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Gear wheels have been used for trans-
mitting motion since the third cen-
tury BC (Ref. 1). Yet, the evolution of 
this transmission technology con-
tinues to date and finds its inevita-
ble need in numerous applications. 
The multifaceted advancements in 
design, material, tribology and other 
areas collectively help the improve-
ment of transmission efficiency, noise 
vibrational performance, durability 
and effective manufacturability of the 
gears (Ref. 2). Today, gearboxes are 
inevitable in numerous applications 
requiring high power density includ-
ing wind turbines, electric vehicles, 
cranes, robotics, etc. A combination of 
high-ratio gearboxes with high-speed, 
low-torque motors is often used to 
achieve high power density (Ref. 3). 
Planetary gear trains (PGTs) help 
achieve a high gear ratio in a compact 
arrangement. Several configurations 
of planetary gears are widely stud-
ied in Refs. 4–8 where the gear pro-
files used in these studies are primar-
ily involute.

From simple geometries like 
straight profiles to cycloids and then 
to the involutes, the evolution of gear 
profile geometry has taken centuries 
(Refs. 9 and 10). The concept of profile 
shifting and the CNC manufacturing 
process that began in the late 1970s 
marked an important revolution in 
transmission systems and helped the 
manufacturing of precise and mass 
quantities of standardized gears. To 
this day, involute gears have found 
their use in every possible applica-
tion despite their continuous better-
ment. The strongly established stan-
dards and guidelines like AGMA have 
provoked the large commercialization 
of involute gears. Numerous compu-
tation and design software including 
KISSsoft, ROMAX, Simcenter, MESYS, 
etc. help in involute gear design and 
analysis. These softwares not only help 

to design simple gear trains but also 
enable us to optimize the design based 
on the contact/meshing performance 
and manufacturability. Although the 
advantages of involute gears like easy 
manufacturability, and insensitivity 
to center distance deviations are criti-
cal for its choice, the well-established 
standards in the previous decades 
and mass commercialization compels 
the use of involute gears. Because of 
this, the developments on other gear 
profiles (non-involutes) are very lim-
ited to this date despite the enormous 
advancement in high-precision man-
ufacturing technologies (Ref. 11).

The downsides in involute gears like 
high-sliding velocities at the meshing 
extremes and low surface-load capa-
bility can be overcome with other gear 
geometries like cycloids and circular 
arcs (Ref. 12). Typically, the modifica-
tions are classified based on gear pro-
file, flank and lead parameters (Ref. 
13). The research works of Parsons 
(Ref. 14) show lead and flank modifi-
cation of gears that help increase the 
load-carrying capacity of gears and 
better noise characteristics while Shen 
et. al. (Ref. 15) and Berlinger (Ref. 
16) employ profile modification for 
achieving high efficiency and load-
carrying capacity respectively. Yet, 
increased transmission error and sen-
sitivity to manufacturing inaccuracies 
deter the usage of these unconven-
tional gear profiles.

Through this paper, a review of 
unconventional gear profiles in plan-
etary gear is presented and how future 
research in this direction benefits sev-
eral applications. The analyses of dif-
ferent gear profiles show that some 
unconventional gear profiles have 
better meshing efficiency and load-
bearing capacity than the involute 
gears. However, they are heavily con-
strained by their high transmission 
error and manufacturing inaccuracies. 

“Overview of planetary gear trains 
and increasing the overall efficiency” 
provides an overview of planetary 
gear trains (PGTs) to understand the 
importance of high meshing efficiency 
in extreme gear ratios. In “Critical 
parameters to evaluate different gear 
profiles,” a short description of the 
evaluation criteria of different gear 
profiles is briefed. “Unconventional 
gears in PGT” reviews planetary gear-
boxes with non-involute gear profiles 
from the literature and the potential 
gear profiles that can help to improve 
the efficiency of the high-ratio gear-
box. Finally, a discussion on the con-
frontation of different gear profiles 
based on the evaluation criteria is pro-
vided in “Discussion” which is fol-
lowed by conclusions and recommen-
dations in “Conclusions.”

Overview of Planetary Gear 
Trains and Increasing the 

Overall Efficiency
Planetary gears are compactly 
arranged gear trains that achieve 
high gear ratios with good efficiency. 
Traditionally, large gear ratios are 
achieved by coupling several plan-
etary gear stages together which is 
known as a stacked arrangement—
refer to Figure 1 (left). The efficiency 
of multistage PGTs (or stacked PGTs) 
is high (above 90%) even at gear ratios 
around 100:1 (Refs. 17, 18). However, 
the involvement of several stages is a 
severe downside of these gearboxes 
thereby becoming a bulky, heavy, and 
costlier solution.

On the other hand, an extremely 
compact arrangement of planetary 
gear trains known as the Wolfrom 
configuration (also called bi-coupled-
PGT, differential-PGT or 3K-PGT) is 
an extremely power-dense transmis-
sion system that however comes at 
the cost of very low efficiency, refer to 
Figure 1 (right), (Refs. 4, 5, 8, 19, 20). 
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This type of gearbox has the poten-
tial to bring a massive transforma-
tion in several applications due to 
its high-torque-density nature. Yet 
at this juncture, they are restricted 
to extremely poor efficiency at high 
reduction ratios due to latent power 
inherent to this configuration (Refs. 
21, 22).

Wolfrom gearbox efficiency is char-
acterized by the gear ratio and the 
meshing efficiency of involved gear 
pairs. From (Ref. 4), the Wolfrom gear-
box efficiency is given as:

where
ηTot   is the total efficiency of the 
gearbox
i0, iw, itot      are the gear ratios in stage-0, 
stage-w and total gearbox respectively

Hi, He   are the gear loss factors in 
internal and external gear meshing 
respectively
ηi, ηe      are the meshing efficiencies 
in internal and external gear meshing 
respectively
Z      is the number of teeth in the 
respective gear wheels

This shows that in a Wolfrom plane-
tary gear train (differential), the mesh-
ing efficiency of gears is extremely 
crucial as the gear ratio increases. 
Figure 2 is a representative example 
of a Wolfrom-PGT where the evolu-
tion of a gearbox efficiency is plotted 
in function of gearbox ratios for dif-
ferent meshing efficiencies (Ref. 23). 
For high gear ratios (e.g., 300:1), even 
a small increase of 0.5% in meshing 
efficiency will decrease the gearbox 
loss by more than one third of the ini-
tial loss. 

High gearbox efficiency is of para-
mount importance not only to reduce 
energy losses but also to have bet-
ter backdrivability. Backdriving is 
the principle of switching the natu-
ral input and output of the gearbox 
(Ref. 21). Hence the power flow from 
the input (motor) to the output (load) 
is reversed where a reducer gearbox 
becomes then a multiplier. This is one 
of the key characteristics deemed in 
several modern applications includ-
ing collaborative robotics (Ref. 24). 
The gearbox in general is backdrivable 
when the overall efficiency is more 
than 50% in normal operation—for-
ward driving—(Refs. 25, 26).

Critical Parameters to Evaluate 
Different Gear Profiles

The gear performance can be char-
acterized based on several phenom-
ena even if it is involute or non-invo-
lute gear. Namely the load-carrying 
capacity, meshing efficiency, man-
ufacturability, vibrational behavior 
and lifetime, etc. The primary criteria 
to evaluate the different gear profile 
geometry are discussed further.

Meshing Efficiency
The power loss in gears is associated 
with both loaded and no-load con-
ditions as described in (Ref. 27). The 
meshing losses can be calculated from:

STACKED ARRANGEMENT

Input Output

Stage 1 Stage 2 Stage 3

a

a

WOLFROM ARRANGEMENT

Stage 0 Stage w

b

Input Output

Figure 1—Planetary gear train configurations: (Left) stacked arrangement, (Right) Wolfrom-PGT.

Figure 2—Evolution of gearbox efficiency for a three-stage PGT in the function of gear ratio for different 
meshing efficiency from (Ref. 23).

(1)

(2)

(3)
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and 

where 
ηi,e     is the meshing efficiency of gears
PIN     is the input power (kW)
PVZP   is the load-dependent power loss 
integrated along the path of action-AE 
and facewidth-b (kW)
PR       is the summation of all other losses 
due to gear no-load, bearings, lubrica-
tion, seals, etc. (kW)
μ       is the coefficient of friction
FN    is the normal force acting on the 
gear tooth (N)
vs     is the sliding velocity of the gears 
in mesh (m/s)
dθ,db are the integrating segments 
along the line of action (rotation) and 
the facewidth of the gears

Load Carrying Capacity
Gear wheels in action are charac-
terized by the load transmitted and 
to what extent of efficiency. This is 
mainly dependent on the bending 
stress at the root and the contact stress 
at the surface of the teeth which influ-
ences their performance and lifetime. 
Considering the real operation, sev-
eral factors depending on uniform/
varying loads, lubrication conditions, 
and accuracy of manufacturing are 
derived from the standards and incor-
porated into the stress formulae.

Bending Stress
The gear tooth fillet or the root stress is 
responsible for the breakage or tooth 
rip-off failure in gears. It is calculated 
assuming the cantilever beam princi-
ple and given by Equation 6. AGMA 
standards use additional factors con-
sidering manufacturing deviations, 
uniformity of load, distribution pat-
tern in the helical system, fatigue pro-
files etc. (Ref. 28).

where
h     is the height of the load point from 
the tooth root (mm)
Ft    is the tangential force of the tooth (N)
l     is the facewidth (for spur gears) or 
effective length along facewidth (for 
helical gears) (mm)

t     is the thickness of the tooth at pitch 
circle (mm)

Contact Stress
The contact stress in gears is respon-
sible for the surface failure of the gear 
tooth. This failure leads to the pit-
ting and scoring on the gear tooth 
affecting the lifecycles of the gears. 
The fatigue property of the material 
is critical to this stress. As a general 
approximation in involute gears, the 
contact stress is given by the Hertz 
formula (Ref. 28):

where
FN is the normal force (N)
ν1,ν2 are the Poisson ratios 
E1,E2 are the Young’s modulus 
L is the facewidth (for spur 
gears) or minimum length of contact 
(for helical gears) (mm)
ρ1,ρ2 are the effective normal radii 
of curvatures of gears with + for exter-
nal and for internal gears

The contact stress is calculated 
along the tooth surface at each point 
of contact. In general, the maximum 
load point corresponds to the sin-
gle tooth of action where the entire 
load is concentrated to one pair of 
gear teeth.

Transmission Error
For a given gear ratio, the deviation in 
the rotation of the gear for an equiv-
alent rotation of pinion is called the 
transmission error. Transmission 
error is responsible for the noise 
and vibration of gears. The trans-
mission error is an effect of both the 
gear design aspect and manufactur-
ing inaccuracies of gears. The design 
aspect comprises tooth deflections 

based on the load and the profile/
lead modifications done to the gear 
profile for uniform wear patterns, etc. 
(Ref. 29). 

The change in relative stiffness 
between gear teeth is kept to a min-
imum level for low vibration and 
noise conditions in gears which is 
handled by maximizing the gear 
contact ratio (Ref. 30). However, as 
the contact ratio increases along 
the transverse plane, the mesh-
ing extremes are far from the pitch 
point and thus the sliding veloci-
ties are high which is a trade-off in 
terms of meshing efficiency. On 
the other hand, it can be seen as an 
effective length of deformation dur-
ing the meshing cycle; the more 
the gear teeth deform during mesh-
ing, the larger the area of the wear 
and thus the larger the friction and 
the power losses are. This can also 
be understood with the expressions 
given in “Meshing efficiency” where 
the necessity for keeping the sliding 
velocity low to reduce the power loss 
is evident.

Unconventional Gears in PGT
In recent years, non-involute gears 
have started finding their place in 
high ratio gearboxes to increase the 
efficiency and load-carrying capac-
ity of gearboxes. The advancements 
in rapid prototyping and precision 
manufacturing methods further 
enable fabricating complex geome-
tries in a relatively efficient manner 
that supports testing and advanced 
analyses of gears. In the following 
section, some planetary gear trains 
that exclusively use unconventional 
gears are reviewed and their charac-
teristics are discussed. 

PGT with Nonstandard Involute 
Teeth Geometry

Figure 3—Internal meshing of low-loss gears (Ref. 6).
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Low-loss gears described in Ref. 31 are 
optimized gears for high meshing effi-
ciency. Although the fundamental tooth 
shape is involute, the low-loss gears 
involve unconventional profile modifi-
cations to a large extent as shown in Fig-
ure 3. The tooth has reduced addendum, 
large pressure angle, small module and 
large helix angle and facewidth which 
contributes to decreasing the trans-
verse contact ratio in gears. Although 
the increase of the helix angle, in princi-
ple, leads to a larger power loss (Ref. 31), 
the effect is countered by the increase 
in pressure angle and reduction of the 
gear modulus. Since the transverse con-
tact ratio (εα) is kept to a minimal value, 
the meshing region involves a shorter 
approach and recess lengths leading to 
lower sliding velocities. To maximize the 
load-carrying capacity, the total contact 
ratio (εα+ εβ) is maintained by increas-
ing the overlap ratio (εβ) of helical gears.

Since low-loss gears have high 
meshing efficiency, this helps when 
used in a Wolfrom configuration to 
reach high gear ratios in a compact 
way and yet with good efficiency. Ref. 
6 describes three different configura-
tions of PGTs in which low-loss gears 
were tested initially. The results from 
Ref. 32 also prove that the weight of the 
Wolfrom gearbox is nearly reduced 
by 50% compared to the conventional 
planetary gear train of the same gear 
ratios although the overall efficiency 
deteriorates due to the configuration 
itself. Such a gearbox will be highly 
beneficial in high torque applications 
like wind turbines and automotive 
gearboxes if the efficiency could be 
further improved (Ref. 33).

As the involutes are the base geom-
etry of the gear tooth profile, the man-
ufacturability is said to be standard. 
Compared to the standard involute 
gears, the low loss gears exhibit large 
meshing stiffness and are more prone 
to manufacturing inaccuracies (Ref. 
34). With the reduction in transverse 
contact ratio, the contact happens 
thus in a small domain consequently 
increasing the noise generated.

PGT with Cycloid Teeth Geometry
The convex-concave gears discussed 
in Ref. 35 share the basics of cycloidal 
gear teeth where the curve of action is 

an S-shape curve defined by two indi-
vidual radii corresponding to the pin-
ion and gear as shown in Figure 4.

The shape of the corresponding gear 
tooth following this curve of action is 
derived from differential geometry 
and gearing law (Ref. 36). The meshing 
efficiency of convex-concave reaches 
similar levels to that of involute gears 
for an ideal profile curvature. However, 
the loading condition significantly 
varies during the approach and recess 
cycle in the meshing. 

Compared to involutes, the convex-
concave gears are gradually loaded 
and the peak load is taken by the tooth 
at the pitch point where the pressure 
angle is the least. Away from the pitch 
point, the pressure angle increases 
and therefore the load on the tooth is 
also lesser. The high sliding velocities 
at the start and end of meshing pres-
ent in involute gears are eliminated 
with the convex-concave gears also 
due to the curved meshing action.

Brumercik et al. presented a reduced 
planetary gearbox with a convex-con-
cave gear tooth profile (Ref. 37). The 
authors developed a small prototype 
to test this gear profile for a gear ratio 
of above 70:1 where Nylon 6.6 (PA66) 
gears were used. The results showed 
a favorable relative sliding between 
gears compared to the involute profile. 
Although the rapid prototyping method 
used is subject to manufacturing inac-
curacies, such a small and lightweight 
gearbox could be used in applications 
such as a car’s rear-view mirror.

Figure 4—Meshing of convex-concave profile 
gears from (Ref. 35).

PGT with Circular Arc Teeth 
Geometry

Double-circular arc gears were ini-
tially proposed by Litvin (Refs. 38, 39) 
which was derived based on the Wild-
haber and Novikov circular arc gears 
(Refs. 40, 41). The double-circular arc 
gear proposed by Litvin is charac-
terized by three circular arcs: one on 
the crown part, one on the base part 
and the other connecting the form-
ers as shown in Figure 5 (top). Later, 
Wang (Ref. 42) adapted this profile to 
overcome the discontinuity in profile 
curves and proposed a new type of 
double-circular arc gears as shown in 
Figure 5 (bottom).

Due to the concavity and convexity 
nature of meshing and the resulting 
lower surface stress, this type of pro-
file can handle much more torques 
and spans longer life compared to 
similar-size involute gears. Further, 
there is no limitation in the num-
ber of teeth, unlike involute gears. 
This type of gear is extremely sensi-
tive to manufacturing inaccuracies 
and center distance deviations that 
reduce efficiency.

Wang analyzed the influence of 
these profiles by using them in a con-
ventional planetary gear train (Ref. 
42). The three-stage stacked planetary 
arrangement studied by the author 
had a gear ratio of 103:1 with the first 
two stages of 5.143:1 each and the 
last stage 3.9:1 gear ratio respectively. 
Due to its lower efficiency and high 

Figure 5—Double-circular arc gears proposed by 
Litvin (top) and Wang (bottom). Image adapted 
from (Ref. 52).
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load capacity, this kind of gearbox 
finds its better suitability in winch 
applications (Ref. 42).

Other Gear Profiles
Several other gear profiles exist apart 
from the ones mentioned above. A 
review of non-involute gear profiles by 
Okorn (Ref. 43) summarizes the design 
and capability of each profile. The unique 
profiles for which the meshing efficiency 
is deemed to be better than involute 
gears and can be of interest in using in 
Wolfrom gearboxes are discussed below:

S-gears
The S-gears developed by Hlebanja 
(Ref. 44) are generated by a specific 
rack design. The rack generates a spe-
cific concave-convex gear profile for 
which the meshing curve is in the 
shape of “S” as shown in Figure 6.

S-gears show a good load-carrying 
capacity because of their broader tooth 
root and concave-convex meshing com-
pared to involutes. Additionally, since 
the relative sliding velocities are reduced 
during the start and end of meshing, the 
power loss due to friction is lower. These 
gears initially used in rolling mills are now 
finding their use in several applications. 
The S-gears-based high ratio gear drives 
described in Ref. 45 are used mainly in 
marine, aircraft and robotic applications. 

Pure Rolling Helical Gears
Pure rolling helical gears described by 
Chen et al. (Ref. 46) are based on a circu-
lar arc gear tooth geometry. The circle 
inscribed for the tooth geometry has the 
center in the tangent connecting the 
base cylinders of the gears in the mesh 
as shown in Figure 7. The radius of this 
circle is shorter than the length from the 
tangent point on the base circle to the 
pitch point. In other words, the radius of 
curvature about the pitch point is shorter 

Figure 6—Rack cutting S-gears adapted from 
(Ref. 56).

compared to the equivalent involute 
gears. Additionally, these gears use the 
Hermite function to obtain the root fillet 
radius. A convex-convex meshing hap-
pens and as a result, the load transmis-
sion is restricted to a very small region 
increasing the contact stress and pro-
moting more rolling action in gears. The 
local deformations in the gear tooth still 
exist and minimal sliding is expected to 
happen. The application of this gear pro-
file to internal gears and high-ratio gear 
drives has not been analyzed yet. Addi-
tionally, their experimental perfor-
mances are also not known yet. 

Involute-Cycloid Composite Gears
Cycloidal and involute gears have 
their own individual advantages and 
disadvantages. But the advantages of 
these two gears were combined in 
the involute-cycloid composite gears 
discussed in Ref. 47. As shown in Fig-
ure 8, the profile geometry is com-
posed of epicycloid and hypocycloid 
for the addendum and dedendum 
extremes respectively and a portion 
of involute only around the pitch 
diameter region.

Because of the involute profile around 
the pitch diameter, the action curve is 

Figure 7—Pure rolling gear profiles in mesh 
adapted from (Ref. 46).

Figure 8—Involute-cycloid composite gear profile 
(Ref. 47).

linear to a limited extent about the pitch 
point of the meshing curve and making 
this gear less sensitive to the center dis-
tance deviations. The cycloid tooth pro-
file increases the surface-load capac-
ity and reduces the sliding velocities 
considerably at the meshing extremes. 
Therefore, the involute-cycloid compos-
ite gears have better meshing efficiency. 
Due to the involvement of cycloid for 
the dedendum part, undercutting is 
avoided, and small numbers of teeth 
could be realized. While the contact 
stress values are better compared to 
involutes because of the convex-con-
cave contact, the root bending stress 
values see a significant increase due to 
reduced root thickness (Ref. 48).

Discussion
A comparison of high ratio planetary 
gear trains having different tooth pro-
file geometries is provided in Table 1. 
Amongst the candidates, two variants 
of Planetary gear trains that were dis-
cussed initially are identified: namely 
the Stacked and Wolfrom arrange-
ment. For the involute-profile PGTs, 
characteristic examples of commer-
cial gear heads and novel gearboxes 
from the literature are also compiled. 
The transmission ratio of around 100:1 
is observed for all the examples except 
one for which the gear ratio is 70:1. 

Most of the planetary gearboxes with 
non-involute gears gathered from the 
literature use Wolfrom configuration 
to test their gear potential. This shows 
that the Wolfrom PGTs are a better way 
to study the significance of gear profile 
changes since the meshing losses are 
amplified due to internal latent power 
(Refs. 21, 22). The other parameters of 
these examples including dimensions, 
peak torque, and efficiency could not 
be directly evaluated against each other 
considering the difference in material 
and size range of every gearbox, which is 
also a strong limitation of this study. The 
meshing efficiency of unconventional 
gears (non-involute) presented in the 
table is below that of standard involutes 
and low loss gears. This shows there are 
still better non-involute gear profiles in 
terms of meshing efficiency other than 
the ones described here but their com-
plete performance in the Wolfrom gear 
remains to be analyzed.
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Table 2 gives a comparison of uncon-
ventional gear profiles discussed in 
the previous section and their perfor-
mance levels. The analysis shows that 
although low-loss gears have very good 
efficiency, they suffer from increased 
bending and contact stresses and 
transmission error due to a limited 
contact ratio, which is a strong disad-
vantage. The cycloid gears, involute-
cycloid composite and the double cir-
cular arc gears have nearly similar 
performance capabilities because of 
their similarity in convex-concave con-
tact between meshing gears. However, 
their sensitivity to center distance devi-
ations and manufacturing errors poses 
limitations. Pure rolling gears and the 
S-gears, on the other hand, perform 

better in terms of efficiency and bend-
ing stress but the surface stress limits of 
pure-rolling gears are critically lower 
due to the convex-convex contact 
nature. Both S-gears and pure rolling 
gears are subject to high transmission 
error because of the reduced contact 
ratios. Even though the sensitivity to 
center distance deviation is influential 
to a limited extent in S-gears because 
of the local line of action (instead of a 
curve), S-gears are prone to manufac-
turing inaccuracies. The non-involute 
gear profiles in general, can improve 
meshing efficiency and load-carry-
ing capacity of gears compared to the 
standard involute gears. If their trans-
mission error and manufacturabil-
ity aspects are improved compared to 

standard involute, their usage in high 
ratio PGTs could be beneficial.

Conclusion
The overall efficiency of high-ratio plan-
etary gear trains with involute gears 
drops severely at reduction ratios of sev-
eral hundred. Other unconventional 
gears could help solve this problem by 
achieving better meshing efficiencies 
than involute gears. A review of plane-
tary gear with unconventional gears is 
presented in this paper. Several research 
groups already work individually on dif-
ferent non-involute gear profiles and 
the analyses show that the Wolfrom-
gearbox—a compact type of planetary 
gear to achieve high ratios—is predom-
inantly used to test the changes in gear 
profiles compared to the conventional 
stacked PGTs type.

A set of evaluation criteria that are 
fundamental to assessing gear profiles 
are briefed after which the design, per-
formance and use of a few non-involute 
gear profiles are then discussed. The 
non-involute gear profiles like S-gears 
and pure rolling helical gears play a sig-
nificant role in improving the meshing 
efficiency of the gears, while the con-
vex-concave gears (cycloid) handle the 
contact loads in a better way. However, 
the real-time performance and abso-
lute degree of improvement are little 
known yet due to the unavailability of 
all evidence in the literature. So, a rela-
tive comparison is done, and the pro-
files are confronted.

The non-involute gear profiles can 
improve meshing efficiency and load-
carrying capacity of gears compared 
to the standard involute gears. But the 
reduced contact ratio and nonstandard 
manufacturing techniques have a nega-
tive influence on their accuracy, noise 
and vibration characteristics making 
them less preferred. Moreover, the domi-
nance of involute gears which are backed 
by well-established standards under-
mines the potential of other gear profiles. 
Leveraging the advancements in present-
day manufacturing technology, future 
research will be focused on improving 
the key characteristics of gears with high 
meshing efficiency so that when used in 
a high-ratio gearbox like Wolfrom, the 
power loss could be reduced drastically. 

* estimated, n/a: information not available

Table 1—Comparison of Planetary gear trains with non-involute profiles.

Table 2—Comparison of unconventional gear profiles that are used in the Planetary gearbox or favorable 
to use to have a better efficiency. Based on the referred articles and simulations, the candidates are rated 
from poor (– –) to best (++).
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