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1 Introduction

Design and Examination of
Compound Planetary Gearboxes
to Investigate the Impact of 3D-
Printed Embedded Bearings for
Assistive Exoskeletons Actuators

In robotic systems such as wearable exoskeletons, lightweight, efficient, and backdrivable
reduction gearboxes are critical for achieving low-output impedance actuators and safe
physical human—robot interaction. Recent trends in robotics research highlight the
growing adoption of 3D-printed gearboxes, which enable rapid prototyping, flexibility,
and lightweight solutions. However, these reducers can still exhibit significant weight
and encumbrance, mainly due to the reliance on conventional bearings that add substantial
bulk and mass. In this article, we design and experimentally evaluate two 3D-printed 1:30
compound planetary reducers. The first prototype employs standard bearings, while the
second integrates 3D-printed bearing guides composed of steel rollers moving through
custom polymer raceways embedded in the gearbox components. This approach aims at
diminishing the reducer’s overall cost, weight, and encumbrance, while retaining key
mechanical performance characteristics. Experimental results show that the proposed
3D-printed bearing solution reduces gearbox weight by approximately 32% and manufac-
turing cost by about 33% compared to the bearing-based counterpart. Moreover, the
reducer achieves a backdrive torque as low as 0.42 + 0.06 N m, representing the lowest
value among the compared designs, together with a marked reduction in internal friction.
Despite the replacement of conventional bearings with fully integrated printed guides, the
gearbox preserves comparable gear play and stiffness while improving backdriveability
and speed regularity. These results demonstrate that fully customized, additively manufac-
tured reducers with embedded bearing systems can provide substantial mechanical and
integration advantages for lightweight wearable robotic actuators.

[DOI: 10.1115/1.4071656]
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to ensure compliant interaction with the user’s natural biomecha-

Wearable exoskeletons are assistive robotic systems that
augment human motion, addressing both lower and upper limbs,
by providing powered support for locomotion and manipulation
tasks in contexts ranging from mobility assistance to physical aug-
mentation and rehabilitation [1-3]. Achieving seamless and intui-
tive physical human-robot interaction (pHRI) in such systems
necessitates the integration of actuation units characterized by
low mechanical output impedance, high intrinsic back-drivability,
and minimal reflected inertia [4,5]. These characteristics are critical
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nics while maintaining responsiveness, comfort, and safety. More-
over, the entire actuator assembly must conform to constraints on
size, weight, and form factor to preserve wearability and ergo-
nomic compatibility with the human body, thus improving trans-
parency in the human-exoskeleton coupled system [6,7]. A
critical aspect in accomplishing these features lies in the transmis-
sion systems’ design. Reduction gearboxes are responsible for
converting the motor output into high-torque mechanical power
needed at the exoskeleton’s joints. For wearable robotic applica-
tions, the transmission system design should aim for a reducer
that is lightweight, compact, mechanically efficient, cost-effective,
and backdrivable. Achieving this balance of performance and
integration is a fundamental challenge in exoskeleton actuation
design [8].

Various transmission technologies have been explored to fulfill
the stringent requirements of wearable robotic actuation. Quasi-
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direct drive systems provide excellent torque transparency and
back-drivability [9,10], but since they employ low reduction ratio
reducers, they are inherently limited in their torque output,
making them less suitable for high-assistive applications. This
actuation paradigm usually involves the use of cycloidal [11] and
planetary gearboxes [12] or their combination in multiple-stage
designs [13]. In cases of higher torque requirements, harmonic
drive gearboxes are employed, since they allow for the implemen-
tation of high reduction ratios in compact volumes [14]. However,
these reducers often suffer from low backdriveability and increased
hysteresis under varying loads [15].

Recently, compound planetary reducers have gained attention as
a promising alternative to the mentioned systems, offering several
key advantages: they enable high overall reduction ratios through
multiple gear stages while maintaining coaxial symmetry, resulting
in a compact and well-balanced form factor [16]. Additionally,
these architectures provide low gear backlash, high transmission
efficiency, and smooth torque output with minimal ripple. Their
distributed load-sharing and favorable contact mechanics also con-
tribute to improved back-drivability compared to other high-ratio
systems [17,18]. Despite these benefits, the use of compound plan-
etary systems in wearable applications still presents challenges
related to overall weight and encumbrances. Recent trends in
robotic applications address these issues through the employment
of 3D-printed gearboxes [13,19,20]. In previous works, a 1:30
3D-printed compound planetary reducer was designed and evalu-
ated for assessing its employment in exoskeleton actuation [21].
While the reducer achieved promising torque-handling and back-
driveability capabilities, its total weight and radial dimensions
were significantly affected by the use of conventional metallic
bearings. These off-the-shelf components contributed dispropor-
tionately to the mass and spatial encumbrance of the 3D-printed
gearbox, limiting its employment for lightweight and tightly pack-
aged wearable systems.

To overcome these limitations, this work explores the potential
of custom 3D-printed bearing guides integrated directly into the
components of compound planetary reducers. By replacing con-
ventional ball bearings with polymer-based printed channels and
embedded steel spheres, the goal is to achieve significant reduc-
tions in weight, cost, and encumbrance while preserving the
mechanical functionality required for actuating wearable robots.
This approach exploits the geometric flexibility of additive manu-
facturing to create fully customized interfaces between rotating ele-
ments, enabling the embedment of customized guides for rolling
elements in the components of the reduction gearbox. In the liter-
ature, various approaches for the design and analysis of 3D-printed
bearings have been explored, spanning from printed textured
journal bearings [22] to fully printed components [23,24], includ-
ing the investigation of the damping characteristics of bearings
manufactured employing hybrid materials [25,26]. Although
3D-printed reducers have been widely explored in recent years,
to assess the value of different architectures [12,27] and evaluate
the impact of printed components with respect to metal parts
[20], to the authors’ knowledge, there is no evidence in the litera-
ture of any studies proposing, investigating, or analyzing the
impact of 3D-printed bearings on reduction gearboxes.

In this article, we employ 3D-printed guides for steel rolling ele-
ments to embed customized bearings in a printed planetary com-
pound reduction gearbox. To evaluate the feasibility and
performance of this approach, two 1:30 reducer prototypes were
designed, fabricated through 3D printing, and tested. The first pro-
totype retains the conventional bearing-based design, using stan-
dard steel ball bearings for all rotational interfaces. The second
prototype introduces integrated 3D-printed bearing guides, fully
embedding the rolling elements within the polymer structure of
the housing and ring gears. This comparative setup enables a
direct assessment of printed bearings’ impact on the transmission’s
performance, allowing us to identify potential trade-offs in effi-
ciency, stiffness, and torque transmission, and to determine the
overall value and viability of a fully 3D-printed reducer for

113501-2 / Vol. 148, NOVEMBER 2026

assistive exoskeleton applications. Given the nonlinear mechanical
behavior and potential compliance of polymer materials under
load, experimental validation of these printed prototypes is essen-
tial. Analytical models would not be sufficient for accurately pre-
dicting their stiffness, frictional behavior, or long-term durability,
especially under dynamic loading conditions and tasks.

The novelty of this study lies in the combination of a proven
3D-printed compound planetary architecture with integrated,
custom-designed 3D-printed bearing systems, forming a fully addi-
tively manufactured transmission solution, with the exception of
the smallest bearings. This approach directly addresses the limita-
tions of the original reducer design—primarily related to weight,
cost, and encumbrance—by replacing bulky metal bearings with
lightweight, embedded polymer-based alternatives. As a result,
the overall system becomes more suitable for tight, weight-
sensitive integration in wearable actuation modules, such as
those used in assistive exoskeletons [28].

In this work, we present the design, development, and fabrica-
tion of two novel lightweight reducers specifically conceived for
assistive exoskeleton applications. Their performance is systemati-
cally evaluated according to key metrics for the characterization of
transmission systems, namely friction, gear play, gear stiffness
(GS), backdrivability, speed regularity, as well as size, weight,
and cost.

The results not only validate the mechanical viability of the
printed bearing solution but also demonstrate that the fully
3D-printed reducer can outperform state-of-the-art transmission
systems, further enforcing its applicability to real-world wearable
assistive robots. This work highlights how the strategic use of addi-
tive manufacturing can improve transmission performance while
drastically reducing production complexity, weight, cost, and inte-
gration constraints.

To sum up, the main contributions of this article are as follows:

e The introduction of custom 3D-printed bearing guides into a
reducer’s design to reduce weight, cost, and spatial encum-
brance while maintaining acceptable mechanical performance.

e The design and development of two 3D-printed 1:30 com-
pound planetary reducers, one employing classic bearings,
while the other embeds 3D-printed guides for steel spherical
rollers. Computer-aided design (CAD) files and BOM (Bill
of Materials) are available in Ref. [29].

e An experimental investigation assessing the impact of the
3D-printed bearing solution on friction, gear play, stiffness,
backdriveability, and mechanical stability across key opera-
tional metrics, to assess the value of the prototypes for
actual wearable assistive devices.

The rest of this article is structured as follows: Sec. 2 presents a
brief description of the planetary compound architecture, then
describes the customized 3D-printed bearing structure employed,
and subsequently illustrates the gearboxes designed and developed
for this work. Next, the experimental setup, metrics, and protocols
are presented. Section 2.2 explicates the results and the evaluative
considerations of the experimental analysis, discussing the differ-
ent features of the investigated reducers and providing an overall
examination of the advantages and limitations of the presented
work. Finally, Sec. 4 presents a conclusive summary of the pro-
posed work, summarizing the most relevant insights.

2 Materials and Methods

2.1 Proposed Design. This work presents the design of two
3D-printed compound planetary reducers developed to address
key limitations of the 1:30 gearbox from previous work [21],
which already proved more lightweight and less bulky than other
state-of-the-art 3D-printed planetary gearboxes [18,30]. Aiming
for the same 1:30 reduction ratio, the design constraints for
radial and axial encumbrance were set, respectively, to 90 mm
and 50 mm, thus reducing the reported gearbox dimensions from
previous studies.
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Both prototypes aim to reduce bulk and mass while preserving
the mechanical functionality required for wearable exoskeletons’
actuation. The first, CFB (compound full bearings), revisits the
original metallic-bearing configuration but improves the geartrain
layout to reduce volume and mass through a revised gear teeth dis-
tribution. The second, C3D (compound 3D-printed), introduces a
novel design featuring integrated 3D-printed bearing guides for
steel rolling elements, enabling a fully embedded, lightweight,
and cost-effective alternative to commercial ball bearings.

This approach differs from previous additive manufacturing
efforts in printed rolling elements bearing systems—developed
using polymeric rollers [23]—which were limited to proof-of-
concept experiments without an application to gearbox use cases.
By embedding steel spheres within printed polymer channels, the
proposed bearing system leverages the geometric adaptability of
additive manufacturing while retaining the load-carrying capabili-
ties of classic bearings. The result is a customizable bearing inter-
face with significantly lower spatial and weight impact, removing
dependency on bulky, off-the-shelf components and paving the
way for tightly integrated wearable actuators.

2.1.1 Compound Planetary Architecture. To address the limi-
tations of standard planetary gearboxes in reaching high reduction
ratios, the compact epicyclic arrangements introduced in Ref. [31]
provide designs that allow significantly higher gear ratios. This
architecture, shown in Fig. 1, is a combination of two planetary
stages (A and B). However, unlike the traditional planetary
design, this compound transmission utilizes two ring gears: the
first one (stage A) is fixed, while the second ring gear (stage B)
is the reducer’s output. The input shaft moves the stage A sun,
whereas stage B does not include a sun gear. The compound
planets are composed of two different base planets rigidly con-
nected to form a single component. For each compound planet,
the base gears that compose it are combined with different multi-
ples of a rotation angle, computed for each stage based on the
number of teeth of each gear (see Ref. [31] for the details). The
resulting reduction ratio can be computed according to the follow-
ing equation:

14

i=71 _Zlf;gm (1)

ZpaZrb

where z;; denotes the number of teeth of a general gear, and the sub-
scripts consist of i € {s, p, r} (these numbers denote the sun,
planet, and ring, respectively) and j € {a, b} (these letters denote
the first and second planetary stages, respectively).

2.1.2  Three-Dimensional-Printed V-Shaped Races Bearings.
To develop a fully printed reduction gearbox, the custom polymeric
bearings should be able to resist both radial and axial loads. The
typical round-shaped groove design would require deep channels
and, therefore, wider rolling elements. Since the main objective
of our design is to minimize encumbrances and weight, this
option was not applicable. For this reason, a V-shape design has
been selected for the 3D-printed bearings to be embedded in the
reducer’s structure. A CAD section view of the employed model
for the printed races is presented in Fig. 2. The same design has
been employed for all the printed guides. While the employed
steel balls’ diameter is 3mm, for printing races that could
contain these rollers and move freely (nonetheless without axial
or radial play), during the design, the roller’s diameter was consid-
ered 3.05 mm.

2.1.3 Presented Gearboxes: Compound Full Bearings and
Compound 3D-Printed. From Eq. (1), a desired reduction ratio is
realizable with multiple combinations of tooth numbers: varying
the number of teeth and their module clearly impacts the resulting
radial encumbrance. For printability issues and for allowing a fair
comparison with the CO30 prototype from previous work [21], the
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Fig. 1 Schematic illustration of the structure of the planetary
compound (CO) reducer. The acronyms used represent the
role of the different parts. IN denotes the input shaft, which cor-
responds to the stage A planetary sun SA. FRA refers to the
planetary fixed stage A ring. CP denotes the compound
planets, composed of two joint gears, i.e., PA and PB, respec-
tively, the planet of stage A and the planet of stage B. CC
refers to the compound carrier to which the planets are con-
nected. MRB refers to the stage B planetary moving ring,
which corresponds to the reducer’s output. The bearings (con-
necting the fixed and moving rings between themselves and
with the carrier) are the ones addressed in the following and
substituted with 3D-printed guides and spherical rollers.
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:{ﬁ_‘? _____
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Fig.2 CAD section view of the proposed design for the printed
bearings, employing a V-shape race and spherical rollers. The
angle O defines the inclination of the races’ contact surfaces.
The roller diameter is denoted as D,, while d represents the
clearance left between the inner and outer rings of the
3D-printed bearing.

Table 1 Design parameters of the presented compound
planetary prototypes

Parameter Value
Number of teeth ring A (z,4) 48
Number of teeth planets A (zpq) 16
Rotation angle planets A 90 deg
Number of teeth sun A (z,,) 16
Number of teeth ring B (z,5) 45
Number of teeth planets B (z,;) 13
Rotation angle planets B 131.54 deg
Number of planets 4

Teeth module 1.2mm
Teeth pressure angle 25 deg
Carrier radius 19.2 mm
Rollers diameter (D,) 3mm
Races contact surface inclination (®) 45 deg
External-internal bearing rings distance (d) I mm
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(b) Stage A Fixed Ring

(d) Stage A Fixed Ring

Stage A Sun

Compound Planets

Planets Carrier Stage B Moving Ring

Stage A Sun

Compound Planets

Planets Carrier Stage B Moving Ring

Fig.3 Section and exploded views of the CAD models of the CFB (a and b) and C3D (c and d) planetary compound reducers. Nuts
and screws are not shown for better comprehensibility of the figure. The structure of the illustrated parts corresponds to the one
employed in Fig. 1. In the section views, the bearings that are substituted by 3D-printed ones are highlighted with dashed circles.
In the exploded views, only two out of four planets are displayed to improve the figures’ comprehensibility, and the main com-
ponents are labeled. The displayed parts include the output stage B ring gear, the compound planets, the stage A fixed ring,
the stage A sun gear, and the carrier. The smaller bearings are depicted in light grey, while the larger ones (i.e., those replaced
by 3D-printed races in the C3D device) and the rolling elements in C3D are highlighted by dashed circles. (a) Section view of the
CFB prototype’s CAD model. (b) Exploded view of the CFB prototype’s CAD model. (c) Section view of the C3D prototype’s CAD

model. (d) Exploded view of the C3D prototype’s CAD model.

same teeth module has been employed (i.e., 1.2 mm). Given these
conditions, we managed to achieve a teeth combination that met the
mentioned constraints. As can be noticed from Table 1, where all
the main parameters of the presented reducers are reported, the
two prototypes have been designed employing the same variables
(clearly, the details regarding the 3D-printed races’ geometry
only concern the C3D device). This allowed for an experimental
evaluation to detect the effects of the 3D-printed bearings on the
selected metrics. Figure 3 presents the CAD views of the CFB
and C3D prototypes sections (screws and nuts are not displayed
to avoid overloading the figure), highlighting the differences due
to the implementation of the 3D-printed bearings.

The CFB still incorporates standard ball bearings at all rotational
interfaces. The two bearings between the ring gears and the carrier,

Table 2 Bearings employed for the presented CFB and C3D
prototypes

Bearing connection CFB Quantity
Carrier—sun A 6802 1
Ring A—carrier 6809 1
Carrier—planets MR106 8
Ring A—ring B AXK6590 1
Carrier—ring B 6809 1
Bearing connection C3D Quantity
Carrier—sun A 6802 1
Ring A—carrier 3 mm rollers 40
Carrier—planets MR106 8
Ring A—ring B 3 mm rollers 55
Carrier—ring B 3 mm rollers 40

113501-4 / Vol. 148, NOVEMBER 2026

and the trust bearing that connects the two ring gears with each
other, are the bigger ones, therefore the ones that impact weight
and cost the most. In the C3D prototype, these components are
replaced with the printed custom polymer tracks designed to
house loose steel spheres as rolling elements. These guides, as
can be noted from Fig. 3, are embedded directly within the reduc-
er’s ring gears and carrier structures, forming continuous raceways
tailored to the specific spatial requirements of the transmission
layout.

Table 2 reports all the bearings and rollers employed for the two
prototypes, showing the substitutions implemented in the C3D
gearbox through the 3D-printed V-shaped races and the steel sphe-
rical rollers. The resulting reducer’s design can be observed in
Fig. 3, where the interested bearings and the rollers for the
custom 3D-printed races are depicted in gray and highlighted to
stress the differences between the two designs.

2.1.4 Materials, Printers, and Off-the-Shelf Components. To
develop the presented reducers, Ultimaker PLA (polylactic acid)
was employed, given its valuable combination of low costs and sig-
nificant mechanical properties [32,33]. The manufacturing process
involved the use of the Ultimaker S7 Pro Bundle printer, with
slicing carried out via Ultimaker Cura. The parts that were not pro-
duced through 3D printing were the bearings, steel balls, screws,
and nuts. The bill of materials and CAD files of the presented pro-
totypes are available in Ref. [29].

2.2 Experimental Evaluation. In this section, the two config-
urations of the experimental setup employed to evaluate the chosen
metrics are described. Then, the selected performance metrics are
presented, together with the respective experimental protocols
(Fig. 4).
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Fig. 4 Photos of the stage A rings of the two reducers assem-
bled with the lower part of the carriers. On the left side of the two
figures, the C3D prototype is shown, as can be noted from the
presence of the printed races and the steel balls. These
figures give a hint of the differences between the same compo-
nents in the two proposed architectures.

2.2.1 Experimental Setup. The experimental setup is com-
posed of the brushless motor (EC 90 flat, 360 W, ¢ 90 mm,
Maxon, Bad Homburg, Germany), which includes an integrated
two-channel encoder (MILE 512-6400 CPT, Maxon) coupled to
the reducer’s input shaft through the 3D-printed motor support.
The reducer’s output link is connected to an incremental magnetic
encoder (H2 Series, Phoenix America, Fort Wayne, IN) through the
3D-printed encoder support. All the mentioned components are
fixed to a horizontal aluminum beam through a 3D-printed
support structure. The motor-encoder assembly is controlled by a
three-phase brushless DC motor driver (STEVAL-SPIN3201,
STMicroelectronics, Geneva, Switzerland). The magnetic
encoder and the two load cells (CZL635, Phidgets Inc.), which

Incremental encoder

Load-cells assembly

can be placed in a case on the output arm if the test demands the
force detection at the reducer’s output, are connected to the
STM32 Nucleo-144 board (NUCLEO-F767Z1, STMicroelectro-
nics). Both these boards are connected to the central unit (Intel
NUC 11 Pro, i7-1165G7) running wiNpows 11 and SIMULINK
(MATLAB, Mathworks Inc., Natick, MA), where two PID (discrete
PID controller, simuLINK block) controls are designed to manage
the motor’s position and speed, depending on the performed test.
A custom Kalman filter (MATLAB function, SIMULINK block) is
employed to estimate the motor speed.

Figure 5 displays the setup with photos of the two exploited
experimental arrangements, addressed as EXP1 and EXP2 in the
following, where the main components are illustrated and
pointed out. As can be noted from these figures, the EXP1 config-
uration does not involve the use of the output arm, since the tests
conducted in this arrangement did not include output forces or
torque measurements. The output arm is composed of two
20 X 20mm aluminum beams held together with some printed
parts, which also include the terminal elements that are coupled
with the weights employed for the tests under external loads.

2.2.2  Evaluation Metrics. To evaluate the CFB and C3D pro-
totypes’ performance (and additionally compare them with the pre-
vious design CO30 from Ref. [21]), the following metrics have
been taken into consideration:

Gear play: Defined as the output angular range observable with
the input shaft locked, in which no resisting torque is trans-
mitted from the actuator. A smaller gear play reflects higher
positional accuracy in motion transmission.

Gear stiffness: The gearbox’s output stiffness is defined as the
ratio between the applied torque at the output (with the input
shaft locked) and the resulting angular displacement. This
metric is relevant since higher stiffness enhances tracking
accuracy in trajectory-control tasks, whereas lower stiffness
provides compliance, beneficial for smoother and safer
pHRI

Backdrive torque: The torque that must be externally applied at
the output shaft to initiate motor motion. This characteristic
is particularly relevant for wearable actuators, which must
not hinder the user’s voluntary movements.

Friction: Represents the motor torque needed to counteract
static (Coulomb) and dynamic (viscous) resistances oppos-
ing reducer motion. Quantifying internal friction is critical
for applying compensation strategies, which in turn
improve actuator transparency in pHRI.

Maotor-encoder
assembly

Support
structure

Fig. 5 Experimental apparatus for testing the reducers. The photos and notes to clarify the
composition of the experimental setup, both in the configuration with and without the output

arm and the load cells.
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Speed regularity: Refers to the oscillatory deviation between
the measured reducer output speed and its theoretical
value. The latter is obtained as the product of the motor
angular velocity and the transmission ratio. Assessing regu-
larity provides insight into the stability and accuracy of
speed transmission.

Size, weight, and cost: The reducers were fabricated using Ulti-
maker PLA, so the overall mass, bulk, and cost largely
depend on the quantity and type of bearings and fasteners
employed. Minimizing weight and encumbrance is crucial
for wearable robotics to ensure usability and user accep-
tance. At the same time, maintaining low manufacturing
costs while preserving mechanical performance is key to
enabling large-scale adoption of assistive technologies.

Friction: Prior to evaluating the reducers’ performance, the
motor’s internal static and viscous friction were identified
by commanding the motor to track multiple low-frequency
sinusoidal speed references. The resulting current mea-
surements were used to implement friction compensa-
tion. In addition, friction was further characterized by
imposing slowly varying ramp inputs within the range
of +150rad/s, following the methodology reported in
Ref. [27]. Each ramp profile was executed three times, and
the complete procedure was repeated three times for every
reducer. Given the results obtained in Ref. [21], at first,
speed and torque data were then employed to attempt to fit
the following asymmetric friction model:

+ + H >
o= {MC + d wp, if w, >0 3)

2.2.3 Experimental Protocols. The presented experimental -M; +d;w, ifw, <0
apparatus allowed testing the reducers and comparing their charac-
teristics through the evaluation of their performances via multiple

procedures.

where 7, denotes the friction torque, M} and M_ denote
the Coulomb friction components (respectively, for positive

Gear play: The gear play was quantified by measuring the
maximum output displacement while keeping the motor’s
shaft blocked. To avoid the effect of joint stiffness, the pro-
cedure consisted of manually moving the reducer’s output
link without applying significant torque. The measurement
was repeated at 2i consecutive motor positions, evenly
spaced by an entire 360 deg motor rotation, to characterize
the backlash over two full revolutions of the reducer’s
output. Each prototype was tested three times to ensure con-
sistency of the results.

Backdrive torque: The experimental setup to identify the backd-
rive torque included both the output arm and the load cells. At
the beginning of each test, the motor was positioned such that
the output arm remained horizontal, providing a reference to
correctly account for the torque contribution of the arm and
load weight, which varied with the angular configuration.
Forces were manually applied to the load cells in increasing
magnitude until motor displacement was observed. Each test
was performed at least five times and repeated in three inde-
pendent sessions. Backdrive torque was then estimated by
identifying motor displacement detected using a threshold
of 0.18 deg, corresponding to twice the encoder resolution,
and calculating the corresponding applied torque. The final
torque value incorporated the manually applied forces as
well as the contributions of the arm and load weights,
adjusted according to the output angle.

Gear stiffness: The experimental setup involved the use of the
output arm equipped with the load cells, mounted with a
lever arm length of 0.43 m. Transmission stiffness was iden-
tified by manually applying an increasing series of loads to
the arm, while continuously recording the load-cell force
signal. Each loading session has been addressed with the
name GS in the following. The maximum applied load
for each reducer was approximately 55N, corresponding
to 25 N'm at the output (this torque value also includes the
contribution due to the weight of the arm and load cells
assembly).

Each test was repeated three times per reducer, with output
positions incremented by 60deg to capture possible position-
dependent variations. The resulting torque-displacement data
were employed to fit a linear model to estimate the output stiff-
ness, defined as

Aoyt
kg =—— 2
&7 Aour @)

where kg denotes the gearbox stiffness, Azgy; is the applied
torque at the output, and Afqy; is the corresponding angular dis-
placement. For each loading process GSi (from 0 N m to 25 N m),
the mean stiffness has been computed. Then, the mean value and
standard deviation for each reducer have been calculated.

113501-6 / Vol. 148, NOVEMBER 2026

and negative velocities), d:f and d:“ denote the viscous coef-
ficients, and w,, is the motor velocity. Representative results,
including torque—speed data and the corresponding fitted
model for each reducer, are presented in Fig. 8.

However, the recorded data were not compatible with the
model presented in Eq. (3). Thus, we resorted to the more
detailed Stribeck friction curve, modeled according to the fol-
lowing equation:

4 = V2e My — M) e 2 4 M, tanh( @ ) +do (4)

Wyt @coul
with the characteristic velocities defined as

Vbrl
@Dcoul = IL(;( (&)

@5t = Vbrk ﬁ’
where M(v) is the friction moment as a function of the relative
velocity v, My is the breakaway (stiction) friction force, M,
is the Coulomb friction force, wy, is the Stribeck velocity thresh-
old, @y is the Coulomb friction threshold velocity, vy is the
breakaway velocity, and d is the viscous friction coefficient.
All the mentioned velocities (referred to as w) refer to the
motor speed. This model captures the nonlinear decay of friction
from the breakaway value My toward the Coulomb level M, as
velocity increases, with wy shaping the Stribeck effect. At
higher velocities, the viscous term d becomes dominant, result-
ing in a linear growth of friction. Figure 6 presents two illustra-
tions of the mentioned friction models to clarify the employed
notation.

Speed regularity: The regularity metric quantifies the deviation
between the actual output speed of the reducer and its theo-
retical value, providing a measure of the actuator’s capabil-
ity to track a constant velocity. To evaluate unloaded
regularity (Rcpg and Rcsp), a PID controller was employed
to regulate the motor speed according to a sequence of
step inputs ranging from 0 to +120rad/s in increments of
20rad/s (Fig. 9). For the two prototypes, each test was
repeated three times for both positive and negative
velocities.

Regularity was then computed as

R= 100(1 -ﬂ) ©)

LWy,

where R denotes the regularity (expressed as %), w, is the mea-

sured gearbox’s output speed, i represents the reduction ratio,

and w,, is the motor speed.

Size, weight, and cost: Regarding the prototypes’ encumbrance,
the maximum height and the diameter of the reducers were
first derived from the CAD models and subsequently veri-
fied through physical measurements. It is worth remarking
that the presented encumbrances report the gearboxes’
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Fig. 6 Illlustrations of the presented friction models. Only the positive velocities’ side is represented, as for this work, we con-
sidered models that are symmetric with respect to the origin, thus equal in magnitude but opposite in sign for positive and neg-
ative velocities. On the left, the model employed in the previous work, including a Coulomb static component M. and a viscous
factor d. On the right, the Stribeck’s complete friction model is represented, including the breakaway static component M, and

the breakaway velocity vy.

shapes without considering the connection with the
employed setup, implemented through four screws on a ¢
70 mm circumference. Therefore, the comparison between
the encumbrances does not depend on the experimental
setup, but only on the prototypes’ design.

The overall cost was estimated by summing the price of the
nonprinted components (e.g., bearings, steel balls, screws, and
nuts) with the cost of the 3D-printed parts. The cost of the
PLA elements was determined based on their weight, accounting
for the material price, the energy consumption during fabrica-
tion, and the amortization of the printer over its expected life-
time. For the nonprinted components, prices were obtained
from the supplier’s catalog and scaled according to the required
quantities. In particular, bulk purchases (e.g., sets of bearings)
resulted in reduced unit costs, which directly influenced the
total cost of each reducer depending on the number of identical
parts it included.

Finally, the total mass of each reducer was measured directly
using a precision scale.

3 Results and Discussion

3.1 Gear Play. The gear play evaluation results reported in
Table 3, with the best values displayed in bold text, highlight
clear differences among the examined prototypes. While all three
evaluated reducers display valuable gear play, the CO30 presented
the highest measured backlash, with a mean value of
0.53 +0.21deg. In contrast, both of the newly developed proto-
types demonstrate substantially reduced gear play. In particular,
the CFB prototype achieves the lowest mean backlash
(0.114 + 0.076 deg). The C3D prototype also shows a notable
improvement (0.195 + 0.084 deg).

It is worth noting that both prototypes outperform some of the
state-of-the-art solutions reported in the literature [21,27,34]—
where the analyzed 3D-printed reducers’ best gear play values
vary between 0.23 deg and 0.7 deg—thereby demonstrating the
effectiveness of the presented designs.

It is also notable that the C3D achieves excellent gear play per-
formance despite incorporating printed bearings. This demon-
strates that the design of the C3D architecture effectively
compensates for potential compliance or tolerances introduced by
additive-manufactured components, maintaining a high level of
precision comparable to the CFB. Such results highlight the

Journal of Mechanical Design

robustness of the proposed designs in delivering low backlash
even when using advanced manufacturing techniques.

3.2 Backdrive Torque. Regarding backdrive torque, substan-
tial differences also emerge among the evaluated prototypes.
The reference design reports a mean value of 0.67 +0.04 N m,
while the CFB prototype shows the highest torque requirement
(1.18 £ 0.019N m). In contrast, the C3D prototype achieves
the lowest backdrive torque, with a mean value of only
0.42 + 0.063 N m, confirming its clear advantage over both the ref-
erence and the CFB implementation. Considering that the CFB
and C3D prototypes implement the same gears’ structure and
number of teeth, it is clear that the significantly reduced internal
friction (thanks to the use of 3D-printed bearing systems) manifests
itself in the examined improvement of the C3D reducer’s
backdriveability.

With respect to other state-of-the-art reducers, C3D presents a
highly valuable backdrive torque, demonstrating a significant
improvement in relation to both 3D-printed gearboxes (the
lowest backdrive torque, to the authors’ knowledge, is the 0.59 N
m backdrive torque of the CP30 and CYPLO prototypes from
Refs. [13,21]) and other actuators employed in wearable devices
(considering the lightweight exoskeletons presented in Ref. [10],
which reports a backdrive torque of 0.97 Nm in a quasi-direct
drive actuator for a hip exoskeleton). Such results are particularly
relevant in the context of wearable assistive devices, where back-
drivability strongly influences comfort and usability. Typical assis-
tance levels in these applications are in the range of 10-25Nm
[35,36], meaning that the reported backdrive values are practically
negligible in comparison. This enforces the suitability of the pre-
sented prototypes—especially the C3D—for integration into

Table 3 Results from the tests regarding gear play and
backdrive torque

ID Gear play (deg) Backdrive torque (N'm)
CO30 [21] 0.53+£0.21 0.67 £0.04

CFB 0.114 +0.076 1.18 +0.019
C3D 0.195 +0.084 0.42 +0.063

The best value for each feature is reported in bold.
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Fig. 7 lllustrations of the data gathered from a stiffness test. (a) Presents the output torque and angular displacement results
regarding one loading session conducted on the C3D device. (b) Reports the angular displacement displayed as a function of
the applied torque during all three GSi (loading sessions from 0 to 25 N m) of one stiffness test carried out on the C3D prototype.

Table 4 Results from the tests for the gear stiffness

ID Gear stiffness (N m/rad)
C030 [21] 723.2+71.05
CFB 971.52 +£108.01
C3D 653.68 +64.91

wearable systems, where both low gear play and low backdrive
torque are crucial for ensuring natural and transparent user
interaction.

3.3 Gear Stiffness. The linear fitting of the motor
torque-angular displacement profiles enabled the estimation of
each reducer’s stiffness.

Figure 7 reports examples of the data gathered during the stiff-
ness tests, with the related estimations of linear fitting models for
evaluating the reducers’ stiffnesses. As shown in the plots, the
gradual increase in angular displacement as the applied torque
increases indicates a relatively linear behavior. The stiffness
values computed for the CFB and C3D devices are reported in
Table 4.

Analyzing these numbers, the C3D reducer shows a stiffness of
653.68 + 64.91 N m/rad, which is lower than the CFB reducer

(a) Friction Identification Test CFB

50 -

Motor Torque [mNm]
o

f |—Motor Torque
"W | —Friction Model Fit

-100 -SO O 50 100
Motor Speed [rad/s]

(971.52 + 108.01 N m/rad). These values are comparable with
other 3D-printed reducer stiffness [13,20,21,34], where the
maximum reported stiffnesses vary between 633 N m/rad and
879N m/rad. Moreover, both the CFB and C3D stiffnesses are
well-suited for lightweight wearable assistive devices, considering
the aforementioned plausible torque ranges (10-25Nm) and the
range of target stiffness of state-of-the-art elastic joints [37-39].
These reducers would surely be able to provide the necessary
torque output while maintaining a level of flexibility suitable for
user comfort and functionality. Of course, depending on the assis-
tive torque to be delivered by a wearable device and on the control
strategy implemented at the actuated joints, the transmission
system’s stiffness should be taken into consideration to be compen-
sated for or employed for plausible impedance control approaches.

3.4 Friction. The sampled motor torque and speed during the
slowly ramping velocity experiments described in the previous
section were used to identify the parameters of the adopted friction
model by deriving the static (both Coulomb and breakaway) and
viscous friction variables of Eq. (4). An example of the resulting
torque—velocity data recorded during one of the experiments for
each of the tested prototypes is reported in Fig. 8. The mean and
standard deviation values for the Coulomb, breakaway, and
viscous friction factors of the C3D and CFB reducers are reported
in Table 5. The best (i.e., the lower) values are marked in bold text.

(b) Friction Identification Test C3D
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Fig. 8 Example of friction test results (motor torque over motor speed) for the CFB (a) and C3D (b) prototypes. The motor
torque data are represented by the thin lines, while the fitted models are displayed in thicker lines for the CFB and C3D.
The fitted Stribeck models portray distinctly the clear differences between the breakaway torques and the Coulomb static
component.
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Table 5 Results from the friction tests

D Breakaway friction (mN m)
CO030 [21] 22.3+0.71

CFB 75.12+0.61

C3D 27.59+0.15

ID Coulomb friction (mN m)
CO030 [21] 22.3+0.71

CFB 31.55+1.29

C3D 16.39 +0.72

ID Viscous factor (mN ms/rad)
CO030 [21] 0.91+0.11x107"
CFB 0.59+0.11x 107"
C3D 0.37 +0.08x 107"

For the CO30 reducer from Ref. [21], the Coulomb static friction has been
employed as a reference breakaway value.
Bold characters have been employed to highlight the best results.

i Example of a Speed Regularity test [CFB]
—Speed reference|

100k Motor speed o ;'I
Quitput speed /i f A [
7 50} Ferhin
3 b
5 0
] Iy
2
@
50 |
-100 ¥ '-l
-150 = 0
20 40 60 BO 100 120 140 160 180

Time [s]

Fig. 9 [lllustration of the results from a representative speed
regularity experiment carried out on CFB. The reference input
(the step fucntion) is a sequence of velocity steps ranging
from 0 to 120rad/s and then to —120rad/s in steps of
20rad/s. The additional traces correspond to the motor velocity
and the reducer output velocity, the latter scaled by the trans-
mission ratio i to allow direct visual comparison with the
motor speed.

From these data, it is clear how the 3D-printed bearing structures
embedded in the C3D reducer parts decisively improve both the
static and viscous friction coefficients.

Furthermore, the results show how the fitted Stribeck friction for
the C3D design displays better values than the ones reported for
other state-of-the-art 3D-printed gearboxes [13,20,34] and trans-
mission systems for lightweight assistive wearable exoskeletons,
such as the one presented in Ref. [40], where the best reported
values for static and viscous friction among the various mentioned
works are, respectively, 11 mN m and 5 mN ms/rad.

3.5 Speed Regularity. Figure 9 shows an example of the data
collected during a regularity test, with steps of 20rad/s ranging
from O to +120rad/s. The motor speed reference and the actual

motor speed are plotted together with the reducer’s output velocity
rescaled by the reduction ratio i in order to better visualize the
actual values on the same plot. For computing the regularity, the
velocity transient phases from one step to another have been
ignored, and only the regimen conditions have been employed.
Table 6 presents the reducers’ regularity values for the evaluated
velocities. The best values for each velocity step are presented in
bold characters.

The regularity data reported in Table 6 confirm that both the
examined reducers exhibit consistently high performance across
a wide range of motor speeds (20-120rad/s), with total average
regularity values (reported as Rror) above 96.7%. This indicates
that all tested configurations—the reference CO30, CFB, and
C3D—maintain stable output speed profiles, which is essential
for reliable operation in wearable robotics. These regularity
values approximately correspond to the best result from previous
works [13,21], where other architectures displayed even signifi-
cantly lower performance (regularities between 89.56% and
96.96%), confirming the high-quality results obtained by the
tested prototypes and assessing the capability of the fully printed
device to maintain valuable performances.

Notably, the best regularity values at each speed are highlighted
in bold in the table, and the C3D reducer achieves the highest
overall regularity (Rror =96.93%). Despite using fully
3D-printed sliding guides in place of conventional rolling bearings,
the C3D maintains, and in some cases improves upon, the speed
regularity compared to the other devices and the other gearboxes
from Refs. [13,21]. This clearly demonstrates that the integration
of 3D-printed compliant guiding structures does not degrade the
system’s kinematic consistency. The results validate the suitability
of all the designs, and importantly, support the viability of
low-cost, additively manufactured solutions like the C3D, which
combine mechanical simplicity with competitive regularity
performance.

3.6 Encumbrance, Weight, and Cost. Tables 7 and 8 reports
the main dimensional and economic indicators of the three com-
pound planetary reducers under comparison. The best values are
marked in bold text. The different choice in the gear train tooth
number has impacted favorably the weight, overall size, and
cost. Thus, a definite improvement with respect to the prior
design has been achieved. Moreover, while CO30 (1:30 reduction
ratio) and the CFB prototype share a conventional architecture,
where polymer gears are combined with standard steel
rolling-element bearings, the fact that in the C3D prototype, the
larger bearings are replaced with custom 3D-printed races and
stainless-steel balls enables a predictable major decrease in size,
mass, and cost. Specifically, the C3D external diameter and
height are reduced by approximately 30% and 20% with respect
to the reference design CO30, resulting in a total weight of 178
g, nearly half of the baseline 364 g and substantially lighter than
the 261 g of the CFB. The adoption of the simplified 3D-printed
bearing solution also yields a remarkable cost reduction, with the
total expense dropping to less than 50€, compared to over 80€for
the conventional baseline and about 70€for the CFB.

Concerning the axial expansion, the C3D prototype, despite dis-
playing a definite improvement with respect to the previous CO30
and the CFB gearboxes, does not surpass the current
state-of-the-art. This is a limitation due to the planetary compound
architecture itself, since two planetary stages are disposed in series

Table 6 Regularity of the reducers at the investigated motor velocities

Motor speed (rad/s) 20 40 60 80 100 120 Rror
CO30 [21] regularity (%) 97.86 96.55 95.88 96.75 97.09 96.41 96.76
CFB regularity (%) 95.36 96.59 97.15 97.10 97.24 97.08 96.75
C3D regularity (%) 95.85 97.07 97.26 97.31 97.18 96.94 96.93

Journal of Mechanical Design
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Table 7 Encumbrances of the presented reducers

D Diameter (mm) Height (mm)
CO30 [21] 100 53.6
CFB 90 48.4
C3D 70 43

Table 8 Weight and cost of the presented reducers

D Weight (g) Cost ()
CO30 [21] 364 83.17
CFB 261 70.23
C3D 178 46.69

axially. This constraint could be partially addressed by employing
stronger printable materials, thus reducing the height of the planets
and rings. Nevertheless, the C3D design displayed radial encum-
brance, weight, and cost that outperform previous state-of-the-art
3D-printed reducers [13,20,21,27,30], despite most of them imple-
menting lower reduction ratios (e.g., 11:1, 8:1). In these works, the
best reported values for radial encumbrance, weight, and overall
cost are, respectively, 78 mm, 184 g, and 51.34€. It should be
noted that all these values, which are the lowest reported for a
3D-printed reducer in the literature, correspond to the CY80v1
from [21], a compact-cam cycloidal reducer. Additionally, C3D
demonstrated strongly lower weights and radial encumbrances
with respect to other gearboxes employed in hip assistive exoskel-
etons (such as the examples mentioned in Ref. [10], where,
however, the authors do not report the actuators’ prices). Addition-
ally, according to the analysis performed in Ref. [41], where the
authors review a wide variety of lower limb exoskeletons actuators
analyzing the reducers’ weights and reduction ratios, no reducers
with a weight below 340 g have been reported in the literature.
These considerations strongly enforce the future employment of
the proposed gearboxes (especially C3D) in lightweight assistive
wearable devices.

3.7 Conclusive Overview

3.7.1 Overall Performance Considerations. The presented
comparative analysis highlights the advantages of the proposed
reducer architectures with respect to existing 3D-printed and con-
ventional designs. Both the CFB and C3D prototypes consistently
demonstrated valuable improvements in key performance indica-
tors, including gear play, backdrive torque, stiffness, friction, and
overall compactness. In particular, the C3D design proved to be
especially effective, achieving the lowest backdrive torque
(0.42 £ 0.063N m) and friction coefficients, while maintaining
gear play values (0.195 + 0.084 deg) comparable to the CFB proto-
type, despite the use of custom 3D-printed bearing structures.

Furthermore, the C3D reducer displayed clear advantages in
weight (178 g), overall encumbrance, and cost (46.69€), outper-
forming both the prior baseline design and the CFB prototype.
These aspects are particularly relevant for wearable assistive robot-
ics, where compactness, backdriveability, low-friction, and low
weight directly impact device ergonomics and user comfort. This
confirms the suitability of the C3D architecture for transparent
physical interaction.

Overall, the results validate the potential of compound planetary
architectures with additively manufactured bearing elements as a
promising direction for low-cost, lightweight, and high-
performance actuators. The embedment of 3D-printed bearing
systems in gearboxes not only decreases friction, encumbrance,
mass, and cost—critical aspects in wearable robotics applications

113501-10 / Vol. 148, NOVEMBER 2026

—but also enables a fully customized design while maintaining
the same kinematic architecture.

3.7.2 Limitations. In this work, our goal was the evaluation
of the effects of substituting classic metal-built bearings with cus-
tomized polymeric races for steel rollers in 3D-printed gearboxes.
Thus, the presented analysis focused on the key parameters that
assess the value of a reduction gearbox, such as friction, backdri-
veability, regularity, and gear play. The next step, aiming for a
complete validation of the employment of this structural solution
in exoskeleton actuators, consists of carrying out a durability
analysis of these 3D-printed bearings. Indeed, while in the liter-
ature various works focus on the life-cycle of printed gears
[33,42-44] assessing their durability value, to the authors’ knowl-
edge, no previous examinations of 3D-printed bearings have been
conducted. Considering the proven level of endurance of plastic
gears, it is reasonable to think that the polymeric bearings
could maintain sustained integrity, given the difference in solici-
tation with respect to the teeth of the gearing components.
However, a systematic analysis must be conducted to definitely
prove these considerations. Therefore, given the definitely bene-
ficial effect that 3D-printed polymeric races have demonstrated
on the reducer’s performance, it will be fundamental to carry
out an extensive experimental evaluation of the printed races’
resistivity.

4 Conclusions and Future Works

In this work, we presented the design, prototyping, and evalua-
tion of two open-source 3D-printed compound planetary reducers
conceived for lightweight and cost-effective wearable robots.
The first implementation (CFB) followed a conventional configura-
tion with standard steel bearings, while the second (C3D) intro-
duced a novel solution based on an integrated custom 3D-printed
bearing guides. This design choice led to a substantial reduction
in friction, backdriveability, weight, and manufacturing cost com-
pared to state-of-the-art 3D-printed and metal-built reducers
designed for robotics and assistive exoskeletons applications,
while maintaining valuable levels of stiffness and speed regularity.
The comparative experimental assessment highlighted how the
introduction of printed bearing systems offers a promising alterna-
tive for lightweight and cost-effective actuation in assistive
exoskeletons.

Future work will focus on several directions. First, a more com-
prehensive analysis of long-term reliability and wear will be
carried out to definitely validate the applicability of the proposed
reducers in actual exoskeletons. Then, a systematic exploration
of different printable materials will be undertaken to optimize
both gears and bearing components, to enhance durability and com-
pactness. Moreover, the application of the 3D-printed bearings par-
adigm to other transmission architectures, such as cycloidal
reducers, will be considered to reach even lower weights and
encumbrances. Finally, future efforts will focus on integrating
the proposed reducers into a wearable assistive exoskeleton, in
order to experimentally validate their effectiveness in real-world
human-robot interaction scenarios.
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