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Abstract— In recent years, the demand for industrial robots
has increased and is expected to continue to grow. On the other
hand, efforts to reduce the global environmental burden are
spreading. This paper aims to develop a lightweight reduction
gear for energy-saving robots. To reduce the weight of robots, it
is necessary to replace conventional metal materials with new
lightweight materials. However, in general, weight reduction
tends to reduce the rigidity of the robot, resulting in a decrease
in the high-speed and high-precision performance required of
robots. The authors have studied the possibility of replacing
metal parts with machined CFRP, POM, and 3D printer resin
parts , and have examined the adaptability of these parts. In
the previous paper, weight, no-load running torque, torque-
torsional characteristics, and static torque transfer efficiency
were compared for 14 different combinations of metal and
resin reduction gears. In this paper, the number of reduction
gear combinations is increased to 20, and dynamic torque
transfer efficiency is added to the comparison. As a result,
the effect of the type of resin applied and its combination on
the performance of the reduction gears is clarified, and it is
shown that weight reduction can be achieved while minimizing
performance degradation by selecting the combination that best
suits the application.

I. INTRODUCTION

In recent years, the demand for industrial robots has
been increasing year by year and is expected to continue
to grow in the future[1]．This is due to a decrease in the
working-age population, rising wages in emerging countries,
and expansion of quality improvement. Conventional robots
were mainly used in the manufacture of automobiles and
electronic devices, but as robots themselves have become
more sophisticated and less expensive, the cost of introducing
them has decreased, and robots are being introduced into a
variety of industries, including food, medical, and service[2],
[3], [4], [5]．Furthermore, the development of cooperative
robots that work side-by-side with humans in the field of
industrial robotics is advancing, and the industrial robotics
market is expected to expand further.

On the other hand, efforts toward the Sustainable Devel-
opment Goals (SDGs) and carbon neutrality are spreading
worldwide．Therefore, energy saving is also desired in in-
dustrial robots[6]. The power consumption of an industrial
robot is largely related to the robot’s own weight, so weight
reduction can contribute to energy conservation. To reduce
the weight of robots, it is necessary to replace conventional
metal materials with new lightweight materials such as non-
metals, composite materials, and resins. However, weight
reduction generally reduces rigidity, which tends to lower
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the high-speed and high-precision performance required of
industrial robots.

The authors have been studying the adaptability of resin
parts by replacing metal parts with parts made of materials
such as machinable CFRP, POM, which is an engineering
plastic, and resin materials for FDM 3D printers[7], [8],
which have attracted attention in recent years, in order to
reduce the weight of robots. The evaluation contents and
results using metal and plastic reduction gears were presented
for the development of the drive unit, which is greatly
related to the power and position control performance of
the robot[9], [10]．In the previous paper[10], weight, no-
load running torque, torque-torsional angle characteristics,
and static torque transfer efficiency were compared for 14
different combinations of metal and plastic gear parts.

In this paper, the number of reduction gear combinations
is increased to 20, and dynamic torque transfer efficiency,
which is an important evaluation item that indicates reduction
gear performance, is added to the comparison. As a result,
the influence of the type of resin applied and its combination
on the performance of the reduction gears is clarified, and it
is shown that weight reduction can be achieved while mini-
mizing performance degradation by selecting a combination
suitable for the application.

II. DESIGN AND CONSTRUCTION OF REDUCTION GEARS

As in the previous papers[9], [10], several types of metal
and plastic reduction gear components were fabricated in
this study, and the reduction gear was configured with the
combinations described below in Section III．The metal and
resin parts had almost the same shape and dimensions. Some
of the metal and resin parts were machined, and some of the
resin parts were 3D-printed. An internal planetary gear with
an epitrochoidal tooth profile[11] was used as the reduction
gear. This gear is considered structurally rigid because the
teeth mesh at multiple contacts, has a smooth curved tooth
profile, and can be easily fabricated using a machining center

Fig. 1: Exterior of developed
metal reduction gear

Fig. 2: Interior of developed
metal reduction gear
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Fig. 3: Exploded view of reduction gear parts

Fig. 4: Case tops made of A7075, Felcarbo, POM, Onyx+CF
(infill-100% and 55%)

or 3D printer, and can be made more efficient due to rolling
contact.

The same epitrochoid curve and parameters are used
with the previous papers[9], [10]. The external and internal
structures of the metal reduction gear actually fabricated in
the previous paper are shown in Fig. 1 and 2, respectively.

The internal components of the reduction gears are shown
in Fig. 3. In this paper, as in the previous paper, two of
the four types of parts shown in Table I were fabricated
in metal and resin, respectively. The parts made of A7075,
SUS304, Felcarbo[12], a machinable carbon fiber reinforced
plastic (CFRP) manufactured by Futaba Co., and POM,
an engineering plastic were machined. While two types of
parts made of Onyx with carbon fiber were fabricated using
MarkForged’s Mark Two. One of the two types has a 55%
infill, which is the maximum fill rate when the cross-sectional
structure is triangular, and carbon fibers are inserted into
the top and bottom surfaces of the case. The other has a
100% infill, where Onyx is printed across the cross-section
without gaps, and carbon fibers are inserted in all layers. The
fabricated parts are shown in Fig. 4 and Fig. 5.

Bearings with an outer diameter of ϕ6.5 were placed
on the internal sun gear and output pins to achieve rolling
contact and reduce friction. The internal sun gear was fixed
with pin holes (depth 4 mm) in the case top and case bottom,
and the output pins were fixed with pin holes (depth 3 mm) in
the output flange and output support end. The output flange,
output support end and planetary gear were adjusted and
maintained with spacers.

III. EVALUATION SAMPLES

The four parts shown in Table I, two of which are the
Case top and the Planetary gear, are combined with metal

Fig. 5: Planetary gears made of A7075, Felcarbo, POM and
Onyx+CF (infill-100%)

TABLE I: Parts and materials
Part

number Parts name Materials

A7075
Felcarbo

1 Case top POM
Onyx+CF (infill-100%)
Onyx+CF (infill-55%)

2 Case bottom A7075
3 Output support end SUS304

SUS304
Felcarbo4 Planetary gear POM

Onyx+CF (infill-100%)

TABLE II: Combinations
Planetary gear

SUS304 Felcarbo POM Onyx+CF
(infill-100%)

C
as

e
to

p

A7075 1⃝ 6⃝ 11⃝ 16⃝

Felcarbo 2⃝ 7⃝ 12⃝ 17⃝

POM 3⃝ 8⃝ 13⃝ 18⃝
Onyx+CF
(infill-100%) 4⃝ 9⃝ 14⃝ 19⃝
Onyx+CF
(infill-55%) 5⃝ 10⃝ 15⃝ 20⃝

Fig. 6: Experimental equipment for dynamic torque trans-
mission efficiency

and resin, and their driving characteristics is compared. In
the previous paper, the combination was only “stiffness
of the case top material ≤ stiffness of the planetary gear
material.” In this paper, the combination of “stiffness of
the case top material > stiffness of the planetary gear
material” is additionally examined to clarify the difference in
performance when various materials are applied to the case
top and planetary gear. There are 20 combinations of Table II
to be evaluated.

IV. DYNAMIC TORQUE TRANSFER EFFICIENCY

In the previous paper[9], [10], static torque transfer effi-
ciency was evaluated by fixing the output shaft side of the
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(a) Combination 1⃝– 5⃝ (b) Combination 6⃝– 10⃝

(c) Combination 11⃝– 15⃝ (d) Combination 16⃝– 20⃝
Fig. 7: Dynamic torque transfer efficiency at constant motor speed of ±100 rpm and varying brake torque

reduction gears. However, the torque transfer efficiency may
be changed according to the rotational speed. Therefor, in
this paper, the dynamic torque transfer efficiency is measured
by rotating the reducer while applying a load by a powder
brake. The experimental setup is shown in Fig. 6. A motor
(Microtech Laboratory: MDH-7018, instantaneous maximum
output 90W) and reduction gear were mounted, the drive
side of a torque meter (Unipulse: UTM II-50N·m) was
installed on the output shaft, and a powder brake (Sinfonia
Technology: POB-2.5) was attached to the load side of the
torque meter and fixed to the base.

A. Experimental procedure

Dynamic torque was measured under two conditions,
condition 1 and 2, as shown below. In condition 1, the motor
command speed was fixed at 100 rpm or −100 rpm, and the
load torque by the powder brake was varied at a rate of 0.25
N·m up to 5 N·m, which was measured for three periods.
The motor torque τin is estimated from the torque value τout
measured by the torque meter and the current value of the
motor attached to the input side of the reducer. When the
reduction ratio is i, the efficiency e is expressed as Eq. (1).
This equation is used to calculate the efficiency.

e =
τout
iτin

(1)

In condition 2, the command torque of the load torque
was fixed at 4.5 N·m and the drive torque was measured for

three cycles when the target angular velocity of the motor
was varied at a rate of 10 rpm/s to 200 rpm or −200 rpm.
As in condition 1, the efficiency e is calculated by Eq. (1).

B. Experimental results

The experimental results for condition 1 are shown in
Fig. 7. The vertical axis shows the calculated efficiency and
the horizontal axis shows the brake torque on the reducer.
Combination 1⃝– 15⃝ efficiency increases as the brake torque
increases. Combination 16⃝– 20⃝, which uses Onyx gear, shows
an increase in efficiency up to a load torque of about 2 N·m
in the forward and reverse directions, and a decrease in
efficiency when the brake torque is above about 2 N·m.

The experimental results for condition 2 are shown in
Fig. 8. The vertical axis is the calculated efficiency and
the horizontal axis is the angular velocity of the motor
corresponding to the input speed of the reducer. For all
combinations, the efficiency is nearly constant as the angular
velocity changes.

The dynamic torque transfer efficiency at a load torque of
5 N·m and angular velocity of 100 rpm is shown in Fig. 9.
Compared to Combination 1⃝, which is composed entirely
of metal parts, Combination 2⃝– 5⃝, in which the case is
replaced by resin, is more efficient for combinations with
lower case stiffness. The same tendency is observed when the
load torque is small or large and when the rotation direction
of the reducer is forward or reverse.
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(a) Combination 1⃝– 5⃝ (b) Combination 6⃝– 10⃝

(c) Combination 11⃝– 15⃝ (d) Combination 16⃝– 20⃝
Fig. 8: Dynamic torque transfer efficiency at constant brake torque of 4.5 N·m and varying motor speed

Combination 6⃝– 10⃝ using Felcarbo gears is more efficient
when the stiffness of the case top is lower, as is the
case with metal gears. In the same case, the efficiency of
the combination using Felcarbo is higher than that of the
combination using metal gears.

Combination 11⃝– 15⃝ using POM gears shows higher effi-
ciency for combinations with lower case stiffness. However,
the results of Condition 1 show that the rate of increase
in efficiency decreases when the load torque in the reverse
direction of Combination 15⃝ is greater than about 2 N·m.
Also, using the same case, the efficiency is lower when the
gear is POM than when it is metal.

Combination 16⃝– 20⃝ using Onyx gears shows almost no
change in efficiency with different case tops, and the effi-
ciency is low.

C. Discussion

When a less rigid material was used for the case top, the
efficiency tended to increase. It is considered that the low
stiffness of the case top allows for geometric inconsisten-
cies due to fabrication and assembly errors, resulting in a
smoother rotation and higher efficiency. When the gear was
replaced by Felcarbo, the efficiency tended to be the same
or increases, and when the gear was replaced by POM or
Onyx, there was a decrease in efficiency. When the gear
was Onyx, the stiffness of the case top had little effect on
the efficiency. The rigidity of the gear, which is as small
as POM or Onyx, is considered to absorb the force applied

Fig. 9: Dynamic torque transfer efficiency at a brake torque
of 5 N·m and angular velocity of 100 rpm

by the motor, resulting in deformation that allows geometric
inconsistencies due to fabrication and assembly errors, but
does not sufficiently transmit torque to the output shaft of the
reducer. When the gears were made of Felcarbo, they were
less rigid than metal, but more rigid than POM or Onyx, and
the deformation that allowed for geometric inconsistencies in
the gears as well as the case enabled smoother rotation than
when the gears were metal, and transmitted more torque than
when the gears were POM or Onyx. This is considered to
be the reason for the increase in efficiency.

V. OTHER EVALUATION EXPERIMENTS

While the previous paper [10] compared the weight, no-
load running torque, and torque–torsional characteristics of
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Fig. 10: Summary of characteristics of weight, no-load running torque, maximum torsional angle, hysteresis loss, and dynamic
torque transfer efficiency

14 different combinations, this paper presents the comparison
of characteristics for 20 different combinations.

A. Weight evaluation

The measured weights are shown in the first row of
Fig. 10. The density of A7075 is 2.8 g/cm3, stainless steel
is 7.9 g/cm3, Felcarbo is 1.3 g/cm3, POM is 1.4 g/cm3 and
Onyx is 1.2 g/cm3. Combination 1⃝, which uses all metal
parts, weighs 779 g. However, Combination 20⃝, in which
the case is replaced with Onyx(infill-55%)+CF and the gear
with Onyx(infill-55%)+CF, weighs 580 g. The weight can
be reduced by up to 26% by replacing the metal parts with
resin.

B. No-load running torque

Next, the no-load running torque was measured. The mea-
surement method is the same as in the previous paper[10].
The motor was mounted on the developed reducer. The drive
torque was measured while the target angular velocity of the
motor attached to the input side of the reducer is changed
at a rate of 10 rpm/s. Since the rated speed of the motor is
200 rpm, the maximum input speed is set to 200 rpm and
the motor is driven for three cycles.

The results of the experiment are shown in the second
row of Fig. 10. Comparing all the combinations, the values
of Combination 1⃝ and 2⃝ were larger than those of the
other combinations. All of these combinations consisted of
metal or Felcarbo for the case and SUS304 for the gears. The

other combinations reduced the drive torque by 47 to 77%.
By using a material with low rigidity for either the case or
the gear, it is considered that when torque is applied to the
reducer, deformation that allows geometric inconsistencies
due to fabrication or assembly errors occurs, resulting in a
smooth drive that reduces the drive torque.

C. Torque-angle characteristics

Finally, the torque-angle characteristics of the developed
gear were evaluated. The measurement method is the same
as in the previous paper[10]. A torque meter was installed on
the output shaft of the reduction gear and further fixed to the
environment. The rated torque of the motor used, 1 N·m, was
set as the maximum input torque, and the input torque was
varied with a rate of 0.05 N·m/s for three cycles. The torque-
torsional angle characteristic of the reducer was obtained
from the torque value measured by the torque meter and
the angle information of the encoder of the motor attached
to the input side of the reducer.

The maximum torsional angle that can be read from the
obtained torque-torsional angle characteristics is shown in
the third row of Fig. 10. A comparison of all combinations
showed that the torsional angle increases with decreasing
case stiffness and gear stiffness. The rate of increase in the
maximum torsional angle was greater when the gear stiffness
was reduced than when the case stiffness was reduced.
Therefore, it can be seen that gear stiffness had a greater
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effect on the maximum torsional angle than case stiffness.
When a material with low stiffness is used for the gear close
to the output element, the stiffness has a direct effect on the
output angle. However, when a material with low stiffness is
used for the case close to the input element, only one-tenth
of the reduction ratio affects the output angle, so the effect
on the torsional angle is considered small.

The hysteresis loss that can be read from the obtained
torque-torsional angle characteristics is shown in the fourth
row of Fig. 10. Comparing all combinations, it can be seen
that the hysteresis loss was very large when the gear was
Onyx(infill-100%)+CF. This indicates that the gear had a
greater effect on the hysteresis loss than the case, as does the
maximum twist angle. Hysteresis loss is caused by various
factors such as backlash, stiffness, and surface roughness.
Among the gears used in this study, POM and Onyx(infill-
100%)+CF are considered to have similar stiffness, sug-
gesting that machining accuracy has a significant effect on
hysteresis loss. In this paper, A7075, Felcarbo, and POM are
fabricated by machining, and their accuracy is considered to
be similar, but Onyx(infill-100%)+CF is fabricated by a 3D
printer and its accuracy is different. The difference may have
greatly affected the hysteresis loss.

VI. CONCLUSION

In this paper, 20 combinations of metal and plastic
gear parts were fabricated to investigate the performance,
and characteristics such as weight, no-load running torque,
torque-torsional characteristics, and efficiency were com-
pared. In particular, the dynamic efficiency of the torque
transmission efficiency was measured in detail by rotating
the gearbox while applying a load.

Combination 1⃝, consisting entirely of metal parts, had
the highest stiffness of all the combinations, but the heaviest
weight and the highest no-load running torque. Combination
2⃝ had the second highest stiffness after 1⃝, but did not

significantly reduce weight or improve efficiency.
The Combination 5⃝ and 8⃝ to 20⃝ has low weight and

no-load running torque, but the maximum torsional angle is
large and the torque-angle characteristic shows non-linearity
, which may limit its suitability for use in robots. In other
words, the combination of ”stiffness of the material of case
top > stiffness of the material of planetary gear,” which was
not included in the previous paper, is still not suitable as a
condition for the reduction gear in this paper. The results
of the no-load running torque and torque-torsion character-
istics show that the Combination 3⃝, 4⃝, 6⃝, and 7⃝ have
relatively low no-load running torque and torsion angle, and
that the combination can reduce weight while minimizing
performance degradation among the combinations whose
characteristics were evaluated in this study. However, each of
these combinations has different characteristics. Therefore,
the combinations can be classified by characteristics as
follows.

• Weight reduction is important: Combination 7⃝
• Efficiency is important: Combinations 4⃝, 6⃝, 7⃝
• Hysteresis loss is important: Combination 3⃝

The combination of materials should be selected according
to which aspect is important for a robot. In the future, it will
be necessary to study the characteristics of gear reducers
with higher reduction ratios. In addition, the relationship
between high-speed rotation, machining accuracy, durability
and temperature characteristics is an important issue.
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