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Abstract: This paper studies the shiftability of the face dog clutch with chamfered teeth. The
effect of the chamfer angle on the shiftability map and the probability are studied. In contrast
to previous studies, a generalized mathematical model is developed based on the shiftability
condition. The analysis considered two sets of cases: the overlap distance cases, and the
chamfer side cases. The overlap distance cases locate the successful engagement position.
The chamfer side cases investigate the effect of the system geometry and consider two cases.
The results show that the chamfer angle has a negative effect on the dog clutch shiftability.
Some geometric parameters show a different effect on the engagement probability for the
rectangular tooth and chamfered tooth cases, and this behaviour is also analysed.

Keywords: dog clutch, shiftability condition, shiftability map, engagement probability, cham-
fer angle

1. INTRODUCTION

All vehicle systems receive great attention to improve its performance (Alzyod &
Ficzere, 2021), (Alsardia, Lovas & Ficzere, 2021), (Nguyen, Moghaddam, Pirouzfar,
Fayyazbakhsh & Su, 2021) and the vehicle gearbox is one of these systems. Con-
ventional vehicle gearboxes utilize the synchronizer as a gearshift element to guar-
antee successful gearshift (Lovas, Play, Marialigeti & Rigal, 2006). However, dog
teeth clutch has been replacing the synchromesh because it has quicker shifting time,
simpler structure, larger power transmitting capacity, and lower cost (Shiotsu et al.,
2019). The dog clutch is being applied in automated manual transmissions (Boka,
Marialigeti, Lovas & Trencséni, 2009), automatic transmissions (Duan, 2014), and
clutchless automated manual transmissions (Walker, Fang & Zhang, 2017).

As dog teeth clutch is only a clutch and not a synchronizer, the problems of syn-
chronization and shiftability have to be resolved. Boka et al. (Boka, Marialigeti,
Lovas & Trencséni, 2010) used the notion of engagement probability to find a certain
successful region depending on the initial mismatch speed of the clutch halves.
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However, they focused on the low mismatch speed zone in their research and did not
investigate the large mismatch speeds.

In a previous paper (Aljawabrah & Lovas, 2023), we have studied the dog teeth
clutch shiftability from a kinematic point of view and determined the shiftability
condition that identifies the successful engagement regions. We showed the param-
eters affecting the shiftability and determined the shiftability map based on an ana-
lytical method. In another previous paper (Aljawabrah & Lovas, 2022) we developed
a method to calculate the shifting probability and studied the engagement probabil-
ity’s sensitivity to the system parameters. We showed that the number of teeth, and
the amount of the tangential backlash affect positively the engagement probability,
while the initial mismatch speed and the overlap distance, being the required tooth
overlap for successful engagement, have a negative effect. All the aforementioned
studies considered the dog tooth to be rectangular, not chamfered. The effect of the
chamfer angle for the tooth edge on the dog teeth clutch shiftability is rarely dis-
cussed in the literature.

— — —

a) b) c)
Figure 1. Tooth geometry for a) rectangular (no chamfer) tooth,
b) partially chamfered tooth, and c) fully chamfered tooth

Among these rare cases, (Duan, 2014) developed a mathematical dynamic model for
the dog teeth clutch used in an automatic transmission, and the model considered
chamfered tooth. Eriksson (Mehari, Eriksson & Kuttikal, 2013) performed a multi-
body dynamic parametric study for the dog clutch used in a truck gearbox transfer
case. He studied three different tooth designs to study the effect of the chamfer dis-
tance, chamfer angles, and tooth side edge’s angle. and the number of teeth. He de-
veloped eight sets of parameter combinations for simulation. Andersson (Andersson
& Goetz, 2010) performed dynamic FEA using Abaqus on the dog clutch to investi-
gate the effect of the chamfer angle, chamfer distance, and tooth angle. The aim was
to find the maximum relative rotational speed that the system can handle to have a
successful gearshift for each geometry and to determine the best geometry among
eleven alternatives. The author claimed that engagement is easier if the chamfer an-
gle is smaller. Moreover, a fully chamfered tooth, Figure 1c, is more effective than
a partially chamfered tooth, Figure 1b, for the same chamfer angle. These studies
have considered the effect of the tooth chamfer angle using either dynamic model-
ling, multibody or FEA. These approaches require complicated models and are slow
to compute. Moreover, the number of studied cases is limited.

This work aims to develop a method to investigate the effect of the tooth chamfer
angle on the dog clutch shiftability. A generalized shiftability condition is developed
based on (Aljawabrah & Lovas, 2023), where the chamfered tooth geometry is added
to the previously developed model. A mathematical model taking into account the
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effect of the chamfer to the shiftability condition is presented. The shiftability map is
created for different chamfer angle values, based on the method described in (Alja-
wabrah & Lovas, 2022), and different cases for the overlap distance and the chamfer
angle parameters are examined. Finally, the effect of geometric parameters on the en-
gagement probability for chamfered and rectangular tooth cases is compared.

2. METHODOLOGY

In a previous paper (Aljawabrah & Lovas, 2023), we have presented the dog clutch
geometry, and the main geometric and kinematic parameters. Further on, we intro-
duced a kinematical shiftability condition that guarantees side impact-free gearshift.
Here, the considered tooth geometry had no chamfers.

The dog teeth clutch geometry is presented in detailed in Figure 2. The dog clutch
(Figure 2a) is a coupling used to transmit power. It consists of two parts having
complementary geometry. These complementary shapes are referred to as dog teeth.
The parameters of the clutch geometry are presented in Table 1. The tooth dog ge-
ometry is discussed along two directions. Figure 2b shows a linear (tangential) rep-
resentation and Figure 2¢ shows a radial representation. At the beginning of the
shifting, an axial gap x, exists between the sliding sleeve and the shifted gear, and
there is an initial relative angular position ¢ between the marked teeth. Here the slid-
ing dog can slide axially with a speed v, while it has relative angular rotation with
respect to the target gear. The relative angular rotation is called the mismatch speed
Aw,. The engagement of the complementary geometries is eased with an angular
backlash.

Face dog clutch_

2 ¢

Sliding Gear with meshing
sleeve sleeve s

a) b) C)
Figure 2. Face dog clutch: a) 3D model, and geometry as b) linear, and
c) radial representation (Aljawabrah & Lovas, Kinematical Model
of the Dog Clutch Shifting, 2023)

The axial dog clutch has an angular pitch ¢ given by (1), and an angular backlash
given according to (2), where ¢, is the tooth thickness angle.

21 (D)
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Q= —2¢; )
Table 1
Dog clutch shiftability parameters
Fixed Fixed
Parameter Range Value Parameter Range value
Initial relative position Axial gap
0- 0 1-6 7
%[ ¢ xo [mm]
Mismatch speed 0-500 20 Overlap distance 05.3 05
Awy [rad] ([min-1]) (0-4775) | (190) Xreq [MM] : :
Axial Speed 0-500 250 Number of teeth 2-10 10
v [mm/s] Z[]
Mean radius 5 60 40 Anglilar backlash .30 25
r [mm] @, [°]

In Aljawabrah & Lovas (2023) we have studied the dog clutch shiftability for rec-
tangular tooth dog clutch. We suppose that a successful engagement happens when
an overlap Xrq is reached in the axial direction, where the a tooth on the sliding sleeve
overlap a tooth on the gear with a distance Xrq, and based on this, we developed the
shiftability condition shown in (3). This condition combines all kinematic and geo-
metric parameters and determines if there is a possibility of successful shifting for a
given set of parameters. This condition was the base to develop the shiftability map
and calculate the shifting probability as described in (Aljawabrah & Lovas, 2022).

Xfed (3)
Vo

X 21
0 < mod (fo +Adwy— ,—) < Py — Awg
Vg Z

The shiftability condition was developed for teeth with no chamfer. The application
for chamfered teeth requires the modification of some parameters. Figure 3a shows
the geometry for the tooth chamfer with a chamfer angle (). The chamfer length
(Xcn) can be connected to the tooth thickness by (4). Solving (2) for ¢, and substitut-
ing into (4), (5) can be obtained.

B

r I
i

I

x0+ 2xch x0

a) b)
Figure 3. a) Geometry of chamfered dog tooth, b) Backlash variation

Mkl\
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xen = 2 tan (p) @
2n (5)
— —dy)r
Xep = #tan (B

In the case of a not chamfered tooth, the angular backlash (®,) is constant as the
sliding dog moves axially. The introduction of the chamfer causes the backlash to
decrease while the sliding dog moves axially towards the gear wheel (Figure 3b).
A generalized equation can be formulated for the backlash in function of the axial
position. According to Figure 3b, the backlash equals ¢ at x = x, and equals ®,, at
x = xy + 2x.p. S0, a linear relationship can be derived as shown in (6). Substituting
(1) and (5) into (6), (7) can be formed.

. _ X — Xg _ (6)
D,(x) =¢ T (p—Dp)  x9<x=<x0+2%xcp
_2m . X~ X O
®p(3) = z rtan ()

In what follows, we consider chamfer angle values only within the interval [0°; 45°].
The analysis of the effect of the chamfer angles considers two distinct sets of cases:
the chamfer sides cases, and the successful connection position (required overlap
distance).

Firstly, let us consider the chamfer sides cases set. Here, two cases are considered:
firstly, just one tooth with side chamfer and the another without, and both teeth hav-
ing chamfer (Figure 4). The successful engagement position is considered at full
overlap distance for both cases, as illustrated in (8). The backlash at full overlap
distance is @y,.

case 1 X, case 2 X
xﬂ + xfﬂd + Zxch xﬂ + x_ﬁ'f! + xch

Figure 4. Chamfer side cases

= {xfed + 2x., casel (8)
fed = Xpoq + xcn,  case 2
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Secondly, let us consider the successful connection position cases. Figure 5 shows
the successive steps to reach the successful connection position. In the case of not
chamfered (rectangle) tooth case, the overlap distance has a clear definition, as it
depends on the wear of the tooth vertices, and it can be identified experimentally.
A successful gearshift process is guaranteed if the sliding sleeve can pass the overlap
distance without teeth face impact, and this distance is what we refer to as the ‘suc-
cessful connection position’. Knowing the successful connection position and other
system parameters, successful gearshift process can be distinguished based on (3).
However, in case of chamfered tooth geometry, the face impact can happen at dif-
ferent places, and it is unknown at which location the face impact will no longer
affect the gearshift process. In other words, it is not clearly defined at which connec-
tion position the sliding sleeve will not bounce back and engage with the gear sleeve
even though a face impact occurs after this position. To understand the system, three
successful connection position cases are considered, where these cases aim to iden-
tify possible successful connection positions. These positions are directly connected
to the chamfer angle, so they can assist to study the effect of the chamfer angle both
on the shiftability map and the engagement probability.

D ——
case | case2 casel3 X,
X+ ":mf Xy X

+ 2, +15x, +x,

Figure 5. Successful connection position cases

The three cases for the overlap distance, shown in (9), are the following: full overlap
distance (case 1), the overlap distance is 1.5 times the chamfer length (case 2), and
the overlap distance equals the chamfer length (case 3). As the backlash changes
with the axial position, the backlash values at the successful engagement position are
used as illustrated in (10). This equation shows that an expression for the backlash
can be derived without depending on the chamfer angle. This is expected, since from
the backlash equation derivation (6) we see that the equation is based on the chamfer
length (x.p), and the overlap distance (x.4") is also described in terms of chamfer
length (x.;). Substituting all in (6), the x.;, terms can be eliminated.

Xfeq + 2xcp casel 9
Xfeq' = 1.5x.p case 2
Xch case 3
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o, case 1 (10)
2r 1.5 /2w
oy =iz 7 (G 0%) case?
2n 1 /2n
7—5(7—6131,) case 3

From (8), (9), (10) it is clear that the modified parameters are the overlap distance
for the two case sets, as well as the backlash for the second case set, but the backlash
does not depend on the chamfer angle. So, in the following discussion, the focus will
be on the overlap distance (xfeq4').

3. RESULTS

The chamfer angle has a great effect on the overlap distance. Figure 6 shows Xsed’
response to the chamfer angle. For chamfer sides’ cases, Figure 6a shows higher
overlap distance for two sides chamfer case compared to one side chamfer. Accord-
ing to (5), Xch increases with higher B, which in term increases the required tooth
overlap distance, as (8) shows. Also, considering Figure 6b, case 1 (full X«q) has
higher sensitivity to B, compared with case 2 (Xfed” IS 1.5Xcn) and case 3 (Xred” IS Xch)
which agrees with (9). Below 15° chamfer angle, case 2 and case 3 have lower Xseq’
compared to no chamfer case.

It has been shown that the chamfer angle affects the overlap distance, which in
term will affect the shiftability map and the engagement probability. So, it is worth
to briefly explaining how this distance affects the dog clutch shiftability.

Figure 8 shows the so-called shiftability map where the blue zone expresses the
successful gearshift region where (3) is evaluated at each point in a given domain,
knowing all the parameters appearing in this equation. In Aljawabrah & Lovas
(2022) we showed that higher overlap distance narrows the successful engagement
area, and this behaviour is clear in Figure 7a, where the successful region portion
from a given domain decays rapidly with Xreq.

— Two Sides Chamfer ——#4—— One Side Chamfer

Xpd is: full —A— 1.5)(ch
No Chamfer

Xh —¢—— No Chamfer
4 4
B e 3
E3 &
e - )
> 1 ><LH1 -
0 - - - - - ol—" - - - -
0 10 20 30 40 50 0 10 20 30 40 50
811 BL°]
a) b)

Figure 6. Chamfer angle effect on the overlap distance
for a) chamfer sides cases, and b) for overlap distance cases
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Figure 7. Overlap distance effect on a) successful engagement area, and
b) engagement probability
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On the other hand, in many cases, the initial relative position cannot be measured.
So, the initial relative position is considered to be a random variable in the interval
[0, ¢], or one tooth pitch period, and in contrast to the shiftability condition in (3),
the successful gearshift process is described by engagement probability. Figure 7b
shows the probability sensitivity to Xsq change. Here the probability decreases with
a higher overlap distance, and theoretically, there is no possible connection above a
certain value, as the required time to cover Xrq becomes larger than the available
time before the gear’s and sliding sleeve’s teeth impact.

3.1. Chamfer sides’ cases

Let us consider the cases when chamfers exist or not on the mating teeth (Figure 4).
In Figure 8, the horizontal axis shows & and Awg is on the vertical axis. The maps
represent chamfer existence cases 1, and 2 for different chamfer angle . The third
column of the subfigures in Figure 8 shows the no chamfer case for reference. Here,
with the increase of B, the zone of successful shifting (blue zones) decreases. Refer-
ring to Figure 6a, Xrd’ increases with higher chamfer angle values, which increases
the required overlap distance Xreq’.

48 a) d) 2)

36
24

b kAR
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b) e)
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Figure 8 The shiftability map for & and Aw at different chamfer side cases:
one side chamfer case for B of a) 10°b) 30° c) 45° and two sides chamfer case
for B of'd) 10°e) 30°f) 45°, and e) no chamfer case
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When comparing case 1 to case 2, it can be seen that the latter has larger successful
engagement regions at a fixed chamfer angle, since case 2 has a shorter overlap dis-
tance (Figure 8). Moreover, the difference in the shiftability map between case 1 and
case 2 decreases at higher B. Figure 6a shows that Xrq’ increases rapidly with in-
creasing 3. Note also, that with increasing Xrd’, the system approaches the no shift-
ability point, as the size of the blue zone decreases on the shiftability map, Figure 7a.

—— Two Sides Chamfer ——#—— One Side Chamfer
No Chamfer

0 10 20 30 40 50
1)
Figure 9. Engagement probability for chamfer side cases, & is random
in the interval [0, ¢]

Figure 9 shows that the engagement probability decreases for both two and one
chamfer cases as the overlap distance increases. Note also, that the probability has
higher sensitivity at higher 3. Figure 6a shows the X4’ is more sensitive § at higher
values which gives higher probability sensitivity at higher chamfer angles.

3.2. Successful connection position cases

Figure 10 shows shiftability maps. The horizontal axis shows & and Awg is on the
vertical axis. The maps represent Xrq’ cases 1, 2, and 3 for different chamfer angles
B. Case 3 has the largest successful engagement region at fixed B; case 3 has the
shortest overlap distance compared with case 2 and case 1 as Figure 10 shows.

It can also be seen that the successful engagement regions (blue zones) decrease
with higher chamfer angles.

The shiftability maps are more sensitive to the change in the chamfer angle () in
case 3 and have less effect on case 2 shiftability maps, but the lowest effect on case
1. Figure 6b shows that case 3 has shorter Xrq’ compared to the other two cases and
as Figure 7a shows that the successful region portion is more sensitive to the change
in Xrq at lower values. The phenomenon is similar to that seen in Figure 8, since
mainly the chamfer angle affects the overlap distance in both cases set.

Figure 11 illustrates the engagement probability for the overlap distance cases,
when the mismatch speed increases. The probability decreases with the 3 as expected.
Case 1 has the lowest probability since it has the highest X«q’. Case 3 probability
curves’ decrease is the quickest, then comes case 2, then the case 1. This means that
having a chamfer limits the possibility of successful shifting at higher mismatch speed
domain. This is justified with Figure 11: Xrq’ increases with B increase, which causes
the shifting probability to decrease. Moreover, the probability curve trends are similar
to those in Figure 9 since the chamfer angle mainly affects the overlap distance.
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Figure 10. The shiftability map for & and Aw at different overlap distance cases:
Full Xred” (case 1) for ff of a) 10°b) 30° C) 45°, Xred” is 1.5xch (case 2) for p of d) 20°
e) 30°f) 45°, Xrea is xch (case 3) for f of g) 20°h)30° i) 45°

Figure 11a also shows that case 3 always has a higher probability compared to no
chamfer case at given low mismatch speed. However, this advantage vanishes with
the mismatch speed increase. Thus, the developed model allows to check whether it
is worth to have a chamfer at given tooth geometry and mismatch speed conditions.

Xped is: full —A— I.SXch Xg —*—No Chamfer

1 1 1

: 0.8 0.8
— 0.6 % 0.6l 0.6 \
& 04 \

0.4 0.4
0.2 0.2 0.2
0 0 0
5 15 25 35 45 5 15 25 35 45 5 15 25 35 45
BL°)
a) b) c)
Figure 11. Probability plot for overlap distance cases when Awy is a) 95 min* b)
286 min~t and c) 477 min™%, & is random in the interval [0, ¢]

3.3. System Parameters effect

(5) describing the chamfer length contains geometric parameters: the mean tooth ra-
dius r, the number of teeth z, and the angular backlash ®y. In what follows, the effect
of these parameters on the engagement probability in the case of a rectangular and
chamfered tooth are compared.

Figure 12 shows that the radius has no effect on the connection probability in
case there is no chamfer, but has a negative linear effect if the dog teeth are
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chamfered even at fixed . According to (5), the chamfer length increases with the
mean radius, as well as the tooth thickness. Comparison of Figure 12a, b, and c,
show that the slope of the curves is increasing, which means probability sensitivity
for the mean radius increases as the [ increases.

Xfed is: full —A— L5x X, — > No Chamfer
1 1 1
0.8 0.8 0.8
— 0.6 i S-S R 0.6
e 04 \ 0.4 \ 0.4
0.2 0.2 0.2

0 0
5 16 27 38 49 60 5 16 27 38 49 60 5 16 27 38 49 60

r [mm]
a) b) c)
Figure 12. Probability sensitivity to the men radius change for B of a) 15°
b) 30° and c) 45°, & is free in the interval [0, #]

Figure 13a illustrates the effect of the number of teeth z on the connection probabil-
ity. The trends of the curves in Figure 13a, b, and ¢ show that teeth number has a
direct linear relationship with probability.

On the other hand, increasing p increases the minimum required number of teeth
to have a possible gearshift.

Xped is: full —A— L.5x X, — ¢ No Chamfer
1 1 1
0.8 0.8 0.8
- 0.6 0.6 0.6
o 04 / 0.4 ///;// 0.4 //
0.2 0.2 0.2
0 0 — 0 B —34
2 4 6 8 10 2 4 6 8 10 2 4 6 8 10
z[-]
a) b) c)
Figure 13. Probability sensitivity to the number
of teeth change for § of @) 15°b) 30° and c) 45°
Xfed is: full —A— 1.5)(ch X, ——— No Chamfer
1 1
0.8 0.8
— 0.6 0.6
~ 04 0.4
0.2 0.2
0 0 =
2 9 16 23 30 2 9 16 23 30
@, [°]
a) b) c)

Figure 14. Probability sensitivity to backlash change for
of a) 15° b) 30° and c) 45°
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Figure 14 illustrates the change in the connection probability depending on the an-
gular backlash. The probability curve trends are similar to those in Figure 13, and
similar conclusions can be drawn. On the other hand, the tooth thickness has a major
effect on the chamfer length as shown in (4): the chamfer length increases with the
tooth thickness. So, reducing the tooth thickness within the angular pitch has a pos-
itive effect on the engagement probability by reducing the chamfer length from one
side, and allowing for higher backlash from another side.

4. SUMMARY

In this paper, the effect of the chamfer angle on the shiftability map and the engage-
ment probability was investigated. The analysis is based on the kinematical shifta-
bility condition. The inclusion of the chamfer angle modified the expression of the
overlap distance and the backlash in the condition. The analysis considered two sets
of cases: the overlap distance cases, and the chamfer side cases. The overlap distance
cases try to locate the successful engagement position since the location is not clear
compared to the rectangular tooth case while the chamfer side distance investigates
the effect of the system geometry. Regarding the considered cases, the results
showed a globally negative effect for the chamfer angle presence on the engagement
probability, at fixed other parameters.

In case of low mismatch speeds, there may be some advantage in the application
of chamfered teeth, but this zone is limited. At higher mismatch speeds, higher ac-
tuator axial speed must be present to overcome the overlap distance increase due to
the chamfers.
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