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Abstract—Recent trends in robotic actuation have high-
lighted the need for low cost, high performance, and effi-
cient gearing. We present an experimental study comparing
pinwheel and non-pinwheel designs of cycloidal gearing. The
open source designs are 3D-printable, combined with off-the-
shelf components, achieving a high performance-to-cost ratio.
Extensive experimental data is presented, that compares two
prototypes on run-in behaviour and a number of quantita-
tive metrics including transmission error, play, friction, and
stiffness. Furthermore, we assess overall actuator performance
through position control experiments, and a 10-hour endurance
test. The results show strong performance characteristics, and
crucially, suggest that non-pinwheel designs of cycloidal gearing
can be a lower complexity and cost alternative to classical
pinwheel designs, while offering similar performance.

I. INTRODUCTION

The demand for robots outside of traditional industrial
environments has created new requirements and trends in
robotic actuation. Traditional solutions that mostly rely on
high-ratio precision strain-wave gearing do not address the
new requirements sufficiently. This has generated a trend
towards lower gear ratios; quasi-direct drive actuators [1]—
[8]. These have shown increased efficiency, backdrivability,
physical robustness, and peak speed, as well as reduced
reflected inertia — making them more suitable for applications
in unstructured environments, where impacts are expected.

This trend has brought into focus the need for high-
performance and efficient gearing, with multiple studies be-
ing published comparing possible approaches [9]-[12]. Com-
monly, quasi-direct drive actuators utilise planetary, wolfrom,
cycloidal, screw, and other types of transmissions, with (com-
pound) planetary gears [13] and the related wolfrom [14],
[15] being the most common. Cycloidal gears have received
less attention, but offer some important benefits compared to
these other options, including high torque capacity, torsional
stiffness, and physical (impact) robustness [16]-[23], and
several lightweight and compact cycloidal drives for robotics
have been developed recently [23]-[28].

Another important requirement for robotic actuation con-
tinues to be cost. For articulated systems with many joints,
actuation typically makes up the majority of the bill-of-
materials, hindering adoption of robotic solutions. Many
authors have recognised this and some recent works have
considered low-cost design of actuation systems [4]—[8].

In our recent work [28] we proposed compact low-
reduction cycloidal gearing. By leveraging 3D printing
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Fig. 1: Cycloidal drive prototypes: Pinwheel (left) and non-
pinwheel (right) designs, with lower housing parts removed.

and off-the-shelf components, we developed a very high
performance-to-cost design, with >40Nm torque and the
gearbox costing only €98. The developed prototype was
combined with a low-cost motor and demonstrated very good
performance characteristics. In this work we continue this
direction, by investigating a so-called non-pinwheel design
of cycloidal gearing, which offers significantly reduced com-
plexity and cost. Such designs have been suggested to be able
to achieve similar performance characteristics to the classical
pinwheel design, even with free rollers [24], [29]-[32].
The contributions of this paper are as follows:

o Open source designs and design tools [33] of pinwheel
and non-pinwheel cycloidal gearboxes that can be 3D
printed and show high performance-to-cost ratio;

e An extensive experimental study that compares pin-
wheel and non-pinwheel prototypes on run-in behaviour,
quantitative metrics, overall position control perfor-
mance and efficiency, and an endurance test.

The remainder of this paper is outlined as follows. Sec. 11
describes the main geometry of pinwheel and non-pinwheel
designs of cycloidal drives. Sec. III presents design consider-
ations and the two prototypes. Sec. IV presents the extensive
experimental results. Finally, Sec. V-VI conclude the paper.

II. WORKING PRINCIPLE AND MAIN GEOMETRY

The basic geometry of a cycloidal transmission is shown
in Fig. 2. Focusing first on the conventional pinwheel design
(left in Fig. 2), the cycloidal disk (shown in blue), rolls over
N; (here 12) rollers (in black), which are located on the base
circle with radius R. The rollers have radius R, and together
are referred to as the pinwheel. The cycloid disk is moved by
an eccentric cam (shown in green) on the input shaft, with
eccentricity F and radius R.. To transfer the motion of the
cycloid disk to a pure rotation of the output shaft, there are
N, (here 6) output holes and corresponding pins. The holes
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Fig. 2: Cycloidal drive geometry: Pinwheel (left) and non-pinwheel (right) designs.

are located at a radius L, on the disk, with radius R,,. The
output pins (shown in red) have a radius R,.
The reduction ratio n of a cycloidal reducer is given by
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where N, denotes the number of lobes on the cycloidal
disk. However, it was shown that a tooth difference of one,
N; — N; = 1, maximises contact area for power transmission
[34]. Therefore, we restrict ourselves to such designs, and
(1) reduces to n = N; — 1.

n
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A. Pinwheel and non-pinwheel designs

In the classical pinwheel design (left in Fig. 2), the
cycloidal disk interacts with circular rollers on the base
circle. These rollers may be implemented in different ways:

« Bearing-supported rollers, e.g. with ball or needle bear-
ings [18], [20], [23];

« Sliding rollers, either sleeves on fixed pins or sliding in
the housing itself [16], [29];

« Fixed or fused rollers, integrated into the housing part.

Each of these represent different levels of complexity and
space requirements; for example, bearing-supported rollers
are only practical in lower transmission ratio designs with
fewer rollers. However, bearing-supported designs have been
shown to be the most efficient, and fused rollers the least
efficient [16], [18], [23]. Indeed, we utilised a bearing-
supported design in our previous work [28]. It should be
noted that although some models suggest constant efficiency
independent of transmitted torque, experimental results show
otherwise [19], [21]. However, efficiency is typically very
high, especially for lower gear ratio designs [18].

An alternative approach to the design of the outer rolling
elements is presented by so-called non-pinwheel designs
[24], [29], [31], [35]. In these designs, the rollers are replaced
by an internal cycloidal profile, optimised for the profile
of the cycloidal disk it interacts with. In [29], Hsieh et al.
effectively showed that such an optimised profile can be more
efficient than a conventional pinwheel design, even with
free (sliding) rollers. Furthermore, they demonstrated that
the non-pinwheel design reduces vibration, stress values, and

stress fluctuation. In addition, the two cycloidal profiles were
also shown to be in double contact during part of meshing
[30], which can improve stiffness and torque capacity.

An example of a non-pinwheel design is shown right in
Fig. 2, where design parameters have been kept identical to
the pinwheel design on the left. Notice that the minimum
outer radius of this design is given by Royter = R— R+ F
(which in this example ~ R), whereas for a pinwheel design
with free (sliding or bearing-supported) rollers, the minimum
outer radius is given by Router = R+ R, (see Fig. 2). Hence,
with equal design parameters, the non-pinwheel design can
be kept smaller. There are also practical benefits; a large
number of pins, bearings, washers and other components may
be removed in favour of a single housing part, simplifying
construction and lowering cost.

B. External and internal cycloidal profiles

For both the pinwheel and non-pinwheel designs shown
in Fig. 2, the cycloidal disk profile may be neatly expressed
by the following equations [34]:

cx(0) = Rcos(0) — R, cos(f + ) — E cos(N, 6),

¢y(0) = —Rsin(f) + R, sin(d + ) + Esin(N, 9), (2)

where ¢ denotes the angle between cycloid lobe and roller:

sin((Ny — 1) 6)

cos((N; —1)0) — EL;\G

¢ =tan"! 7 3)

and 0 € [0, 2] denotes the angle around the input shaft.
The internal cycloidal profile of the non-pinwheel de-
sign can be generated using the so-called double-enveloping
method first proposed by Hwang and Hsieh [31]. This is
a two-stage approach. First, the cycloidal disk is generated
by enveloping one roller pin around the cycloidal disk (with
a result identical to (2)). Then, the profile of the internal
cycloidal profile that replaces the pinwheel is obtained by the
envelope of the generated cycloidal disk as it completes a full
rotation. Note that this method uses the pinwheel as a starting
point for the profiles: indeed, other cycloid profiles may
be generated. For example, the recent work [35] explores
different tooth shapes obtained directly from an epitrochoid.



In this work we adopt the method described in [29], [31],
and we refer the reader to those papers for details.

III. PINWHEEL AND NON-PINWHEEL PROTOTYPES
A. Requirements

The functional requirements of the two cycloidal drives
to be designed were set to be able to reach torque and
speed of medium-strength mammalian joints, at >30Nm
torque (~3kg at I m) and >25rad/s peak speed (at 48 V),
respectively. We maintain the reduction ratio of n = 11 from
our previous work [28], as well as the maximum gearbox
weight of 400 g. The main drawbacks of the previous design
were as follows, and will be addressed in the new designs:

o Limited torsional stiffness, leading to oscillations when
driving high inertia loads and position inaccuracy;

« Use of PLA plastic, which despite high stiffness and
“printability” has relatively low strength, wear resis-
tance, and temperature resistance;

« Inability to consistently reach speeds of >20rad/s due to
encoder limitations, leading to current control instability.

In addition to addressing these drawbacks, we emphasise the
need for cost-effective robotics components, and therefore we
continue to use 3D printing with off-the-shelf steel compo-
nents, while maintaining good performance characteristics.
In this aspect, the non-pinwheel design has the potential to
further reduce complexity and cost of cycloidal gearing.

B. Design considerations and parameters

As described previously, the overall requirements and
design approach are consistent with our previous pinwheel
design [28]. Hence, the pinwheel design in this work is
a refined version of the previous design, to address the
drawbacks described in Sec. III-A, and the emphasis is on
experimental comparison with a non-pinwheel design that
is newly developed in this paper. Table I lists the design
parameters for both. Note that compared to [28], the output
hole location L, was increased from 24.90 to 26.05 mm, to
reduce linear forces on the output pins. We refer to [28] for
helpful guidelines to select these parameters.

TABLE I: Geometric design parameters for both designs.

R 41.5mm Base circle radius (location of rollers)
N; 12 Number of rollers

N, 6 Number of output pins

R 4.5 mm Roller radius (bearing)

R, 4.5mm Output pin radius (bearing)

E 2.025 mm
Lo 26.05 mm
Ron | 6.525mm
Re 16 mm

Eccentricity

Output hole midpoint location

Output hole radius

Eccentric shaft radius

Different materials and production methods were consid-
ered for the new designs. Nylon (PA6) is a widely used
engineering plastic for moving parts, including bushings,
gears, rollers, and so on, due to its excellent strength,
self-lubrication, low friction, and wear resistance properties.
Reinforcement with carbon or glass fibres is often used to

improve certain properties; stiffness in particular. We selected
PA6-CF (Fibertree F3 PA-CF Pro, 15% carbon fibre). Finally,
improvements due to more accurate manufacturing methods
were considered; a selective laser sintering (SLS) prototype
was briefly investigated but showed no additional benefit over
a fused deposition modelled (FDM) prototype fabricated with
a well-calibrated consumer-grade Prusa i3 MK3S+.

C. CAD and prototypes

Section and 3D CAD diagrams of the pinwheel and non-
pinwheel design are shown in Fig. 3, indicating the eccentric
shaft (A), output disk (B), cycloid disks (C), roller pins (D),
output pins (E), stiffness ring (F), and non-pinwheel internal
cycloidal profile (G). Shoulder screws are used to accurately
position bearings, where applicable (output pins, and rollers
for the pinwheel design). All bearings, screws, etc. are off-
the-shelf components, leading to a bill-of-materials cost of
€98 and €65 (-33%) for the pinwheel and non-pinwheel
designs, respectively. For fair comparison, the non-pinwheel
was not optimised but designed as an otherwise identical
drop-in replacement. Both gearboxes are combined with a T-
Motor Antigravity 8012 brushless motor, 14-bit CUIl AMT23
motor encoder, and optional 14-bit AMS AS5048A output
encoder. We refer to Table II for full specifications, including
comparison to our previous design [28]. Finally, the realised
prototypes are shown in Fig. 1. These designs are open
source, with CAD STL/STEP and design tools provided [33].

TABLE II: Prototype specifications.

Prev. [28] Pinwheel  Non-pin

Reduction ratio n 11 11 11 -
Nominal torque (40A) | 36.4 36.4 36.4 Nm
Peak speed 20 28 28 rad/s
Gearbox mass 372 377 360 g
Gearbox thickness 23 23 23 mm
Gearbox diameter 104 104 104 mm
Bill-of-materials cost 98 98 65 €

IV. EXPERIMENTAL RESULTS

The prototypes are validated through a series of experi-
ments. We compare run-in behaviour of the two prototypes,
and gearing performance quantitatively in terms of trans-
mission error, play, friction, and stiffness. Furthermore, we
assess overall actuator performance through position control
experiments with different loads, and an endurance test.

The experimental setup comprises table fixture and output
flange with optional (vertical) pendulum. Experiments were
conducted with a 40 V power supply and an ODrive Robotics
v3.6, which received commands through its Python/serial
interface. Position, velocity and reference/measured current
data were logged via the serial interface.

A. Initial run-in

Before any other experiments, we assess run-in behaviour
of both prototypes. The actuators were ran at 8 rad/s output
speed for 90 minutes (5400s). Fig. 4 shows motor current
over this time. Apart from an initial rapid drop in current for



(a) Isometric 3D sections with lower housing part
removed, showing cycloid profiles.
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Fig. 3: CAD of the pinwheel (top) and non-pinwheel (bottom) designs.

the pinwheel design, both actuators demonstrate very similar
run-in, with the majority of change occurring in the first 30
minutes (1800s). This demonstrates that interaction of the
two cycloidal profiles of the non-pinwheel design does not
negatively affect (unloaded) friction during or after run-in.
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Fig. 4: Run-in: 90 minutes at 8 rad/s output speed.

B. Transmission error, play, and friction

After the initial run-in, we validate basic gearing perfor-
mance of both actuators, starting with transmission error.
The actuators were controlled to a constant output speed of
g = 2.0rad/s, and the difference between reduced input and
output positions measured using the motor and output en-
coders. This difference is given by 6/n —g. Fig. 5 shows the
result for both prototypes. The pinwheel and non-pinwheel
prototypes show an RMS transmission error of 0.38 deg and
0.56 deg respectively, with maxima of 0.7 deg and 1.0deg,
respectively. Despite the larger error for the non-pinwheel
design, this amounts to approximately 5% maximum varia-
tion in gear ratio (i.e., velocity ripple) for both cases'. This is
relatively good compared to other cycloidal gearing designs
[16], [22], including our previous work [28].

!Gear ratio variation and positioning error are typically different because
transmission ratio relates velocities, and positioning inaccuracy is accrued
only when variation in this ratio is integrated over displacement.
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Fig. 5: Transmission error, measured as position difference 0/n—gq.

Play in the transmissions was estimated by measurements
of maximum possible output displacement that would not
cause movement of the motor, around different positions of
the output. For both prototypes, typical play was approx.
0.20 to 0.25deg (~2mm at 50 cm from the rotation point),
with maxima of 0.35 and 0.30 deg for the pinwheel and non-
pinwheel designs respectively.

Finally, Coulomb friction was estimated at 0.62 and
0.53 Nm, respectively, by slowly ramping output velocity
between £10rad/s, and measuring required torque. Note that
these values depend heavily on run-in (Sec. IV-A) as well as
temperature, and more elaborate characterisation of friction
and efficiency is part of ongoing work. The numerical results
of all of these tests are summarised in Table IV, where they
are also compared to our previous work [28].

C. Gearing stiffness

We estimate the internal stiffness of both prototypes by
fixing the output and applying increasing motor current. As
the output is fixed (¢ = 0), the internal deflection is given
by 8/n — g = 6/n. Motor current is slowly ramped from
0A to 40 A, and back down, in both positive and negative
directions. Linearity of the current-torque relationship in this
range was validated a priori. We fit a linear curve of the
shape 6 = k! 7 + b, where the slope defines the estimated



stiffness & in Nm/rad. This is performed separately in both
directions, and the result is averaged to obtain a final stiffness
estimate. Although a multi-segment curve could have been
used to account for stiffening effects, we do not consider that
useful given the presence of significant hysteresis here.

The results are shown in Fig. 6, and the stiffness estimates
are listed in Table III. Fig. 6 shows the fit results as dashed
lines. Both prototypes show a stiffening behaviour, and
significant hysteresis between the loading and unloading
directions. Both effects are stronger for the non-pinwheel
design. We believe the increased stiffening of the non-
pinwheel design is due to the larger contact surface area
between the two cycloidal profiles, compared to the pinwheel
design where the cycloidal disk is in contact only with
the circular roller bearing. The increased hysteresis may
indicate deflection of the PA-CF internal cycloidal profile
for that case, in addition to deflection of the identical inner
components that both designs experience.
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Fig. 6: Transmission stiffness.
TABLE III: Estimated stiffness values.
‘ Forward Backward Mean (IAc)
Pinwheel 1325 1217 1271 [Nm/rad]
Non-pinwheel | 1493 1442 1468 [Nm/rad]

D. Position control

We validate overall drive performance by performing
point-to-point motion control experiments on both proto-
types, each with two loads; a 380 g, 0.025 kg m? pendulum,
and a 2.66 kg, 0.5 m, 0.59 kg m?> pendulum, both lifted against
gravity. We generate continuous velocity profiles between the
waypoints using the ODrive’s trajectory control, with maxi-
mum velocity and acceleration limited to 30 rad/s, 120 rad/s?,
and 15rad/s, 15rad/s?, respectively?. In all cases, the next
waypoint was set immediately when the actuator was within
0.01rad of the currently desired position.

The results are shown in Figs. 7 and 8. Both prototypes
yield very similar results, including velocity and current
profiles. This suggests no significant difference in friction
or efficiency of both prototypes in these dynamic tasks. For

2The video attachment shows even more aggressive results, at 160 rad/s?
and 20rad/s> acceleration, respectively.

the light pendulum in Fig. 7, the non-pinwheel prototype
manages to complete the full trajectory slightly ahead of
the pinwheel prototype. Both reach a peak speed just over
27rad/s. For the heavy pendulum in Fig. 8, the results
are again very similar between the two prototypes®, and
significantly better than those with the previous prototype
[28], where we observed significant velocity and current
oscillations due to limited stiffness of the gearbox. This
confirms the increased stiffness measured in Sec. IV-C,
and the effectiveness of the redesign for increased stiffness.
Finally, motor current can be observed to be nearly identical
between the two prototypes, demonstrating similar efficiency
of the two designs also in this higher torque scenario.
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Fig. 7: Position control with 380 g, 0.025 kg m* pendulum: Position,
velocity, and current over time (position and velocity from motor
encoder). Dashed and dotted lines denote references.

E. Endurance test

Finally, after completion of the previous experiments, both
gearboxes were subjected to a 10 hour endurance test, in 1
hour intervals. The test comprised a motion profile performed
with the heavy pendulum, reaching torques and speeds of
over 15 Nm and 3 rad/s respectively. Over the 10 hours both
prototypes completed 1390 motion cycles each. Results are
shown in Fig. 9. The mean position, velocity, and current
profile of each of the 10 hours is shown. Cycle-to-cycle
variance was negligible and too small to show visually.
Hour-to-hour differences are also very small, with curves
for each actuator overlapping nearly perfectly. There are
minor differences between the pinwheel and non-pinwheel
designs, particularly oscillations in velocity and current for
the pinwheel design, which may be due to lower stiffness.

V. DISCUSSION

Table IV summarises the quantitative performance results
of the two cycloidal drives, and compares them to our

3There is a peak in the velocity data upon changes of acceleration
direction, for both prototypes. This is a result of the small amount of play
present as well as lower initial stiffness and acceleration feed-forward.
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Fig. 8: Position control with 2.66kg, 0.59 kg m* pendulum: Posi-
tion, velocity, and current over time (position and velocity from
motor encoder). Dashed and dotted lines denote references.
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area between the cycloidal disk and interior cycloid profile of
the non-pinwheel design. Otherwise, the quantitative results
demonstrate high similarity between the two. Furthermore,
the position control experiments in Sec. IV-D show nearly
identical responses of the two new prototypes, suggesting
comparable efficiency in dynamic motions.

Crucially, none of the results suggest a performance
disadvantage for non-pinwheel designs, which should be
otherwise preferred over pinwheel based designs because of
their reduced cost and complexity. We note that the current
non-pinwheel design is not optimised, that is, it was designed
as a drop-in replacement for the pinwheel design. A fully
optimised design will be able to reduce cost and mass, as
well as either reduce size or increase the diameter of gearing
parts, to improve torsional strength and stiffness.

Finally, the endurance test showed very consistent be-
haviour over 10 hours, for both prototypes. However, we did
find a significant increase in play for both prototypes after
this test (~2x); microscope inspection revealed uneven wear
on the outside of the cycloidal disks and inside the housing
cycloid. It appears the cycloid disks’ outer surfaces were not
completely flat, showing ‘elephant’s foot’ type deviations.
Having worn away, their removal causes increased play in
the mechanism. We believe these issues may be solved by
adjusting printing calibration and dimensional adjustment of
the disks combined with an extended run-in time.

TABLE IV: Performance overview of pinwheel and non-pinwheel
designs. We report results of our previous work [28] for comparison.

Prev. [28] Pinwheel = Non-pin
Transmission err. | 0.92 0.38 0.56 deg RMS

1.8 0.7 1.0 deg max
Ratio variation ~9% ~5% ~5% -
Play - 0.20-0.25  0.20-0.25  deg typ.

0.35 0.35 0.30 deg max
Coulomb friction | 0.41 0.62 0.53 Nm
Stiffness 633 1271 1468 Nm/rad
Mass 372 377 360 g

5 10 15

20

t [s]

Fig. 9: Endurance test: 10 hours (1390 cycles of shown motion
profile) of position control with 2.66kg, 0.59 kgm? pendulum, for
both prototypes. Mean position, velocity, and current for each hour
is shown (10 curves overlayed with increasing opacity per hour).

previous work [28] for comparison. Overall, the two new
drives significantly outperform the previous design in terms
of transmission error, gear ratio variation, at the cost of
slightly increased friction. Importantly, stiffness increased
significantly (over 2x). Finally, using another low-cost en-
coder allowed the new prototypes to reach 28rad/s peak
speed. Therefore, both new prototypes successfully address
the main drawbacks of the previous design.

Comparing the new pinwheel and non-pinwheel gearing
designs, a slightly larger transmission error is noted for the
non-pinwheel design (although this may be within manufac-
turing tolerance), as well as larger torsional stiffness. We
believe that the increased stiffness is due to larger contact

VI. CONCLUSIONS & FUTURE WORK

This paper has presented an extensive experimental com-
parison of pinwheel and non-pinwheel designs of cycloidal
gearing for robotics. Leveraging 3D printing with off-the-
shelf steel components, we developed two open-source pro-
totypes that show high performance-to-cost ratio. Our ex-
perimental results do not show a significant performance
disadvantage for the non-pinwheel design, compared to the
traditional pinwheel design. Due to their significantly re-
duced complexity and cost, this suggests that non-pinwheel
designs based on internal cycloidal profiles may be a fruitful
avenue towards developing lost-cost actuation systems for
robots. Future work should further investigate the friction and
efficiency of both types of designs while loaded, mapping
these variables over torque and speed. Secondly, trade-offs
in part design, 3D printing, and run-in appear to be crucial
and should be further analysed.
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