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Abstract: In recent years, several legged /wheeled robots have been developed, and their effective
functionality in locomotion on uneven terrains has been proved. Many robotics researchers have been
focusing on improving the locomotion speed as well as the stability and robustness of such robots.
High-speed locomotion of robots is, however, subject to various design challenges, especially in the
development of actuators. The robotic applications that require high-speed motion in high-torque
operations along with the ability to manage dynamic physical interactions are not satisfied by
the conventional robotic actuators deploying high-reduction gearings. In this work, we present
a quasi-direct-drive actuator designed for continuous high-speed motions in high torque, such as
wheeled motions in mobile robots or joint motions in dynamic-legged robots. The presented actuator
exploits low-reduction gearing so that it can render over 26 Nm of continuous torque, while the
actuator speed can exceed 37 rad/s. Such characteristics enable the exhibition of dynamic motions
and can deal with large external impacts. The selection of the motor and design of the gearing
unit was carried out iteratively so that commercial items with minimum customization could be
employed and the outer diameters of the motor and the gearbox could match. A single-level planetary
gearbox was devised for the reduction unit to ensure high back-drivability and transparency of the
actuator, thereby making the actuator robust against external impacts and allowing for accurate
torque control using motor current measurement. The gear set design was carried out based on the
AGMA gear torque calculation. Given the radial space required for the gearbox to deal with the
torque requirements, the actuator motor was chosen to be small in height (pancake type), which
ensures high torque density within smaller dimensions at high-speed operation. The mechanical
design of the actuator is presented in this paper, and the actuator’s specifications in terms of size and
performance are compared with those of similar state-of-the-art actuators.

Keywords: actuator; direct drive; back-drivable

1. Introduction

The development of legged /wheeled robots has allowed the exploration of external environments
for applications such as urban search and rescue. Such applications often include maneuvers in rough
and uneven terrains that are subject to unexpected interactions and abrupt impacts. To account for
different performance criteria, including mechanical resilience and energy efficiency, the development
of robotic actuators introduces problems [1]. Conventional geared actuators that are also commercially
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available have managed to provide high torque density and control bandwidth, but only at the cost of
significant friction and increased reflected inertia. While strain-wave gearing solutions (e.g., harmonic
drives that significantly reduce the actuator mass and the friction) improve the torque density and
enable back-drivability, they present unwanted flexibility and are vulnerable to external impacts.

A set of state-of-the-art actuators, known as series elastic actuators (SEAs; see, e.g., [2-4]), have
to compromise bandwidth to obtain compliance, enabling harsh and/or unwanted interactions,
in addition to other advantages, such as energy efficiency in resonance motions. Several variations of
SEAs have been developed to permit the control of the intrinsic stiffness (see, e.g., [5]) and damping
(see, e.g., [6]), or to grant the replication of user-designed nonlinear stiffness and damping profiles
(see, e.g., [7]). Despite the benefits introduced by the intrinsic compliance, these actuators integrate
additional components that increase the system complexity and mass, thereby resulting in limited
benefits, especially for dynamic locomotion. Direct-drive actuators [8,9], on the other hand, do not
use gear reduction, thus eliminating the problems associated with gearboxes. They introduce high
force transparency and are mechanically robust. However, most of these actuators are unable to
provide a sufficiently large torque for common robotics applications when mass limitations are taken
into account.

To address the limitations of direct-drive units and high-reduction geared actuators,
quasi-direct-drives have been developed to generate sufficiently large torques required for a given
application without sacrificing back-drivability and/or mechanical resilience. These drives are
often composed of torque motors (in contrast to power/speed motors) and a single-stage gearing
transmission, so that the output torque is amplified to some extent and intrinsic back-drivability is
achieved without compromising the system bandwidth. Moreover, while torque sensors (such as [10])
are an essential part of state-of-the-art robotic platform actuators (e.g., [11]), the low reduction of
the gearing and the resulting high efficiency allows the motor torque, which can be realized by the
current measurement, to directly be a valid indication of the output torque. Such a design provides an
actuation solution for robots rendering dynamic motions, such as jumping, as presented in the MIT
cheetah robot [12-14]. A similar customized quasi-direct-drive actuator was developed for the mini
cheetah robot [15], which operates at lower torques. Yu et al. [16] presented the BIRO(Biomechatronics
and Intelligent Robotics ) actuator based on a high-torque-density customized motor to develop a
quasi-direct-drive for an exoskeleton with a peak torque of 42 Nm; however, the maximum speed it
can reach is about 19rad/s. The Stanford Doggo [17], a light-weight jumping robot, uses an out-runner
motor with a fairly low reduction to render considerably fast motion at the cost of low torque. Table 2
details the available specifications of these actuators as compared to that of the proposed actuator.

This work introduces an actuator design for a new legged /wheeled hybrid robot that is specifically
targeted to perform fast and explosive motions while also being capable of supporting heavy-load
applications. The article presents the details of the mechanical design of the actuator, which relies upon
commercial /datasheet components, therefore limiting the customization and fabrication of mechanical
parts to the corresponding housing and support parts, so that we can achieve a more economical, yet
reliable, solution, which is tailored to the requirements of our target platform.

2. Actuator Design

The selection of components was carried out through an iterative process on the basis of the
minimum torque and speed requirements determined from the specifications of the target platform,
while we designed the gearbox to include only one-stage reduction. The target continuous and peak
output torques of the actuator are 20 and 40 Nm, respectively, and the target no-load speed is selected
as 20rad/s. The motor and gearbox selection was, therefore, carried out in such a way that the outer
diameters of the motor and the gearbox were as close as possible to each other so that the outer
envelope of the actuator could be fairly continuous. The selected frameless motor is the Tecnotion QTR
105-25Z, which is a flat (pancake type) motor that can generate 3.3 Nm of continuous torque, while its
peak torque can reach up to 6.9 Nm, and its speed can exceed 2700 rpm. It generates the target torques
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with a reduction ratio of 8:1, even when a fairly conservative overall efficiency of 80% is accounted for,
while the no-load speed will be significantly higher than the target maximum speed.

The actuator assembly is shown in Figure 1, and consists two sub-assemblies: the motor and the
gearbox. The motor sub-assembly is shown on the left, and consists of the frameless motor and the
corresponding parts, including the stator housing, and the rotor shaft on which the gearbox input
pinion is also assembled. The gearbox sub-assembly is shown in the middle of Figure 1, and includes
the planet gears and their supporting carrier, as well as the ring gear. The gears are made of steel
molybdenum alloy material produced by Kyouiku Gears. Table1 details the specifications of the
selected gears, including the torque rating. The maximum tooth strength of the gears was studied,
and the AGMA(The American Gear Manufacturers Association) gear torque calculation formula [18]
was used to ensure correct selection of the thickness, module, and material of the gears. Considering
shape, geometry, and load factors specific to the gears, the maximum strength of the gear teeth and the
corresponding torque per tooth Tg were calculated by Equations (1) and (2), respectively:

W; = 0Ky JmF /Ky, (1)

Ty = PyW;/2, @)

where W; symbolizes the maximum shear strength of the gear teeth, ¢ is the allowable tooth root
bending stress, K, and | are the dynamic and geometry factors of the teeth, m is the gear tooth module,
F is the face width, Ky, is the load distribution factor, and P; is the pitch diameter of the gear.

Encoder

(b) (0)
Figure 1. Figures from left: (a) the motor sub-assembly; (b) the gearbox sub-assembly; (c) the
cross-sectional view of the actuator assembly in CAD, fitting into dimensions of 126 x 68 mm.

An important step in planetary gear design is to specify the number of planet gears. While
increasing the number of planet gears reduces the load per tooth, the maximum number of planet gears
is often limited by space and geometry. Moreover, the addition of planet gears also escalates the overall
cost and noise, and it is therefore desired to employ the minimum number of planet gears required
to mesh with the pinion gear (sun), which is attached to the motor shaft to support the ultimate stall
torque of the motor. Table 1 also reports the maximum torque that can be transferred through the gears
per tooth when utilizing three planet gears, as compared to the maximum admissible torque on the
basis of the gear tooth shear strength extracted from (1). The maximum torque that can be applied to
the pinion is set based on the ultimate torque of the motor, which leads to %9 = 2.3 Nm torque per
tooth when using three planet gears, while the torques applied to the planet and ring gears are derived
using a static analysis of the gears.
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Table 1. Maximum torque that can be provided by the gears.

Gears Number  Pitch Module Load Dist. Dynamic Geometry Max Admissible raxﬁe (;l" orqt:;
of Teeth  Diameter v Factor Factor Factor Torque per Tooth T(f’olzh P

Pinion 15 12 0.8 13 0.75 0.29 2.34 2.3

Planets 45 36 0.8 13 0.74 0.35 8.49 6.9

Ring 105 84 0.8 1.3 0.8 0.42 17.36 16.1

The total weight of the proposed actuator is about 1.9 Kg, and generates continuous and peak
output torques of about 26.4 and 55.2 Nm without accounting for losses. The maximum speed
reaches 37.2rad/s with a 48 V bus voltage when only quadrature axis current is applied, while the
implementation of field-weakening controllers can boost the maximum velocity (see, e.g., [19,20]).
To this end, the rotor motion was measured using a 19-bit AkSim magnetic encoder, thereby allowing
for straightforward field-oriented current control. The lower-level controller was implemented on
custom electronics, where the innermost current loop was executed at 20 kHz, and the outer velocity
loop was run at 2 kHz. The communication of the higher-level interface and the lower level was carried
out through the EtherCAT communication protocol.

Table 2 presents comparisons of some of the state-of-the-art quasi-direct-drive actuators with the
presented actuator. It shows that the proposed unit relying mainly upon commercial components
(motor, gears, bearings, and other critical components) can exhibit notable characteristics. To present
a quantifiable comparison, we defined an index based on the peak torque density and maximum
reachable speed. By comparing the two drives proposed by the MIT group, we can see that this
power-density-like index drops by about six times when the peak torque increases by around three
times. This shows that our proposed unit renders an index about five times that of the MIT cheetah
while generating a fairly similar peak torque, and renders a fairly higher power-density-like index
than the BIRO actuator, while the proposed drive can generate 50% higher peak torque.

Table 2. The specifications of the proposed actuators as compared to state-of-the-art quasi-direct drives.

Actuator Dimensions Peak Torque ,ﬁ) (;m:;al Maximum Peak Torque Density X  Weight
(mm) (Nm) (Nnc11) Speed (rad/s) Maximum Speed (W/kg) (Kg)
MIT Cheetah1l N/A 58 N/A 6.9* 219.29 1.825
Mini Cheetah 96 x40 17 6.9 40 1360 0.5
BIRO 110x51 36 17.1 19 876.9 0.78
Stanford N/A 48 1.51 251 3675 0.28
Doggo
Proposed 126x68 55.2 26.4 372 1086.47 1.89
actuator

* The value was computed using the corresponding motor torque constant of 0.4 Nm/A and the
supply voltage of 100V, and considering the reduction ratio of 1:5.8, as reported in [12].

3. Experimental Results

To validate the performance of the actuator, specifically in terms of peak speed and continuous
torque, two experiments were performed when the drive was velocity controlled:

1. Nominal Torque Evaluation: The actuator output shaft was attached to a lever with a set of loads
weighing about 14 Kg hanging at a 20 cm distance with respect to the joint axis, replicating an
external torque of approximately 28 Nm, which is slightly higher than the continuous torque of
the actuator. A set of velocity references was commanded until the lever reached the horizontal
position, and it was held in that condition. The time history of the current associated with this
test is shown in Figure 2.
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2. Maximum Speed Evaluation: The actuator output was free, and a few direct current commands
were set to render the maximum velocity with the actuator, which was about 37 rad/s when
taking about 4 A to overcome the frictional and other losses. The corresponding time history of
the current and velocity is illustrated in Figure 3.
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Figure 2. Time history of the current when executing a torque of 28 Nm.
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Figure 3. Time history of the current and velocity when moving with no load.
4. Conclusions

This article introduces the design of a new quasi-direct-drive actuator on the basis of a
high-torque-density motor and a low-reduction-ratio gearing transmission. The proposed design
was discussed, and the actuator was successfully developed. The experimental results validate the
target characteristics of the actuator in terms of torque and speed, and they present the potential
of the proposed drive for powering a platform that can perform dynamic motions and can exhibit
high strength.
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