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Abstract: The novel forced wave generator (NFWG) is a critical component of the harmonic
drive (HD) without a flexible bearing. Tribological design is required to increase the
load-carrying capacity and reduce the frictional resistance in the elliptical sliding pairs
(ESPs) between the flex spline (FS) and the NFWG. As the thin-walled FS operates under
cyclic deformation with large displacement in the HD, this paper investigates the effects of
the distribution region, depth, shape, and density of micro-dimple textures on the outer
contour surface of the NFWG on the load-carrying capacity and the frictional resistance of
the ESPs using the CFD method. The analysis reveals that the load capacity and lubrication
performances of the ESPs are significantly enhanced when the micro-dimple textures are
fully distributed on the outer contour surface of the NFWG, with a depth of 0.1 mm, a
radius of 6 mm, and a distribution density of 3.9%. The results provide a reference for the
practical design of ESPs in the HD under extreme mechanical transmission conditions.

Keywords: harmonic drive; forced wave generator; elliptical sliding pairs; micro-dimple
texture; lubrication characteristics

1. Introduction

The lubrication theory of microscopic irregular textures has been widely applied to
improve the tribological performances of surfaces [1], as well as the lubrication and wear
resistance studies of bearings [2,3], internal combustion engine cylinder liners and piston
rings [4], seals [5], and hard drive disks [6].

The study has shown that the optimizing surface textures can significantly enhance
the lubrication performance of friction pairs under different operating conditions and lubri-
cation performance requirements. The roles of surface textures in lubrication, fluid storage,
entrapment of wear particles, and reduction of adhesion have been well confirmed [7-9].
Wang et al. investigated the effect of dimple size on the friction force in line-contact using
experiments and numerical simulations [10]. The orientation of texture patterns also affects
lubrication performance and load capacity [11]. Yu et al. studied the effect of micro-dimple
depth on lubrication performance [12].

Scaraggi et al. studied the effects of micro-cavity and micro-groove depth on the
lubrication performance of friction surfaces using experiments [13]. Andersson et al. found
that the textures with a lower area density and a larger depth-to-diameter ratio exhibited
superior tribological performance under high viscosity conditions of lubrication in the
study of textured steel surfaces [14]. In the study of texture processing of piston rings,
there are significant differences in the optimal parameters among different studies. For
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spherical cap dimple textures with a diameter of 100 pm and depth of 10 um, the optimal
area density is 13%. For rectangular pits with a depth of 4 um and length of 80 pm, the
optimal area density is 61% [15]. Reference [16] proposes a method for obtaining globally
optimal design parameters for bearings with rectangular and triangular textured surfaces.

Surface textures can generally be classified into two types, including dimple textures
and protruding textures. Compared to protruding textures, dimple textures create a semi-
enclosed space that not only enhance lubricant retention, increase oil film thickness, and
improve lubrication and load capacity [17,18], but also capture wear debris and abrasive
particles, thereby reducing surface scratching and wear [19]. Qiu et al. found that the
elliptical dimple exhibited the highest load capacity of lubrication film under identical
testing conditions by investigating the effects of six different micro-dimple morphologies
on the friction and wear of bearings [20]. Due to the complexity of machining for elliptical
dimples, the spherical cap dimple is often applied in practice. Surface texture processing is
mainly divided Into physical and chemical processing methods, and laser technology is
usually the preferred method [21].

The harmonic drive (HD) is widely used in the fields such as robotics and aerospace.
As a special form of transmission, it generally includes a flex spline (FS) with external teeth,
a circular spline (CS) with internal teeth, and a wave generator (WG) inserted inside the FS
to deform and mesh with the CS. The most commonly used WG is a forced wave generator
(FWG) with an externally installed flexible bearing (FB). Jia et al. proposed the NFWG
of HD without a flexible bearing (FB) and investigated the effects of parameters such as
the elliptical gap ratio, WG speed, and the width of FS on the load capacity and oil film
pressure distribution of the HD using the CFD method [22].

While the WG stops running, the inner wall of the FS on the long axis of the WG
will be pressed against the outer contour of the major axis of the WG under the action of
elastic restoring force. This will cause the meshing teeth of the FB and CS in the major
axis area to lose contact. In order to avoid transmission failure and severe wear in this
area during startup, single rolling elements are installed at the ends of the symmetry axes
of the elliptical WG to ensure gear teeth engagement when the transmission device stops
running and maintain the elliptical gap ratio during operation [22]. The analysis assumes
full hydrodynamic lubrication, without considering boundary or mixed lubrication effects.

HD has the characteristic of multi-tooth meshing, with more than one-fourth of the
tooth pairs simultaneously bearing the load [23,24]. Considering that the multi-tooth
meshing in the two meshing zones constrains the deformation of the FS, this paper assumes
that the shape of the FB remains unchanged.

This paper assumes that the flow of lubricant is isothermal and laminar, with no slip
at the solid interface, and that the lubricant conforms to the Herschel-Bulkley model [22].

On this basis, this paper establishes the analytical model of the NFWG with micro-
dimple texture and analyzes the effects of parameters such as the distribution area, depth,
radius, and density of the micro-dimple textures on the load capacity and friction force of
the fluid film in the ESPs using ANSYS FLUENT 2021 to obtain a reasonable surface texture
design scheme. This is crucial for improving the load capacity and lubrication performances
of the ESPs between the FS and NFWG and extending the operational lifespan of the HD
without a FB.

2. Materials and Methods

The NFWG is made of alloy steel, structural steel, and aluminum alloys, while the
FS is usually made of metal materials with excellent strength and toughness [23,25,26].
Under medium to low load conditions, both the FS and NFWG can adopt engineering
plastics [27,28]. The lubricant between the inner wall of the FS and NFWG is typically
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grease or lubricating oil. The ESP is formed between the FS and NFWG. While the NFWG
rotates relative to the FS, the ESP forms two converging gaps in the direction of rotation. It
generates both macro-scale and texture-induced localized hydrodynamic lubrication effects,
influencing the lubrication characteristics of the HD during the relative motion between
the FS and NFWG.

Considering the machinability of the texture on the outer contour surface of the NFWG,
this study investigates a spherical cap dimple texture on the outer contour surface of the
NFWG. Under the given conditions of lubricant, structural parameters, speed, and the
optimal gap ratio [22], the effects of parameters of distribution area, depth, shape, and
density of texture on the load capacity and lubrication performances of the ESPs in the HD
without a FB are studied under three texture distribution conditions of full-area distribution,
convergent-area distribution, and divergent-area distribution.

2.1. Mathematical Models

Figure 1 shows the fluid domain model of the ESPs. The parameters of the friction
pair are a1 = 25 mm, by = 24.7 mm, a; = 24.9 mm, and by = 24.4 mm. The coordinate system
origin is located at the geometric center of the NFWG and FS. The x and y axes represent
the short and long axes of the ellipse, respectively, and the z axis represents the width
direction of the NFWG and FS, where z = 0 corresponds to the half-width position. The
NFWG rotates counterclockwise at the speed of n. The boundary of fluid film includes
the outer contour surface of the NFWG and the wall of the FB. At the NFWG angle § =0,
the maximum value of fluid film thickness h(0) is imax- At 8 = 90°, the fluid film thickness
h(0) is at its minimum value /i, The outer contour surface of the NFWG is textured with
spherical cap dimples.

y

Oil film

Figure 1. Model of the friction pairs between the NFWG and FS.

The parameters of the spherical cap dimple texture include the distribution area, depth,
radius, and density. As shown in Figure 2, I, is the texture depth, 7, is the radius of the
dimple, By, is the distribution length of the texture along the circumferential direction of
the elliptical outer contour surface of the NFWG, B is the unfolded length of the elliptical
outer contour surface of the NFWG along the circumferential direction, and L is the width
of the NFWG.

2.2. Numerical Models

The fluid domain model of the ESPs is established using ANSYS FLUENT to investi-
gate the effects of the surface texture structural parameters of the NFWG on the lubrication
performances of the ESPs in the HD without a FB. The oil film region is the computational
domain for the simulation. The analysis type of the geometry is “3D”, with a model
width of 20 mm in the z-direction. The finite element analysis is solved under steady state,
considering the effect of gravity.
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Figure 2. Unfolded diagram of the cross-section of the elliptical outer contour rim of the NFWG.

In the friction pairs, the oil film thickness is relatively small compared to the diameter
of the FS. The scale of the fluid domain varies greatly in the circumferential direction but
relatively less in the radial direction. Therefore, the mesh is refined in the circumferential
direction, while moderately increasing the element size in the radial direction. The hexa-
hedral mesh is used in Fluent, and the “edge sizing” method is applied to set the element
size and count [29]. The model is divided into 360 layers in the circumferential direction
and 10 layers in the axial direction. Because the thickness of the oil film is very small, the
grid size across the oil film has a great influence on the accuracy of the results. To analyze
the grid independence, it is divided into different numbers of grid layers across the oil
film from 1 to 9 in ANSYS Fluent. The relationship between the loading capacity and the
number of grid layers is shown in Figure 3. It can be seen that as the number of layers
increases, the loading capacity tends to be constant, indicating that the simulated results at
this time have nothing to do with the number of grids. To ensure the accuracy of the results
and reduce the number of calculations, it is divided into six layers across oil film. The total
number of cells is 21,600.

loading capcity / F,

0 1 2 3 4 5 6 7 8 9 10
edge division of the oil film / layer

Figure 3. The relationship between the loading capacity and the number of grid layers across the
oil film.

The viscosity grade of the lubricating grease used is NLGI 2, and its viscosity charac-
teristics conform to the Herschel-Bulkley model. The parameters [30,31] of the lubricating
grease are as follows: the density of the grease is 930 kg/m?, the grease consistency is
20.6 Pa-s", the power law index is 0.605, the yield stress is 650 Pa, and the shear rate is
32 s~ 1. The rotational speed of the WG is 2000 rpm, the elliptical gap ratio ¢ is 3, and the
operating pressure is 101,325 Pa.
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Pressure variation on the inner wall of FS [MPa]
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The boundary condition settings include “pressure inlet”, “pressure outlet”, and zero
gauge pressure. The two positions with the maximum fluid film thickness are uniformly
distributed in the circumferential direction. Both sides of 8 = 0° and 6 = 180° are set as
the pressure inlets, and the outlets are located on both sides of the end face. The fluid
domain changes dynamically with boundary motion. Thus, the “dynamic mesh” model is
used to simulate fluid flow, combining the use of the “smoothing” and “remesh” methods
to update the mesh. The “pressure-based” solver is chosen for numerical analysis. The
“SIMPLE” algorithm is used to handle pressure-velocity coupling, and the “second-order
upwind” scheme is applied to discretize the momentum equation. The pressure difference
format is set to “PRESTO!”. To achieve higher accuracy, all residual terms use a convergence
tolerance of 10~°, and the number of iterations is 200.

3. Results
3.1. Effect of Texture Distribution Area

This study investigates the effect of three different texture distributions, that is full-
area distribution, convergent-area distribution, and divergent-area distribution, on the
lubrication characteristics of the ESPs. When the texture is uniformly distributed on the
entire outer contour surface of the NFWG, it is a full-area distribution. When the texture
is located only within the convergent region of the friction pair gap on the outer contour
surface of the NFWG, it is a convergent-area distribution. When the texture is located in
the divergent region of the friction pair gap on the outer contour surface of the NFWG, it is
a divergent-area distribution.

Under the conditions of z =0, § = 3, hin = 0.1 mm, n = 2000 rpm, and fy, = 7, = 1 mm,
the variation curves of the lubricant film pressure on the wall of the FB with different
micro-dimple texture distribution conditions as the NFWG rotates are shown in Figure 4.
Compared to a full-area distribution and convergent-area distribution, the lubricant film
pressure distribution on the inner wall of the FS is smoother while the texture follows the
divergent-area distribution. Under both conditions of convergent-area and divergent-area
distributions, there are sharp regions in the oil film pressure distribution curve at the
maximum positive pressure and maximum negative pressure points.

0.00

—~ 03180

—0.20 1

—0.30

—0.40

|
o
o]
o
L

------ - 45 0 135 180N, 225 70 315 360

¥ full-area distribution
-------- convergent-area distribution

Rotation angle [°] ---- divergent-area distribution

Figure 4. Variation of lubricant film pressure on the wall of the FB under full-area distribution,
convergent-area distribution, and divergent-area distribution of the texture.
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Under convergent-area distribution and full-area distribution, the pressure curves
are very close, with the positive pressure region curves almost overlapping. Under the
full-area distribution condition, the pressure variation in the positive and negative pressure
regions remains more stable as the NFWG rotates. The local fluctuations observed in the
lubricant film pressure curve represent the hydrodynamic lubrication effect induced by the
localized micro-dimple texture on the outer contour surface of the NFWG.

Under different texture depths and texture distribution regions, the maximum pressure
of lubricant film Ppax, load-carrying capacity Fp, and frictional resistance F of the ESPs are
shown in Table 1. The data in Table 1 indicate that while the texture is distributed in the
convergent region, the ESP load capacity is similar to that under the full-area distribution
condition. However, the friction force is the highest among the three distribution regions in
this case, which leads to the deterioration in lubrication performance. For the divergent-
area distribution and convergent-area distribution, the friction force is similar. Although
the load capacity is relatively high under these conditions, the friction force increases
significantly, which results in the reduction in lubrication performance compared to the
full-area distribution.

Table 1. Maximum oil film pressure Pmax, load capacity Fp, and friction force F¢ under different
texture depths and texture distribution conditions.

hp =0.05mm  Ppa/MPa Fp/N F¢/N hp =01mm  Ppa/MPa Fp/N F¢/N
Convergent 0.45 367.84 66.41 Convergent 0.42 373.09 71.72
Divergent 0.35 359.59 68.6 Divergent 0.47 383.21 64.84
Full 0.364 372.84 51.42 Full 0.41 379.92 48.56

hp = 0.5 mm Ppax/MPa Fp/N F¢/N hp =1 mm Ppax/MPa Fp/N F¢/N
Convergent 0.35 374.26 72.79 Convergent 0.33 333.55 70.34
Divergent 0.44 391.32 64.64 Divergent 0.498 355.08 66.58
Full 0.37 377.98 49.91 Full 0.32 334.39 49.9

3.2. Effect of Texture Depth

While the micro-dimple texture exhibits a full-area distribution, under the conditions
of z=0,5 =3, hpin = 0.1 mm, and n = 2000 rpm, Figure 5a shows the pressure distribution
curves of lubricant film on the wall of the FS for the texture depths /i of 0.1 mm and 1 mm.
The simulation indicates that the lubricant film pressure distribution curve for a texture
depth of 0.1 mm is smoother compared to that for a texture depth of 1 mm. In addition,
the load capacity is slightly higher, and the local saw tooth fluctuations on the curve are
significantly reduced. The data in Table 1 also show that the friction force is smaller for a
texture depth of 0.1 mm, while the load capacity is higher.

Under the conditions of § = 3, hyin = 0.1 mm, and n = 2000 rpm, with the micro-dimple
texture exhibiting a full-area distribution, the curves of load capacity and friction force of
the ESPs with varying texture depths are shown in Figure 5b. Figure 5b shows that the load
capacity and lubrication performance of the ESPs are significantly influenced by the depth
of the micro-dimple texture. When the texture depth varies, both the oil film load capacity
and friction force change substantially. When the depth exceeds the gap scale between the
friction pairs, the ESP load capacity decreases sharply. At the scale of texture depth in this
study, an optimal depth of 0.1 mm for the micro-dimple texture is identified, at which the
oil film load capacity is maximized, while the friction force is minimized.
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Figure 5. Effects of texture depth on (a) the pressure distribution relative to the NFWG rotation at a
depth of 0.1 mm and 1 mm, and (b) the capacity and friction force at depth in the range of (0, 1) mm.

3.3. Effect of Texture Shape

The ratio of rp to hp can characterize the shape of the texture on the outer contour
surface of the NFWG. The following section analyzes the effect of different micro-dimple
shapes, load capacities, and friction forces on the pressure distribution. A smaller ratio of
rp/hp indicates smaller dimples, whereas a larger ratio indicates the opposite. Under the
conditions of 6 = 3, hiyin = 0.1 mm, 7 = 2000 rpm, and h, = 0.1 mm, with the micro-dimple
texture exhibiting a full-area distribution, the variation curves of load capacity and friction
force with r, are shown in Figure 6.

Figure 6 shows that the load capacity decreases sharply as r, approaches 0, while the
friction force increases drastically. As rp increases, the load capacity improves, and the
friction force decreases. When rp, exceeds 6 mm, both the load capacity and friction force
stabilize with minimal further change. There is an optimal value for r, at 6 mm.
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Figure 6. Variation curves of the load capacity and friction force with respect to the radius of
the dimple.
3.4. Effect of Texture Density

The ratio N7tr,?/ (BL) can represent the density of the micro-dimple texture on the
surface of the outer contour surface of the NFWG, where N is the number of micro-dimples,
nry? is the area of a single micro-dimple, and BL is the unfolded area of the elliptical
outer contour surface of the NFWG. The larger the ratio is, the higher the density of the
micro-dimple texture on the outer contour surface of the NFWG. Under the conditions of
hmin = 0.1 mm, 6 = 3, n = 2000 rpm, hp, = 0.1 mm, and r, = 6 mm with the micro-dimple
texture exhibiting a full-area distribution, the variation curves of the load capacity and
friction force with respect to the texture density are shown in Figure 7a.
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Figure 7. Cont.
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Figure 7. Effect of texture density on (a) the load capacity and friction force, and (b) the distribution
curve of the oil film pressure on the inner wall of the FS at texture densities of 1.25% and 3.9%.

Figure 7a shows that the load capacity increases and the friction force decreases as
the density of the micro-dimple texture increases. Based on Figure 7a, two different micro-
dimple texture density values of 1.25% and 3.95% are selected, and the lubricant film
pressure on the wall of the FB with respect to the rotational angle of the NFWG is shown
in Figure 7b. Figure 7b indicates that the pressure value increases and the curve becomes
smoother as the density of the micro-dimple texture increases.

4. Discussion

Compared to the convergent-area distribution and divergent-area distribution, the
micro-dimple texture has better load capacity and lubrication performance under the full-
area distribution condition on the outer contour surface of the NFWG. Considering the
bidirectional operation characteristics of the HD, the texture on the outer contour surface
of the NFWG must adopt the full-area distribution.

The load capacity and lubrication performance of the ESPs between the FS and NFWG
are greatly influenced by the texture depth. Under the scale of the HD in present study,
when the texture depth is 0.1 mm, the load capacity of oil film is maximized, while the
friction force is minimized. Within the range of 0-10 mm, when the radius r;, is greater than
6 mm, the trend of increasing load capacity and decreasing friction tends to flatten out.

As the density of the micro-dimple texture increases, the load capacity of the oil film
increases, while the friction force decreases. The distribution density of the micro-dimple
texture needs to be determined based on factors such as the HD specifications, load capacity
requirements, processing technology, and economic considerations.

The commonly used lubricants for HD are grease, lubricating oil, and solid lubricants.
The commonly used lubricating grease is lithium-based or calcium-based grease, and
further research is needed on how different viscosity lubricants or additives interact with
parameters, such as texture depth, etc.
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5. Conclusions

This study investigates the effect of the micro-dimple texture parameters on the outer
contour surface of the NFWG on the load-carrying capacity and the frictional resistance of
the lubricant film in the ESPs between the FS and NFWG in the HD without a FB.

The research results of this paper indicate that when designing ESPs with a micro-
dimple texture in the HD without a flexible bearing, the following parameters yield better
lubrication performance: an optimal clearance ratio of 3, a full-area distribution of the
texture on the outer surface of the NFWG, a depth of 0.1 mm, a radius of 6 mm, and a
distribution density of 3.9%.

This study provides a reference for the practical design of ESPs in the HD without a
FB, which is significant for improving the load capacity and lubrication performance of
ESPs and extending the service life of the HD under extreme transmission conditions.
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