Liu, 2006a). As the high-speed waterjet jet enters 
the blind hole, it decelerates, stops, and reverses its 
course. At the stagnation point near the bottom of the 
blind hole, the kinetic energy of the waterjet largely 
converts into the potential energy in the form of the 
stagnation pressure (Bachelor, 1967). Damage takes 
place when the stagnation pressure exceeds the tensile 
strength of the delicate materials. 

One of the remedies was to minimize the 
buildup of the stagnation pressure inside the blind hole. 
Subsequently, abrasive cryogenic jet (ACJ) and the 
patented flash abrasive waterjet (FAWJ) were developed 
by using liquefied nitrogen and super-heated water as 
working fluids to accelerate the abrasives (Liu, 2006b; 
Liu and Schubert, 2009). Most of the liquefied nitrogen 
of the ACJ and the superheated water of the FAWJ 
evaporated upon exiting the nozzles leaving mainly the 
accelerated abrasives entering into the blind holes. As 
such the buildup of the stagnation pressure was 
minimized and piercing damage of delicate materials 
was mitigated. However, both the ACJ and the FAWJ 
were not practical tools for industrial applications as the 
working fluids were too aggressive for the components 
of the high-pressure pump and accessories. Based on 
the understanding derived from the test results of the 
ACJ and the FAWJ, proprietary processes were 

successfully developed to modify the AWJ through 
pressure control during piercing (Liu, 2015). Two 
proprietary processes, a TurboPierce and a MiniPierce, 
were developed and applied to pierce large and small 
holes, respectively. 

Figure 10 illustrates photographs of aluminum-
laminate samples (BAC1534-63F) pierced with the 
TurboPierce process. The laminate consisted of 19 
aluminum sheets 0.076 mm thick with an overall 
thickness of 1.6 mm. The laminate was formed by 
stacking the sheets together with adhesive between 
sheets. Most adhesives do not have very strong 
adhesive strength. If the stagnation pressure developed 
inside the blind hole during piercing exceeds the 
adhesive strength, delaminate would result. The 14/42 
nozzle with 80 mesh garnet were used in cutting the 
internal features on the samples. Piercing was carried 
out by slightly pressurizing the abrasive hopper. Cutting 
was performed at p = 380 MPa. The photo- graphs 
shown in Figures 10a and 10b correspond to the 
samples machined before and after the TurbPiercer was 
optimized, respectively. The left photograph showed de- 
lamination around most of the holes. The most serious 
damage was observed on the right most three holes 
with a large delamination bubble covered all three holes. 
There is however no sign of any delamination on the 
right photograph. The effectiveness in mitigating 
delamination of the optimized Turbo Piercer was 
evident. 
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Figure 10: AWJ-machined internal features on aluminum laminate with TurboPiercer (Liu, 2015)

 

 

 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 11: AWJ-machined miniature holes on aluminum laminate with MiniPiercer (Liu, 2015c)

For thin workpieces such as the 0.076 mm 
individual shims of the aluminum laminate, as discussed 
in Section 3.2, the optimum way to machine them with 
AWJ was through stack cutting. The top and bottom 
shims of the stack would serve as the sacrificial covers 
to protect the interior ones from frosting (top shim) and 
burring (bottom shim). After the stack is cut, the internal 

shims would be nearly identical with no frosting and 
burr, as illustrated in Figure 11b. 

For modern aircraft engines operating at a very 
high temperature, there is need for drilling inclined and 
shaped air breathing holes to achieve efficient and 
maximum cooling. The current practice requires a two- 
step process to drill inclined and shaped holes on TBC 

© 2020   Global Journals
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For cutting small internal features on the 
aluminum laminate described above, the Mini Piercer 
with a 5/10 nozzle was used. In this case, pressures of 
41 MPa and lower were required to mitigate 
delamination. For such low pressures, the Venturi 
vacuum developed after the waterjet exits the orifice was 
too weak to entrain all the abrasives fed from the 
hopper. Vacuum assist was required to enhance the 

vacuum level while removing excessive abrasives 
accumulated in the mixing chamber. Otherwise, the 
mixing tube would be clogged by the excessive 
abrasives. As soon as breakthrough took place, normal 
high-pressure cutting at 380 MP a resumes to cut the 
features at high speeds. Figure 11a shows the top view
of the aluminum laminate machined with the Mini 
Piercer. No delamination was observed.

a. Before optimized b. After optimized

a. Stack b. Individual sheets
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coated metal. First, the nonconductive TBC is re- moved 
with a laser and the hole in the substrate is drilled with 
an EDM process. The versatile AWJ was one of the 
suitable tools to drill such holes on refractory metals with 
and without a thermal barrier coating Liu et al., 2018b). 
By mounting the workpiece on the Rotary Axis, any 
inclined angle of the holes can be drilled. The 
geometries of the holes were drilled by controlling the 
tilting of the A-Jet. Within a certain limitation, the inclined 
angle and the shape can vary simultaneously along the 
hole axis. The process involved drilling through the 
thermal barrier coating at low pressures and then 
followed by drilling into the refractory metal at high 
pressures. As such, delamination in the delicate thermal 
barrier coating was mitigated while accelerating the 
drilling in the difficult substrate without the HAZ (Liu, 
2017a). 

f) Gear Making 
AWJ has been used extensively for machining 

gears, racks, and sprockets. Examples of gear from 
macro to micro scale are shown in Figures 1 and 4. The 
OMAX PC-based CAD program, LAYOUT, has a gear 
command for creating a variety of gears and racks. A 
gear command creates a drawing exchange format (dxf) 
file by choosing the options of the gear (external or 
internal), rack, or sprocket, and defining the number of 
teeth, pitch, and pressure angle. For special gears, an 
option is to import a CAD drawing to the PC-based 
LAYOUT to create the tool paths to run in MAKE. 
Additional examples are shown in this section to 
demonstrate the versatility of AWJ for machining gears 
made from several materials for various applications. 

One of the interesting projects was to machine 
a wood clock with the AWJ and then assembled the 
parts into a working one. There were many choices of 
design available from a number of websites. The 
Genesis that was simple but elegant was selected 
(Boyer, 2018). The complete plan in the dxf file was 
available online. All the components of the Genesis 
clock mostly made of high-density plywood with 
thicknesses ranging from 3.2 mm to 19.1 mm were then 
cut on a MAXIEM waterjet system in the OMAX Demo 
Lab. It took just hours to cut all the components with 
high accuracy as opposed to days using a scroll saw. 
Figure 12 shows the assembled wood clock. The faces 
of the hour (lower left), minute (middle), and second 
(right) gears were cut from a thin stainless-steel sheet 
rather than cutting the individual numbers from wood or 
engraving them onto the wheels. The clock was 
controlled by the adjustable length of the pendulum; it 
was calibrated with an electric clock. The clock was 
driven by a 3.2 kg stainless steel round bar that turned a 
click wheel attached to the back of the minute gear via a 
fish line. A small aluminum round bar serves as the 
counter balance to straighten the fish line as the clock 

runs. The assembled clock ran well with a pleasant 
clicking sound as designed (Boyer, 2018). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

  

A miniature planetary gear set made of titanium 
sheet 0.25 mm thick was machined on the MicroMAX 
using the 5/10 nozzle with the 320 mesh garnet. Figure 
13 shows the photographs of the nested com ponents 
and the assembled planetary gear. Also shown in Figure 
13a is a part of the nested tool paths; the tool paths of 
the center and ring gears were cut coaxially on the 
material. The same set of gears were machined on 
stainless steel, and Polyether Ether Ketone (PEEK) 
without and with reinforced fibers to demonstrate the 
material independence of AWJ machining. 

 

Figure 12: Genesis wood clock (Liu et al., 2018)
G
lo
ba

l 
Jo

ur
na

l 
of

R
es
ea

rc
he

s 
in
 E

ng
in
ee

ri
ng

  
   

  
(A 

 )
  V

ol
um

e 
 X

xX
  

 I
ss
ue

  
I 
 V

er
si
on

 I
  

  
  
 

  

13

Y
e
a
r

20
20

© 2020   Global Journals

Review of Accomplishments in Abrasive-Waterjet from Macro to Micro Machining – Part 1



 

 
 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

IV. Summary 

In this paper, AWJ-machined samples were 
presented to demonstrate the versatility of waterjet 
technology for macro to micro machining for a wide 
range of materials. Part 1 of the paper emphasizes six 
particular areas to take advantage of the technological 
and manufacturing merits of waterjet technology: 

• Smart controller software that is smart and intuitive 
but powerful. 

• Meso-micro and stack machining through the 
development of µAWJ technology and downsizing 
of AWJ nozzle. 

• Macro to micro machining that is carried out with a 
single tool using several sizes of nozzle and 
abrasives on JetMachining Center with a wide range 
of work envelopes. 

• Cold cutting together with exertion of low side force 
on workpieces that induces no heat-affected zone 
while preserving the structural integrity of parent 
materials. 

• Hole drilling on both difficult and delicate materials. 
• Gear making for a wide range of geometries and 

sizes on various materials. 

Based on the above applications, the versatile 
AWJ/µAWJ technology has established and will set new 
trends in advanced manufacturing. One of the 
established trends that has the most impacts on the 
manufacturing industry is its “7M” advantage, that is, 
multimode machining of most materials from macro to 
micro scales (Liu, 2017a). Specifically, all it takes is a 
single tool using different sizes of nozzles, abrasives, 
and JetMachining platforms to achieve the above. The 
“7M” advantage can be applied to a wide range of 
precision machining: 

• AWJ relies on erosion by high-speed abrasives. It is 
largely material independent and is capable of 
machining both delicate and difficult-to-machine 
materials from metals to nonmetals and anything in 
between. It is even capable of machining 
nanomaterials with large gradients of nonlinear 
material properties that present considerable 
challenge to conventional machine tool (Liu, 2017b) 

• Macro machining using large nozzles and coarse 
abrasives with high feed rates on JMCs with large 
work envelopes to machining both delicate and 
difficult materials 
o Delicate materials include glass (except highly 

tempered ones), composites, laminates, and 
others 

o Difficult materials include refractory metals, 
various alloys (such as Inconel, tungsten, and 
Titanium), tool/hardened steel, and others 

o Cut stainless steel 0.2 m and thicker 
• Meso-micro machining of most materials Although 

the current production and experimental µAWJ 
nozzles are capable of machining feature as fine as 
200 µm, cold cutting with low side force exertion on 
workpieces enables machining very thin wall (<100 
µm) between features 
o For relatively soft materials, water-only jets are 

capable of machining features <100 µm. 
o Stack machining is expected to be most 

advantageous for micromachining as it 

 Serves as “self fixturing” through stiffening 
individual shims that are difficult to fixture and 
machine otherwise 

 Increases productivity through machine multiple 
nearly identical parts at optimum cut time for 
individual shims 

Figure 13: AWJ-cut miniature planetary gear set (Liu, 2015)
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 Increases overall thickness enabling activation 
the TAJ to achieve minimum taper of individual 
shims 

In Part 2 of the paper, additional examples of 
AWJ/µAWJ machining will be presented to complete the 
description of recent advancements in the technology. 
The paper in its entirety will enable to describe the 
established and new trends of AWJ technology in 
advanced manufacturing. 
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The Load Distribution with Modification and 
Misalignment and Thermal Elastohydrodynamic 

Lubrication Simulation of Helical Gears 

   

Abstract- A non-uniform model of the load per unit of length 
distribution of helical gear with modification and misalignment 
was proposed based on the meshing stiffness, transmission 
error, and load-balanced equation. The distribution of unit-line 
load, transmission error (TE), and contact press of any point 
on the contact plane were calculated by the numerical 
method. The feature coordinate system was put forward to 
implement the helical preliminary design and strength rating. 
The thermal elastohydrodynamic lubrication (EHL) model of 
helical gear was established, and the pressure, film, and 
temperature fields were obtained from the thermal EHL model. 
The maximum contact temperature and minimum film 
thickness solved by thermal EHL were applied to check the 
scuffing load capacity. The highest flash temperature and 
thinnest film occur in the dedendum of the pinion. The thermal 
EHL method to evaluate the scuffing load capacity is effective. 
Keywords: helical gear; meshing stiffness; load 
distribution; scuffing load capacity.  

I. Introduction 

 helical gear is an common transmission device 
and has been widely used in all the fields, 
especially the machine under high speeds and 

heavy loads. The load distribution is the foundation of 
the gear preliminary design and strength rating process. 
It is known that the load distribution depends on the 
meshing stiffness of the tooth pair, and the load per unit 
of length is different at any point in the contact plane. 
The simple equations in standard ISO [1,2] to describe 
the load distribution, which is not in good agreement 
with experimental results. The contact lines of a helical 
gear are not parallel with the axial line, and the length of 
contact lines is dynamic changing in the meshing 
process. 

Some studies on the meshing stiffness and load 
distribution of involute gears can be found in technical 
literature. Z. Chen et al. [3-6] studied the tooth mesh 
stiffness and transmission error via the finite element 
method (FEM). However, this method is feasible but has 
the problem no generality of the obtained results. 
Afterward, J.I.Pedreroet al. [7-9] proposed a method to 
calculated non-uniform load distribution along the line of 
contact from the minimum elastic criterion potential, 
which depends on the transverse contact ratio. Through 
 
 

    
 

this method, the author analyzed the bending strength 
and pitting load capacity of helical gears. But the 
balanced load equation was not considered in this 
method. Thus it can’t provide the load distribution of any 
point on the contact plane, and it is hard to locate the 
maximum value of the load. 

The heavy load and high-speed gear generate a 
lot of heat and temperature rise. High contact 
temperature of lubricant and tooth surfaces at the 
instantaneous contact position may lead to the break-
down of the lubricant film at the contact interface. The 
scuffing failure is unpredictable and fatal for the gears 
system. Therefor the scuffing load capacity is of great 
importance in the process of helical gear system 
preliminary design and strength rating, especially for the 
heavy load and high-speed gear system. ISO [10,11] 
provides two methods, namely the flash temperature 
method and integral temperature method, to evaluate 
the scuffing load capacity of the gear system, 
nevertheless the load distribution use the simplified form 
and the flash temperature calculated based on the Blok 
flash temperature equation[12], which can’t get the 
accurate flash temperature and need to attach a large 
safety factor to amend it. 

The thermal elastohydrodynamic lubrication 
(EHL) is also a hot research topic. So far, most studies 
focused on the thermal EHL of spur gears. Wang and 
Cheng obtained a comprehensive research on a 
numerical simulation of the contact conditions of straight 
spur gear pairs[13,14]. L.M. Li proposed an inverse 
approach to establish the pressure, temperature rise, 
and apparent viscosity distribution in an EHL line 
contact[15]. Some methods and beneficial work to 
study on the EHL of spur gear, and a mass of cases 
were obtained, but these research mostly stay in the 
theoretical and ignore the practical application [16-19]. 
Besides the spur gears, the EHL research of helical 
gears is rare, no matter under the isothermal or thermal 
conditions. Recently, P.Yang and P.R.Yang used the 
multilevel multi-integration method to study the thermal 
elastohydrodynamic lubrication of tapered rollers in the 
opposite orientation; this model can be applied to the 
helical gear system [20]. These technical literature 
mentioned above mostly focus on the calculation 
method and directly offer the load; they can express the 
thermal EHL characteristic in theory but can’t apply to 
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the actual conditions. The scuffing load capacity can be 
evaluated by the maximum contact temperature and 
minimum film thickness, which can be solved by the 
thermal EHL method. The literature of thermal EHL 
mostly focus on the temperature and film thickness of 
some single points [16-20]. The literature which makes 
the thermal EHL theory to design and check gear is 
absent. 

This paper proposes a method to study the 
load per unit of length distribution of all the points on 

contact plane of helical gears accurately based on the 
balanced Load equation, transmission error, and 
meshing stiffness. The feature coordinate to simplify the 
preliminary design and strength check process of helical 
gears is established. Based on the load distribution, the 
thermal EHL model, which corresponds more to actual 
conditions, is put forward. The hydrodynamic pressure, 
film thickness, and contact temperature, as well as the 
flash temperature, to check the scuffing load capacity 
are calculated via the numerical method. 

 

 
 

II. The Load Distribution Model of 
Helical Gear 

a) The contact model of the helical gear under heavy 
load  

For operating helical gear pair under heavy 
load, even though the driving pinion rotates at a 
constant speed, the gear as well as fall behind the angle

θ∆ than the theoretical location because of the 
deformation of driving and driven gear along the action 
line. As Fig.1 shows, the meshing condition viewing 
from helical gear transverse direction, the profile of the 
solid line is the theoretical location, and the dashed line 
is the actual location under deformation. N1N2 is the 
theoretical action line. Thus for any point K at the action 
line, the deformation along the action line is 
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Nomenclature

b   gear face width, mm     η      viscosity of lubricant, Ns/ 3m

w   load per unit of length, N/m      2br     base radius of gear, m  

nm normal module, mm                0b      half width of the Hertzian line contact, m

αε   transverse contact ratio           HP     maximum Hertzian pressure, Pa

βε   axial contact ratio                α       Braus viscosity-pressure coeffient, N/m2

γε   total contact ratio               β       Reynolds viscosity-temperature coefficient, 1-k

β   standard helix angle,(°)           x       contact coordinate in rolling direction ,m

bβ base helix angle，(°)            z       coordinate across lubricant film, m

h   film thickness, m              21,, λλλ     thermal conductivities of lubricant and

    solids, W/mk

E   elastic modulus, Pa             21,, ρρρ densities of lubricant and solids, 3m/kg

t    temperature, K                21,, ccc   specific heat of lubricant and solid, J/kgK

0t   ambient temperature, K          btP      transverse circular pitch, m 

2br   base radius of gear, m          baP     axial pitch, m

wα   pressure angle (°)               1n     rotational speed of pinion, 1min−r

δ    deformation, m                   k      stiffness of contact point, N/m
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L    length of all the contact lines,  m   TE     transmission error, μm



 

  

   
 

 

  
 

 

 

Fig. 1: The contact model of helical gear in transverse under heavy load 

b) The sum length of the contact lines 
The analysis model of the helical gear is shown 

as Fig.2, the contact plane N1N2N3N4 is the tangent 
plane of two gear base circle. K1K2 is one of the contact 
line. The actual action line is A1E1.The transverse contact 
ratio calculated by Equ.2. 

bta PEA /11=ε                                (2) 

Where tbt mP ⋅= π is the transverse circular pitch, mt the 

transverse module. 
 

C1 C2

N1 N2

N4 N3

A2A1

D2
E2

D1

B1

O2

E1
K1

K2 B2

O n1

contact plane

1

n2

¦ Âb

Pinion

Gear

Fig. 2: The analysis model of the helical gear 

Viewing from the transverse direction, for
)2,1(⊂αε , we can divide the A1E1 into three regions, 

A1B1, B1D1, and E1D1, the A1B1 and D1E1 are the double 
contact tooth regions (the number of tooth contact at 
the same time is 2), B1D1 is the single contact tooth 
region. So we can divide the actual contact plane into 
three regions. It shows as the Fig.3. The A1B1A2B2 and 
D1D2E1E2 are the double contact tooth regions, B1B2D1D2 

is the single contact tooth region. In double contact 
tooth regions, the contact lines always occur double in 
the same location. The coordinate system is established 
to describe the actual contact plane A1A2E1E2. The axial 
direction and action line direction are described by B 
andΓ [10].Γ is the dimensionless parameter defined as 
follow: 

CNCNKN 111 /)( −=Γ  
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θδ ∆⋅= 2bK r . Here assuming the stiffness of the 

contact point TE is k, then the load per unit of length of 

point TE is KK kw δ= . For helical gears, the contact 
lines at the same time always more than one (depend 
on the total contact ratio), so setting L denotes the sum 
of the length of all the contact lines, the sum load of the 

helical gear is the integral of wk, at any moment, it
should be balanced to the extern load, the balanced 
load equation as follow:

sum
b

b

L L

K W
rn

Pdlrlkdlw ==∆=∫ ∫
11

20 0

9549)( θ        (1)



Where C is the pitch point, K the contact point, thus
],[

11 EA ΓΓ∈Γ
, ],0[ bB∈ . 

 

Fig. 3: Analysis model of helical real action plane 

Now assuming A1is the gear pair approach 
point (begin meshing), the contact line will move along 
with the line A1E2to the recess action point E2. Axial 
contact ratio is expressed by the βε . 

btbba PbPb /tan/ βε β ⋅==                       (3) 

The total contact ratio βαγ εεε += .When one 

of the αε and βε is an integer, the sum length of contact 

lines is constant. When n=βε , the sum length can be 

expressed as: 

bbtn PnL βεα sin/=                         (4) 

 

(a) gear pair 1                                              (b) gear pair 2 

 

(c) gear pair 3                                             (d) gear pair 4 

Fig. 5: The result of the sum length of contact lines

Table 1: Gear data and operating conditions 

 
Gear Pair 

1 
Gear Pair 2 

Gear Pair 
3 

Gear Pair 4 

Number of teeth (pinion/gear) 23/30 23/30 23/30 23/30 
Normal pressure angle 20 20 20 20 
Normal module, mm 3 3 3 3 

Face width, mm 20 40 20 40 
Input power(kw) 50 50 50 50 

Modulus of elasticity 𝐸𝐸1/𝐸𝐸2, GPa 206/206 206/206 206/206 206/206 
Poisson ratio, 𝜈𝜈1/𝜈𝜈2 0.3/0.3 0.3/0.3 0.3/0.3 0.3/0.3 

Helix angle,° 9.8 9.8 20.2 20.2 

The Load Distribution with Modification and Misalignment and Thermal Elastohydrodynamic
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Pinion speed，r/ 1-min  2000 2000 2000 2000 

transverse contact ratio αε  1.59 1.59 1.49 1.49 

Axial contact ratio βε  0.36 0.72 0.73 1.47 

total contact ratio γε  1.95 2.31 2.22 2.96 

The length distribution of contact lines with the 
parameters listed in Table 1 shows as Fig.5. For 
different gear pairs, the distribution of load per unit of 
length is different. Compare the gear pair one and two 
or three and four, the face width doubled, and the length 
of the contact line almost double as well. The wider the 
tooth width, the longer the total length. But the value that 
the maximum minus the minimum has the upper limit 

value. We are letting the length ratio maxmin / LL=ς , the 

length ratio under different helix angle is show in Fig.6. It 
is obvious that when 2<γε , the length ratio is only 0.5, 

and the fluctuation of length is greatly, the maximum is 
as double as the minimum length. When 2>γε , the 

length ratio is close to 1. 

Fig. 6: The length ratio varying with the total contact ratio 

c) The tooth meshing stiffness  
The gear profile is a complex graphics and can 

be simply as the combination of a rectangle and a 
trapezium, as the Fig.7 shows. The gear deformation 
includes the bending deformation, shear deformation, 
and contact deformation. The total is the sum of the 
rectangle deformation and trapezium deformation. The 

total of the contact deformation point along the action 
line can be expressed as the sum of the bending 

deformation Bδ , shear deformation, Sδ and lean 

deformation Gδ . 

Fig. 7: The stiffness analysis model of gear tooth 
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GSBtBr δδδδδ +++=                   (5) 

Where Brδ and Btδ means the bending deformation of 

rectangle and trapezium, Sδ notes the shear 

deformation. 
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Where h is the height of the tooth, hx the height of 
contact point, hr the height of the rectangle, xω the 

pressure angle of the contact point,
af

arf
i SS

ShhS
h

−

−
= ,vi 

notes the Poisson’s ratio of pinion, Ei the elastic modulus 
of pinion or gear, w the load per unit of length. 

When a pair of tooth meshing, the sum 
deformation along the action line can be described as 
the Equ.6。 

PVδδδδ ++=Σ 21                                (6) 

Where 
E

vvw
PV π

δ
)]1()1[(2 2

2
2
1 −+−

= is the contact 

deformation of the meshing point, so the stiffness of this 
point can be expressed as Equ.7. 

Σ= δ/wk                                      (7) 

Fig.8 shows the distribution of stiffness along 
the action line; the maximum occurs close to the pitch 
point. The regulation of stiffness is similar to the inverse 
unitary potential )(ξv in Ref. [7-9], which all reflect the 
capacity that the tooth bears the deformation. 

 

Fig. 8: Gear teeth stiffness along the action line of gear pair 1

d) The load distribution calculation process of helical 
gear  

In Fig.3, the sum length is shown as follow: 

∫ ⋅⋅= sumL

sum dlTElkW
0

)(                         (8) 

For the convenience of numerical calculation, 
the line A1E1is divided into N nodes, and

)1/(11 −=∆ NEAl , so the total load can be expressed 
as Equ.9, the number of the contact line is m. 

bxij

m

j

n

i
ijsum lTEkW βsin/)0),max((

1 1
∆

= =

⋅∆−=∑∑      (9) 

The load distribution calculation process of 
helical gear is shown as Fig.9. According to the 
equations above, we can calculate the load distribution 
of every point on the contact plane. Firstly, letting L=L0, 
k=kc, and TE0 will be calculated; secondly, from the 

Equ.9, the sum load was obtained, then modified the TE 
according to Equ.10, until the sum load satisfied the 
Equ.11, then repeat this process until the results of all 
points were obtained.  

01 TE
w

wTE sum=                                  (10) 

510−≤
−

sum

sum

w
ww

                              (11) 
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Fig. 9: The load distribution calculation process of helical gear

e) The contact stress of the helical gears 
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Fig. 10: The contact model of helical temperature 

The contact model of the helical gear can be 
regarded as two tapered rollers [20]. In this model, the 
actual geometric model is two oval in oxz coordinate 
systems, and the geometric parameters as follows: 

b

bKi
iKi

ra
β
β

2

2

2,1 sin21
cos

−
==

b

bKi
iKi

rb
β
β
22,1 sin21

cos
−

==       (12) 

Where the subscript 1 means the pinion, 2 for gear. The 
curvature of the contact point of two oval are as follows: 

b

bKi

Ki

Ki
ii

r
b
aR

β
β

2

32

2,1 sin21
cos

−
===                     (13) 

According to the Hertz contact theory, the 
maximum contact press of the helical gear is expressed 
as Equ.14.                                   

R
Ew

H π
πδ

24
=      (14) 

Where 
21

21

RR
RRR
+

= the curvature sum, E is equivalent to 

Young’s modulus, 
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(a) Gear pair 1                                   (c) Gear pair 

 

(a) Gear pair 3                                    (c) Gear pair 4 

Fig. 11: Unit-line load distribution of helical gears 

The load distribution solved in this paper is in 
good agreement with the results which occur in Ref.8 by 
the finite elements method (FEM). The results show that 
the contact stress solved by FEM is larger near the pitch 
point and small in the dedendum and addendum 

region. Thus the load distribution in this paper is 
consistent with the actual condition to a great extent 
without the consideration of the end effect, the machine 
error, and assembly error. 

 

(a) Gear pair 1                                   (b) Gear pair 2 

 

(c) Gear pair 3                                (d) Gear pair 4 

Fig. 12: The transmission error of the helical gears 
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f) The load distribution calculation of helical gear 
without modification

In the calculation process, the modification, 
setting ij∆ to 0, then the transmission and the unit-line 

load of contact plane can be obtained. The three-
dimension unit-line load distribution is shown in Fig.11. 
The load distribution on the contact plane is not only 
depends on the transmission error, but also depends on 

the stiffness distribution. The value of the load is small in 
the dedendum and addendum region of helical gear, 
and large close to pitch point. For the different helix 
angles and different face width, the load distribution is 
different. As we know, the sliding speed is maximum in 
the dedendum or addendum. From the 4 cases, the 
biggest occurs in the begin meshing and  engaging-out 
point of,  the helical contact plane.



The transmission errors of helical gear pairs 
shown in Fig.12, its distribution law corresponding to the 
distribution of length. The fluctuation of transmission 
error is the main indicator of the vibration and dynamic 
load. It is significant to choose the advisable helix angle 
and face width to make the fluctuation of transmission 
error minimum.  

The contact press distribution of the helical 
gears is shown in Fig.13. It is similar to the unit-line load. 

But the contact stress of foot is greater than that of top 
of pinion. It is because the sum radius of the curvature 
of the root is smaller than that of the tooth top. For a 
helical cylindrical gear without modification, the 
maximum contact press is located at the engagement of 
the pinion root. As shown in Fig.14, it is a fatigue pinion 
of an electric axle after the loading bench test, fatigue 
pitting at the meshing point of the root of the pinion. 

 

(a) Gear pair 1                                               (b) Gear pair 2 

 

(c) Gear pair 3                                               (d) Gear pair 4 

Fig. 13: The contact press of the helical gears 

 

Fig. 14: The fatigue pitting at the meshing point of helical gear 

 The contact stress with the modification and 
misalignment 

In practical application, the tooth surface of 
helical gear needs to be modified. For one reason, the 
maximum contact press located at the engagement of 
the pinion root. For the second reason, the shafts, 
bearings, and the housing will be deformed under the 
heavy load.  

The modification includes the profile 
modification and helix modification. Profile modification 
includes profile crowning, pressure angle modification, 
tip relief, and root relief. The helix modification includes 
lead crowning, helix angel modification, and end relief. 
According to the calculation method in Fig.9, the 

transmission error(TE), unit-line load distribution, and 
contact press distribution of helical gear could be 
obtained. For the four gear pairs in table 1, the 
modification parameters are shown as table 2. 
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Table 2: Modification parameters 

Modification form Modification/um 
profile crowning(barreling) 𝐶𝐶𝛼𝛼  10 

Lead crowning 𝐶𝐶𝛽𝛽  10 
tip relief 5 

End relief 0 
Helix angle modification fHβ 0 

Pressure angle modification，fHα 0 

 

Fig. 15: Modification distribution of contact plane 

The modification distribution of the helical gear 
contact plane is as shown in Fig.15. And the contact 
press of helical gear is shown in Fig.16. After 
modification, the contact press distribution of the tooth 

surface has been greatly improved. The maximum 
pressure transferred from the meshing point of the 
pinion root to the central area of the contact surface. 

 

(a) Gear pair 1                                             (b) Gear pair 2 

 

(c) Gear pair 3                                              (d) Gear pair 4 

Fig. 16: The contact press of the helical gears with modification 

In a transmission system, due to the 
deformation of the transmission shaft, the machining 
error of the gearbox, and the changes of the bearing 
stiffness, the gears pair will operate with misalignment. 
The contact state with misalignment can be simulated 
by the helix angle modification. Take gear pair 4 for 
example, the contact press distribution with different 

helix modification is shown in Fig.17. With the increase 
of tooth inclination deviation, the contact stress inclines 
to one end, and the maximum stress is also increasing. 
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(a) fHβ=10um                                 (b) fHβ=20um                                 (c) fHβ=30um 

Fig. 17: The contact press distribution with helix modification

 The feature coordinate system 
From the above analysis, all the results in the 

contact plane were calculated by the numerical method. 
But in the preliminary design and strength rating 
process of helical gear, our focus is the maximum stress 
or the highest contact temperature of the contact plane. 
For the helical gear, the sliding speed is large in the 
addendum and dedendum region, and most scuffing 

failure occurs in these regions. The sliding speed 
approximately zero in the region close to the pitch point, 
so it is safer than the addendum and dedendum region. 
The 3-dimensional load distribution covers all the 
information about the contact plane, but it is time-
wasting and not intuitionistic. So the feature coordinate 
system should be established. 

 

Fig. 18: Unit-linear load and transmission error distribution

In Fig. 3, the line A1E2 is recommended as the 
feature coordinate system, marked by Ψ , defined the 
same as Γ . The A1 is the approach point (begin 
meshing), and E2 is the recess point. The parameters in 
feature coordinate cover both the tooth profile and axial 
information. The unit-line load distribution along with the 
feature coordinate is shown in Fig.18.Compared the 
feature coordinate and 3-dimension coordinate, the 
maximum is the same in the addendum and dedendum 
region, the value in the feature coordinate system is a 
little lower than the three-dimension coordinate close to 
the pitch point, because the dangerous region of helical 
gear is the addendum and dedendum, so that the 
feature coordinate can satisfy the need of design and 
strength ratting. Furthermore, the feature coordinate is 
more succinct than the three-dimension. From the load 
distribution of gear pair 1 and 3, or gear pair 2 and 4, 
the helix angle has influenced a lot on the load 
distribution, in the case, the helix angle from the 9.8 to 

20.2, and the maximum load per unit of length from the
5108.3 × N/m to 5107.2 × ,so it is important to choose 

appropriate helix angle, tooth height, and face width to 
optimize the load distribution and minimize the dynamic 
load.  
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A AU B D EU E A AU B D EU E

 
(a)Narrow helical gear          (b) Wide helical gear 

Fig. 19: Load sharing factor for the narrow helical gear and wide helical gear of ISO

In the Ref.10, the load distribution of narrow 
helical gear is given as the Fig.19, the buttressing effect 
near the end points A and E of the line of action, 
compared the results in this paper, the load distribution 
is similar with the gear pair 1,but is different from the 
gear pair 2, so the ISO can reflect the characteristic to 
some extent. Still it can’t adapt to all the conditions. In 
this way, the method proposed by this paper is effective, 
and the point AU and EU is given by Equ. 15. 

bEUEAAU βsin2.0=Γ−Γ=Γ−Γ              (15) 

In the ISO standard theory, the helical gear with 
the total contact ratio 2<γε was treated similarly to 

spur gears as well as the buttressing effect. And the 
wide helical gear ( 2>γε ) was assumed to act near the 

ends A and E along with the helix teeth over a constant 
length. From the Fig.6, we know that even though the

2>γε , the fluctuation is considerable for some 

parameters. So the ISO standards are stereotypical and 
inaccurate. 

III. The Thermal Elastohydrodynamic 
Lubrication of Helical Gears 

a) The analysis model of the thermal 
elastohydrodynamic lubrication 

When gears pair subjected to heavy loads, the 
lubricating film  may not separate the surfaces 
adequately, leading to localized damage of the tooth 
surface. This type of failure is known as scuffing  and it is 
checked by maximum contact temperature and film 
thickness. Scuffing failure may occur at any stage during 
the lifetime of a set of gears, and it may lead to failure in 
a few of hours if the contact temperature is too high. So 
it is significant to research the scuffing load capacity of 
the gears. 

The high contact temperature is the main 
reason for scuffing failure, and the interfacial contact 
temperature conceived as the sum of two components, 
namely the bulk and flash temperature [10]. The bulk 
temperature fields are constant with time. Nevertheless, 
the flash temperature varies with time, and only appears 

in the interface of pinion and gear. In the thermal steady 
state, the bulk temperature of the tooth is higher than 
the ambient oil temperature. 

fMB ttt +=                             (16) 

Where tB is the contact temperature, tM the bulk 
temperature, and tf the flash temperature. The bulk 
temperature can be calculated by the finite element 
method (FEM). For the pinion of the pair 1, the bulk 
temperature is 360K (87℃), the ambient oil temperature 
is 60℃. 

The internal energy of oil film will increase due 
to the compression and viscous damping, and the 
temperature of oil film and tooth will rise because of the 
heat convection and conduction. After some time, the 
whole system will be on a thermal steady state. The bulk 
temperature of gear was higher than the ambient oil 
temperature. Therefore, in the inlet zone, the tooth 
profile is the heat source to heat the lubrication film, and 
the lubrication film temperature will rise instantly as high 
as the bulk temperature because that the lubricating film 
thickness is so thin. Then the temperature of the 
lubrication film will get higher due to the compression 
and viscous damping. In this region, the lubricating film 
is the heat source to heat the gear by convection and 
conduction. The ambient temperature was chosen as 
the inlet temperature in the technical literature [16-20]. 
By this means, the interface temperatures of the inlet 
contact region solved by the numerical method will 
lower than the interface bulk temperature; It is not in 
good agreement with the fact. In this paper, the interface 
bulk temperature was taken as the inlet temperature, 
which is more reasonable. 

b) The thermal elastohydrodynamic lubrication 
equations 

i. Reynolds equation 
For the thermal steady state, the Reynolds 

equation of helical gear can be expressed in the 
following form as: 
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Where dzF
h

∫= 00 /1 η , dzzF
h

∫= 01 /η ,

dzFFzzF
h

∫ −⋅=
0 012 )/(/ηρ . 

The sliding speed of contact point: 

30/
2,1 iiii Rnu ⋅=

=
π                       (18) 

In this equation, the mass density and the viscosity of 
lubricant can be described by Dowson and Higginson 
temperature-pressure–density relationship [21] and 
Roelands temperature-pressure–viscosity relationship 
[22] can be expressed as: 
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Where 67.9ln 01 += ηA , 9-
2 101.5 ×=A ,

)/( 21AAz α= , ))138(/( 010 −= tAs β . 

ii. The film thickness is given as 

dssxxp
ER

xhh b

a

x

x∫ −−+= ln)(4
2

2

0 π
           (21) 

Whereh0is film thickness constant depend on the 
applied load. 

iii. The balanced load equation 
The hydrodynamic pressure of the contact 

region must be in equilibrium with the input load, which 
calculated by the numerical method in section 2.Thus 
the pressure equilibrium is expressed by the following 
equation: 

∫=
b

a

x

x
dxxpw )(                                   (22) 

The three-dimensional temperature distribution 
of oil film was calculated by the energy equation as 
follows: 
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The boundary condition for Eq.23 is the thermal 
interface equation: 
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Where ta and tb are the bulk interface temperature of the 
pinion and gear. 

The equation governing the shear stress in the 
lubricant film is a momentum equation which for the 
Newtonian fluid is as follow: 
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z
u

zx
p η                            (24) 

iv. Numerical method 
All equations and boundary conditions 

mentioned above about thermal were written into 
dimensionless forms to facilitate the numerical 
calculation. There are pressure loop and temperature 
loop in the entire calculation process. In the pressure 
loop, assuming the temperature of all the nodes is the 
ambient temperature (360K). In the contact coordinate 
in the rolling direction ( x direction), the whole contact 
region (from inlet position to outlet position) was divided 
into 81 non-equidistant nodes; the interval is large in the 
inlet region and small in the secondary pressure peak 
region. The distribution of pressure and the film 
thickness can be calculated by the Newton-Raphson 
method depending on the Equ.17-24.Divided the film 
gap (obtained in the pressure loop, z direction) into 21 
equidistant nodes. The temperature of all the nodes can 
be calculated depend on the equ.20-21 and equ.24-
25.Then repeat these two processes until the pressure 

error less than 5-10 .The lubricant properties are shown 
in Table 2. 

Table 2: Material properties of the lubricant and gears 

Symbol,unit Value 

Ambient viscosity of lubricant , 0η ,Ns/ 2m  0.08 

Specific heat of lubricant, c, J/kgK 2000 
Specific heats of solids,J/kgK 470 

Thermal conductivity of lubricant,λ , W/mK 0.14 

Thermal conductivities of solids a and b, 1λ and 2λ
,W/mK 

46 

Ambient density of lubricant, ρ , kg/ 3m  870 

Densities of solids a and b, 1ρ and 2ρ , kg/m 7850 

Barus viscocity–pressure coefficient,α , 2m /N 8-1019.2 ×  
Reynolds viscosity–temperature coefficient,β ,K 1−  0.042 
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IV. Thermal ehl Results 

a) The thermal EHL results of the contact point 

 

Fig. 20: The pressure and film thickness of oil film 

Fig.20 shows the oil pressure and film thickness 
along the x direction of began meshing point of gear 
pair one and two. The load per unit of length of gear pair 

one is 51073.2 × N/m, and for gear pair two is
51002.1 × N/m shown in Fig.14. For the gear 

transimission system under heavy load, the film center 
pressure is higher; in this case, the maximum pressure 
is as high as 1.51GPa, the minimum film thickness is 
0.42 mµ . Because of the heavy load, the curve of oil 

pressure and oil thick has’t the typical characteristic of 
thermal EHL. The secondary pressure peak close to the 
outlet and inconspicuous. The distribution of the 
pressure is similar to Hertzian pressure distribution. The 
maximum occurs the location x=0 and the heavier of the 
load, the higher of the maximum. The heavier, the wider 
the contact zone. Furthermore, it has little influence on 
the minimum oil thickness. 

Fig. 21: Three-dimension film temperature and film center and interface temperature of gear pair1 

The three-dimension and boundaries 
temperature distribution of the contact region are shown 
in Fig.21. The film center temperature is much higher 
than two boundaries; this is because the heat conducts 
from the film to all the teeth to maintain the bulk 
temperature. The distribution of film center temperature 
is similar to the film center pressure and peaked in the 
Hertzian maximum, but two boundaries are different 
from the film center; the temperature increase until close 
to the outlet and slightly decrease. The reason is in the 
rear part of the contact zone, the compression effect is 
no longer generate the heat, so the heat from the film 
center to the two boundaries via conduction effect and 
to the inner tooth through convection. 

b) Comparison with the Blok’s flash temperature 
The contact and flash temperature is the main 

reason for the gear scuffing failure, Blok derived the 
flash temperature equation in 1937[12] as follow: 

022221111

21

)(
7858.0

bucuc
uufw

t f ρλρλ +

−
=       (25) 

Where f=0.06 is coefficient of friction, w the load per unit 
of length, iiii uc ,,,ρλ the heat conduction coefficient, 

density, specific heat, sliding speed of the pinion and 
gear,b0 the half-width of Hertzian line contact. 
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In the thermal EHL results, the maximum 
temperature rise of two boundaries is its flash 
temperature. The flash temperature along the feature 
coordinate was calculated by the thermal EHL method 
and Blok equation as show in Fig.22. In the dedendum 
region of the pinion (close to approach point), the 
thermal EHL flash temperature is higher than the Blok 
result, and in the addendum region of the pinion(close 
to recess point), the Blok temperature is lower than 
thermal EHL flash temperature. In theory, the 
temperature-pressure-density and temperature-
pressure-viscosity effect and the compression of oil film 
were considered in the thermal EHL theory. The Blok 
flash temperature equation is very concise and 

corresponding to the experiment to some extent. 
However, it loses sight of the influence of the bulk 
temperature, so it is not a good agreement of the 
experiment under the heavy load. Thus the thermal EHL 
theory is even close to the actual condition. The safety 
factor defined as follow [10]: 

oilc

oils

tt
ttS
−
−

=
max

                                 (26) 

Where ts is the scuffing temperature, toil the ambient 
temperature, tcmax the maximum contact temperature. 

Fig. 22: The TEHL flash temperature and Blok flash temperature of the helical gear in the feature coordinate 

c) The minimum thickness method from thermal EHL 
and Dowson equation 

When gear teeth are separated completely by a 
full fluid film of lubricant, there is no contact between the 
asperities of tooth surfaces, and usually, there is no 
scuffing and wear. For the heavy load helical gear, the 
thickness of oil film is very small, and incidental asperity 
contact takes place. As the minimum film thickness 
decreases, the number of contacts increases, abrasive 
wear, adhesive wear, and scuffing became possible. So 
the minimum thickness of lubricant film is a property of 
scuffing load capacity, especially for the gear pair under 

heavy load. The minimum thickness equation was given 
by Dowson and Higginson [22] as the Equ.27. The safe 
factor can be measured by the thickness ratio. When the 
thickness ratio ）4,1）⊂χ ,it is considered as mixed 
friction. When the thickness ratio is less than 1, the 
scuffing failure probably takes place to a great extent. 

13.003.0

43.07.0
0

54.0

min
)(65.2

wE
Ruh mηα

=                   (27) 

2
2

2
1min / aa RRh +=χ                       (28) 

Fig. 23: The minimum thickness of the film in the feature coordinate system 
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The minimum film thickness solved by thermal 
EHL and Dowson equation is shows as Fig.23. The 
minimum thickness curves are similar along the feature 
coordinate of gear pair one and two. The minimum film 
thick is lowest in the dedendum of the pinion, so the 
dedendum of the pinion is dangerous. The results are 
consistent with the maximum flash temperature method. 
The value from thermal EHL is lower than that from the 
Dowson equation. The Dowson equation didn’t consider 
the influence of temperature on film thickness.  

In contrast to the fatigue damage, a single 
momentary overload may initiate scuffing failure, so the 
scuffing capacity is crucial for the heavy load and high-
speed helical gear system. The minimum film thickness 
and maximum contact temperature, as well as the flash 
temperature obtained by the thermal EHL theory, are 
applied to check the scuffing strength. The scuffing 
capacity can be checked by the flash temperature or 
minimum thickness method. 

V. Conclusions 

In this paper, a model of non-uniform along the 
contact line of helical gear teeth, obtained from the 
meshing stiffness, transmission error, and balanced 
load equation, has been proposed. The feature 
coordinate system was established to simply preliminary 
design and strength rating process. The thermal effect 
of helical gear lubrication will affect the scuffing load 
capacity. The thermal EHL method is applied to check 
the scuffing load capacity. 
The following conclusions can be drawn: 

1. The length of contact lines depends on the face 
width and basic helix angle. And the length is oline 
is not paralleled with the axial line. The fluctuation is 
evident when the total contact ratio less than 2.The 
distribution of transmission error is similar to the 
sum length. The distribution of load per unit of 
length is dependent on the meshing stiffness and 
transmission, it is similar to the meshing stiffness 
along the contact line and similar to the 
transmission error along the Baxis. The modification 
of gears can greatly improve the distribution of 
contact stress. The maximum contact stress is 
concentrated in the center of the tooth surface to 
avoid the contact between the tooth surface. The 
contact stress inclines to one end, and the 
maximum stress is also increasing under with 
misalignment. 

2. The feature coordinate system established in this 
paper can cover bother the tooth profile and axial 
information. It can satisfy the need for preliminary 
design and strength check of helical gears. The 
weakest strength region is the dedendum of the 
pinion. A load of the dedendum region in the feature 
coordinate system is as same as the three-
dimension coordinates system. 

3. The thermal EHL theory can provide more 
information to check the scuffing load capacity. The 
highest contact temperature and minimum film 
thickness method were applied to evaluate the 
scuffing load capacity. The pressure distribution 
under heavy load is similar to the Hertzian pressure 
distribution, and the secondary presser peak close 
the outlet and inconspicuous. The temperature of 
the film center is much higher than two boundaries. 
The film center temperature distribution is similar to 
the pressure distribution. The two boundaries 
temperature increase until close to the outlet and 
slightly decrease. The thermal EHL flash 
temperature is corresponding to the Blok flash 
temperature but higher in the dedendum region and 
lower in the addendum region of the pinion. The 
minimum thickness film is smaller than the Dowson 
equation. So the scuffing load capacity that solved 
by thermal EHL is more practical than the traditional 
method. 
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Wheel Tooth Profiles of Hydraulic Machines and 
Mechanical Gears: Traditions and Innovations 

D.F. Baldenko α & F.D. Baldenko σ

Abstract- An analysis of the advantages and disadvantages of 
the most common types of gears in practice, technical 
requirements and technological capabilities in their design and 
manufacture at the present stage of development shows that 
developments in the field of creating gears with 
unconventional tooth profiles are relevant. The technical 
solution proposed in the article refers to cylindrical gears of 
external and internal gearing, the shape of the teeth of the 
wheels of which is formed as the envelope of the original 
contour of the rack, and the number of teeth are assigned 
depending on the purpose of the mechanism, the required 
gear ratio and the diametric dimensions. Such mechanisms 
are used in various branches of mechanical engineering in the 
form of gear wheels of gearboxes, winches, planetary and 
wave gears, and also as working bodies of pumps, hydraulic 
motors, compressors and internal combustion engines with 
straight and helical teeth.  
Keywords: cycloidal gearing, gear, harmonic profile, 
involute gearing, main circle, number of teeth, rack, 
running-in, tooth profile. 

I. Introduction 

ears as one of the main structural elements of 
various mechanisms and machines are known 
since ancient times, and gearing theory is one of 

the fundamental applied branches of physical and 
mathematical science and general engineering. The 
modern stage of the development of the theory and 
practice of gearing, based on the use of innovative 
computer technologies and three-dimensional 
modeling, allows us to solve new problems, including 
the development of non-traditional types of gears with 
optimized geometrical parameters of the teeth. To date, 
three main types of cylindrical gears of external and 
internal gearing, differing in the profile of the teeth and 
the technology of their manufacture, have received wide 
industrial application [1-3]:  

- Involute; 
- Cycloidal (including pinworms); 
- With circular teeth (Novikov gearing).  

Among the variety of gear mechanisms from a 
technological point of view, it is possible to distinguish 
involute and cycloidal gears, the face profile of the 
wheels of which is formed by the method of running-in 
the tool rack around the main circle.  
 
 
Author α: Russian Scientific Research Institute of Drilling Techniques.  
e-mail: fbaldenko@mail.ru 
Author σ: Russian State University of Oil and Gas named after Gubkin. 

Profiling from the rack is the most common and 
universal way to build a profile of the teeth, and in the 
case of a displacement of the rack relative to the main 
circumference, this allows you to correct the shape of 
the teeth, achieving optimal gearing for various 
operating conditions. 

Wheels with an involute tooth profile - the most 
common in mechanical engineering - have significant 
technological and operational advantages compared to 
other types of gears [2]: a simple tool for cutting teeth; a 
constant position of the general normal to the profiles of 
the mating teeth, which reduces dynamic loads; 
insensitivity to a small change in center distance. At 
present, involute gearing is the basis for the 
development of the majority of transmission devices for 
mechanisms and machines of all industries and 
agriculture, and the theory is most fully developed in 
relation to this type of gearing [1].  

The classical involute tooth profile of 
mechanical gear wheels and working bodies of 
volumetric pumps is formed as the envelope of the initial 
contour of the gear rack, which is an isosceles trapezoid 
with an angle of 20° and is generally displaced relative 
to the generating straight and main circle [2]. Currently, 
the vast majority of cylindrical gears for various 
purposes have a profile of the side faces of the teeth, 
built on the basis of standard or partially modified 
involute engagement. .  

At the same time, despite the large number of 
positive operational and technological qualities of 
involute tooth profiles, one of their significant drawbacks 
is the tendency to undercuts and self-intersections with 
small numbers of gear teeth (as is known, for an involute 
profile without displacement zmin = 17, Fig. 1), which 
reduces the efficiency and scope of involute gears, 
increases their weight and size and cost indicators, and 
also limits the ability to design the working bodies of 
rotary machines. In addition, the convex contact of the 
surfaces in the case of external gearing of the wheels 
increases the contact stress and reduces the bearing 
capacity of the transmission. 
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Fig. 1: The influence of the number of teeth on the shape of the profile of an involute tooth 

Wheels with a cycloidal tooth profile are 
characterized by a smooth contour, the possibility of 
gearing with a minimum number of teeth (including 
single and double gears) without the risk of trimming the 
profile and creating gears of internal gearing of the 
wheels with the number of teeth differing by one (which 
is used in planetary gearboxes and rotary hydraulic 
working bodies machines, compressors and ICE). The 
cycloidal profile has the widest range of tooth shape 
changes, which allows the development of mechanical 
gears with almost any necessary combination of tooth 
numbers and the curvature of the mating wheels. When 
using cycloidal gearing, it becomes possible to create 
low-tooth profiles of the same sign of curvature (round, 
oval, triangular with curved faces), which is required for 
the development of highly efficient rotary machines. 
The initial cycloidal profile related to the outer or inner 
element of the gear pair is formed from a shortened 
hypo- and epicycloid; their equidistant as well as the 
envelope of a cycloidal rack [4].  

An extracentroid profile formed from a 
shortened cycloidal curve (when the producing point is 
not located on a rolling circle) is most widely used in 
mechanical engineering. 

An equidistant profile, which is characterized by 
a smooth contour and a continuous change in the 
position of the contact point on the mating surfaces of 
the stator and rotor (a combination of sliding and 
rolling), has found widespread application in working 
bodies of single-screw pumps and hydraulic motors 
(Fig. 2). 

According to the ratio of the number of teeth 
(lobes), cycloidal mechanisms are distinguished with 
arbitrary numbers of teeth of the wheels and with the 
numbers of teeth differing by one 

Option │z1 – z2│= 1 for internal gearing is used 
in two cases: 1) in planetary gearboxes, which ensures 
maximum gear ratio and load distribution at the same 
time over several pairs of mating gear teeth; 2) in the 
working bodies of rotary volumetric machines in order to 
form isolated working chambers, hermetically separated 
from the entrance and exit. 

According to the arrangement of profiles with 
internal gearing, the number of teeth of which differ by 

one, schemes can be applied in which a wheel with a 
smaller number of teeth is an internal or external 
element. 

The choice of one of these schemes for a given 
initial profile (epi- or hypo) is determined by the design 
requirements of the designed machine and depends on 
the method of constructing the conjugate profile (as an 
internal or external envelope) and the ratio of the radii of 
the initial circles (centroid) of the initial and conjugate 
profiles.  

An option when a larger number of teeth falls on 
the stator profile is characteristic of the working bodies 
screw pumps (kinematic ratio 1:2) and hydraulic motors 
(3:4 ... 9:10) with equidistant engagement (Fig. 2), while 
the option where the stator has one less number of teeth 
than the inside its rotor belongs to the well-known 
schemes of internal combustion engines and 
compressors with eccentric non-equidistant gearing and 
a kinematic ratio of 3:2 and 2:1 (Fig. 3). 

The relative movements of the conjugate 
cycloidal tooth profiles distinguish between 
mechanisms: with variable touch conditions (when the 
contact point moves along both the original and the 
conjugate profile), with partially variable contact 
conditions along only one of the profiles (for example, 
along the stator), while the mating profile is engaged at 
one constant point. 

Variable contact conditions of the profiles are 
characteristic for the engagement of equidistant 
cycloidal mechanisms (when both rolling speeds along 
the conjugate profiles are not equal to zero). The 
constant contact conditions of one of the profiles relate 
to the case of engagement of profiles formed directly 
from hypo- or epicycloids without equidistant 
procedures. 

Provided that one of the profiles is constantly 
touched, it is possible to create a local seal assembly 
(moving at the profile point of the inner element) or fixed 
(at the profile point of the outer element), depending on 
the mechanism scheme, respectively, on the surface of 
the rotor or stator. 

Examples of cycloidal mechanisms with 
constant conditions of contact of one of the profiles (Fig. 
3) are the Wankel engine and rotary compressor 
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(constant contact of the tips of the protrusions of the 
teeth of the rotor), as well as a gas engine with constant 
contact of the tips of the protrusions of the teeth of the 
three-lobe stator. 

The cycloidal tooth profile has been widely used 
in the oil and gas industry in the development of single-
screw hydraulic machines with an elastic stator lining 
(pumps for oil production and downhole hydraulic 
motors for drilling wells), the working body of which is a 
screw gerotor mechanism with internal equidistant 
cycloidal gearing (Fig. 2). 

For multi-lobe screw gerotor mechanisms (z2 ≥ 
2), the conjugated end profiles of the helical surfaces of 
the stator and rotor are formed by the method of rolling 
in a cycloidal rack, the initial contour of which was 
proposed at the Perm branch of the All-Union Scientific 
Research Institute of Drilling Techniques [5]. In the 
general case, for a given contour diameter of the gerotor 
mechanism, the shape of the cycloidal profile is 

determined by a combination of five dimensionless 
geometric parameters (gear ratio, gearing coefficients 
(epi or hypo), eccentricity, tooth shape, and rack 
displacement), which complicates the manufacturing 
technology (due to the need to perform equidistant 
procedures for the contour of the rack) and the choice 
of the optimal shape of the profiles described by 
complex mathematical expressions, depending on the 
combination of the five above dimensionless 
parameters. 

External cycloidal gearing can be used in 
mechanical gears and working bodies of pumps and 
compressors, since it allows to obtain a large gear ratio 
in one stage due to the absence of restrictions on the 
number of teeth up to before using a single-tooth gear 
(the cross-section of which is a circle with a displaced 
center as in the classical and tested Moineau pump 
scheme, Fig. 2a), which was used by Russian engineers 
(Tomsk University) in eccentric-cycloidal gearing [6]. 

а                                      b                                               c 

Fig. 2: Cross-sections of single-screw hydraulic machines with equidistant hypocycloidal profile and different 
kinematic relation [4]: 

a – 1:2; b – 5:6; c – 9:10 

Cycloidal gearing in various oil field 
mechanisms (cylindrical gears of draw works and mud 
pumps, top drive systems of drilling rigs and sucker-rod 
pumps, beam pumping units; rack and pinion lifts; 
planetary gears) can provide the following operational 
advantages in the future: reduced number the teeth of 
the driving gear (z = 1÷6) and, as a result, the minimum 
weight and size indicators and increased gear ratios; 
preferential rolling of profiles in the vicinity of the pole 
with slight slip; rational conjugation conditions (convex-
concave contact in many phases of engagement); high 
efficiency; reduced vibration; improved technological 
capabilities in the manufacture and hardening of wheels. 
Calculations show the real possibility of creating a 
cycloidal planetary gearbox with a gear ratio of i = 6÷16 
(Fig. 4) [7], which significantly exceeds the capabilities 
of a similar scheme with traditional gearing (involute or 
Novikov gearing) and gives a new impetus to the 
development of highly efficient gear turbodrills and 
borehole pumps for oil production. An interesting feature 

of the presented scheme of the cycloidal planetary 
gearbox is also the fact that the number of teeth of all 
wheels is simultaneously a multiple of 2 and 3.  
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а                                                                                               b 

Fig. 3: Non-equidistant (skeletal) profiles of the working bodies of rotary machines, formed during the running-in of 
two-way shortened epicycloid: 

a – on an external centroid; b – on the internal centroid 

 

Fig. 4: Cycloidal planetary reducer according to the scheme 6-18-42 (i = 8): 

hypocycloidal wheel;   epicycloidal wheel

Improving the shape of traditional wheels and 
developing new types of gears is attracting more and 
more attention due to the influence of gear mechanisms 
on the basic technical characteristics of machines, as 

well as the general scientific and technological progress, 
the development of materials science, machine tool 
building and digital technologies. 
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Great prospects for improving involute and 
cycloidal transmissions open when modifying their 
nominal end profiles. There are various schemes for 
modifying external and internal gearing associated with 
high-altitude and longitudinal teeth correction, transition 
to an asymmetric profile shape [2, 4, 8], which allows to 
improve the characteristics of a rotary machine, as well 
as increase the load capacity, efficiency and durability of 
mechanical transmission. For cycloidal working bodies 
of down hole hydraulic motors with the execution of the 
teeth of one of the wheels (stator) of elastic material, the 
modification of gearing can be carried out proceeding 
from the conditions of rational redistribution of elastomer 
deformation and reduction of mechanical losses in the 
pole tooth zone due to the effect of a hydrodynamic 
wedge.   

Among the unconventional types of gears that 
have appeared recently in the technical literature and 
patent fund, innovative wheel designs can be noted: 1) 
with a non-involute tooth profile, the curvature of which 
varies according to a certain law depending on the slip 
in the mate [9]; 2) with a radius profile of the teeth, 
consisting of tangent arcs of the circumferences of the 
heads and legs with their centers on the pitch circle 
[10]; 3) with an engagement line made in the form of a 
lemniscate [11]. The inventors of these inventions 
substantiate the technical and technological advantages 

of their geometry in comparison with the involute profile 
and indicate the areas of possible use of gears. 

This article proposes a new alternative type of 
gearing [12], characterized in that the initial contour of 
the rack is made in the form of a harmonic curve 
(sinusoid or cosine wave), displaced in general relative 
to the producing straight line, and the end profile of the 
gear teeth is formed as an envelope families of 
harmonic curves when they are run in the main circle of 
a certain radius, selected depending on the required 
number of teeth of the wheel. At the same time, the 
number of wheel teeth can take on any value, starting 
from one, which creates the premise of expanding the 
kinematic capabilities of the gear mechanism and 
obtaining a high ratio in one stage. 

The main difference and advantage of the 
harmonic curve over the cycloid is its smoothness, 
which does not require the execution of equidistance 
procedures and makes it possible to use the harmonic 
itself directly as the initial loop contour, rolled around the 
main circle of radius rz. Thus, when the end profile is 
formed from a harmonic rack, similar to the case of 
involute gearing, a transition is made from a three-stage 
scheme (rack - equidistant of  the rack - offset 
equidistant) to a two-stage scheme (rack – the offset 
rack), in which the initial contour of the rack I coincides 
with the original circuit II (Fig. 5).  

 Fig. 5:
 
The initial position of the rack during the formation of a harmonic profile

The coordinates of the initial contour of the 
harmonic rack relative to the generating line (tool axes 
хрур) can be represented in the form: 

xp = xo + ∆x 

yp = yo ,              (1) 

where xo, yо  are the initial coordinates of the harmonic I 
symmetrically located relative to the generating line; ∆x  
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is the displacement of the initial rack contour relative to 
the generating line. 
 
 
If we use the cosine wave as a harmonic (Fig. 5), then

 xo

 

= – uAcosψ

 yо
 

= rψ

 

,

  

   (2)

 
where ψ

 
is the angular parameter varying from 0 to 2π; r

 is the radius of the unit circle; A – harmonic amplitude 
equal to half the height rack; u

 
is a profile type 

coefficient: u
 
= 1 when forming an epigarmonic profile 

(from a positive cosine, when the protrusion of the rack 
is directed from the center of the main circle), u

 
= –1 

when forming a hypogarmonic profile (from a negative 
cosine, when the protrusion of the rack is directed to the 
center main circle, Fig. 5).

 In Fig. 6 shows the current positions of the rods 
during the formation of epi- and hypogarmonic profiles 
using the positive and negative cosine waves, 
respectively. The difference between the families of 
these curves

 
from the point of view of the initial position 

of the staff consists in the location of the point 
corresponding to the maximum diameter of the profile: 

in the case of the formation of a hypogarmonic profile, 
this point (a, Fig. 5) is located on the хр axis at the 
beginning of the angular pitch of the staff (ψ = 0), while 
during the formation of the epigarmonic profile, a similar 
point will be located in the middle of the angular step (ψ  
= π). 

In the current position, when running along the 
main circle, the generating line and the rail connected 
with it are rotated through the angle ϕр. Since running 
without slip, the family of curves of the rack is described 
by the following parametric equations:  

X = (xр + rz)cosϕр – (yр  – rzϕр)sinϕр 

Y = (xр + rz)sinϕр + (yр  – rzϕр)cosϕр.      (3) 

The harmonic gear profile is the inner envelope 
of the family of run-in racks (Fig. 6). To go from (3) to the 
envelope equation it is necessary to establish the 
relationship between ψ and ϕр. Her can be obtained 
through general geometric constructions, given that the 
normal to the envelope passes through the pole - the 
point of contact of the generating line and the main 
circle. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

a      b 

Fig. 6: The scheme of formation of one branch of a harmonic profile (ϕр = 2π/z)                                             
according to the method of running-in a rack (z = 3): 

a - epigarmonic; b - hypogarmonic 

A distinctive feature of a closed harmonic profile 
is the independence of its shape from the pattern of 
formation: epi- and hypogarmonic profiles are identical 
(phase-shifted by an angle π/z). Therefore, in contrast to 
the cycloidal one, such a profile can be called the 
general term “harmonic”, without specifying from which 

curve (sine or cosine) the rail is formed and without 
adding an epi- or hypo prefix.  

The average diameter Da of the harmonic profile 
(in the pitch circle of the teeth) does not depend on the 
harmonic amplitude, and the height of the teeth h – from 
the rack offset: 

© 2020   Global Journals

G
lo
ba

l 
J o

ur
na

l 
of

R
es
ea

rc
he

s 
in
 E

ng
in
ee

ri
ng

  
   

  
(A 

 )
  V

ol
um

e 
 X

xX
  

 I
ss
ue

  
I 
 V

er
si
on

 I
  

  
  
 

  

40

Y
e
a
r

20
20

Wheel Tooth Profiles of Hydraulic Machines and Mechanical Gears: Traditions and Innovations



Da = 2(rz + Δx).   (4) 

h = 2A.    (5) 

The shape of the harmonic end profiles of a pair 
of gears engaged in meshing (the initial one is index 1 
and the conjugate one is index 2) is completely 
determined by a combination of three dimensionless 
geometric parameters: 

- gear ratio i = z2 : z1 ; 
- harmonic shape coefficient сА = А / r ; 

- displacement coefficient of the original rack contour 
с∆ = ∆x / r. 

The choice of the numerical values of these 
dimensionless geometric parameters depends on the 
type and required characteristics of the gear pair. 

Gears with a harmonious tooth profile (Fig. 7, 8) 
can be used in various mechanisms of external and 
internal gearing with parallel axes. 

 

Fig. 7: Gear with nominal harmonic profile (z = 8; сА = 2; с∆ = 0) 

Fig. 8: Gear with a shifted harmonic profile (z = 6; сА = 1,5; с∆ = – 0,5) and                                                               
drawing the main and dividing circles 
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In the general case, when the initial harmonic 
profile of the wheel is selected by the z1 tooth (the 
construction scheme of which is shown in Figs. 5 and 
6), the conjugate profile of the second wheel is formed 
as the envelope of the initial profile during the running-in 
of the initial circles of the wheels, the ratio of the radii of 
which corresponds to gear ratio z2/z1. 

In practice, when constructing a mating profile, 
you can use the simplified method in which the mating 
profile is performed similarly to the initial one by the 
method of running from the general contour of the rack 

[4]. In relation to the proposed gearing, this means that 
when the profiles of the mating wheels are formed, the 
harmonic shape remains unchanged (А1=А2=А), and 
only the magnitude of the rack shift (∆х1; ∆х2) changes 
[12]. 

As an example in Fig. 9 shows an embodiment 
of a gear pair of external harmonic gearing without bias 
with a ratio of 7:25 in the characteristic gearing phase 
corresponding to the contact of the tooth protrusion of 
the driving gear with the tooth cavity of the driven wheel. 

Fig. 9: Gearing of wheels with a harmonic profile (сА = 2; с∆ = 0) 

When designing gears with a harmonic profile, 
the shape of their teeth can vary widely depending on 
the combination between the dimensional parameters (r; 
A; ∆x) or dimensionless coefficients (сА; с∆), which will 
ensure the best gearing performance (with geometric, 
kinematic and power points of view), including by 
choosing the optimal curvature and relative sliding of the 
profiles for various gear ratios of the mechanism. 

Thus, by changing the relationship between 
dimensionless profile coefficients, it is possible to give 
the tooth a different shape (from smooth to pointed at 

the top) depending on the purpose and gearing pattern 
(mechanical transmission or working parts of the 
hydraulic machine), a given characteristic and operating 
conditions of the mechanism.  

An engagement with a harmonic tooth profile 
formed by the method of rolling in a rack accumulates 
the positive properties of similar involute and cycloidal 
gears (Fig. 10) and has the following advantages: 

• compared to cycloidal gearing, it is possible, as in 
the case of involute gearing, to use the original rack 
contour identical to both profiles in the design and 
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manufacture of mating gears of external gearing. 
This is due to the fact that the initial harmonic curve I 
(Fig. 5) in the interval from 0 to 2π is located 
symmetrically with respect to the longitudinal axis yp 
and has the same curvature of its vertices; 
therefore, the teeth of the rack are characterized by 
the identical shape of their protrusions and 
depressions. In the case of external cycloidal 
engagement, the wheel profiles are represented by 
conjugated hypo- and epicycloidal curves (Fig. 4), 
the profiling of which is carried out from the 
corresponding initial contours; 

• compared to involute gearing, it is possible, due to 
smoothness, lack of transition curves and less 
tendency to undercuts and sharpenings of the 
sinusoidal curve, to develop wheel profiles with a 
minimum number of teeth, up to the limit 
modifications of single and double tooth designs in 

the form of a cam and a guitar. This opens up new 
kinematic, constructive and technological 
possibilities when creating gear transmission 
mechanisms and working bodies of hydraulic 
machines with external and internal gearing, 
including a decrease in their overall dimensions. 

In addition to mechanisms with cylindrical 
wheels, a harmonic end profile of teeth can also be 
used in the development of bevel and worm gears. 

The technical result of the proposed type of 
gearing is to increase the efficiency and flexibility of the 
process of designing and manufacturing gears 
(including on modern gear-processing equipment), 
which in the long run creates real prerequisites for 
further expanding the scope and improving mechanical 
gears and volumetric rotary machines in various 
branches of technology. 

а  

b  

c  

Fig. 10: The initial contours of the gear racks for cutting teeth of various profiles: 

a - involute; b - cycloidal; c - harmonic
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Mathematical Modeling for Optimization of 
Periodicity in the Preventive Maintenance Plans 

Modelagem matemática para otimização de periodicidade nos planos de manutenção 
preventive 

Rodrigo Fernandes Corrêa α & Acires Dias σ

Abstract- This study aims to present the development of a 
model for optimization of periodicity in the preventive 
maintenance plans of industrial assets, through the study of 
the lifespan of systems justified by use, time, condition, and 
costs. The mathematical modeling used was implemented 
computationally using the MATLAB software. The aim of this 
model is to provide increased reliability to the facilities, in line 
with the financial results of the business. The line of research is 
integrated into the Reliability Centered Maintenance (RCM) 
management process. 
Keywords: preventive maintenance; periodicity; lifetime; 
mathematical modeling; residual cost; maintenance 
cost. 
Resumo- Propõe-se, com este trabalho, apresentar o 
desenvolvimento de um modelo de otimização de 
periodicidade dos planos de manutenção preventiva de ativos 
industriais por meio do estudo da vida útil dos sistemas, 
fundamentado pelo uso, tempo, condição, custos. A 
modelagem matemática utilizada foi implementada 
computacionalmente por meio do MATLAB. O objetivo do 
modelo é proporcionar maior confiabilidade às instalações, 
alinhadas ao resultado financeiro do negócio. A linha de 
pesquisa está integrada ao processo de gerenciamento de 
manutenção centrada em confiabilidade (MCC). 
Palavras-chave: manutenção preventiva; periodicidade; 
vida útil; modelagem matemática; custo residual; custo 
de manutenção. 

I. Introduction 

he maintenance cost is decisive factor on the 
operational viability of an equipment or process. In 
the industrial context, the maintenance cost has 

come to represent, on average, 20% of the fixed cost of 
products. A given published in ABRAMAN (2011) shows 
that the maintenance cost of the Brazilian industry 
represents, on average, 3,95% of the Brazilian GDP. 
Espinosa Fuentes (2006) and Biasotto (2006) presented 
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maintenance strategies that were employed in industrial 
complexes, having, as highlighted, management 
models that seeks preventive actions such as TPM 
(Total Productive Maintenance), RCM (Reliability 
Centered Maintenance), preventive based on condition, 
in time, in impairments, among others. Methodologies to 
manage well these management models were 
presented by Waeyenbergh (2005 ) and Rigone (2009). 
According to Smith (1993), the great challenge for 
optimization of the cost in these strategies is on the 
“what to do” and “when to do”; i.e., what scope and with 
what periodicity. The correct definition of a periodicity 
defines the cost in all technical preventive measures. 

This approach is very important for companies 
encouraging several studies. Christer (1998) addressed 
the issue of optimizing the frequency of preventive 
maintenance, from the failure rate of equipment; Ferreira 
(2010) addressed the mathematical modeling using 
method of approval, Bayesian network, to optimize the 
use of the most appropriate maintenance techniques to 
a given preventive/corrective process. Haicanh et al. 
(2014) addressed the mathematical modeling with 
genetic algorithm to check the dependence of 
components that suffers preventive maintenance and 
that affects positively and negatively the maintenance 
cost. 

Given the importance of the periodicity 
optimization in the preventives maintenances, the 
objective is, with this work, develop a mathematical 
model that assists in the dimension of periodicity in the 
preventive maintenance plans (PM) and answer 
questions of research such as: 

 What is the influence of the difference between 
corrective MTTR and preventive MTTR in the 
maintenance cost? 

 What is the financial impact of the preventive 
maintenance in accordance with the cost of the 
outgoing time? 

 What is the influence of residual cost (due to 
premature component exchange) in maintenance 
cost? 

 What is the preventive periodicity that provides 
lower maintenance cost over the lifetime of the 
process? 
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Premature exchange is a term used in this work 
to designate replacement of the item before it reaches 
the end of life. 

II. Periodicity in the pm Plan 

Although the preventive maintenance enable 
anticipation of correction of damage, before the fault 
occurs, it also generates unavailability in the process, 
because for each maintenance event there is the need 
to stop the process, making setup of the periodicity and 
the execution time of a preventive maintenance 
becomes complex, due to this and other factors such 
as: 
- The periodicity of preventive maintenance of each 

equipment should be combined with all the 
equipment of the process, to generate a better use 
of the stop time of the process. 

- Difficulty to define which components will be 
swapped, from the knowledge of the useful life of 
the same. 

- Dimensioning of labor for the execution of activities. 
- Concentration of the largest possible number of 

activities to enjoy the impairment of the process. 

The definition of great periodicity, that provides 
lower cost and higher reliability in systems, is one of the 
challenges of preventive maintenance. 

a) Definition of the periodicity on PM 
Act in a conservative manner in relation to the 

reliability generates a high cost in maintenance due to 
premature component exchange and the excessive use 
of maintenance labor. The experience of one of the 
authors, by 17 years in the industrial maintenance, in 
mechanical level of corrective and preventive 
maintenance, as a planner, analyst, engineer, 
coordinator and maintenance manager, allowed to 
experiment decisions that, for increased reliability, 
demanded questions, such as: “intensify the preventive 
maintenance, it increases the scope or reduces the 
periodicity”? 

By acting in a conservative manner in relation to 
the cost of maintenance, with objective of obtaining a 
good use of components to make maximum use of its 
useful life, you can also compromise the reliability of the 
system due to the uncertainty that exists on the useful 
life of each component, (region of periodicity 17 to 20 in 
Figure 1). Consequently, there will be the possibility to 
reduce the cost of maintenance and raise the cost of the 
process, due to the low reliability, generating 
unavailability in the process. 

As shown on Figure 1, the region of great 
periodicity (between 9 and 12), that provides better 
financial result of the system, depends on many factors, 
such as: cost of preventive maintenance, profitability of 
the process and especially the knowledge of the useful 
life of the systems. For this it is necessary an in-depth 
statistical control of failures and time of occurrence. Still 

according to Figure 1, the reduction of periodicity 
provides better reliability, but can derail the profitability 
of the process due to the increase in maintenance 
costs. 

b) Useful life in preventive maintenance 
For Smith (1993, 2004), preventive maintenance 

is the operation of the services or tasks of inspection 
that has been planned for the achievement of specific 
points in time and preserves the function of the 
operation of the equipment or systems. 

For Bertsche (2008), preventive maintenance is 
a maintenance method, where the tasks are performed 
preventively; that is, to a predetermined time, or after a 
specified periodicity or a quantity of operating hours 
these activities are performed. 

For both authors, the preventive maintenance 
can be based on time, condition or failure. 

It is based on time, when it`s set a determined 
time of use or a number of cycles for the execution of 
certain repairs, adjustments or replacement of 
components. 

It is based on condition when applied 
techniques of visual inspection, routine or more depth 
as techniques of vibration analysis, thermo graphic 
analysis, analysis of oil and ultrasound, also defined as 
predictive. 

It is based on failure, when the repair occurs 
after detecting the fault. Whereas the failure won`t 
damage other components and won't generate 
consequences to safety and the environment, planning 
tools, parts and labor and looks forward to the 
occurrence of the failure to perform the repair. 

These preventive actions are ways to predict the 
moment of equipment failure, that is, predict the end of 
it`s useful life. Failure analysis techniques can be seen 
in Kumamoto & Henley (1996), Dias et al. (2011) and 
Dias (2012). 

As shown on Figure 2, the higher the intensity of 
inspection the lower the uncertainty of the estimation of 
component life, to the point at which they can act in the 
exact moment of the failure “based on the failure”, 
when, then, there is a use of 100% of component life. 

Leaving the component fail, in view of the cost 
of maintenance, has a better exploitation of the 
component, with the use of 100% of it`s useful life. In 
this sense, there would be no premature component 
cost, due to this recovery; however, in most situations, 
the predominant maintenance policy would be 
corrective.  

According to Souza (2009), normally the 
assessment of useful life of components is based on 
past experience and on statistical data provided by the 
manufacturers. On the incompatibility of adjustments 
with the production program, many equipment can`t be 
reviewed at certain times, sacrificing components that 
could be in good conditions if done the exchange in the 
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right time. These are the reasons that generate the main 
criticisms of the preventive maintenance policy. It is 
observed, on Figure 3, the statistical distribution of 10 
systems for the sliding equipment; you may ask: how 

can you define the periodicity of an intervention of 
equipments from the distribution of the useful life of its 
system? 

 

Figure 1: Cost effects on the periodicity of preventive maintenance (Corrêa & Dias, 2014). 

 

Figure 2: Definition of periodicity in function of useful life (Corrêa & Dias, 2014).

Can the periodicity of preventive maintenance 
of this equipment be defined, based only on knowledge 
of the useful life of each system? 

In case the answer was “yes”, there would be 
the definition of impairments of the equipment in 
function of time, generating a stop for each “mode” of 
the distribution that represents the useful life of 
each system, as shown on Figure 4. 

Figure 4 shows 27 stops on the equipment, on 
a period of 25 months. As in this example is not being 
considered the MTTR (medium time to repair) and nor 
the hours cost of outgoing process to which the 
equipment is inserted, the cost generated by stopping 
the process is not significant; that means, the 
maintenance cost is generated only by the cost of parts 
and labor. 

It`s important to observe in this figure, that 
some systems are replaced more than once, during the 
useful life of the evaluation, that means, the system that 
has an average life of 4 months for a useful life of 25 
months of evaluation is necessary to be replaced 6 
times, generating 6 impairments to process. 
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Figure 3: Distribution of the function of “useful life” for the equipment systems (Corrêa & Dias, 2014). 

 

Figure 4: Distribution of function of “useful life” of systems, distributed in time (Corrêa & Dias, 2014).

This way, the definition of periodicity more 
favorable financially is to act on a corrective form, 
making repairs on each component at the end of its 
useful life, despite having a high unavailability due to the 
large number of impairments. 

c) Evaluation of periodicity 
To better understand the comments made 

earlier, note the evaluation of a hydraulic press, 
represented in six systems with their respective MTTR, 
useful life and cost of repair, as Table 1. 

Each system has an estimated life from 
statistical data with an uncertainty for each value 
displayed: each useful life was estimated from a 
probabilistic distribution and may be normal, lognormal 
or Weibull. It was, also, considered the residual cost of 
component, i.e., the value of the component that was 

replaced without having been used its useful life in full. 
The likely total useful life less the effective life of work. 
This approach is the process of maintenance cost as 
the following Equation 1 and 2: 

              (1) 

And: CM – Cost of maintenance (R$); CCn - Cost of 
component “n” (R$); CRn – Residual cost of component 
“n” (R$); CP – Cost of impairment (R$). 

 
               

 (2) 

And: MTTRn – Medium time to repair system “n” (h); 
CHC – Cost of outgoing time of system (R$/h). The 
residual cost seen in Figure 5 is represented by means 
of the function of a descending straight line. Whenever a 
component is replaced before the end of its estimated 

CM CCn CRn CP= + +  

( )CP MTTRn CHC= ×  
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useful life, the cost of the repair is being added to the 
residual cost of the component replaced. 

In the example in Figure 5, the component 
“COMP1” has an estimated useful life of 20,000 hours. 
Opting to replace it preventively before of 20,000 hours, 
(as the example in Figure 5 that shows an exchange at 
10,000 hours), it has a residual cost. When you choose 
to replace a component or make a repair of a system 
before the end of its useful life, the cost of maintenance 
will be: the cost of a new component (necessary parts 
for the repair) plus the residual cost of the system or 
component, that still didn`t reach the end of its useful 
life. 

Imagine, now, that the hydraulic press shown as 
an example on Table 1 is insert in a process in which the 
cost of outgoing time of process is R$ 0.00 for hour of 
impairment. In this case, you can stop the process at 
any time without financial effect on the process. From 
the point of view of cost of maintaining more 
economical, the option would be replace each 
component, only on the end of its useful life, having, 
then, a better use of systems and lack of residual cost 
for maintenance. 

For this situation, there would be 14 
impairments on the process, totalizing 120 hours 
stopped, as shown in Figure 6 by the end of each 
component useful life, has a stop in the process for 
actuation of maintenance. 

 

Figure 5: Representation of residual cost for a system 
(Corrêa & Dias, 2014). 

 

Figure 6: Representation of residual cost of the six 
systems of a press (Corrêa & Dias, 2014). 

For the example shown in Figure 6, operates 
according to the policy of corrective maintenance (MC), 

taking in consideration that the fault generated on the 
equipment due to the use of the comprehensive life of 
each equipment does not cause any side effect, such 
as: damage to other systems, security or the 
environment. From the economic point of view, for the 
scenario presented previously, act as a corrective action 
would be the most viable for the profitability of the 
process. 

There are other factors that should be 
considered in this analysis such as; availability of labor 
to act correctively, specialty of labor, tooling, spare parts 
and MTTR, which will be exemplified with more details to 
follow. 

You can make a new analysis for the same 
equipment, this time it is installed in a process whose 
hour cost of resigning is $ 7,000.00 for hour of 
impairment. In this case, obviously, the strategies 
should be other. To better understand it will be 
compared both systems, represented in Figure 7, by 
COMP3 and COMP5. 

When replaced the component COMP3 with 
15,000 hours that represents its useful life, the 
maintenance cost will be, cost of component COMP3 + 
cost of impairment (CP). 

If in this intervention is also chose to replace the 
component “COMP5”, in order to take advantage of 
impairment of the process, the cost of this maintenance 
would be: cost of components COMP3 and COMP5 + 
impairment cost (CP) + residual cost of the component 
COMP5 (Crcomp5). According to the data shown on 
Table 1, the cost of this maintenance would be: 

CP = MTTRmax × CHC = 15  ×  7,000 =  R$ 
105,000.00.  

CM = Cccomp3 + Cccomp5 + CP + Crcomp5  

CM = 13,000 + 20,000 + 105,000 + 8,000  

CM = R$ 146,000.00  

Another option would be replace each 
component by the end of its useful life. For this situation 
there would be two impairments on the process, as 
represented by Figure 8. 

In the example above, there would be an 
impairment in instant 15,000 hours, and another 
impairment in instant 25,000 hours. 
For 15,000 hours has the CM as: 

CP = MTTRcomp3 × CHC = 10 × 7000 = R$ 
70,000.00. 

CM = Cccomp3 + CP 

CM = 13,000 + 70,000 = R$ 83,000.00 
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Figure 7: Cost of maintenance with CHC greater than 
zero and residual cost (Corrêa & Dias, 2014). 

 

Figure 8: Cost of maintenance with CHC greater than 
zero without residual cost (Corrêa & Dias, 2014). 

For 25.000 hour has the CM as: 

CP = MTTRcomp5 × CHC = 15 × 7,000 = R$ 
105,000.00. 

CM = CCcomp5 + CP 

CM = 20,000 + 105,000 = R$ 125,000.00 

In the period of 25,000 hours has a cost of 
maintenance of two impairments, totalizing in R$ 
208,000.00. 

When is compared both scenarios presented in 
Figure 7 and 8, you can observe: on Figure 7, in the 
period of 25,000 hours, has only one impairment in the 
process totalizing a maintenance cost, for the period, of 
R$ 146,000.00. Now in Figure 8, in the same period of 
25.000 hours, has two impairments, totalizing a cost of 
maintenance of R$ 208,000.00. It can be observed, by 
means of example cited, that the scenario represented 
in Figure 7 has a lower cost of maintenance, 
consequently more profitable for the business; therefore, 
the replacement of components or premature revisions 
of systems, depending on the profitability of the 
process, are necessary. 

III. Modeling 

The mathematical modeling has as objective 
the structuring of systems variables to be studied in 
order to obtain calculations optimization of the 
periodicity of preventive maintenances. 

For this modeling, the model takes into 
consideration some characteristics of the systems: 

1. All intervention of preventive maintenance takes into 
consideration the replacement of all the evaluated 
components. 

2. The time of execution of the preventive maintenance 
is based on the component that has the largest time 
of preventive repair MTTRp, within the evaluated 
system. 

3. The events of corrective maintenance occurs so that 
it does not cause any harm to safety, environment 
or damage the underlying component; i.e., the 
damage caused in the corrective event is mainly the 
component, causing only financial impact. 

4. All the systems are represented by a RBD (Block 
Diagram of Reliability) in series being that any failure 
in a single component requires that stops all the 
process. 

The model is based in the estimated useful life, 
medium time to repair and the outgoing time of the 
process of each component to be evaluated. To have a 
result that is consistent with this model, should only be 
evaluated systems for which it possess information 
about the useful life of components well defined. 

In the productive processes (systems) can exist 
a multitude of components, but this model is proposed 
to make a great assessment of periodicity from most 
significant components that has a greater 
representativeness in the cost of repair and the time of 
impairment of the process. 

a) Declarations of variables 
To start the modeling, first shall be informed all 

the variables involved in the model, as follows: 

MTTRcn = Medium time to repair the corrective of 
component “n”. 

MTTRmax = Maximum medium time to repair the 
preventive of system. 

Vun = Average useful life of component “n”.  

VUTn= Use of the component life “n”. 

Vumax = Maximum useful life of the system.  

Vumin = Minimum useful life of the system.  

Vus = Useful life of evaluation of the system. 

CCn = Cost of component “n”. 
CRn = Residual cost of the useful life of component 
“n”. 

CRT = Total residual cost of the useful life of the 
system. 

CHC = Cost of outgoing time of the system.  

CRPp = Cost of preventive repair. 

CRPc = Cost of corrective repair. 

CMVu = Cost of maintenance for the evaluated 
useful life. 

© 2020   Global Journals
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Nc = Number of systems. 

Wp = Periodicity of preventive. 

Wpot = Periodicity of preventive optimized. 

CR(w) = The total residual cost of the useful time of 
the system in accordance with the periodicity. 

b) Equations 
As previously mentioned, the residual cost of 

the component represented by the variable CRn, is a 
periodic descending function as a function of time. Each 
period represents the component replacement. 

To model this event, the function that best 
represents is a series of Fourier, saw-tooth type, 
according to Equation 3. 

 
(3) 

 
 
To model the CRn (Residual cost of useful life of 

component “n”), in the series, was necessary to perform 
some adjustments in the original equation, as will be 
shown in the Equation 4. 

 
 

(4) 
 
 
 
It is observed, initially, that the original Equation 

1 is a growing series and the necessity here is 
decreasing. It was also necessary to insert an additional 
term, to move the amplitude of the equation that varies 
positively and negatively around the point “zero”. In this 
modeling is necessary only positive values that 
represents the CRn (t). The number of terms for 
modeling each series is present in the value of 1 to 
1000, varying in one unit. It was added the terms Vun/2 
and VUTn that represents the phase angle in the 
function, by moving all the function to the beginning of 
the useful life of each evaluated component and 
adjusting the life of system utilization in function of the 
moment to be assessed. 

An example of this function can be observed in 
Figure 9. 

After the definition of the equation that 
represents the cost of each component in funtion of its 
useful life, to obtain the cost of useful life of all the 
systems to be evaluated, applies the Equation 5. 

    (5)  

From obtaining the cost of the useful life of the 
system in function of time, is needed to know the cost of 
preventive repair in function of time, that is, what is the 
cost of repair for a determined moment. This may be 
calculated by means of the Equation 6. 

 (6) 

It is recalled that the cost of instantaneous 
repair considers the exchange of all the components. 

For the present study, no matter the 
instantaneous cost to perform a certain repair, but what 
is the cost of the repairs in function of the periodicity. 

The system will simulate many frequencies in 
function of a determined useful life, denominated Vus 
(useful life of evaluation of the system). The Vus is the 
life that absorbs the maximum useful life of the 
component of a determined system. Therefore the Vus 
will be two times higher than the maximum life of a 
determined component of the evaluated system, or 
defined by the user, and may be entered its value during 
the entry of data in the program. 

The life of the initial assessment, i.e., the lower 
periodicity evaluated, is defined by a quarter of the value 
of the smallest life of a determined component of the 
system evaluated. According to Equation 7. 

 
    (7)  

 
For each periodicity evaluated within the range 

defined in the Equation 7, you get the cost of preventive 
repair in function of the periodicity, according to 
Equation 8. The periodicities simulated for the Equation 
8 arise from the Equation 7, that increments a “F” factor 
equal to 0.5. 

   (8) 

It is observed that as the periodicities are 
incremented, the cost of maintenance gets another 
variable, generated by the corrective events. Thus, for 
each periodicity that exceeds the time of the useful life 
of a determined component, has a corrective event 
which can be calculated by the Equation 9. 
 
 

(9) 
 
 

The total cost of maintenance for the life of 
evaluation of the system in function of the periodicity 
can be calculated by the Equation 10. 

 (10) 

With the function obtained in the Equation 8, is 
possible to define the periodicity great for the evaluated 
system, which is the lowest value of the function 
generated through the Equation 8. 

IV. Numerical Applications 

The modeling was developed through the 
software MATLAB, according to Willian (2013). 

The main objective of the program is to provide 
the experts and managers of the maintenance area the 
ease of evaluation of various scenarios of the industrial 
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process that comprise the cost of preventive 
maintenance. In addition, gives the visibility to the 
economic viability of the projects of industrial processes. 

a) Data entry 
To evaluate the mathematical modeling and the 

program implemented, will be used a simple model of a 

ceramic industrial process, as Figure 10. The variables 
of entry can also be exemplified in this figure. 

 
 
 

 

Figure 9: Residual cost of two systems for the number of terms in the Fourier systems, n=5.

In Figure 11, it is possible to observe the data 
entry page of the designed program named POPMP 
(Program to Optimize Preventive Maintenance of 
Periodicity). 

b) Results 
In Figure 12 can be observed the function of the 

residual cost of each component of the system in 
function of its useful life that was modeled in the series 
saw-tooth Fourier, according to the Equation 2. 

 

Figure 10: Model of a system for simulation of modeling 
in MATLAB. 

 

Figure 11: POPMP, modeling in MATLAB. 

 

Figure 12: POPMP, residual cost in function of useful life. 

In Figure 13 was obtained the total residual cost 
of the system, calculated by the Equation 3 and the cost 
of preventive repair calculated by the Equation 4, in 
function of time. It is observed that at this point of the 
program, there is only the cost of instantaneous 
maintenance in function of time and not according to the 
periodicity that is the main purpose of the POPMP. From 
this point the program begins to simulate the 
periodicities, initially considering a quarter of minimum 
useful life of the system, in this example, 5.000 hours. 
The system initially will design a periodicity of 1.250 
hours, as Figure 14. 

From this point, the program begins to 
increment the periodicity in 0.5 times the value of 
minimum useful life as Equation 5 (see Figure 15). 

For each periodicity simulated, the system 
calculate the total residual cost, taking in consideration 
that all the components will be replaced in the 
preventive event for a determined periodicity. 
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Figure 13: POPMP, cost of preventive repair x time.             Figure 14: POPMP, evaluation of the periodicity. 

In Figure 16, observes the behavior of the total 
residual cost in function of the periodicity. It is possible 
to observe that the smaller the preventive periodicity, 
greater are the residual costs. That means that the 
smaller the periodicity, the total life of the components 
will be used less, there is, therefore, a greater 
occurrence of premature exchanges. 

For each periodicity simulated, being that the 
number of simulated periodicity depends on the 
difference between the minimum and the maximum 
useful life of the system, the system calculates the cost 
of preventive repair in function of periodicity, according 
to the Equation 6 (see Figure 17). 

After calculating the cost of preventive repair in 
function of the periodicity, the system calculates the 
cost of corrective repair in function of the periodicity 
according to the Equation 7. It is worth remembering 

that, for each component that have a shorter life that the 
evaluated periodicity, the program considers a 
corrective event, calculating its cost from the cost of the 
component, MTTRc (medium time to repair corrective) 
of the respective component, and outgoing time of the 
process (see Figure 17), variable CRPc of the legend. 

 
 

 
 
 
 
 
 
 
 
 

 

Figure 15: POPMP, interaction of the periodicities. 
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Finalizing with the Equation 8, comes the total
cost of maintenance for the useful life of evaluation in 
function of the periodicity (see Figure 18).



             

Figure 16: POPMP, total residual cost in function of the 
periodicity. 

Figure 17:
 
POPMP,

 
cost of preventive repair in function 

of the periodicity.
  

               

Figure 18: POPMP, maintenance cost of useful life 
evaluated in function of the periodicity.  

Figure 19:
 
POPMP, the output of the results.

It can be observed that for the system evaluated 
in the proposed modeling, the periodicity optimized is 
located in periodicity 6, 7 months (approximately 4.824 
hours). Thus, if its elaborated a plan of maintenance 
planning a stop of 10 hours (see maximum MTTRp in 
Figure 10) to each 6,7 months, with the replacement of 
all four components of the system, it will be obtained the 
lowest cost of maintenance for the life of 55,6 months of 
the system. 

According to the results presented in Figure 19, 
the total accumulated cost of  maintenance  for the 
periodicity of 6,7 months, is  approximately R$ 
1.359.000,00 for a life of 55,6 months. Each impairment 
will have a total maintenance cost of approximately R$ 
170.675,65. It can be observed that the most 
representative is the cost of downtime of R$ 120.000,00 
process and, for the simulation made, it has no 
occurrence of corrective for the evaluated systems, due 
to the great periodicity having an inferior time to the 
lowest useful life of component that, in the model, is 
5.000 hours, approximately 6, 9 months. 

c) CHC influences 
Another important observation that can be 

obtained in the simulation is the influence of the CHC 
(outgoing time of the system). 

To obtain this evaluation, the system will 
considerate the same model of Figure 10 by inserting a 
sensitivity analysis of the simulation. Starts the 
simulation with CHC equal to “zero” and increase its 
value of R$ 2.000,00 to each simulation, according to 
Figure 20. It is observed that the values of CHC are 
represented by thousands, CHC x R$ 1.000. 

As is incremented the value of CHC, it is 
observed a converged reduction of periodicity; that 
occurs due to the residual cost “CR” (due to the 
premature replacements) lose their significance in 
relation to the CHC. In this sense, the processes in 
which the cost of outgoing time has a ratio higher than 
the cost of the components, the premature replacement 
of components is advisable to increase the availability of 
the equipment, avoiding corrective events. It is 
emphasized that for the process in which  CHC has a 
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ratio higher than cost of the components, the corrective 
events have most significant costs, due to MTTRc be in 
most situations superior to MTTRp. For this reason, the 
greater the CHC the lesser will be the periodicity, to 
avoid corrective events. 

 

Figure 20: POPMP, CHC influence in the periodicity. 

Another observation refers to the occurrence of 
CHC very low: observe the curve where CHC = 0, the 
periodicity tends to increase, surpassing even the useful 
life of the component that has the most useful life. That 
means that for the cases in which the CHC is negligible, 
the tendency is to apply the strategy of corrective 
maintenance (MC), whose residual cost will be equal to 
“zero”, because there is no premature replacement. 

V. Conclusions 

This article shows a mathematical modeling to 
optimize periodicity of MP by means of the modeling of 
industrial systems. Its application enables observe the 
variation of financial impact in function of the periodicity 
and conclude that the premature exchange of 
component is necessary for a certain type of process. In 
Figure 16 is possible to observe the behavior of the 
residual cost in function of the periodicity, necessary 
information for the maintenance manager to make a 
decision. 

In Figures 17 and 18 is possible to observe the 
behavior of the cost of corrective and preventive 
maintenance, and which periodicity provides lower 
maintenance cost over the life of the process. 

It is also possible to observe the practical point 
of view of the modeling. It is known that most     of the 
teams of maintenance of various segments develops 
knowledge of the behavior and the useful life of their 
systems; however, when there is need to rearrange all 
these systems to calculate the great periodicity, that 
would provide greater financial result to the process, 
these professionals have difficulty, because the 
modeling is laborious. In possession of a modeling, the 

maintenance manager have conditions to optimize the 
plan of preventive maintenance and the times of 
impairment. 

It can be conclude that the mathematical 
modeling implemented as a computational program 
“POPMP” is of extreme importance to calculate the 
great periodicity of preventive maintenance of the 
industrial process and to provide a good visibility of the 
maintenance costs of the processes. This modeling 
ensures a periodicity of preventive maintenance that 
delivers the reliability suitable for each process, in 
function of the profitability of each business, without 
overloading the maintenance costs or the costs 
generated by low availability. 
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Self-Designed 3-D Printed Mask to Tackle 
COVID-19 

Hans Agarwal α, Anshika Jain σ, Kapil Goyal ρ & Sumiran Gupta Ѡ 

Abstract- In the current scenario of the pandemic of Covid-19, 
the mask is becoming an essential part of the human body. 
For this, we have designed a 3D mask on professional 
designing software called Solid Works,  which will be 3D 
printed using polylactic acid (PLA) material, which is very light 
in weight, durable and cheap material. We have designed it in 
3 different sizes–small, medium, and large according to the 
face type; everyone can select the best suitable size for 
themselves. A gap is significantly provided at the very front of 
the mask in which one inhale valve and two exhale valves will 
be attached to the mask so that no one will feel suffocated 
while wearing this mask and the respiration process can take 
place smoothly. Then CFD (Computational Fluid Dynamic) 
analysis of the flow of air passing through the designed mask 
is done using the simulation software ANSYS to check the 
ease in breathing while wearing this mask. After 3D printing, 
this mask on the Stratasys Fortus 400mc 3-D Printing System 
at Dayalbagh Educational Institute, Agra, India. The inner lining 
will be done by the silicon fiber padding, which will provide the 
soft and firm grip of the mask on the face as well as increase 
the protection against the virus. Then straps will be attached in 
the provided hooks in the design of the mask. The design of 
the mask can also be edited according to the face type of the 
person before 3D printing it to provide a high level of comfort 
to the wearer. 
Keywords: mask, 3-D printing, COVID-19, solid works, 
ANSYS. 

I. Introduction 

orona virus is taking hold across the globe; we 
see countries implementing social distancing 
measures, travel restrictions, and policies like 

work from home. Even the more developed countries 
are also seeing their healthcare systems overloaded by 
COVID-19. 

According to the World Health Organization 
(WHO), people can transmit the virus to others while 
showing no signs or symptoms of COVID-19. A 
mathematical model from a 2020 study supports this, 
suggesting that 40–80% of transmission stems from 
those showing no symptoms [1]. 
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Types of face mask people are currently using: 
• Surgical mask 
• Cloth face coverings 
• Respirators, such as FFP2, N95, or the equivalent 

We are making a 3-D printed mask for better 
protection with advanced technological valves to make 
sure the proper breathing process. 

3-D printing is an additive manufacturing 
process by which three-dimensional solid objects are 
made by industries using a digital file containing the 3-D 
design details [2]. The creation of 3-D printed objects 
takes place in an additive manner, i.e., by lying down of 
material in successive layers. Each layer is a cross-
section of the 3-D printed object. 3-D printing is used by 
people to build complex shapes using less material as 
compared to traditional manufacturing. 

Nowadays, 3-D printing is becoming popular in 
aviation industries. 3-D printing is used for printing 
different parts of aircraft engines. Earlier individual 
components were constructed and had to be welded 
together by welding, but now, by use of many parts, 3-D 
printing is consolidated to a single component which is 
lighter in weight, uses lesser material, and, most 
importantly, it is about four-five times stronger. 3-D 
printing reduces the cost of labor as well as material and 
improves quality and thus, overall benefits the aviation 
industries [3]. GE Aviation is a company that has 
already started using 3-D printers for better efficiency, 
economical products that are lighter and stronger, and 
build using automated machinery with higher     
accuracy [4]. 

3-D printing starts with designing a 3-D model, 
i.e., Computer-aided design (CAD) model, a 3-D model, 
can be created or can be downloaded using the online 
3-D repositories. Therefore 3-D scanners, apps, coding, 
or 3-D modeling software may be used to create 
designs. 

PLA (poly lactic acid) is a green material and an 
alternative to petrochemical commodity plastics. Its 
mechanical characteristics are its superior tensile and 
flexural strength. PLA (poly lactic acid) is very light, with 
a density of 1.210 - 1.420 g-cm-3. PLA can be used in 
areas of high temperature without wear and tear as it 
has a high melting point of 423 to 433 K[5]. It is 
insoluble in water, making it useful during rains and 
humid weather conditions. 
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II. Literature Review 

In previous research papers, there were various 
findings of masks, their usages, their comfort, their 
reusability, and the material appropriate for filtering out 
the germs. The researches show that 80% of the germ 
transmission can be lessened the masks are worn 
properly by the people The comment is stated in some 
of the findings of Professor M.Fasher, D.Dwyer, and 
N.Ovdin along with few other prominent medical 
scientists[6]. In findings with different experiments by 
Van der Sande in 2008 / Netherlands, it was found that 
masks made from any material can reduce the viral 
transmission of diseases [7]. In 2013 a research by 
Davies in the United Kingdom proved that the surgical 
mask was three times more effective from the 
homemade masks in blocking any type of virus 
transmission. It also stated that homemade masks 
should be the last option to use. In 2011 in a meta-
analysis by Jefferson, it was affirmed that N95 was more 
effective for any kind of respiratory viruses [8]. 

A research paper in 2013 by K.P. Chellamani, 
D. Veerasubramanian, and R.S. Vignesh Balaji showed 
the efficiency of the masks on the basis of the filtration, 
pressure difference, splash difference, etc. [9]. The 
Annals of Occupational Hygiene, Volume 48, Issue 8, 
November 2004, developed the prototype for half-mask 
face pieces from 3-d printing technology and the 
respiratory filters [10]. The previous researches show 
the use of different masks and their effectiveness in 
preventing the germs. In2020 a demonstration by 
Amayu Wakoya Gena, DAAD scholarship holder at the 
chair of Bauphysik at the Bauhaus-Universität Weimar 
he showed how differently the air spreads by using of 
the mask and by not using it, this shows wearing a mask 
is a necessity for stopping the spread of respiratory 
viruses [11]. 

III. Working of a Mask 
There’s no end to airborne diseases where 

working of a mask must be efficient. It is a type of a 
protective layer worn particularly over the nose and the 
mouth (the main entry points of the germs). Hence the 
making of the mask and its working is designed in a way 
such that it stops the 99% germs from entering in our 
body. It has three main components: 

1. A filter that filters the germs/filter material that covers 
the whole nose and mouth. 

2. The exhale valve for the warm air of the mouth to go 
out.  

3. A string/band that keeps the mask intact of the 
mouth and nose.  

The efficacy of the mask depends on the three 
components used appropriately to give the best results. 
Surgical masks made of the cloth prevent the larger 
respiratory droplets from entering [12]and hence, are 
made from single-layer cloth. While designing of mask, 
the thickness and permeability of the mask depend on 
the material’s ability to absorb the particles; hence 
according to these parameters, the designing of the 
mask is done [12]. 

N95s are usually curved or duck-billed and, 
form a tight seal over the mouth and nose when fitted in 
correct manner. They can be uncomfortable to wear for 
longer durations of time. When surgical masks are worn 
outside the operation room, it works as a mask to stop 
the virus, and this mask is usually soft, pleated layers 
secured to the face with strings or ear loops, and pulled 
under the chin. So, they are more comfortable than 
N95s. Both N95s and surgical masks have an inner 
mesh that contains tiny plastic fibers that work as a filter. 
Also, both masks are disposable by design, usually 
discarded whenever they become too dirty, wet, or 
damaged [13]. 

The key role of the mask is to reduce the 
distance of the aerosol droplets while breathing, 
speaking, coughing and cold. That is why it is of utmost 
importance that we cover our face with our hand’s side 
elbow while sneezing etc. and that is why masks are 
prime to wear to reduce the dispersal of the germs [14]. 

IV. Methodology 

This design will be 3D printed after converting 
this solid-works file into. stl file format. PLA (Polylactic 
Acid) material will be used to 3D print the mask. PLA is a 
thermoplastic derived from renewable resources, so it is 
quite cheap as compared to the other 3D printing 
materials that are used for masks. PLA provides better 
strength with less weight, which makes it important for 
forming durable products. PLA is semi-transparent, so it 
yields a glossier surface which seems attractive. Some 
basic properties of PLA are referred from Table 01[15], 
which also gives the strength to the mask made of PLA 
material.  

Table 1: [15] 

Properties Value 
Tensile Strength 37 MPa 

Density 1.3 g/cm3 
Percentage Elongation 6% 

Flexural Modulus 4 GPa 
Biodegradable Yes, under the correct conditions 

Melting Point Temperature [6] 423 – 433 K 
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The main criteria for designing this mask in 3-D 
designing software were to make it flexible for an 
upgrade according to the face type of the person. If any 
desired change in the design of a particular portion will 
be needed, then the whole mask design will not be 

disturbed. Changes can be made at that particular part, 
and this upgrade will automatically transfer from the 
source file to the main assembly, which will also save 
the time. 

The overall process for manufacturing this mask can be summarized in Flowchart 01:

Flowchart 1 
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V. Design of a Mask 

We designed the mask in professional 3-D 
designing software namely, Solid Works, which will be 3-
D printed on Stratasys Fortus 400mc 3-D Printing 
System in the 3-D printing lab, Dayalbagh Educational 
Institute, Agra, India. The screenshots of 3-D design are 

given in Figure 01, Figure02, Figure 03, and Figure 04 
with front view, side view, and top view. In the design of 
this mask, one rectangular slot is provided for an exhale 
valve or filter, and two elliptical hole slots are provided in 
the chassis of the mask to fix the inhale valves which 
prevents suffocation while wearing a mask. 

Figure 01: Screenshot of Solid Works 3-D Design of a Mask 

  

Figure 02: Front View                                                      Figure 03: Side View 
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Figure 04: Top View 

VI. Statistics and Graphs 

    

Graph 1
 

   

Graph 2
 

 
 
 

About 61% of the people want the 
material to be very durable, so we 
will use PLA (Polylactic

 
Acid) 

material for the 3D printing of the 
mask. PLA is very durable, and 
possess a good resistance to wear 
and tear.

 

Nearly 73% of people fell 
suffocation while wearing mask 
because there is no or a small 
filter is provided for air transfer. 
Our mask will contain 3 valves; 2 
for inhale, and 1 for exhale, so 
that no chances of suffocation will 
be there, and therefore people 
can wear it all the time. 
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Graph 3 

  

Graph 4 

   

Graph 5

VII. Simulation Analysis 

The CFD (Computational fluid dynamics) 
pressure analysis is done by us on the surface of the 
mask using the simulation software, namely ANSYS, 
which shows the durability of the material while wearing 
it. The screenshots shows the overall process with the 
results in Figure 05, Figure 06, and Figure 07.  

 
 
 
 
 
 

Almost all of the people choose that 
the material for the mask should be 
biodegradable. The material PLA 
that we are using is also 
biodegradable, so it does not harm 
environment in any way. 

The material that we will use for the 
valves will be able to entrap the 
micro particles of Covid- 19, so the 
mask will allow full protection from 
the covid-19 infection. 
 

People who wear glasses feel the 
problem of mist formation on the 
mask because the distance 
between the mask and nose is quite 
less. Our mask will have sufficient 
distance so that no such problem 
will occur. 

© 2020   Global Journals
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Figure 5: Meshing 

The meshing of the mask is shown in Figure 05 
and it is done by divding the mask in very minute 
elements, and at the edges of the mask, the size of the 
meshing is very small to get the accurate and desired 
results. Figure 06 represents the graph of iterations 
while running the calculation. And finally, result of CFD 

pressure analysis is shown with the color codes in 
Figure 07. As we can see, the red part is occurring at a 
smallest portion of the mask, and most of the part is 
either green or blue, so we can state that it can sustain 
high pressure, and this designed mask holds high 
durability. 

Figure 6: Iteration Graph 
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Figure 7: Pressure Simulation

VIII. Conclusion 

With the Covid-19 pandemic at our doorsteps, 
face masks have become an integral part of our daily 
life. The masks which are currently available in the 
market lacks some basic human comfort and safety 
aspects such as lack of proper air circulation, mist 
formation in case of eye-glasses, unsatisfactory 
entrapment of micro-particles, limited reusability, etc. 
The prime perspective of our paper is to design a face 
mask that eliminates all these factors, and provides 
proper air circulation, no mist formation on eye-glasses, 
and the mask is made up of durable material having 
considerable reusability cycle.  

The main result of the paper was that the 3-d 
printed mask is more durable than the regular 3d mask 
or surgical mask. The mask has better comfort and 
does not produce mist over the glass due to the exhale 
valve attached to it. The pie charts from the sample size 
of more than 100 people of every age show that people 
need a biodegradable mask that can be used for a 
sufficient amount of time, so 3-d printed mask is made 
from a biodegradable material which is durable as well. 
The mask is also light in weight and has valves which 

can be used by people having claustrophobia, the 
material of the mask has high specific capacity, 
therefore, it does get heat up quickly; hence the mask 
overcomes crucial differences of the N95 mask as well 
as surgical masks.  

Our achievement is the design of a 3D printed 
face mask, which provides all the aforesaid qualities. 
The mask is made of durable PLA (poly lactic acid) 
material, which is also biodegradable. This mask will 
provide all the human comfort and safety measures to 
the wearer. This mask can also be customized 
according to the facial anatomy of the wearer as it can 
be customized digitally on SolidWorks and can be 3D 
printed easily. 

Another advantage of 3d printed mask is that it 
can have auxiliary attachments (shield) fit into the 3d 
chassis of the mask, which makes it flexible according 
to the use and necessity. 
With the help of our supervisors in the Dayalbagh 
Educational Institute, India, we have got all the technical 
knowledge and resources to complete this project 
successfully. This paper describes the complete design 
of an indigenous mask. 
 

© 2020   Global Journals
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A Study of Automated Optical Inspection of 
Rapid Influenza Diagnostic Tests 

Wen-Tung Hsua α & Cheng-Ho Chenb σ

Abstract- Rapid influenza diagnostic test (RIDT) is one of the 
most common tools for screening patients suspected of 
influenza infection. The principle is to detect the surface 
antigen of influenza virus with known antibodies, and then to 
interpret it with the naked eye in the form of immune 
chromatographic as says. It has the advantage of obtaining 
speedy results (10-30 minutes) and ease of operation (which 
can be interpreted with the naked eye).There is a variety of 
rapid influenza diagnostic tests (RIDTs) available in the 
market, with different sensitivities and specificities depending 
on the design of the antibody location and reagent 
composition. Despite its advantages of speed and 
convenience, a high percentage of test results (20 to 50% or 
higher) do not correctly reflect the patient's status. In addition 
to possible misses in the specimen collection process that will 
affect the tests; the naked eye may not be able to distinguish 
the unapparent results and cause false negatives. At the same 
time, because a healthcare worker may not accurately grasp 
the time of interpretation, false positives can also occur due to 
excessive test times. To minimize incorrect diagnoses, we 
propose an interpretation system using machine vision. The 
system replaces the function of a healthcare worker by a 
camera and computer. The camera captures the image of the 
test piece then sent it to the computer for processing and 
identification; the result can provide the medical staff 
reference. 
Keywords: rapid diagnosis; optical inspection; influeza; 
machine vision.  

I. Introduction 

irus-caused influenza is one of the most severe 
viral respiratory infectious disease. Avian influenza 
of 2003 and the swine flu of 2009 have been 

among the cases in recent years. Once a highly 
contagious and lethal strain of influenza virus emerges, 
it often leads to a pandemic. Therefore, aside from the 
SARS of 2013 and COVID-19 of 2019-2020, which are 
also virus-caused, influenza has been the focus of 
international epidemic prevention and monitoring policy. 
Because influenza shares many symptoms with the 
common cold, it is often difficult for a clinician to 
correctly diagnose the disease in a timely fashion. The 
standard method for detecting influenza viruses is viral 
culture and molecular biology testing methods such as 
RT-PCR, both of which can identify subtypes.  Still,  both 
 
 
Author α: Taichung Armed Forces General Hospital, Taichung, Taiwan. 
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Author σ: National Chin-Yi University of Technology, Taichung, Taiwan. 
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need special equipment and longer testing times. Viral 
culture takes at least 48 hours, RT-PCR takes 4-6 hours, 
so clinicians in small clinics, emergency rooms or 
outpatient settings cannot obtain results in a short 
period after the examination, resulting in incoherent 
diagnosis. Consequently, healthcare workers use a 
series of rapid influenza diagnostic tests (RIDTs) at the 
point of care. The principle is to detect the surface 
antigen of influenza virus with known antibodies, and 
then to interpret with the naked eye in the form of 
immune chromatographic as says. They are simple to 
execute and deliver results in less than 30 minutes. They 
have become an effective way to detect viruses outside 
the laboratory. Overall, RIDTs had a high specificity of 
90-95% but only a modest sensitivity of 50-80%. Studies 
show the performance of RIDTs depends on the 
prevalence of influenza virus in the population [1,2]. A 
study points out RIDTs with a sensitivity of 62.3% 
compared to the RT-PCR method [3].In the study, RIDTs 
performed better in influenza A virus detection.64.6% 
sensitivity in influenza A compare to 52.2% in influenza 
B. During the 2009 H1N1 pandemic, RIDTs showed 
10%-70% sensitivity compared to RT-PCR-based tests 
[4-7].Drexler et al. used the BinaxNOW rapid antigen-
based testing, reported a sensitivity of 11.1% [8].In the 
early days of the pandemic, a large study from New 
York used the RIDTs BinaxNOW influenza A-B test 
(BinaxNOW), 3M Rapid Detection Flu A-B test (3MA+B) 
compared to R-Mix culture [9,10] with a sensitivity of 
9.6% and 40% respectively. Poor sample quality and 
inexperience of medical staff may contribute to the low 
sensitivity. These researches indicate many factor scan 
affect the sensitivity of RIDTs. It is low in numerous 
cases, so this study proposes a system to improve 
detection sensitivity, minimize the human influence, 
increase efficiency and reduce the demand for 
screening work force. 

II. Problem Statement 

Figure 1 illustrates the procedures for taking an 
RIDT: (a) Collect the patient's nasopharyngeal specimen 
through a swap, b. Flush it in a solvent provided by the 
manufacturer, c. Suck up the fluid using a pipette, then 
drop it to a specified place on the test pad. 
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(a) (b) (c) 

Figure 1: Procedures for Taking a Rapid Influenza Diagnosis Test 

After 15 minutes at room temperature, 
determine whether there is influenza and influenza type 
(A or B) based on the stripes displayed on the pad, as 
shown in Figure 2, provided that the control line appears 

at the same time. If the control line at C does not 
appear, it is an invalid detection, repeat the test until a 
control line shows up. 

    

(a) Negative (b) Type A  (c) Type B  (d) Type A+B  

Figure 2: Test Results 

The test procedure requires the healthcare 
worker to make a diagnosis if a stripe, no matter how 
faint it is, appears at the designated position as long as 
the control line is also visible. In clinical practice, 
however, there may be cases too vague for the human 
to make a definite judgment. Figure 3 displays some 

examples with faint stripes. Even if one makes a 
diagnosis, it is nearly impossible to be consistent. This 
can explain the high false positives during the peak of 
the influenza season and high false negatives during the 
low season. 

    

Figure 3: Some test examples with faint stripes 

This study applies machine vision technology to 
develop an automatic interpretation system for RIDTs to 
assist healthcare workers in the conduct of influenza 
virus testing, improve the correctness and efficiency, 
save workforce, and reduce the risk of misjudgment. 
Other medical tests currently dependent on the naked 
eye can also implement similar techniques. 

III. Hardware Setup 

A typical optical inspection system includes a 
camera, a computer, a light source, and other 
necessary mechanical and electrical components. 
Figure 4depicts a CAD model of the one for RIDT. 
Figure 5(a) shows the actual mechanism. A groove is 
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cut in the bedplate to contain the test specimen, as 
shown in Figure 5(b). Figure 5(c) shows the optical 
apparatuses in a position to capture the specimen 
image. The device connects with a computer. 
 

 

 

Figure 4: A CAD model of the RIDT inspection system 

   

(a) (b) (c) 

Figure 5: The developed RIDT inspection system

IV. Image Processing 

The captured image, shown in Figure 6, is 
transmitted to the computer, which analyzes the stripes 

of the test specimen. The following subsections discuss 
the image processing techniques employed by the 
computer program. 

 

Figure 6: The captured image of a test specimen 

G
l o
ba

l 
Jo

ur
na

l 
of

R
es
ea

rc
he

s 
in
 E

ng
in
ee

ri
ng

  
   

  
(A 

 )
  V

ol
um

e 
 X

xX
  

 I
ss
ue

  
I 
 V

er
si
on

 I
  

  
  
 

  

69

Y
e
a
r

20
20

© 2020   Global Journals

A Study of Automated Optical Inspection of Rapid Influenza Diagnostic Tests



a) Image Pre-Processing 
First, the test pad and the area showing the test 

lines are identified by image pre-processing. The 
specimen is overall much brighter than its background. 
The program separates them by a binary threshold, 
Figure 7(a). To find the region where the test lines may 
appear, the image is then processed by the Laplace-of-

Gaussian (LoG) operator, Figure 7(b). The edges of 
possible features are found by the zero-crossing 
operation, Figure 7(c).The components are joined by the 
connection operation, Figure 7(d). The software finds 
the test region by selecting the one with the 
rectangularity between 0.9 and 1, and an area larger 
than 5000 pixels, Figure 7(e).  

     

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

Figure 7: Image pre-processing of the test specimen 

b) Identification of Diagnosis Line  
The camera takes the image of the test 

specimen every minute. The suggested time for RIDTs 
inspection is 15 minutes. Figure 8(a) is the image taken 
after 15 minutes. The test region is identical to the 
previous step, as shown in Figure 8(b).The gray value is 

then spread from 0 to 255 to enhance the image. Figure 
8(c) portrays the enhanced image. The program 
identifies lines on the image by using partial derivatives 
of a Gaussian smoothing kernel; and shows the 
extracted lines in red, as in Figure 8(d). 

    

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

Figure 8: Specimen Image Processing after 15 minutes 

c) Gray-value Calculation 
The program also calculates the gray changes 

of the test region. It averages the values of each row in 
the test region, and subtracts the initial numbers from 
those of later times. Significant changes in gray value 
indicate test lines, as illustrated in Figure 9. The 

horizontal axis represents the row position of the test 
region, as 0 being the top-most row. The vertical axis 
denotes the difference of gray values between the initial 
specimen and the specimen after 15 minutes. Three 
peaks appear in positions that correspond to the three 
stripes. 

 
Figure 9: Gray value variations of the test specimen after 15 minutes 
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From Figures 8 and 9, healthcare workers can 
easily see the test results. The program can also provide 
the identification result of the specimen at any specified 

time. Figure 10 shows the results at (a) 5 minute, (b) 10 
minute, (c) 15 minute and (d) 20 minute. 

    

(a) 5 minute 
(b) 10 
minute 

(c) 15 
minute 

(d) 20 
minute 

Figure 10: Specimen identification results at different times 

The identification results can then be stored and 
analyzed. Figure 11 shows the changes in gray values 
from 1to 20 minutes at A, B, and C positions, 

respectively. It can provide a basis for accessing the test 
results.

 

Figure 11: Gray value changes along time at A, B and C line positions 

V. Conclusion 

This research studies the implantation of optical 
inspection in RIDTs and development of a working 
system. The experimental results show that it can 
provide useful assistance to the healthcare workers. 
With more clinical cases, its consistency and sensitivity 
can be examined. One may also extend the method to 
similar rapid tests in medical practices, e.g., COVID-19 
diagnosis tests. A proper application of optical 
inspection techniques will reduce the medical staff’s 
workload and possible human errors, in the meantime, 
increase test sensitivity and consistency.    
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Tables: Tables should be cautiously designed, uncrowned, and include only essential data. Each must have an Arabic 
number, e.g., Table 4, a self-explanatory caption, and be on a separate sheet. Authors must submit tables in an editable 
format and not as images. References to these tables (if any) must be mentioned accurately. 
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Figures 

Figures are supposed to be submitted as separate files. Always include a citation in the text for each figure using Arabic 
numbers, e.g., Fig. 4. Artwork must be submitted online in vector electronic form or by emailing it. 

Preparation of Eletronic Figures for Publication 

Although low-quality images are sufficient for review purposes, print publication requires high-quality images to prevent 
the final product being blurred or fuzzy. Submit (possibly by e-mail) EPS (line art) or TIFF (halftone/ photographs) files only. 
MS PowerPoint and Word Graphics are unsuitable for printed pictures. Avoid using pixel-oriented software. Scans (TIFF 
only) should have a resolution of at least 350 dpi (halftone) or 700 to 1100 dpi (line drawings). Please give the data for 
figures in black and white or submit a Color Work Agreement form. EPS files must be saved with fonts embedded (and with 
a TIFF preview, if possible). 

For scanned images, the scanning resolution at final image size ought to be as follows to ensure good reproduction: line 
art: >650 dpi; halftones (including gel photographs): >350 dpi; figures containing both halftone and line images: >650 dpi. 

Color charges: Authors are advised to pay the full cost for the reproduction of their color artwork. Hence, please note that 
if there is color artwork in your manuscript when it is accepted for publication, we would require you to complete and 
return a Color Work Agreement form before your paper can be published. Also, you can email your editor to remove the 
color fee after acceptance of the paper. 

Tips for writing A Good Quality Engineering Research Paper 

Techniques for writing a good quality engineering research paper: 

1. Choosing the topic: In most cases, the topic is selected by the interests of the author, but it can also be suggested by the 
guides. You can have several topics, and then judge which you are most comfortable with. This may be done by asking 
several questions of yourself, like "Will I be able to carry out a search in this area? Will I find all necessary resources to 
accomplish the search? Will I be able to find all information in this field area?" If the answer to this type of question is 
"yes," then you ought to choose that topic. In most cases, you may have to conduct surveys and visit several places. Also, 
you might have to do a lot of work to find all the rises and falls of the various data on that subject. Sometimes, detailed 
information plays a vital role, instead of short information. Evaluators are human: The first thing to remember is that 
evaluators are also human beings. They are not only meant for rejecting a paper. They are here to evaluate your paper. So 
present your best aspect. 

2. Think like evaluators: If you are in confusion or getting demotivated because your paper may not be accepted by the 
evaluators, then think, and try to evaluate your paper like an evaluator. Try to understand what an evaluator wants in your 
research paper, and you will automatically have your answer. Make blueprints of paper: The outline is the plan or 
framework that will help you to arrange your thoughts. It will make your paper logical. But remember that all points of your 
outline must be related to the topic you have chosen. 

3. Ask your guides: If you are having any difficulty with your research, then do not hesitate to share your difficulty with 
your guide (if you have one). They will surely help you out and resolve your doubts. If you can't clarify what exactly you 
require for your work, then ask your supervisor to help you with an alternative. He or she might also provide you with a list 
of essential readings. 

4. Use of computer is recommended: As you are doing research in the field of research engineering then this point is quite 
obvious. Use right software: Always use good quality software packages. If you are not capable of judging good software, 
then you can lose the quality of your paper unknowingly. There are various programs available to help you which you can 
get through the internet. 

5. Use the internet for help: An excellent start for your paper is using Google. It is a wondrous search engine, where you 
can have your doubts resolved. You may also read some answers for the frequent question of how to write your research 
paper or find a model research paper. You can download books from the internet. If you have all the required books, place 
importance on reading, selecting, and analyzing the specified information. Then sketch out your research paper. Use big 
pictures: You may use encyclopedias like Wikipedia to get pictures with the best resolution. At Global Journals, you should 
strictly follow here. 
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6. Bookmarks are useful: When you read any book or magazine, you generally use bookmarks, right? It is a good habit 
which helps to not lose your continuity. You should always use bookmarks while searching on the internet also, which will 
make your search easier. 

7. Revise what you wrote: When you write anything, always read it, summarize it, and then finalize it. 

8. Make every effort: Make every effort to mention what you are going to write in your paper. That means always have a 
good start. Try to mention everything in the introduction—what is the need for a particular research paper. Polish your 
work with good writing skills and always give an evaluator what he wants. Make backups: When you are going to do any 
important thing like making a research paper, you should always have backup copies of it either on your computer or on 
paper. This protects you from losing any portion of your important data. 

9. Produce good diagrams of your own: Always try to include good charts or diagrams in your paper to improve quality. 
Using several unnecessary diagrams will degrade the quality of your paper by creating a hodgepodge. So always try to 
include diagrams which were made by you to improve the readability of your paper. Use of direct quotes: When you do 
research relevant to literature, history, or current affairs, then use of quotes becomes essential, but if the study is relevant 
to science, use of quotes is not preferable. 

10. Use proper verb tense: Use proper verb tenses in your paper. Use past tense to present those events that have 
happened. Use present tense to indicate events that are going on. Use future tense to indicate events that will happen in 
the future. Use of wrong tenses will confuse the evaluator. Avoid sentences that are incomplete. 

11. Pick a good study spot: Always try to pick a spot for your research which is quiet. Not every spot is good for studying. 

12. Know what you know: Always try to know what you know by making objectives, otherwise you will be confused and 
unable to achieve your target. 

13. Use good grammar: Always use good grammar and words that will have a positive impact on the evaluator; use of 
good vocabulary does not mean using tough words which the evaluator has to find in a dictionary. Do not fragment 
sentences. Eliminate one-word sentences. Do not ever use a big word when a smaller one would suffice. 

Verbs have to be in agreement with their subjects. In a research paper, do not start sentences with conjunctions or finish 
them with prepositions. When writing formally, it is advisable to never split an infinitive because someone will (wrongly) 
complain. Avoid clichés like a disease. Always shun irritating alliteration. Use language which is simple and straightforward. 
Put together a neat summary. 

14. Arrangement of information: Each section of the main body should start with an opening sentence, and there should 
be a changeover at the end of the section. Give only valid and powerful arguments for your topic. You may also maintain 
your arguments with records. 

15. Never start at the last minute: Always allow enough time for research work. Leaving everything to the last minute will 
degrade your paper and spoil your work. 

16. Multitasking in research is not good: Doing several things at the same time is a bad habit in the case of research 
activity. Research is an area where everything has a particular time slot. Divide your research work into parts, and do a 
particular part in a particular time slot. 

17. Never copy others' work: Never copy others' work and give it your name because if the evaluator has seen it anywhere, 
you will be in trouble. Take proper rest and food: No matter how many hours you spend on your research activity, if you 
are not taking care of your health, then all your efforts will have been in vain. For quality research, take proper rest and 
food. 

18. Go to seminars: Attend seminars if the topic is relevant to your research area. Utilize all your resources. 

19. Refresh your mind after intervals: Try to give your mind a rest by listening to soft music or sleeping in intervals. This 
will also improve your memory. Acquire colleagues: Always try to acquire colleagues. No matter how sharp you are, if you 
acquire colleagues, they can give you ideas which will be helpful to your research. 

20. Think technically: Always think technically. If anything happens, search for its reasons, benefits, and demerits. Think 
and then print: When you go to print your paper, check that tables are not split, headings are not detached from their 
descriptions, and page sequence is maintained. 
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21. Adding unnecessary information: Do not add unnecessary information like "I have used MS Excel to draw graphs." 
Irrelevant and inappropriate material is superfluous. Foreign terminology and phrases are not apropos. One should never 
take a broad view. Analogy is like feathers on a snake. Use words properly, regardless of how others use them. Remove 
quotations. Puns are for kids, not grunt readers. Never oversimplify: When adding material to your research paper, never 
go for oversimplification; this will definitely irritate the evaluator. Be specific. Never use rhythmic redundancies. 
Contractions shouldn't be used in a research paper. Comparisons are as terrible as clichés. Give up ampersands, 
abbreviations, and so on. Remove commas that are not necessary. Parenthetical words should be between brackets or 
commas. Understatement is always the best way to put forward earth-shaking thoughts. Give a detailed literary review. 
22. Report concluded results: Use concluded results. From raw data, filter the results, and then conclude your studies 
based on measurements and observations taken. An appropriate number of decimal places should be used. Parenthetical 
remarks are prohibited here. Proofread carefully at the final stage. At the end, give an outline to your arguments. Spot 
perspectives of further study of the subject. Justify your conclusion at the bottom sufficiently, which will probably include 
examples. 
23. Upon conclusion: Once you have concluded your research, the next most important step is to present your findings. 
Presentation is extremely important as it is the definite medium though which your research is going to be in print for the 
rest of the crowd. Care should be taken to categorize your thoughts well and present them in a logical and neat manner. A 
good quality research paper format is essential because it serves to highlight your research paper and bring to light all 
necessary aspects of your research. 

Informal Guidelines of Research Paper Writing 

Key points to remember: 

• Submit all work in its final form. 
• Write your paper in the form which is presented in the guidelines using the template. 
• Please note the criteria peer reviewers will use for grading the final paper. 

Final points: 

One purpose of organizing a research paper is to let people interpret your efforts selectively. The journal requires the 
following sections, submitted in the order listed, with each section starting on a new page: 

The introduction: This will be compiled from reference matter and reflect the design processes or outline of basis that 
directed you to make a study. As you carry out the process of study, the method and process section will be constructed 
like that. The results segment will show related statistics in nearly sequential order and direct reviewers to similar 
intellectual paths throughout the data that you gathered to carry out your study. 

The discussion section: 

This will provide understanding of the data and projections as to the implications of the results. The use of good quality 
references throughout the paper will give the effort trustworthiness by representing an alertness to prior workings. 

Writing a research paper is not an easy job, no matter how trouble-free the actual research or concept. Practice, excellent 
preparation, and controlled record-keeping are the only means to make straightforward progression. 

General style: 

Specific editorial column necessities for compliance of a manuscript will always take over from directions in these general 
guidelines. 

To make a paper clear: Adhere to recommended page limits. 
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Mistakes to avoid:

• Insertion of a title at the foot of a page with subsequent text on the next page.
• Separating a table, chart, or figure—confine each to a single page.
• Submitting a manuscript with pages out of sequence.
• In every section of your document, use standard writing style, including articles ("a" and "the").
• Keep paying attention to the topic of the paper.



 

  
  
  
  
  

•

 

Use paragraphs to split each significant point (excluding the abstract).

 

•

 

Align the primary line of each section.

 

•

 

Present your points in sound order.

 

•

 

Use present tense to report well-accepted matters.

 

•

 

Use past tense to describe specific results.

 

•

 

Do not use familiar wording; don't address the reviewer directly. Don't use slang or superlatives.

 

•

 

Avoid use of extra pictures—include only those figures essential to presenting results.

 

Title page:

 

Choose a revealing title. It should be short and include the name(s) and address(es) of all authors. It should not have 
acronyms or abbreviations or exceed two printed lines.

 

Abstract: This summary should be two hundred words or less. It should clearly and briefly explain the key findings reported 
in the manuscript and must have precise statistics. It should not have acronyms or abbreviations. It should be logical in 
itself. Do not cite references at this point.

 

An abstract is a brief, distinct paragraph summary of finished work or work in development. In a minute or less, a reviewer 
can be taught the foundation behind the study, common approaches to the problem, relevant results, and significant 
conclusions or new questions.

 

Write your summary when your paper is completed because how can you write the summary of anything which is not yet 
written? Wealth of terminology is very essential in abstract. Use comprehensive sentences, and do not sacrifice readability 
for brevity; you can maintain it succinctly by phrasing sentences so that they provide more than a lone rationale. The 
author can at this moment go straight to shortening the outcome. Sum up the study with the subsequent elements in any 
summary. Try to limit the initial two items to no more than one line each.

 

Reason for writing the article—theory, overall issue, purpose.

 

•

 

Fundamental goal.

 

•

 

To-the-point depiction of the research.

 

•

 

Consequences, including definite statistics—if the consequences are quantitative in nature, account for this; results of 
any numerical analysis should be reported. Significant conclusions or questions that emerge from the research.

 

Approach:

 

o

 

Single section and succinct.

 

o

 

An outline of the job done is always written in past tense.

 

o

 

Concentrate on shortening results—limit background information to a verdict or two.

 

o

 

Exact spelling, clarity of sentences and phrases, and appropriate reporting of quantities (proper units, important 
statistics) are just as significant in an abstract as they are anywhere else.

 

Introduction:

 

The introduction should "introduce" the manuscript. The reviewer should be presented with sufficient background 
information to be capable of comprehending and calculating the purpose of your study without having to refer to other 
works. The basis for the study should be offered. Give the most important references, but avoid making a comprehensive 
appraisal of the topic. Describe the problem visibly. If the problem is not acknowledged in a logical, reasonable way, the 
reviewer will give no attention

 

to your results. Speak in common terms about techniques used to explain the problem, if 
needed, but do not present any particulars about the protocols here.

 

 

 

 

The following approach can create a valuable beginning:

o Explain the value (significance) of the study.
o Defend the model—why did you employ this particular system or method? What is its compensation? Remark upon 

its appropriateness from an abstract point of view as well as pointing out sensible reasons for using it.
o Present a justification. State your particular theory(-ies) or aim(s), and describe the logic that led you to choose 

them.
o Briefly explain the study's tentative purpose and how it meets the declared objectives.
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Approach:

 

Use past tense except for when referring to recognized facts. After all, the manuscript will be submitted after the entire job 
is done. Sort out your thoughts; manufacture one key point for every section. If you make the four points listed above, you 
will need at least four paragraphs. Present surrounding information only when it is necessary to support a situation. The 
reviewer does not desire to read everything you know about a topic. Shape the theory specifically—do not take a broad 
view.

 

As always, give awareness to spelling, simplicity, and correctness of sentences and phrases.

 

Procedures (methods and materials):

 

This part is supposed to be the easiest to carve if you have good skills. A soundly written procedures segment allows a 
capable scientist to replicate your results. Present precise information about your supplies. The suppliers and clarity of 
reagents can be helpful bits of information. Present methods in sequential order, but linked methodologies can be grouped 
as a segment. Be concise when relating the protocols. Attempt to give the least amount of information that would permit 
another capable scientist to replicate your outcome, but be cautious that vital information is integrated. The use of 
subheadings is suggested and ought to be synchronized with the results section.

 

When a technique is used that has been well-described in another section, mention the specific item describing the way, 
but draw the basic principle while stating the situation. The purpose is to show all particular resources and broad 
procedures so that another person may use some or all of the

 

methods in one more study or referee the scientific value of 
your work. It is not to be a step-by-step report of the whole thing you did, nor is a methods section a set of orders.

 

Materials:

 

Materials may be reported in part of a section or else they may be recognized along with your measures.

 

Methods:

 

o

 

Report the method and not the particulars of each process that engaged the same methodology.

 

o

 

Describe the method entirely.

 

o

 

To be succinct, present methods under headings dedicated to specific dealings or groups of measures.

 

o

 

Simplify—detail how procedures were completed, not how they were performed on a particular day.

 

o

 

If well-known procedures were used, account for the procedure by name, possibly with a reference, and that's all.

 

Approach:

 

It is embarrassing to use vigorous voice when documenting methods without using first person, which would focus the 
reviewer's interest on the researcher rather than the job. As a result, when writing up the methods, most authors use third 
person passive voice.

 

Use standard style in this and every other part of the paper—avoid familiar lists, and use full sentences.

 

What to keep away from:

 

o

 

Resources and methods are not a set of information.

 

o

 

Skip all descriptive information and surroundings—save it for the argument.

 

o

 

Leave out information that is immaterial to a third party.

 

 

 

 

 

Results:

The principle of a results segment is to present and demonstrate your conclusion. Create this part as entirely objective 
details of the outcome, and save all understanding for the discussion.

The page length of this segment is set by the sum and types of data to be reported. Use statistics and tables, if suitable, to 
present consequences most efficiently.

You must clearly differentiate material which would usually be incorporated in a study editorial from any unprocessed data 
or additional appendix matter that would not be available. In fact, such matters should not be submitted at all except if 
requested by the instructor.
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Content:

 

o

 

Sum up your conclusions in text and demonstrate them, if suitable, with figures and tables.

 

o

 

In the manuscript, explain each of your consequences, and point the reader to remarks that are most appropriate.

 

o

 

Present a background, such as by describing the question that was addressed by creation of an exacting study.

 

o

 

Explain results of control experiments and give remarks that are not accessible in a prescribed figure or table, if 
appropriate.

 

o

 

Examine your data, then prepare the analyzed (transformed) data in the form of a figure (graph), table, or 
manuscript.

 

What to stay away from:

 

o

 

Do not discuss or infer your outcome, report surrounding information, or try to explain anything.

 

o

 

Do not include raw data or intermediate calculations in a research manuscript.

 

o

 

Do not present similar data more than once.

 

o

 

A manuscript should complement any figures or tables, not duplicate information.

 

o

 

Never confuse figures with tables—there is a difference. 

 

Approach:

 

As always, use past tense when you submit your results, and put the whole thing in a reasonable order.

 

Put figures and tables, appropriately numbered, in order at the end of the report.

 

If you desire, you may place your figures and tables properly within the text of your results section.

 

Figures and tables:

 

If you put figures and tables at the end of some details, make certain that they are visibly distinguished from any attached 
appendix materials, such as raw facts. Whatever the position, each table must be titled, numbered one after the other, and 
include a heading. All figures and tables must be divided from the text.

 

Discussion:

 

The discussion is expected to be the trickiest segment to write. A lot of papers submitted to the journal are discarded 
based on problems with the discussion. There is no rule for how long an argument should be.

 

Position your understanding of the outcome visibly to lead the reviewer through your conclusions, and then finish the 
paper with a summing up of the implications of the study. The purpose here is to offer an understanding of your results 
and support all of your conclusions, using facts from your research and generally accepted information, if suitable. The 
implication of results should be fully described.

 

Infer your data in the conversation in suitable depth. This means that when you clarify an observable fact, you must explain 
mechanisms that may account for the observation. If your results vary from your prospect, make clear why that may have 
happened. If your results agree, then explain the theory that the proof supported. It is never suitable to just state that the 
data approved the prospect, and let it drop at that. Make a decision as to whether each premise is supported or discarded 
or if you cannot make a conclusion with assurance. Do not just dismiss a study or part of a study as "uncertain."

 

 

 

 

Research papers are not acknowledged if the work is imperfect. Draw what conclusions you can based upon the results 
that you have, and take care of the study as a finished work.

o You may propose future guidelines, such as how an experiment might be personalized to accomplish a new idea.
o Give details of all of your remarks as much as possible, focusing on mechanisms.
o Make a decision as to whether the tentative design sufficiently addressed the theory and whether or not it was 

correctly restricted. Try to present substitute explanations if they are sensible alternatives.
o One piece of research will not counter an overall question, so maintain the large picture in mind. Where do you go 

next? The best studies unlock new avenues of study. What questions remain?
o Recommendations for detailed papers will offer supplementary suggestions.
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Approach:

 

When you refer to information, differentiate data generated by your own studies from other available information. Present 
work done by specific persons (including you) in past tense.

 

Describe generally acknowledged facts and

 

main beliefs in present tense.

 

The Administration Rules

 

Administration Rules to Be Strictly Followed before Submitting Your Research Paper to Global Journals Inc.

 

Please read the following rules and regulations carefully before submitting your research paper to Global Journals Inc. to 
avoid rejection.

 

Segment draft and final research paper:

 

You have to strictly follow the template of a research paper, failing which your 
paper may get rejected. You are expected to write each part of the paper wholly on your own. The peer reviewers need to 
identify your own perspective of the concepts in your own terms. Please do not extract straight from any other source, and 
do not rephrase someone else's analysis. Do not allow anyone else to proofread your manuscript.

 

Written material:

 

You may discuss this with your guides and key sources. Do not copy anyone else's paper, even if this is 
only imitation, otherwise it will be rejected on the grounds of plagiarism, which is illegal. Various methods to avoid 
plagiarism are strictly applied by us to every paper, and, if found guilty, you may be blacklisted, which could affect your 
career adversely. To guard yourself and others from possible illegal use, please do not permit anyone to use or even read 
your paper and file.
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CRITERION FOR GRADING A RESEARCH PAPER (COMPILATION)
BY GLOBAL JOURNALS 

Please note that following table is only a Grading of "Paper Compilation" and not on "Performed/Stated Research" whose grading 

solely depends on Individual Assigned Peer Reviewer and Editorial Board Member. These can be available only on request and after 

decision of Paper. This report will be the property of Global Journals.

Topics Grades

A-B C-D E-F

Abstract

Clear and concise with 

appropriate content, Correct 

format. 200 words or below 

Unclear summary and no 

specific data, Incorrect form

Above 200 words 

No specific data with ambiguous 

information

Above 250 words

Introduction

Containing all background

details with clear goal and 

appropriate details, flow 

specification, no grammar

and spelling mistake, well 

organized sentence and 

paragraph, reference cited

Unclear and confusing data, 

appropriate format, grammar 

and spelling errors with

unorganized matter

Out of place depth and content, 

hazy format

Methods and

Procedures

Clear and to the point with 

well arranged paragraph, 

precision and accuracy of 

facts and figures, well 

organized subheads

Difficult to comprehend with 

embarrassed text, too much 

explanation but completed 

Incorrect and unorganized 

structure with hazy meaning

Result

Well organized, Clear and 

specific, Correct units with 

precision, correct data, well 

structuring of paragraph, no 

grammar and spelling 

mistake

Complete and embarrassed 

text, difficult to comprehend

Irregular format with wrong facts 

and figures

Discussion

Well organized, meaningful

specification, sound 

conclusion, logical and 

concise explanation, highly 

structured paragraph 

reference cited 

Wordy, unclear conclusion, 

spurious

Conclusion is not cited, 

unorganized, difficult to 

comprehend 

References

Complete and correct 

format, well organized

Beside the point, Incomplete Wrong format and structuring
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A

Asteroid · 5, 16

B

Bisalloy · 7

C

Coaxially · 13
Contour · 35, 36, 37, 39, 40, 41, 42
Convex · 35, 37
Criterion · 4, 17
Cycloidal · 35, 36, 37, 39, 40, 42, 43

D

Dedendum · 17, 24, 27, 31, 32
Drexler · 68

E

Epigarmonic · 40

F

Flexures · 5, 6, 9

I

Inconspicuous · 30, 32
Intuitionistic · 27

O

Orifice · 1, 4, 7, 12

P

Pectratio · 9

R

Rotary · 35, 36, 38, 39, 43

S

Sinusoidal · 43
Sprocket · 13
Stratasys · 58, 61
Succinct · 27

T

Trapezium · 21, 22
Trapezoid · 35
Turbpiercer · 11

V

Vicinity · 37
Viscous · 28
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