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Abstract. Industrial robot requirements in terms of positioning accuracy, repeata-
bility, and dynamic performances require gearboxes to have minimal torsional
backlash, high tilting stiffness, and low weight; also, a compact design and a long
operating life are needed for practical use. In this work, we describe a novel gearbox
for serial-robot joints, which combines two known design concepts, namely, a
Wolfrom planetary architecture and beveloid gears. It is found that this design
can achieve a high reduction ratio (up to 1:125) in a compact shape. The main
advantage of beveloid gears is the ability to adjust the contact position through
axial movements, achieving a torsional backlash close to zero (< 1 arcmin). The
novel gearbox is available in two versions, with or without a hollow central axis
for cable routing. In this article, we describe the gearbox architecture, its main
features, and its kinetostatic model.
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1 Introduction

Today, robots are essential in many automated industrial applications, handling payloads
with high accuracy, repeatability, and speed. Transmission systems are key elements of
industrial-robot joints and must respect stringent design requirements, such as high torque,
low weight, compactness, low torsional backlash!, high transmission ratios (beyond
1:100), high tilting stiffness?, and long operating life. Reducing torsional backlash
is particularly important when motion inversion is required, which frequently occurs
during robot operations. Thus, robot gearboxes often have special architectures [2], as
summarized in the following.

1. Harmonic drives are strain wave gearboxes with zero backlash, low weight, and very
high torque-to-weight ratios. Their efficiency is however relatively low and depends

1 The torsional backlash is the maximum angular deviation of the output shaft (while the input
shaft is fixed) under zero external torque; it is typically reported in arcminutes [1].

2 The tilting stiffness is the ratio between an external tilting torque (namely, normal to the gearbox
output axis) and the corresponding angular tilt.
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on the operating conditions [3]. They are normally used in the robot distal axes,
close to the end-effector.

2. Cycloid drives are known for their robustness and high torsional stiffness and are
currently the most widely-used ones for the first three joints of a robot [4]. These
gearboxes withstand high tilting torques and deliver high output torques without
significantly increasing the overall weight of the robot [5].

3. Conventional planetary gearboxes are compact, efficient, and easy to manufacture.
However, the maximum transmission ratio for each stage is 1:8, so multiple stages
are usually needed. In addition, they have significant torsional backlash [2].

4. Complex planetary gearboxes offer high transmission ratios, and are robust and
compact. However, achieving low backlash and high efficiency is difficult; thus, few
practical designs are available, for instance, the Wolfrom architecture [6, 7].

The Wolfrom gearbox, when compared with other architectures, has a more balanced
performance in terms of robustness, manufacturing cost, efficiency, reduction ratio, and
weight reduction [6]; however, its weakest feature is its accuracy. This disadvantage is
improved in the novel design discussed in this work by combining a Wolfrom architecture
with beveloid gears, to reduce the backlash between the mating gears. While both of
these concepts are known, their combination is original, to the best of our knowledge.
The gearbox, called “OMNI”, is protected by a patent [8].

Beveloid gears, also known as conical involute gears, are spur (or helical) gears
with an addendum coefficient that varies linearly along the tooth width. During the
gear-cutting phase, the hobbing tool is tilted by an angle ¢ with respect to the gear axis.
These gears are particularly interesting when mounted with parallel axes, as they can be
used to reduce backlash. The design and the production technology of beveloid gears
were first studied by Merritt [9], Beam [10], and Purkiss [11], and later by Mitome [12],
Smith [13], and Innocenti [14]. Thanks to their interesting features, these gears have
found many applications in different scenarios [15], for example in marine [16—18] and
vehicle [19, 20] transmissions, and in low-backlash planetary gearboxes [7].

In the OMNI gearbox, backlash is reduced by springs, which push the planet gears
against the ring gears and the sun gear against the planet gears (along their respective
axes). The main bearing, which has to withstand all external forces and tilting torques,
is integrated into the gearbox, to guarantee high tilting stiffness, long bearing life, and
compact design. The gearbox comes in two versions, with solid (OS) or hollow (OH)
input and output shafts. Hollow shafts may be needed for routing the power and data
cables of the robot, especially in the first robot axis (coupled to the robot base). For
conciseness, we will refer in the rest of this work to the OS version, unless otherwise
specified. Expected applications of the OMNI gearbox beyond robotics are in the fields
of machine tools and precision positioning drives for automation tasks, thanks to its
compact design and accuracy. Preliminary tests on prototypes and computer simulations
show interesting performances in terms of torsional backlash (< 1 arcmin), operating
life, torsional and tilting stiffness (up to 2500 Nm/arcmin), and reduction ratios (up to
1:125). The current prototype has an efficiency of 70%, which can be further improved
with more precise manufacturing.
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Fig. 1: Schematic of a standard planetary Wolfrom architecture, such as the OS OMNI
gearbox.

The paper is structured as follows. The architecture of Wolfrom gearboxes is outlined
in Sec. 2. Beveloid gear properties are summarized in Sec. 3. The OMNI gearbox and its
static analysis are proposed in Sec. 4. Section 5 discusses conclusions and future work.

2  Wolfrom architecture

Wolfrom planetary gearboxes can achieve very small transmission ratios in a compact
and robust design (Fig. 1). The first stage has a planetary layout, having the sun gear
(denoted as 1 in the figure) in the center, meshing with the planet gears® 2 and a fixed
ring gear 3. The second stage is composed of gear 2 and a mobile ring gear 4. Gears 1, 3,
and 4 are coaxial, on the main axis (a) of the gearbox. The input is gear 1 and the output
is gear 4. In the OH version, gear 1 no longer meshes with planet 2, but it is located at
a radial offset from the main axis and it transmits motion to the carrier by way of an
ordinary gear pair with transmission ratio 7,,. Axial springs 1 and 2 are used to reduce
the meshing backlash. Note that, in a Wolfrom gearbox, unlike in other planetary designs,
gear 2 engages with both ring gears at the same time. This feature poses a significant
technological challenge, since it requires a high machining accuracy for all components.

The transmission ratio 7 of a Wolfrom gearbox can be found by applying Willis’
formula for the two stages [2, 6]:

Z3
Lws VT 2 (-2 _Zik

S w 1+% C Zi (L +Z3)  Zsk

)]

T

3 OMNI gearboxes, like most similar designs, have either three or four planets; in Fig. 1, for
simplicity, only one is shown. Also, we show only the upper half of the gearbox.
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Fig. 2: (a) Beveloid gear cutting; (b) meshing beveloid gears with parallel axes.

where Z; and w; are, respectively, the number of teeth and the angular velocity of the
i-th gear. Due to mounting constraints [2, 6], we have set that Z; + Z3 = kjnp and
Z4 — Z3 = konp, where ki and k; are arbitrary integers and np is the number of planets.
To minimize 7, k is chosen equal to 1 [8]. Thus, since Z; is much smaller than Z4 and
k1 is in the order of several tens, 7 can easily be smaller than 1:100. The transmission
ratio T of the OS OMNI is that of a standard Wolfrom gearbox. The reduction ratio 7’ of
the OH version is slightly different, namely [21]:

=1, (l—é) 2)

3 Beveloid gears

Beveloid gears can be produced by cutting a gear blank with a rack having normal module
m,, and pressure angle a,,, and whose front face is inclined by an angle ¢ with respect to
the gear axis z; (Fig. 2a). Thus, the correction coefficient varies along the tooth width.

In a reference system x;y;z; fixed to the gear, with z; aligned with the gear axis, we
can define an orthonormal basis formed by three vectors:

0 —cos(ay,) Ny sin(ay)
v=| sin(6) [,n=|-cos(d)sin(a,)| = |n,|,w=|-cos(d)cos(ay) 3)
—cos(0) —sin(6) sin(ay,) n; —sin(6) cos(a,,)

where v is the rack feeding direction, n is normal to the tooth flank, and n X v = w. The
force transmitted between gears, directed along n, has tangential (F7), radial (Fr), and
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axial (F4) components such that [10, 12, 13]:

fa =Tz sin(6) tan(a;,) = tan(B), Fr =Dy cos(d) tan(ay) =tan(a;) (4)
F T Ny F T Ny
where 3 and «; are, respectively, the helix and transverse pressure angles on the pitch
cylinder of a straight beveloid gear. The rack can also be rotated by an angle B around
w (generating a helical beveloid gear): this changes the formulas in Eq. (4) [12]. Here,
we consider the simplest case 8o = 0, which holds for all sun, planet, and ring gears in
the OS OMNI“. Note that, even if Sy = 0, the tooth flank still has a nonzero helix angle
B. The transverse pressure angle a; is introduced to easily calculate radial forces from
tangential ones. Since the correction coeflicient is not constant along the tooth width, the
pitch working radius, where forces are exchanged, varies.

All beveloid gears of the OMNI gearbox have parallel axes, and feature the same
angle 6. However, the sun and planet gears are mounted with opposite cone angles, as
shown in Fig. 2b. This way, a backlash reduction can be achieved.

4 The OMNI gearbox

In a Wolfrom architecture, the planet gears are typically made of two parts [6], with
different numbers of teeth, to mesh with the mobile and the fixed ring (which also have
different numbers of teeth). In alternative design concepts, the number of teeth of the two
parts of the planet gears is the same, and the contact can be ensured by using different
addendum coeflicients for the ring gears, by inclining the planet gears with respect to
the main axis [7], or by varying the module of the gears [22]. In [23], each planet gear
is split into two parts by a transverse plane: the two parts have small rotations with
respect to each other, and a torsional spring between them reduces the meshing backlash.
Another solution is the use of beveloid gears, which were first proposed in a low-backlash
Wolfrom gearbox in [7]. Unlike in the OMNI gearbox, the planet gears were not pushed
against the ring gears by a spring, but the planet axes were inclined with respect to the
main axis. To the best of our knowledge, this concept was not further developed, probably
due to low efficiencies caused by virtual power losses [5].

In the OMNI gearbox, to reduce the meshing backlash, each planet gear is axially
pushed by a spring from the carrier against the external rings (see spring 2 in Fig. 1).
During the mounting procedure, further adjustments are also performed to ensure that
backlash is minimized in both meshings. An additional spring is fixed on the sun shaft
and pushes the sun gear against the planet gears (see spring 1 in Fig. 1). Using a custom-
designed main bearing leads to a very compact system able to withstand large forces and
tilting torques in all directions. The main bearing guarantees high load-carrying capacity,
accuracy, and stiffness thanks to an optimized setting.

Figure 3 is a schematic of the forces and torques acting on the gears during constant-
velocity operation. We thus disregard all inertial effects and assume all forces and torques
to be constant. While this is not a frequent working condition for a robot, it is an essential
basis for further analysis.

4 The pinion of the OH version and the corresponding gear on the carrier have instead Sy # 0.
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Fig. 3: Simplified section view of the OS OMNI gearbox. Forces F; and torques 7; are
respectively represented as single- or double-headed arrows. Subscripts indicate the gears
on which forces and torques act. For simplicity, we only represent angle ¢ for gear 1.

For clarity, the angle ¢ of each gear is exaggerated. Also, we do not show the gear
teeth and most of the bearings, except for the main bearing and those supporting the
carrier, which are depicted in a simplified form.

For simplicity, we assume that torque is transmitted between gears through a single
contact point located at the pitch working radius of each gear. Due to the beveloid
geometry, each planet gear has three different pitch working radii as it engages with three
other gears (with different correction factors in each case). We define the pitch working
radius of planet gear 2 with gear j as r; ;. For the other gears, the pitch working radius
is r;. The radii can be computed from the number of gear teeth Z; and the distance /
between the gear axes (Fig. 3):

ny _ 72 _Z

" T Z rn = Z|+ZZI (5)
+ri=1 " =21

r21 rl_ r2,1_Z]+22

ns _ 72 =5

3 T Z3 3= Z3—ZzI (6)

=1 =21
r3 —rs3= }’2’3—23_22

With the same procedure, it is easy to obtain r4 and r; 4.
The ratios between the radial (subscript R), axial (subscript A), and tangential
(subscript T') force components are defined in Eq. (4). A force component Fy transmitted
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from gear a to gear b is denoted as Fx 5. A force component Fy (or torque T') applied
to gear a from the outside is simply referred to as Fx , (or T,). F; 1 is the force exerted
by spring 1, pushing the sun gear against the planet. F,; > is the force exerted by spring 2,
pushing each planet against the outer rings. Forces and torques are positive when directed
as shown in Fig. 3, negative otherwise. The output load conditions, namely torque 7 and
axial force F4 4, are assumed to be known. For simplicity, we will also assume that the
load is uniformly distributed between all planets; known load concentration coefficients
could then be introduced [2], to accurately estimate forces and torques for dimensioning.
The torque equilibrium of the output ring and the carrier yield, respectively:

FT,24r4np = T4 (73)
Frocnp =0 (7b)

which provide the tangential forces exchanged between the planet and the output ring
(Fr24) and between the planet and the carrier (Fr .), with the latter being naught. The
torque and force equilibrium along the tangential direction of each planet give:

Frora1 — Frosras + Froaraa =0 (8a)
Frio+Frp3—Frpa=0 (8b)

which allow the tangential forces Fr 12 and Fr 23 on the planet gear to be computed.
Once the tangential forces are known, the axial and radial forces acting on each planet
gear in each meshing can be calculated from the formulas in Eq. (4).
The axial force equilibrium of the planet provides the force exerted by each spring 2:

Fop=Fa1n+Fa+Fan 9

whereas the axial force equilibrium of the output ring provides the axial force withstood
by the main bearing:
Fap=Fas+Fanu (10)

Finally, the torque and force equilibrium of the sun gear provides the input torque
and the axial force exerted by spring 1:

Ty = Fr prinp (11a)
Fei,1 = Fa12np (11b)

The radial forces equilibrium is not considered in the above relations, since they balance

out, as they have the same magnitude and are oriented at uniformly spaced angles.
This study serves as a basis for the initial sizing of the gearbox components. Further

analyses, supported by experimental tests, are being conducted on the latest prototypes.

5 Conclusions

This paper presents the design and kinetostatic analysis of OMNI, a low-backlash
Wolfrom planetary gearbox featuring beveloid gears. Beveloid gears, combined with
springs, offer a compact transmission with much lower backlash than standard spur gears.
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The simultaneous meshing of the planet gears with the ring gears requires meticulous
precision in machining the gearbox components. The OMNI gearbox, available in two
versions (with a solid input shaft or with a hollow input shaft to allow routing of power
and data cables), promises high position accuracy and tilting stiffness. In this paper, we
analyze the transmission ratio and the static force distribution for the OS OMNI. Future
work will present results from ongoing tests on a set of prototypes, to obtain experimental
data about torsional and tilting stiffness, torsional backlash, service life, and maximum
torque.
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