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ABSTRACT The recent advancements in assistive exoskeletons have highlighted their effectiveness
in reducing the users’ metabolic consumption, providing functional compensation, and preventing
biomechanical overloads. The exoskeletons’ transmission mechanisms are essential for guaranteeing their
effectiveness, safety, and comfort. Therefore, lightweight, efficient, backdriveable, and minimally bulky
reduction gearboxes with low mechanical output impedance have become a widespread choice in modular
assistive exoskeletons. In previous works, the value of the cycloid-planetary series transmission has
been assessed. However, the previous design turned out to be too bulky in the axial direction. In this
paper, we propose a novel CYcloidal-PLanetary cOncentric series combination (CYPLO) that exploits a
compact-cam cycloidal architecture nested inside the sun of a planetary stage. This design enables valuable
performance regarding key gearbox features such as regularity, friction, and gear play, while maintaining
an extremely advantageous compactness in the axial direction and significant backdriveability even for high
transmission ratios. A reducer implementing this novel solution has been designed, developed through 3D
printing, and examined experimentally to evaluate its performance with respect to the previous designs and
state-of-the-art gearboxes employed in wearable devices’ actuators. The results show that this transmission
architecture represents a valid solution for lightweight assistive exoskeletons, allowing for high reduction
ratios while maintaining compactness and backdriveability.

INDEX TERMS Cycloidal, planetary, gearbox, 3D-print, exoskeletons, actuation, assistance.

I. INTRODUCTION
In recent years, wearable exoskeletons have emerged as
a promising solution to enhance human motor functions
in diverse domains [1]. These systems are increasingly
integrated into occupational environments to mitigate muscu-
loskeletal stress [2], used in clinical rehabilitation to facilitate
recovery of motor functions [3], [4], and are employed as
assistive devices to support people with limited mobility
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in performing daily tasks [5], [6]. These wearable systems
are designed to facilitate human motion and alleviate the
biomechanical loads during multiple tasks while guarantee-
ing a safe and ergonomic physical Human-Robot Interaction
(pHRI) [7]. In the development of wearable exoskeletons,
the choice of the transmission or reduction systems plays
a key role in determining the actuator’s performance, such
as torque output, back-drivability, energy efficiency, and
form factor, all of which are fundamental to ensuring
safe, effective, and ergonomic assistance to the user [8].
Indeed, the central requirement in the actuation of wearable
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robots, particularly in assistive exoskeletons, is the design
of efficient, backdriveable, and lightweight actuators that
provide sufficient torque while limiting encumbrances and
maintaining low output impedance [9]. These attributes are
essential not only to ensure user comfort and safety but also
to enable intuitive control strategies, allowing the wearers to
remain in charge of their motion during assisted walking, thus
guaranteeing transparency [10].

Several actuation technologies have been investigated to
meet these demands [11]. Among the existing alternatives,
spanning from hydraulically actuated exoskeletons [12]
to pneumatic [13], from the literature, the paradigm that
includes an electric motor and a reduction system emerges
as the most popular option [14], [15]. Implementations
of this actuation criterion range from quasi-direct drive
actuators [16], [17] to designs that implement higher
transmission ratios [18]. The choice of the proper reduction
gearbox among the existing solutions attempts to find a
balance between torque density, mechanical efficiency, and
back-drivability, albeit often at the expense of increased
encumbrance, complexity, and cost [19].
Within the broad domain of compact speed reducers

suitable for wearable exoskeletons actuation, cycloidal [20]
and planetary [21] transmissions have been studied both
independently and combined into hybrid architectures such
as the RV reducers [22]. Cycloidal drives are known for
their high torque output, compactness, and smooth contact
dynamics, which enable superior load distribution and shock
resistance. However, traditional cycloidalmechanisms tend to
suffer from large radial dimensions [23]. On the other hand,
planetary gear systems offer efficient power transmission
in a coaxial form factor but are limited to implementing
lower reduction ratios [24]. In previous work [25], the design
resulting from the integration of these two architectures in a
Cycloidal-Planetary Series combination (CP) demonstrated
promising performance in backdriveability, friction, and
mechanical robustness. However, since the two reducers’
stages were stacked in series, that attempt displayed consid-
erable drawbacks in weight, cost, and axial encumbrance,
particularly for applications in wearable assistive devices.

To address these limitations, this work introduces a novel
Flat CYcloidal-PLanetary cOncentric architecture (CYPLO),
conceived explicitly for exoskeletons’ actuation. The key
advantage lies in embedding a compact-cam-based [25],
[26], [27] cycloidal stage within the sun of a planetary
gearbox, thereby achieving a nested, integrated transmission
system that significantly reduces axial encumbrances, aiming
for an advantageous form factor for assistive wearable
devices. Moreover, this design enables a substantial reduction
in component count and overall weight (thanks to the
employment of a compact-cam architecture for the cycloidal
stage) while providing a considerable back-drivability even
for high reduction ratios. The novel CYPLO reducer could
be proficiently employed for actuator modules in hip and
knee joints of assistive lower-limb exoskeletons, enabling

FIGURE 1. Photos of the prototype implementing the presented CYPLO
architecture. Starting from the left, in the upper part of the figure, the
ring, lower carrier, and planets of the planetary stage are represented,
assembled around the first Compact-cam cycloidal stage. The latter
includes the first set of rollers, the eccentric shaft, and the compact-cam
double disk. The two images in the lower left part present the two views
of the same component, that is to say, the sun of the planetary stage and
the moving cycloidal base, which contains the rollers for the second stage
of the compact-cam architecture. Finally, on the right, the photo
illustrates how the cycloidal compact-cam stage is included in the
planetary design. The upper part of the planetary carrier was not
assembled to clearly display the inner parts of the mechanism.

the employment of high reduction ratios without giving up
key features such as compactness and backdriveability. Some
photos of the prototype implementing the CYPLO architec-
ture that has been employed for an experimental evaluation
of the proposed architecture’s performance are reported in
Figure 1, where the nested concentric combination of the
compact-cam cycloidal and the external planetary stages is
displayed. Previous research has explored cycloidal-based
nested designs such as the Three-Stage Cycloidal Nested
gearbox (TSCN) from [28], which addresses the form
factor-ratio limitations of traditional cycloidal mechanisms,
proposing a nested architecture for improving the power den-
sity of the resulting reducer. However, being based solely on
the cycloidal working principle, high-ratio implementations
of the TSCN require a high number of rollers (or rolling
elements) to meet the torque requirements, thus influencing
the transmission’s encumbrance, weight, and cost. Moreover,
the TSCN design does not guarantee adequate performance
in terms of backdrivability.

To present a comprehensive evaluation of the proposed
design, this study assesses the reducer’s performance regard-
ing key features for transmission systems, such as friction,
backdriveability, gear play, stiffness, and regularity. The
presented metrics are then evaluated and discussed regarding
the employment of the presented device in wearable robotics
applications.

The main contributions of this paper are the following:

• The definition of a novel flat concentric cycloidal-
planetary transmission architecture that integrates a
Compact-Cam cycloidal phase within a planetary
reduction stage. This design, conceived for compact
and efficient integration in wearable assistive devices,
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enables high transmission ratios while guaranteeing
significant backdriveability and compactness.

• The design of a 3D-printed prototype implementing
a 1:52.5 reduction ratio. In addition to the CAD
files and bill of materials of the presented prototype,
an executable tool (and its source Python code) for the
geometric design of a customCYPLO reduction gearbox
is available at [29].

• The experimental assessment of the presented prototype,
evaluated both with respect to other state-of-the-art
gearboxes (including the previous Cycloidal-Planetary
series transmissions from [25]) and to validate its use in
an actuation module for assistive exoskeletons.

The remainder of this paper is organized as follows:
Section II presents the design and implementation of the
novel Nested Flat Cycloidal-Planetary reducer architecture,
then describing the setup and methodology employed for the
experimental assessment. Section III reports and discusses
the results of the performance evaluation. Finally, Section IV
concludes the paper and suggests directions for future
research in the development of lightweight transmission
systems for human-centered robotics.

II. MATERIALS AND METHODS
A. BACKGROUND
Before presenting the novel CYPLO combination, brief
descriptions of the compact-cam cycloidal architecture and
the epicyclic planetary design are depicted.

1) CYCLOIDAL COMPACT-CAM DESIGN
The compact-cam cycloidal architecture has been developed
to further miniaturize gearboxes without sacrificing the
reduction ratio [26]. This configuration simplifies the clas-
sical mechanism by employing a single eccentric crankshaft
and a pair of rigidly connected cycloidal disks, thus deleting
the need for a carrier. This allows for the implementation of
high reduction ratios in a compact radial form.

Given the Cycloidal Compact-cam stage reduction ratio:

i =
n1 Nr2

n1 Nr2 − n2 Nr1
, (1)

ni denotes the number of disk lobes at the ith stage and Nri
represents the number of rollers at the ith stage. For designing
the CYPLO prototype, the employed cycloidal profiles were
defined such that ni = Nri − 1.
The main limitation of this architecture consists of the

restrictive relation between the number and dimensions of the
rollers, the eccentricity, the torque capacity, and the resulting
backdriveability. Despite allowing for high transmission
ratios with a limited number of rollers in the two stages
and a lower mechanical complexity (the cycloidal carrier is
not included in this design), the output torque capabilities
are restricted by the eccentricity and the number of rollers:
indeed, disks with low eccentricities and few rollers are not
capable of exerting high torques. Nonetheless, increasing the
number of rollers and the eccentricity hinders the reducer’s

simplicity (increasing weight, cost, and volume) and severely
impacts the resulting backdriveability, as confirmed by
the results presented in our previous work [25] about the
evaluated compact-cam prototypes.

2) EPICYCLIC PLANETARY STAGE
Planetary transmissions have four main components: the sun
gear, planetary gears, the carrier, and the ring gear, which is
the only internally toothed component of the reducer. This
kind of mechanism comprehends several modes of operation,
determined by which parts are fixed and which parts rotate.
Typically, only two of the three sets of gears will rotate.
Concerning the implementations presented in this work, the
planetary configuration consists of a fixed ring gear, a rotating
sun gear as the input, and a rotating carrier (connected to the
planet gears) as the output.

The gear ratio in a planetary transmission is determined
by the difference in the number of teeth on the ring gear and
the sun gear. Given the following equations, which represent
the sun–planet and planet–ring interactions, respectively, the
overall gear ratio of a planetary gearbox can be deduced in
the generic case, which involves the rotation of the gears:

Nsωs + Npωp − (Ns + Np)ωc = 0 (2)

Nrωr + Npωp − (Nr + Np)ωc = 0 (3)

where N stands for the number of teeth, ω represents the
rotating velocity, and the subscripts s, p, r , and c denote
sun, planet, ring, and carrier, respectively. Concerning the
planetary gear sets presented in this work, we consider the
relation between the number of teeth:

Nr = Ns + 2Np. (4)

Moreover, as mentioned previously, the ring gear is
fixed in the designed gearboxes, so ωr = 0. Finally,
the transmission ratio considered here for the single-stage
planetary transmissions is as follows:

ωc

ωs
=

Ns
Ns + Nr

. (5)

Usually, simple epicyclic planetary stages used with a
stationary ring gear are used for implementing gear ratios that
vary from 1:3 to 1:9, which displays a clear limitation if the
target ratio is higher, forcing to resort to complex compound
architectures or multiple planetary stages. Moreover, the
higher the desired ratio, the bigger the planets have to be with
respect to the sun, highly impacting the reducer’s volume and
weight.

B. CYPLO ARCHITECTURE
This study presents a novel transmission system conceived
for wearable exoskeleton applications, improving the pre-
vious hybrid Cycloidal-Planetary reducer architecture by
embedding a compact-cam cycloidal stage into the sun of
a planetary gearbox. The core novelty of this architecture
lies in its spatial integration strategy: the cycloidal reduction

VOLUME 13, 2025 202621



R. Bezzini et al.: Design of a Cycloidal-Planetary Series Reducer and Experimental Assessment

stage is embedded concentrically within the Sun gear
of the planetary stage, significantly reducing axial length
without compromisingmechanical performance. In this novel
configuration, the output of the compact-cam gearbox and the
sun gear (i.e., the input of the planetary stage) are actually
the same component. This design represents an evolution
of the previous Cycloidal-Planetary configuration [25],
aiming for the maintenance of the previously established
significant features while improving compactness even for
high reduction ratios, an essential characteristic for wearable
devices’ actuators.

FIGURE 2. Schematic illustration of the structure of the
cycloidal-planetary CYPLO series reducer. The acronyms reported are
abbreviations for the parts illustrated with the same color. IN refers to the
input shaft (in black) with a single eccentric section. FCB refers to the
fixed cycloidal base (in light grey), to which the rollers (R, in light green)
are connected. CD refers to the compact-cam cycloidal disk. CC refers to
the cycloidal carrier (depicted in blue), which is also the planetary Sun, S.
P stands for planet (in red), while FPR refers to the fixed planetary ring,
which is rigidly connected to the cycloidal base. PC refers to the planetary
carrier that corresponds to the output of this reducer.

To overcome these limitations, the novel design imple-
ments a flat, nested configuration, wherein the cycloidal stage
occupies the internal volume of the Sun gear. This nesting not
only reduces the total axial dimension but also allows for a
decrease in overall mass and component count, thanks to the
substitution of the classic cycloidal stage with the compact-
cam architecture. Indeed, traditional cycloidal reducers
display high radial encumbrances. A schematic cross-
sectional illustration of the proposed architecture is reported
in Figure 2, where all the components are represented in
different colors to facilitate the comprehension of the design.
This spatially efficient layout enables higher gear ratios to be
implemented without increasing the gearbox encumbrance,
a critical factor for applications demanding unobtrusive
wearability. Moreover, unlike other architectures (such as
the harmonic drive) that allow for high transmission ratios
while maintaining a flattened shape, the CYPLO design,
through the series combination of a cycloidal and a planetary
stage, is supposed to guarantee significant backdriveability
and low output impedance for improved transparency and
user comfort in wearable robotics applications.

To sum up, this design aims at combining the high-ratio
capacity and low mechanical complexity (leading to low
weight and low encumbrance) of the compact-cam cycloidal
design with the high torque capability of spur gears,

which, on the other hand, are limited in transmission ratio,
as explained previously. Including one stage inside the other
and employing a single component both as the sun of the
planetary stage and the moving base of the compact-cam
reducer drastically reduces the axial encumbrance, whose
limit is actually imposed by the choice of the rollers and
bearings employed. As the nested architecture poses some
strict constraints on the design of the two stages of the
presented architecture, we provide a straightforward tool
for supporting the geometric design choices during the
development of a CYPLO reducer.

1) CYPLO GEOMETRIC DESIGN TOOL
To facilitate and encourage the exploration and analysis of the
proposed nested cycloidal-planetary architecture, we provide
an executable tool and its source code at [29] for the
geometric definition of a custom CYPLO reducer. Starting
from the user’s definition of the desired outer planetary
stage ratio and maximum radial encumbrance, the proposed
instrument first asks the user for the desired gear module.
Then, given the previously gathered information, the tool
presents all the possible combinations of teth numbers (and
possible equivalently distant planet gears) to obtain the target
i (see equation 5). Once the planetary stage has been defined,
given that the cycloidal stage is contained in the sun gear
(which will be the compact-cam output), a radial constraint
is defined for the encumbrance of the compact-cam stages.
The user then inserts the diameter of the rollers that should
be used. Based on this feature and given the sun dimensions,
the maximum number of rollers that can be employed for a
cycloidal stage is defined and employed to compute all the
possible combinations of the number of rollers for the two
stages N1 and N2 that can produce the compact-cam desired
reduction ratio, The remaining parameters (E , D1, D2) for
the cycloidal profile delineation are requested (and checked
base on the mentioned restrictions). At this point, a compact-
cam geometry is arranged. After defining the necessary
geometrical variables, the resulting cycloidal profiles and set
of rollers are displayed through sketches, allowing the user to
review their choices and optionally adjust some parameters.
Once all the selected variables are confirmed, two figures
show the resulting view of the two cycloidal stages contained
in the planetary sun gear (for simplicity, the sun, ring, and
planets are represented through circles with a diameter equal
to the primitive circles of the gears).

The resulting CYPLO gearbox has a combined reduction
ratio of:

iTOT =
Nsn1 Nr2

(Ns + Nr )(n1 Nr2 − n2 Nr1)
(6)

C. 3D-PRINTED PROTOTYPE
1) DESIGN ASSUMPTIONS AND CONSTRAINTS
The final goal regarding the CYPLO prototype’s volume
and weight was to strongly decrease the previous CP30 and
CP80 axial encumbrance to provide a transmission whose
form factor converged to a flat shape. Since the previous
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Cycloidal-Planetary reducers from [25] were composed by
stacking the two stages in the axial direction, their radial
encumbrance resulted in a quite low value (78 mm diameter).
With the CYPLO architecture, we do not aim at limiting the
reducer’s horizontal expansion, as a flat form actually fits
the needs in most wearable assistive devices, reducing the
overall augmentation of the user volume while wearing the
exoskeleton. Therefore, based on previous results and state-
of-the-art standards, we set the prototype limits at 90 mm
for the diameter and 35 mm for the axial encumbrance.
Regarding the target ratio, we aimed for a value between the
ones explored in our previous work for a fair comparison
with both the previous prototypes. Moreover, given the aim of
employing the resulting device in exoskeletons, a reasonable
target appeared to be around 1:50, implemented in multiple
wearable devices [30], [31], [32].

TABLE 1. Design parameters of the presented CYPLO 3D-printed
prototype.

2) GEARBOX DESIGN AND PARAMETERS
Employing the procedure implemented in the available
CYPLO tool (and aiming for low weights in the choice
of bearings), the resulting device’s design parameters were
chosen. Their values are reported in Table 1. The designed
reducer achieves a total gear ratio of 1:52.5. This ratio
ensures sufficient torque amplification from compact electric
motors while maintaining low impedance and responsiveness
in backdrive scenarios, critical for safety and compliance in
human-exoskeleton interaction. The gear ratio is achieved
through the two-stage cycloidal-planetary combination: the
compact-cam cycloidal stage contributes a ratio of 1:17.5,
while the planetary stage adds a subsequent 1:3 multiplica-
tion, resulting in a compact 1:52.5 overall reduction. As the
goal ratio was set to 1:50 (with a ± 3 tolerance, which is

FIGURE 3. CAD section views of the CYPLO prototype. The colors
employed match the ones in Figure 2. The view presented in Figure 3(b) is
similar to the one illustrated in the photos from Figure 1. The fixed
cycloidal base and the fixed planetary ring are depicted in light grey. The
input shaft with the eccentric cam is in dark grey. The bearings employed
as rollers in the cycloidal stage are illustrated in light green, while the
structural bearings are yellow. The compact cam cycloidal disk is
turquoise. The moving cycloidal base (that is also the sun of the planetary
stage) is displayed in blue. The planet gears are red, while the planetary
carrier (which is also the whole reducer’s output) is orange.

needed as the cycloidal compact-cam architecture has not
only precise resulting ratios), the planetary set was kept as
limited in dimensions as possible. Indeed, with the blocked
ring and input sun, the ratio rises only by increasing the
planets’ teeth (as the sun dimension cannot be decreased
excessively since it should contain the cycloidal stage). The
selected teeth distribution was employed because it allowed
for an equally spaced distribution of a high number of
planets (6), according to the rule:

Ns + Nr
np

= I (7)

where np represents the number of planets and I ∈ Z.
Consequently, the internal compact-cam stage implements
a quite low ratio (considering the possibilities given by
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the design itself), included between 1:15.67 and 1:17.67
(considering the previously mentioned tolerance). The cho-
sen number of rollers and eccentricity were the result of
a trade-off between a reasonable torque capacity (which
demands for high number of rollers and eccentricity) and a
low backdrive torque (that on the contrary, gets higher with
the eccentricity). Two CAD section views of the resulting
prototype are reported in Figure 3, employing the same colors
used in the Figure 2 for the displayed components to facilitate
the interpretation of the parts.

3) MATERIALS, PRINTERS, AND COMPONENTS
To develop the CYPLO prototype, Ultimaker PLA and
Ultimaker Nylon12-CF have been employed, given their
valuable combination of low costs and significant mechanical
properties [33], [34].More precisely, PLA has been employed
for the shaft and the gears that compose the planetary
stage, while Nylon12CF has been used for the compact-cam
cycloidal disk and the planetary carrier, i.e., the reducer’s
output. The manufacturing process involved the use of the
Ultimaker S7 Pro Bundle and the Ultimaker Method XL
printers, with slicing carried out via Ultimaker Cura. The
parts that were not produced through 3D printing were the
bearings, screws, and nuts. The bill of materials and CAD
files of the presented prototypes are available at [29], together
with the executable geometric design tool and its source
Python code.

D. EXPERIMENTAL EVALUATION
In this section, the experimental setup employed to evaluate
the chosen metrics is described. Then, the selected perfor-
mance metrics are presented, together with the respective
experimental protocols defined for evaluating the CYPLO
prototype with respect to different Cycloidal-Planetary Series
combinations and other garboxes.

1) TEST BENCH SETUP
The experimental setup is composed of a brushless motor
(EC 90 flat, 360 W, phi90 mm, Maxon, Bad Homburg,
Germany), which includes an integrated 2-channel encoder
(MILE 512–6400CPT,Maxon) coupled to the reducer’s input
shaft through the 3D-printed motor support. The reducer’s
output component is connected to an incremental magnetic
encoder (H2 Series, Phoenix America, FortWayne, IN, USA)
that is fixed to the support structure through a 3D-printed
part. All the mentioned components are fixed to horizontal
aluminum beams through a 3D-printed support structure.
The motor-encoder assembly is controlled by a three-phase
brushless DC motor driver (STEVAL-SPIN3201, STMicro-
electronics, Geneva, Switzerland). The magnetic encoder and
the two load cells (CZL635, Phidgets Inc.), which 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-F767ZI, STMicroelectronics).
Both these boards are connected to the central unit (Intel

NUC 11 Pro, i7-1165G7) running Windows 11 and Simulink
(MATLAB, Mathworks Inc., Natick, MA, USA), where a
PID controller (discrete PID controller, Simulink block) is
designed to manage the motor’s speed, depending on the
performed test. A custom Kalman filter (Matlab function,
Simulink block) is employed to estimate the motor speed
to be employed as a feedback for the velocity control. The
registered data in the output log files for the performed tests
includes the motor’s position, estimated speed, and current,
the load cells’ force signal, the reference control signal, the
base timer, and themagnetic encoder reading for the reducer’s
output position.

FIGURE 4. Experimental setup employed for testing the CYPLO prototype.
The two photos and the notes clarify the composition of the experimental
setup, both in the configuration with and without the output arm and the
load cells.

Figure 4 displays the setup with photos of the two exploited
experimental arrangements, where the main components are
illustrated and pointed out. As can be noted from these
figures, one configuration does not involve the use of the
output arm, since the tests conducted in this arrangement
did not include output forces or torques measurements. The
output arm is composed of two 20× 20mm aluminum beams
held together with 3D-printed parts, which also include the
terminal elements that can be coupled with the load cells
assembly components.

2) EVALUATION METRICS AND PROTOCOLS
To evaluate the CYPLO prototype’s performance (and
compare it with the previous design from [25]), the following
metrics have been taken into consideration. For each analyzed
metric, the experimental protocol is explained.

a: FRICTION
Represents the torque that the motor has to exert to counteract
static (Coulomb) and dynamic (viscous) resistances opposing
reducer motion. Quantifying internal friction is critical for
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applying compensation strategies, which in turn improve
actuator transparency in pHRI.

The motor’s internal static and viscous friction were
identified by commanding the motor to track multiple
slowly-ramping speed references. The resulting current
measurements were used to identify and fit a friction model
for a proper compensation. For each experiment, six velocity
ramp signals have been employed: three for positive and
three for negative speeds. The reference signals were built
to ramp from 0 to ±100 rad/s, following the methodology
reported in [35], with low accelerations of 0.1, 0.2, and
0.3 rad/s2. Each test was executed three times for the
proposed prototype. Given the results obtained in [25] for the
other printed gearboxes, at first, speed and torque data were
employed to fit the following asymmetric friction model:

τfr =

{
M+
c + d+

v ωm, if ωm ≥ 0,
−M−

c + d−
v ωm, if ωm ≤ 0,

(8)

where τfr denotes the friction torque, M+
c and M−

c the
Coulomb friction components (respectively for positive and
negative velocities), d+

v and d−
v the viscous coefficients, and

ωm the motor speed.
However, the recorded data were not compatible with the

model presented in Equation (8). Thus, we resorted to the
more detailed Stribeck friction curve, modeled according to
the following equation:

τfr =
√
2e (Mbrk −Mc) e

−

(
ω

ωst

)2
ω

ωst

+Mc tanh
(

ω

ωcoul

)
+ dω, (9)

with the characteristic velocities defined as

ωst = ωbrk
√
2, ωcoul =

ωbrk

10
, (10)

where M (v) is the friction Moment as a function of the
relative velocity v, Mbrk is the breakaway (stiction) friction
force, Mc is the Coulomb friction force, ωst is the Stribeck
velocity threshold, ωcoul is the Coulomb friction threshold
velocity, ωbrk is the breakaway velocity, d is the viscous
friction coefficient. All the mentioned velocities (referred
to as ω) refer to the motor speed. This model captures
the nonlinear decay of friction from the breakaway value
Mbrk toward the Coulomb level Mc as velocity increases,
with ωst shaping the Stribeck effect. At higher velocities,
the viscous term d becomes dominant, resulting in a linear
growth of friction. The presented model’s parameters were
identified by fitting the experimental data using MATLAB’s
lsqcurvefit nonlinear least-squares optimization function,
which minimizes the squared error between the measured
data and the model prediction. The suitability of the fitting
procedure was assessed through the evaluation of the
coefficient of determination R2, to ensure the reliability and
statistical robustness of the parameters’ estimation.

b: SPEED REGULARITY
Refers to the oscillatory deviation between the measured
reducer output speed and its theoretical value, which is
computed as the product of the motor angular velocity and
the transmission ratio. This value represents the expected
reducer’s output motion in ideal conditions, providing insight
about the stability and accuracy of speed transmission, as this
feature depends on the effects of the transmission error (TE).
This value is defined as the deviation between the actual
gearbox output angle and the expected output angle [36]:

TE = θout−iθin, (11)

where TE is the transmission error, θout the measured
output angle, θin the motor input angle, and i the nominal
reduction ratio. Building on the TE definition, the regularity
metric quantifies the deviation between the actual reducer’s
output speed and its theoretical value, providing a measure
of the actuator’s capability to track a precise velocity.
A PID controller was employed to regulate the motor speed
according to a sequence of step inputs ranging from 0 to
± 120 rad/s in increments of 20 rad/s, according to the
procedure employed in previous work [25], so that the
CYPLO prototype’s regularity could be compared fairly with
the other Cycloida-Planetary reducers. Each test was repeated
three times for both positive and negative velocities.

Regularity as a percentage value was then computed
according to the formula:

R = 100
(
1 −

1ωg

iωm

)
, (12)

where R denotes the regularity (expressed as %), ωg is the
measured gearbox’s output speed, i represents the reduction
ratio, and ωm the motor speed.

c: GEAR PLAY
This metric is defined as the output angular range of motion
that is observed with the motor input shaft locked, thus a
condition in which no resisting torque is transmitted from
the actuator. A smaller gear play reflects higher positional
accuracy in motion transmission.

The gear play was quantified by measuring the maximum
output displacement while keeping the motor’s shaft (thus
the reducer’s input) blocked. To avoid the effect of joint
stiffness, the procedure consisted of manually moving the
reducer’s output link without applying significant torque.
The measurement was repeated at i (i.e., the reducer’s
transmission ratio) consecutive motor positions, evenly
spaced by an entire 360◦ motor rotation completed manually,
to characterize the backlash over one full revolution of
the reducer’s output, aiming for a complete evaluation of
gear play in a high number of internal positions for the
gearbox’smechanism. TheCYPLOprototype’s gear playwas
tested in three different sections to ensure consistency of the
results.
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d: GEAR STIFFNESS
The CYPLO prototype’s stiffness can be defined as the ratio
between the applied torque at the output link (with the motor
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 physical human-robot interaction (pHRI).

The experimental setup for testing gear stiffness involved
the use of the output arm equipped with the load cell
assembly, mounted with a lever arm length of 0.43 m.
Transmission stiffness was identified by manually applying
a series of increasing loads to the arm end (directly on the
load cells) while recording the load-cell force signal. The
applied loads allow for testing the transmission stiffness up
to 35 Nm at the output (this value also includes the torque
contribution due to the weight of the arm and load cells
assembly). Testing the prototype up to this target torque
allows for an evaluation within a set of plausible values for
wearable assistive exoskeletons such as [37] and [38].

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

kg =
1τout

1θout
, (13)

where kg denotes the CYPLO transmission stiffness, 1τout
is the applied torque at the output arm, and 1θout is the
corresponding angular displacement registered through the
incremental encoder. For each loading process (from 0 Nm to
30-35 Nm), the mean stiffness has been computed. Then, the
mean value and standard deviation for each reducer have been
computed. As for the friction model fitting, the experimental
data from the stiffness tests were employed to minimize
the squared error with respect to the model prediction by
MATLAB’s lsqcurvefit function. The accuracy of the fitting
process was assessed using the coefficient of determination
(R2) to confirm the reliability and statistical soundness of the
estimated parameters.

e: BACKDRIVE TORQUE
The torque that must be applied to the output link through
the arm to initiate motor motion. This feature is influenced
by the inertia of the motor assembled with the reducer. This
characteristic is particularly relevant in actuators for wearable
exoskeletons, which must not hinder the user’s voluntary
movements. The more a reducer displays backdrivability, the
easier it is for the wearer to initiate motion without feeling
high undesired interaction forces [7], [39], [40].

The experimental setup to identify the CYPLO prototype
backdrive torque included both the output arm and the load
cells, whose weight is included in the computation of the
overall applied torque. 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 independent sessions.
Backdrive torque was then estimated by identifying motor
displacement — detected using a threshold of 0.18◦, which
is twice the motor encoder resolution - and calculating the
corresponding applied torque considering the load cells data,
the arm weight, and its angular position with respect to the
horizontal reference in which the experiment is initiated.
The mean value is computed based on all the performed
experiments, to account for potential differences depending
on the internal conditions of the gearbox.

f: SIZE, WEIGHT, AND COST
The reducers were fabricated using Ultimaker PLA (polylac-
tic acid) and Ultimaker Nylon12-CarbonFiber, so the overall
mass, bulk, and cost depend on the proportion in which
PLA and NY12CF are employed, and the quantity and type
of bearings and fasteners employed. Reducing mass and
bulk is essential in wearable robotics to enhance usability
and user acceptance. Moreover, achieving low production
costs without compromising mechanical performance is
fundamental to facilitating the widespread deployment of
assistive technologies.

Regarding the prototypes’ encumbrance, the maximum
height and diameter of the reducers were first derived from
the CADmodels and then verified through physical measure-
ments. The presented encumbrances report the gearboxes’
shapes without considering the connection with the employed
setup, implemented through four screws on a φ70 mm
circumference to connect the motor support and the reducer
to the printed support. Therefore, the comparison between the
encumbrances does not depend on the experimental setup,
but only on the prototypes’ design, so that a fair comparison,
even with other gearboxes from the literature, can be
conducted.

The overall cost was estimated by summing the price
of the non-printed components (e.g., bearings, screws, and
nuts) with the cost of the 3D-printed parts. The cost of
the PLA and N12CF elements was determined based on
their weight, accounting for the material price, the energy
consumption during fabrication, and the amortization of the
printers over their expected lifetime. For the non-printed
components, prices were obtained from the supplier’s catalog
and scaled according to the quantities employed for the
CYPLO prototype. Finally, the total mass of each reducer was
measured directly using a precision scale.

III. RESULTS AND DISCUSSION
The torque (current) and velocity data from one of the
friction tests, together with the respective friction model fit,
are illustrated in Figure 5. From the reported data, it is
clear how the Stribeck model was necessary for an accurate
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TABLE 2. Results from the friction tests. For the CP30 and CP80 reducers from [25], the Coulomb static friction has been employed as a reference
breakaway value.

TABLE 3. Results from the tests regarding Gear Play, Gear Stiffness, and Backdrive Torque. The best value for each feature is reported in bold.

description of the gearbox internal friction. The values
employed for the Stribeck friction model describing the
CYPLO prototype behavior are reported in Table 2, together
with the parameters of the two Cycloidal-Planetary reducers
from [25]. The friction characterization achieved an R2 value
of 0.88, demonstrating a high degree of consistency between
the empirical data and the obtained model. It should be noted
that, for a fair comparison, the CP30 and CP80 parameters
have been adapted to the Stribeck friction model, employing
the original Coulomb static variable for the Breakaway value.
The static friction presents higher values with respect to the
CP30 and CP80 devices, mainly due to the fact that during
the design of this prototype, lower tolerances were employed
to improve the poor gear play feature identified in the other
two Cycloidal-Planetary reducers, leading to slightly more
difficult assembly. However, despite being higher than the
CP30 and CP80 values, the static friction in the CYPLO
prototype is still significantly lower with respect to other
gearboxes [35], [41]. From the reported data, it is clear
that the proposed prototype shows a remarkably low viscous
friction component, as it is also confirmed by Figure 5,
where the friction rises only minimally with the velocity.
The 0.145 ± 0.021 10−1 value results notably negligible
value, especially considering other state-of-the-art printed
and metal-built gearboxes such as the ones from [25], [35],
and [41], where the lowest viscous coefficient reported is
3.57 10−5 Nms/rad. Therefore, the nested combination of the
two stages emerges as a valuable solution, since no increase
of motor torque (i.e., motor current) is required at higher
velocities, thus not reducing the actuator’s torque capacity at
higher speeds.

Concerning the backdrive torque, the discussed increase in
internal friction inevitably induces a higher torque required
to initiate the motor motion from the gearbox’s output side.
Nevertheless, the computed 1.08 Nm backdrive torque still
represents a highly viable solution for wearable devices.
Indeed, not only is this value lower than the one registered
for other reducers employed on wearable exoskeletons [16],
[41], but it is also a negligible quantity with respect to the

FIGURE 5. Example of data from one of the performed friction tests. The
motor torque is plotted with respect to the velocity. Also, the Stribeck
fitted model for the specific experiment is illustrated.

reducer’s torque capacity ( 35 Nm), consisting of just 3 % of
the allowed output torque.

As mentioned before, lower tolerances with respect to
our previous work [25] (which negatively influenced the
static breakaway and coulomb friction) were adopted to
improve the CP30 and CP80 gear plays (respectively, 1.1◦

and 0.89◦). As reported in the Table 3, the CYPLO prototype
exhibits a substantial gear play reduction of approximately
80–85% compared to the other devices, indicating a substan-
tial improvement, and proving to be better than the 3D-printed
cycloidal reducers from [23] and [35].

Regarding the gearbox stiffness, it is worth noting that mul-
tiple details in the design and manufacturing of the presented
prototype aimed at improving the reducer’s rigidity: the use of
Nylon12CarbonFiber for the cycloidal compact-cam disk, the
bigger module for the planetary gears and the higher number
of planets with respect to the CP30 and CP80 prototypes,
and the use of steel pins for reinforcing the planetary
carrier’s rigidity. Given these features, as confirmed by the
values reported in Table 3, the CYPLO prototype displays a
significant increase in stiffness, reaching a value of 859.6 ±

55.6 Nm/rad. This result indicates a highly reduced elastic
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deformation under torque, contributing to enhanced control
precision and dynamic responsiveness and thus confirming
the effectiveness of the proposed architecture in minimizing
mechanical compliance. The linear regression model used
to characterize the stiffness reached an R2 value of 0.81,
indicating a strong correspondence between the experimental
measurements and the fitted trend. The resulting CYPLO
stiffness is also higher than the values estimated for all the
reducers from our previous work [25].

FIGURE 6. Example of data from one of the performed Stiffness tests
during one of the three loading conditions. The applied torque (right
y-axis) and the output angular deflection (left y-axis) are illustrated with
respect to time.

FIGURE 7. Example of data from one of the performed Stiffness tests. The
applied torque on the gearbox output is plotted with respect to the
angular deflection. The red lines represent the three loading phases of
the considered test. The blue line represents the stiffness model fitted
through the gathered torque-deflection data.

As a more direct demonstration of the resulting stiffness,
Figure 6 illustrates the applied torque and resulting angular
deflection during one of the loading phases of a stiffness
test. From this image, the linear relation between torque

and deflection is quite evident. The same goes for the data
presented in Figure 7, where data from a complete stiffness
test (including three loading phases) are reported, illustrating
the output angular displacement with respect to the applied
torque and the fitted linear stiffness model. The three loading
phases demonstrate a fairly similar behavior.

Concerning the speed regularity of the presented CYPLO
prototype, the results for all the investigated motor veloc-
ities and the total regularity value are reported in the
Table 4, where the best values among the CP30, CP80,
and CYPLO prototypes are highlighted in bold characters.
The three considered reducers demonstrated consistently
high motion regularity across the entire speed range, with
mean values above 95%, indicating a relatively smooth
and stable torque transmission with acceptable transmission
errors. Among them, the CYPLO prototype achieved the
highest average regularity (96.23 ± 0.34 %), outperforming
the previous Cycloidal-Planetary prototypes. These results
confirm that the choices regarding the compact-cam stage
eccentricity for the proposed design effectively keep the
kinematic irregularities, typically associated with backlash
and transmission non-linearities, at a valuable level. This
is confirmed by the fact that these values are better than
all the regularities computed for the other cycloidal-based
reducers analyzed in our previous work [25]. Such valuable
behavior is particularly advantageous for wearable and
assistive robotic systems, where velocity smoothness directly
influences user comfort and control accuracy. Also, the
similarity of the regularity values for the different veloci-
ties demonstrates promising stability for wearable robotics
applications.

The sizes (maximum diameter and height), weights, and
costs of the CYPLO prototype are reported in Table 5,
together with the data from [25] for the CP30 and CP80
gearboxes. The best values are written in bold characters.

Regarding the cost, the low number of bearings needed for
the compact-cam design with respect to a classical cycloidal
stage benefits the overall price, which results in a reduction
of roughly 16–26% in cost. The overall cost surely confirms
the CYPLO design as a beneficial solution for cost-effective
gearboxes.

Concerning the height, the novel nested cycloidal-planetary
concentric series configuration proved itself worthy, provid-
ing an upper limit on the axial encumbrance independently
of the reduction ratio. The 30.25 m height proved to
be substantially lower with respect to all eight reducers
presented in [25], and even with reference to other 3D-printed
and metal-built gearboxes [16], [42], [43]. Clearly, the flat
design could increase in diameter depending on the choices
regarding the cycloidal and planetary stages, as explained
in the previous section. Anyway, this particular CYPLO
prototype shows quite a low radial encumbrance, especially
given the reduction ratio. Other gearboxes display higher
encumbrances, even when implementing lower transmission
ratios [35].
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TABLE 4. Regularity of the reducers at the investigated motor velocities.

TABLE 5. Encumbrances (maximum diameter and height), weight, and
cost of the presented reducers.

Considering the weight, which is a key feature for reducers
in exoskeletons, as it allows for lighter wearable devices
that result in more comfortable and easier-to-use devices, the
CYPLO prototype shows lower mass with respect to both
the CP30 and CP80 gearboxes. As for the price, the use
of a compact-cam cycloidal stage instead of a classical one
strongly reduces the number of components and thus the
reducer’s weight. Indeed, the proposed reducer displays a
remarkably lower mass with respect to other gearboxes [16],
[35], [42]. Taking as a reference the data reported in the
scoping review from [44] regarding the reducers employed
in exoskeletons, the overall CYPLO mass results well below
the lower presented weights of the analyzed transmissions.

A. OVERALL CONSIDERATIONS
The results confirmed that the CYPLO architecture sub-
stantially not only outperforms previous Cycloidal-Planetary
designs (CP30 and CP80), but also surpasses other state-
of-the-art 3D-printed and metal-built reducers for wearable
robotics. In particular, the CYPLO prototype achieved an
80-85% reduction in gear play with respect to CP30 and CP80
and a ≈50% increase in stiffness (859.6 ± 55.6 Nm /rad)
reaching a valid robustness for the range of torque of the
intended application. The proposed design also improved
speed regularity (96.23± 0.34%), andmaintained a low back-
drive torque (≈1 Nm, corresponding to ≈3% of rated output
torque). These performance improvements are achieved
while maintaining a flat geometry (30.45 mm height), a low
mass (271 g), and a reduced cost (97x20AC;), confirming
the effectiveness of the compact nested configuration. The
reduced axial size enables seamless integration into existing
wearable actuation modules without compromising torque
capability, while the lower friction, high regularity, and
enhanced stiffness support more transparent and accurate
assistance during physical human–robot interaction.

IV. CONCLUSION
This work presented the design of a novel nested
Cycloidal-Planetary Concentric architecture for gearboxes

conceived to enhance the actuation of assistive exoskeletons,
allowing for flat, compact, and lightweight reducers even
for high transmission ratios, accompanied by the realization
and experimental characterization of a CYPLO 3D-printed
prototype.Motivated by the limitations of existing gearboxes,
often constrained by excessive axial encumbrance, limited
stiffness, low backdriveability, and high cost, the proposed
approach combines a cycloidal compact-cam stage within a
planetary stage, achieving high reduction ratios within a flat
and lightweight configuration.

A comprehensive experimental assessment of the
3D-printed 52.5:1 prototype was carried out to assess its
frictional behavior, speed regularity, stiffness, gear play,
and backdrivability, following validated evaluation protocols
and therefore allowing for a fair comparison with previous
Cycloidal-Planetary designs and state-of-the-art gearboxes.
The collected results demonstrate that CYPLO reducers
represent a promising class of transmissions for assistive
exoskeletons, balancing efficiency, compactness, regularity,
and significant performance for all the analyzed metrics.
The modular architecture can be adapted to diverse joint
configurations, enabling the development of lightweight and
cost-effective assistive actuators. To encourage the use of this
architecture, a geometric design tool is provided, together
with the CAD files of the tested prototype.

Future work will focus on fabricating metal versions
of the CYPLO reducer to further increase load capacity,
optimizing the geometry to minimize encumbrances in
smaller-scale variants, and integrating the transmission into
a functional exoskeleton to assess its performance in real
human-assistance tasks. Moreover, the presented design
tool will be enhanced to include in the design process
considerations based on theoretical models to provide the
users with insights regarding the reducer’s performance based
on the selected design parameters.
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