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Abstract—3D-printing is a promising method for cost-effective
actuator designs, but it often results in less precise tolerances,
leading to increased play. In this work, we propose two novel anti-
backlash mechanisms for cycloidal reducers. One uses a conically
shaped cycloidal disk, and the other uses a split non-pinwheel
design. Both were integrated into a compact actuator design.
Two prototypes were manufactured and extensively tested in
comparison to a baseline model. Experimental results show that
the proposed mechanisms reduce play at the cost of increased
friction. Both mechanisms utilize an adjustable preload that
can be configured for the intended application based on the
trade-off between play and friction. Furthermore, the designed
actuator demonstrates performance that is competitive with
recent works. Using 3D-printed components proves to be a viable
manufacturing method for cost-efficient designs.

Index Terms—Cycloidal Drives, Robotic Actuator, QDD, Anti-
Backlash, 3D-printing, Legged Robots

I. INTRODUCTION

Interest in legged robotics, like quadrupeds and humanoids,
has grown recently. These robots require power-dense actua-
tors like the popular open-source designs of the MIT cheetah
quadruped [1] or the ARTEMIS humanoid robot [2]. These
robots use so-called quasi-direct drives (QDD), which feature
high actuator transparency [3]–[8]. This allows for torque
control, shock absorption, and highly dynamic motions.

Actuators are often a large part of the cost of a robot.
The use of 3D-printed components enables a cost-effective
design approach while allowing for easier customization of
parts to meet the specific design and requirements of the
robot. However, 3D-printing does come with inferior material
properties and looser machining tolerances compared to the
traditional method of machining metal parts. Most actuator
designs use planetary gears. These reducers have small feature
sizes that require tight tolerances. Furthermore, the torque
transmission relies on the shear strength of the teeth. Cycloidal
reducers are an improvement in both aspects, as they have
larger features for similar reduction ratios and sizes, and
they rely solely on compressive forces. Cycloidal reducers
are therefore more suitable for 3D-printing. These reducers
are also particularly resistant to shock loads, which legged
robots frequently experience. This makes cycloidal drives an
interesting choice for a 3D-printable QDD actuator. This idea
was explored in [3], [4] with promising results.

Transmission transparency is essential for QDD actuators,
requiring minimization of non-linear effects like backlash,
friction, and transmission error. Prior work shows good per-

Fig. 1: Three prototypes of the proposed actuator design.

formance even with play in the reduction stages. However, re-
ducing play further can simplify and improve control methods.
Especially in humanoid robots where play accumulates across
joints. 3D-printing has less precise tolerances than traditional
machining, requiring more clearance, resulting in increased
transmission backlash. A mechanical solution is to use an anti-
backlash mechanism with preloading. Preloading of spur gears
is a well-established method [9]. A similar strategy is possible
with other reducer types, such as cycloidal drives.

The goal of this research is to develop a compact, cost-
effective, and high-power actuator for legged robots with min-
imal play. Two anti-backlash mechanisms are developed and
integrated into the design of a cycloidal reducer QDD actuator,
and their performance is tested. Custom parts are manufactured
using additive manufacturing, specifically fused deposition
modeling (FDM) 3D-printing. The main contributions of this
paper are as follows:

1) A cost-effective QDD actuator with a non-pinwheel
cycloidal reducer, offering performance comparable to
recent designs and built from mostly 3D-printed and off-
the-shelf components.

2) Two novel anti-backlash methods for cycloidal reducers
using a preloading mechanism, incorporated into varia-
tions of the designed actuator.

3) Experimental validation of the effect of preload in both
anti-backlash mechanisms against a baseline design.
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TABLE I: Specification of various QDD actuators. (�Estimated values.)

Proposed
design

Roozing
et al. [3],

[4]

Lee et al.
[5]

Singh et
al. [6]

PULSE
115-60

[7]

Yu et al.
[8]

MIT
Cheetah

[1]

ARTEMIS
hip pitch

[2]

ARTEMIS
hip yaw

[2]

Unitree
GO

M8010-6
[10]

Unitree
M107
[11]

Intended
application Humanoid Legged

robots
Legged
robots Quadruped Dynamic

QDD
Hip Exo-
skeleton Quadruped Humanoid Humanoid Quadruped Humanoid

speed [RPM] 120
(45V)

367
(40V)

177
(80V)

255
(48V) 90 (48V) 188

(42V)
382

(24V)
220

(44V)
239

(44V)
286

(24V) unknown

nominal torque
[Nm] 52 (20A) 36.4

(40A) unknown 26.4 18.5
(14A)

17.5
(7.5A) 6.9 80 30 unknown unknown

peak torque
[Nm]

156
(62A) unknown 150

(40A) 55.2 62.5
(3.6A) 42 (17A) 17 250 85 23.7

(40A) 360

diameter [mm] 125 104 90 126 113.8 110 96 200* 100* 96 107

height [mm] 62 58 37 68 64.2 51 40 60* 80* 42 74

mass [kg] 1.35 0.797 1.85 1.89 1.25 0.77 0.48 3 0.815 0.53 1.9

Peak torque
density [Nm/kg] 115.6 45.7 81.1 29.2 50.0 54.5 35.4 83.3 104.3 44.7 189.5

Power density
[W/kg] 1452.2 1755.3 1502.9 780.0 471.3 1073.9 1416.8 1920.0 2610.4 1339.3 -

Reducer type Cycloidal Cycloidal Cycloidal Planetary Planetary Planetary Planetary Planetary Planetary unknown unknown

Reduction ratio 13 11 11 8 5 8 9 5.9 14.5 6.3 unknown

The next sections are outlined as follows: Sec. II describes
the design requirements and details prior work and relevant
literature. Sec. III describes the proposed design regarding ac-
tuator assembly, implemented anti-backlash mechanisms and
their working principles, and constructed prototypes. Sec. IV
describes the test setup, data processing methods, and results.
The final sections provide discussion and conclusions.

II. BACKGROUND AND REQUIREMENTS

A. Design requirements

Several requirements are set for the designed actuator. For
this, other QDD actuators are taken as references to define
viable size, torque, and speed requirements. Table I lists
specifications for a variety of QDD actuator designs. The spec-
ifications of the proposed design are included as well. Most
of the included actuators are intended for quadruped robots.
Humanoids do require actuators with higher torque capacities.
Therefore, bio-mechanics data of human legs is taken as an
additional reference. [12] shows knee, hip, and ankle torques
and velocities during jumping and sprinting. Peak values while
jumping are around 4 Nm/kg torque and speeds of 130 RPM.
[7] takes a similar strategy based on measurements of inclined
walking ([13]) and defines comparable requirements.

Based on that, the following requirements were set:

� It must be of suitable torque and speed for the hip or
knee of a humanoid robot. That is 40 Nm nominal torque,
100 Nm peak torque, and a peak velocity of 130 RPM.

� It must be of competitive performance relative to recent
works (shown in Table I). This includes a size less than
130 mm by 65 mm, and a mass below 1.5 kg.

� It must integrate an anti-backlash mechanism.
� It should be cost-effective by prioritizing custom 3D-

printed parts alongside off-the-shelf components.

B. Reducer types
To provide a good understanding of cycloidal reducers,

it is useful to contrast them with other common reducer
types. Fig. 2 shows typical ratio ranges for various reducer
types (adapted from [5]). These ranges are not strict limits
but represent typical values, beyond which issues such as
transmission error, torque wobble, and increased geometric
complexity become more significant. A brief description of
the most relevant types follows.

Compound Cycloid

Eccentric Rolling

Cycloidal Drive

Planetary

WolfromSpur gears

Capstan

Reduction Ratio
0 10 20 30 Over 100

Harmonic drives

Timing belt

Fig. 2: Typical transmission ratios for various reducer types.

Spur gears, timing belts, and capstan drives only offer
relatively low reduction ratios due to their direct gear or
cable-based mechanisms. They are simple in construction and
efficient for low transmission ratios. However, achieving high
reductions requires multiple stages, which increases system
complexity and can reduce overall efficiency.

Planetary gears provide a compact and efficient solution for
slightly higher reduction ratios. They are the most commonly
used type of reducer in QDD drives, as shown in Table I. The
internal gear arrangement of planetary gears allows multiple
teeth to engage simultaneously, increasing torque capacity.
Multiple stages, or variations like Wolfrom drives, can extend
the range of reduction ratios but increase complexity [17].

Cycloidal reducers offer a unique combination of high
torque capacity, high stiffness, low backlash, and back-
drivability. This comes from a mechanism with rolling contact
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(a) Split gears [14]. (b) Conic cycloidal gear [15]. (c) Spring teeth [16].

Fig. 3: Three types of anti-backlash mechanism.

of multiple teeth simultaneously. The cycloidal profile is de-
rived from epitrochoid equations, representing the path traced
by a point on a circle rolling around a larger circle. This shape
is determined by the pitch circle (R), radius (Rr), and amount
(N ) of rollers on the pinwheel, along with the eccentricity
of the disk’s motion (E). These parameters are indicated in
Fig. 4 (adapted from [3]). More information on the working
principles, construction, and optimization of cycloidal drives
is given in [18], [19].

Rr

N = 12

R

Pitch circle

E

Traditional pinwheel rollers

Non-pinwheel

Cycloidal disk

Eccentric shaft

Output pins

Fig. 4: Diagram of a cycloidal disk and non-pinwheel design.

A more recent trend is the use of ideal non-pinwheel profiles
for even larger tooth contact and reduced complexity [20]. A
non-pinwheel design is included in Fig. 4. Cycloidal drives
cover a wide range of reduction ratios, making them versatile
for various applications. Compound cycloidal and Rotate-
Vector configurations can further extend this range. Eccentric
rolling transmissions offer a simplified alternative by using a
single input gear to engage with an outer cycloidal profile [21].

Harmonic drives are known for high precision and low
backlash at higher reduction ratios. Harmonic drives use a
flexible inner gear that meshes with a rigid outer gear. The
input drives an elliptical wave generator that deforms the
flexible gear. While popular within robotics and suitable for

certain applications, they generally have lower efficiency and
limited backdrivability. This makes them less ideal for QDD
systems, compared to cycloidal reducers [22].

C. Anti-backlash mechanisms

A common problem with transmissions for high-precision
applications is play or backlash. This is an unwanted gap
between gears. The result is free motion at the output even
when the input is fixed. This also appears as a slight delay
when changing direction. This gap can be caused by wear or
under-dimensioned parts. Some under-dimensioning is always
required for assembly. This makes backlash unavoidable with
standard transmissions. Non-linear control methods do exist
that can maintain accurate performance, even in systems that
experience backlash [23]. However, this comes with limita-
tions and additional control complexity. Mechanical solutions
also exist. These are mainly used with spur gear transmissions.
Similar principles can be applied to other reducer types, but
the available literature on this is limited. Several relevant
principles are described in the following.

1) Split gears: The most common method of countering
play in spur-gear transmission is with the use of a split gear.
This can be implemented in various ways [9]. In most cases,
two spur gears are stacked. One gear is rigidly coupled to the
shaft, while the other is attached to a torsion spring with some
phase offset. Fig. 3a shows this in a model. When meshing,
the gears are forced together. The torsion spring ensures both
sides of the gear teeth are always in contact. The split gear
method does come with a more complex gear meshing. Ideally,
the loads should not exceed the preload force [24].

The main principle of this method is that there are parallel
power transmissions from the individual gears. A novel anti-
backlash mechanism for Wolfram-type reducers shown in [17]
similarly relies on this principle. Cycloidal reducers often use
two disks for balancing, in which case the same principle
method can be applied.

An implementation of the split gear method applied to
a cycloidal drive is seen in [25]. It shows a method of
implementing the concept into a cycloidal reducer design but
features no quantitative results.
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2) Conic-shaped gears:Another method is to use conically
shaped gears. The pitch diameter increases along the width of
a gear. By offsetting the gear axially, the effective distance
in meshing lines is adjusted. This method has been applied
to cycloidal transmissions before. [15] shows an example of
using conic-shaped pins to counter backlash. The rollers of
the pinwheel are conic-shaped and the meshing equations are
adjusted accordingly. Fig. 3b shows the created disk pro�le
and a conic roller. Another implementation is found in [26],
featuring an RV-reducer design with a similar beveloid cy-
cloidal disk pro�le. Both feature theoretical and experimental
results that con�rm a reduction in backlash.

3) Spring-shaped gear teeth:Another method of countering
undersized gear teeth is by integrating springs into each tooth
of the gear. This idea is seen in some patents for timepieces
[27], [28]. An implementation can be seen in the Rolex 4130
mechanical watch, where each gear tooth consists of two leaf
springs. This is shown in Fig. 3c. The gear teeth are slightly
oversized to create a preload.

A similar approach could be applied to cycloidal reducers.
By preloading the pins of the outer ring radially while con-
straining them tangentially, compensation for an undersized
disk could be achieved. Alternatively, incorporating a �exure
element into the disk could provide the necessary preload.

D. QDD design

Key features of prior QDD designs are outlined in the
following. These elements served as inspiration for the design
of the proposed actuator.

1) Motor-embedded reduction:Recent work on high torque
density actuators for humanoid robots is the ARTEMIS robot
[2]. These actuators provide relatively high torques to enable
highly dynamic motions. It uses a series of custom QDD actu-
ators. The largest con�gurations offer 80 Nm and 250 Nm peak
torques, and 240 RPM and 220 RPM max speeds, respectively.
The packaging of these actuators is similar to those of the
MIT Cheetah [1], a well-known quadruped design. It uses
an outrunner motor with a large air gap radius and motor-
embedded gearing. The large radius actuator provides high
torque, and a low reduction ratio ensures low re�ected inertia.
Outrunner motors feature high torques and a hollow cylindrical
shape. Compact and torque-dense packaging can be achieved
by embedding the reduction stage into the empty center of this.
[2] features a chart of torque density for various actuators that
highlights the relatively high torque density of the actuators
for the MIT Cheetah and ARTEMIS robots.

2) Non-pinwheel designs:The common cycloidal drive
consists of a disk with a cycloidal pro�le and a pinwheel of
equally spaced circular rollers. These rollers are often free
to rotate on bearings. An alternative is to use an internal
cycloidal pro�le to replace the pinwheel. This pro�le matches
the ideal meshing pro�le and ensures larger tooth contact.
This provides an output with lower vibrations and even higher
shock resistance [20]. This method also greatly reduces part
count and complexity. Non-pinwheel designs are also ideal
for 3D-printing as the whole pinwheel is reduced to a single,

easily manufacturable part. In [3] an experimental comparison
was done between two 3D-printed cycloidal reducers. One
with freely rotating (bearing-supported) rollers, and one with
the ideal non-pinwheel pro�le. The results show only minimal
differences in performance between the two reducers. This
means a non-pinwheel design can provide similar performance
with a signi�cantly reduced complexity.

3) High torque capability: Another useful design aspect
is found in the compact cycloidal reducer from [5]. This is
a complete actuator package focused on high torque output.
It features details on the needed stiffness of the housing to
support these torques. A stiffening frame is used to support
the output pins from both sides to increase the output stiffness.
Sub-carriers that are separate from the output pins are imple-
mented to provide additional rigidity to the combined output
structure.

III. I MPLEMENTATION

A. Actuator Design

The proposed QDD actuator is designed to achieve a
compact, high-torque, easily manufacturable, and low-cost
package. All while maintaining competitive performance to
recent, more traditional actuator designs. Cross-sections of the
CAD design are shown in Fig. 5. All relevant �les to recreate
or modify the design are provided at [29]. The design is largely
parametric and therefore relatively straightforward to modify
to account for alternative reduction ratios.

The selected motor is the frameless RO100 from CubeMars,
which has a high torque capability and a large hollow shaft.
The largest frameless motor of the series is selected to leave
more space for the integration of the reducer and anti-backlash
mechanisms. This is an off-the-shelf part which is in contrast
to many earlier designs. For example, the ARTEMIS actuators
use custom wound motors [2]. The frameless motor forms the
foundation for the rest of the actuator design.

To complete the design, a Moteus r4.11 motor controller was
selected. This is a low-cost driver that comes with an onboard
encoder. The motor driver is positioned on the housing cap
such that the magnetic encoder is centered above the input
shaft.

The actuator incorporates motor-embedded gearing, a non-
pinwheel cycloidal reducer, and a single disk con�guration
with a reinforced output structure. These design elements are
described in detail in the following.

1) Motor-embedded reduction:As described in section
II-D1, a compact package can be achieved by positioning
the reduction stage at the center of a large radius frameless
motor. The same packaging is used in the proposed design.
A reduction ratio of 13:1 is selected to match the torque
and speed requirements with the selected motor. This ratio
is relatively high for QDD actuators but was chosen to get a
higher maximum torque. This is done because the torque limits
of the 3D-printed component will be most interesting to test, as
opposed to higher speeds. The use of a frameless motor means
that the corresponding bearings need to be integrated into the
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Fig. 5: CAD cross-section of the baseline design.

actuator package. The proposed actuator is only slightly larger
than the structure required to integrate such a motor.

2) Non-pinwheel cycloid gearing designs:The proposed
design features a non-pinwheel design, inspired by the designs
mentioned in II-D2. This allows the non-pinwheel to be
smaller in diameter as it does not need to house fully round
roller pins. The parameters used are shown in Table II.

TABLE II: Cycloidal pro�le parameters.

N 14 Pinwheel roller number

R 34 mm Pitch circle radius

R r 3.5 mm Pinwheel roller radius

E 1.5 mm Disk eccentricity

This non-pinwheel part is centered in the stator of the frame-
less motor, which provides good support against de�ection.
Because of this, the cycloidal pro�le can be of a larger radius
which helps to resist higher torques. The single-part design
of this non-pinwheel also allows for a more straightforward
implementation of the anti-backlash mechanisms.

3) Single disk with counterbalance:The eccentric motion
of a cycloidal drive and the off-center disk inherently come
with vibrations. Most designs solve this by having two disks
with opposite phases, balancing out any vibrations in the plane
of motion. However, this also increases the complexity of
the design. Additionally, it adds over-constraint within the
structure. When combined with manufacturing inaccuracies,
this can result in internal stresses.

An alternative is to use a single disk in combination with
a counterbalance. This method is also used in the RIC arm
prosthetic which features a specially compact cycloidal reduc-
tion stage [30]. This is combined with a �xed roller pinwheel
design. With the designed actuator, the same decision is made.
Only one cycloidal disk is used. A counterbalance is integrated
into the supporting part for the rotor of the frameless motor.

The use of a single disk greatly reduces the complexity of
the design, which also aids the implementation of the anti-
backlash mechanisms.

4) Stiffening frame on output pins:The double supports
for the output pins, as described in Section II-D3, are also
integrated into the proposed design. The output pins are rigidly
attached on either side. Separate sub-carriers (as in [5]) are
omitted to maximize the number of output pins. The design
includes eight output pins, each �tted with three drawn-cup
needle bearings. This combined output structure is supported
by a double-bearing arrangement such that the output can also
take off-axis loads.

5) Output mounting methods:The output structure has
eight output pins of hardened steel with internal M3 threads.
These threads are exposed to the outside and can be used to
mount an output. This ensures the output is rigidly tied to the
larger output structure and not exclusively reliant on a 3D-
printed component.

In addition, the output ring has eight embedded M4 locknuts
that can also be used to mount the output. The use of locknuts
with nylon inserts helps prevent screws from loosening due to
vibrations. Therefore it is ideal to mount the output using a
combination of both the locknuts and output pins.

6) Reinforcing screws:The design mainly consists of 3D-
printed components. The housing consists of a large cup-
shaped piece with a cap piece. The cap piece gets attached
with screws that pass through to the other side of the housing.
This reinforces the thin walls, especially so in the weakest
direction, which is layer-to-layer adhesion. These same screws
can also be used to attach the actuator to another structure
ensuring optimal rigidity at the mounting interface.

The eccentric shaft is the thinnest load-bearing part and is
therefore expected to be a weak point of the design. Therefore,
this part is also reinforced by long screws that pass through its
full length. Additionally, a shaft liner is incorporated into this
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