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CRANKPIN INCLUDING CAMS, CONNECTING ROD
INCLUDING FOLLOWERS, AND INTERNAL COMBUSTION ENGINE
INCLUDING CRANKPIN AND CONNECTING ROD

DESCRIPTION

Claim of Priority

[001] This PCT International Patent Application claims the benefit of priority
of U.S. Provisional Application No. 61/540,715, filed September 29, 2011, and U.S.
Provisional Application No. 61/488,067, filed May 19, 2011, the disclosures of both of
which are incorporated herein by reference

Field of the Disclosure

[002] The present disclosure relates to crankshafts, connecting rods, and
internal combustion engines. In particular, the present disclosure relates to internal
combustion engines with improved fuel efficiency and/or power output.

Background

[003] High fuel costs and a desire to reduce undesirable emissions
associated with operation of internal combustion engines has renewed interest in
improving fuel efficiency during operation. Thus, it may be desirable to improve the
efficiency of conventional internal combustion engines.

[004] A conventional internal combustionvengine includes a cylinder block
defining journals for receiving a crankshaft and one or more cylinders housing a
piston that is operably coupled to the crankshaft at a crankpin via a connecting rod.
During conventional operation, the piston reciprocates within the cylinder, such that
during a power stroke of the internal combustion engine, combustion of an air/fuel
mixture within a combustion chamber defined by the piston, the cylinder, and a
cylinder head forces the piston toward the crankshaft. As the piston travels toward
the crankshaft, the crankshatft is rotated via the connecting rod and crankpin, thereby
converting the energy associated with combustion of the air/fuel mixture into

mechanical work.
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[005] Due to the architecture of a conventional internal combustion engine,
when the piston is at a position within the cylinder that coincides with the maximum
compression (i.e., the combustion chamber is at its lowest volume when the piston is
farthest from the crankshaft), the radial axis extending between the center of the
crankshaft and the center of the crankpin tends to be nearly co-linear, if not co-linear,
with the axis of the connecting rod. At these relative positions, as the piston first
begins its movement toward the crankshaft during the power stroke, there is only a
very short moment arm (if any) created between the axis of the connecting rod and
the radial axis. As a result, the force initially created by the air/fuel mixture at the
moment of combustion does not transfer as much torque to the crankshaft as it
would if the length of the moment arm were greater. This situation may be
particularly undesirable because during combustion and very shortly thereafter, the
force on the piston due to the combustion event approaches its maximum
magnitude. Further, as the piston travels down the cylinder toward the crankshaft
and the length of the moment arm increases, the magnitude of the force from the
combustion event acting on the piston dissipates rapidly. Thus, because there is a
very short moment arm created between the axis of the connecting rod and the
radial axis during the time of maximum force on the piston, efficiency of the work
generated from the combustion process may be less than desired.

[006] Thus, it may be desirable to provide an internal combustion engine with
a configuration that improves the efficiency of the internal combustion engine during
operation. Further, it may be desirable to provide an internal combustion engine with
a configuration that permits tailoring of desired performance characteristics.

SUMMARY

[007] In the following description, certain aspects and embodiments will
become evident. It should be understood that the aspects and embodiments, in their
broadest sense, could be practiced without having one or more features of these
aspects and embodiments. It should be understood that these aspects and
embodiments are merely exemplary.

[008] One aspect of the disclosure relates to a crankshaft for an internal
combustion engine. The crankshaft may include a first journal having a circular
cross-section defining a first journal center, the first journal being configured to be
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rotatably coupled to a cylinder block of an internal combustion engine. The
crankshaft may further include a second journal having a circular cross-section
defining a second journal center, the second journal being configured to be rotatably
coupled to a cylinder block of the internal combustion engine, wherein the first and
second journal centers define a longitudinal crankshaft axis. The crankshaft may
also include a crankpin defining a longitudinal crankpin axis and being configured to
be coupled to a connecting rod, the longitudinal crankpin axis being parallel to and
spaced from the longitudinal crankshaft axis. The crankpin may include at least one
crankpin journal, a first cam including a first cam profile, a second cam including a
second cam profile, and a third cam including a third cam profile. The first, second,
and third cam profiles may differ from one another, and at least one of the first,
second, and third cam profiles may be configured to affect the stroke of a connecting
rod coupled to the crankpin.

[009] According to another aspect, a connecting rod for an internal
combustion engine may include a rod portion and a cap portion, wherein the rod
portion and the cap portion define an oblong opening configured to receive a
crankpin of an internal combustion engine. A first end of the oblong opening may be
associated with the rod portion, and a second end of the oblong opening may be
associated with the cap portion. The connecting rod may further include a first
follower associated with the first end of the oblong opening, a second follower
associated with the first end of the oblong opening, and a third follower associated
with the second end of the oblong opening. The first follower may include a first
follower surface, and the second follower may include a second follower surface, and
the first and second follower surfaces may differ from one another.

[010] According to still a further aspect, an internal combustion engine may
include a cylinder block defining a cylinder, and a crankshaft including a crankpin.
wherein the crankshaft may be rotatably coupled to the cylinder block and may rotate
along a longitudinal crankshaft axis. The crankpin may define a longitudinal crankpin
axis parallel to and spaced from the longitudinal crankshaft axis. The engine may
further include a piston configured to reciprocate within the cylinder, and a
connecting rod including a proximal end and a distal end, wherein the proximal end
is operably coupled to the crankpin, and the distal end is operably coupled to the
piston. The crankpin may include at least one crankpin journal about which the

connecting rod revolves, a first cam including a first cam profile, a second cam
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including a second cam profile, and a third cam including a third cam profile. The
first, second, and third cam profiles may differ from one another, and at least one of
the first, second, and third cam profiles may be configured to provide relative linear
movement between the longitudinal crankpin axis and the proximal end of the
connecting rod.

[011] According to yet another aspect, an internal combustion engine may
include a cylinder block defining a cylinder, and a crankshaft including a crankpin,
wherein the crankshaft is rotatably coupled to the cylinder block and rotates along a
longitudinal crankshaft axis. The crankpin may define a longitudinal crankpin axis
parallel to and spaced from the longitudinal crankshaft axis. The engine may further
include a piston configured to reciprocate within the cylinder, and a connecting rod
including a proximal end and a distal end, wherein the proximal end is operably
coupled to the crankpin, and the distal end is operably coupled to the piston. The
crankpin may include at least one crankpin journal about which the connecting rod
revolves, a first cam including a first cam profile, a second cam including a second
cam profile, and a third cam including a third cam profile. The first, second, and third
cam profiles differ from one another, and at least one of the first, second, and third
cam profiles may be configured to provide relative linear motion between the
crankpin and the proximal end of the connecting rod, resulting in a distance between
the longitudinal crankpin axis and an upper surface of the piston varying as the
crankshaft rotates.

[012] According to still a further aspect, an internal combustion engine may
include a cylinder block defining a cylinder, and a crankshaft including a crankpin,
wherein the crankshaft is rotatably coupled to the cylinder block and rotates along a
longitudinal crankshaft axis. The crankpin may define a longitudinal crankpin axis
parallel to and offset by a distance with respect to the longitudinal crankshaft axis.
The engine may further include a piston configured to reciprocate within the cylinder
between spaced stroke termination points defining a stroke of the piston. The
engine may further include a connecting rod including a proximal end and a distal
end, wherein the proximal end is operably coupled to the crankpin, and the distal end
is operably coupled to the piston. The crankpin may include at least one crankpin
journal about which the connecting rod revolves, a first cam including a first cam
profile, a second cam including a second cam profile, and a third cam including a
third cam profile. The first, second, and third cam profiles may differ from one
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another. A line extending between the longitudinal crankshaft axis and the
longitudinal crankpin axis may define a radial axis of the crankshaft. At least one of
the first, second, and third cam profiles is configured to vary a distance between the
longitudinal crankpin axis and the distal end of the connecting rod. The engine may
be configured such that as the crankshaft rotates, reversal of the direction of travel of
the piston within the cylinder is delayed via relative motion between the longitudinal
crankpin axis and the proximal end of the connecting rod after the piston reaches at
least one of the stroke termination points.

[013] According to yet a further aspect, an internal combustion engine may
include a cylinder block defining a cylinder, and a crankshaft including a crankpin,
wherein the crankshaft is rotatably received by the cylinder block and rotates along a
longitudinal crankshaft axis. The crankpin may define a longitudinal crankpin axis
parallel to and offset by a distance with respect to the longitudinal crankshaft axis.
The engine may further include a piston configured to reciprocate within the cylinder,
and a connecting rod including a proximal end and a distal end, wherein the proximal
end is operably coupled to the crankpin, and the distal end is operably coupled to the
piston. The crankpin may include at least one crankpin journal about which the
connecting rod revolves, a first cam including a first cam profile, a second cam
including a second cam profile, and a third cam including a third cam profile. The
first, second, and third cam profiles differ from one another. A line extending
between the longitudinal crankshaft axis and the longitudinal crankpin axis may
define a radial axis of the crankshaft, wherein at least one of the first, second, and
third cam profiles is configured to vary a distance between the longitudinal crankpin
axis and the distal end of the connecting rod. The engine may be configured to
selectively operate in two modes, including a first mode, wherein the distance
between the longitudinal crankpin axis and the distal end of the connecting rod
varies according to a first strategy based on the angular position of the radial axis of
the crankshaft, and a second mode, wherein the distance between the longitudinal
crankpin axis and the distal end of the connecting rod varies according to a second
strategy based on the angular position of the radial axis of the crankshaft. The first
strategy may differ from the second strategy.

[014] According to yet another aspect, a power train may include an internal
combustion engine according to any of the above aspects, a transmission operably
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coupled to the engine, and a drive member configured to perform work. The drive
member may be operably coupled to the transmission.

[015] According to still a further aspect, a vehicle may include an internal
combustion engine according to any of the above aspects, a transmission operably
coupled to the engine, and a drive member configured to perform work. The drive
member may be operably coupled to the transmission.

[016] Additional objects and advantages of the disclosure will be set forth in
part in the description which follows, or may be learned by practice of the disclosed
embodiments.

[017] Aside from the structural and procedural arrangements set forth above,
the embodiments could include a number of other arrangements, such as those
explained hereinafter. It is to be understood that both the foregoing description and
the following description are exemplary only.

BRIEF DESCRIPTION OF THE DRAWINGS

[018] The accompanying drawings, which are incorporated in and constitute
a part of this description, illustrate exemplary embodiments and together with the
description, serve to explain the principles of the embodiments. In the drawings,

[019] Fig. 1 is a schematic partial perspective view of an exemplary
embodiment of an internal combustion engine;

[020] Fig. 2 is a schematic partial perspective view of a portion of the
exemplary embodiment shown in Fig. 1;

[021] Fig. 3 is a schematic perspective view of an exemplary embodiment of
a crankshaft for the exemplary embodiment shown in Fig. 1;

[022] Fig. 4 is a schematic perspective view of an exemplary embodiment of
a connecting rod for the exemplary embodiment shown in Fig. 1;

[023] Fig. 5A is a schematic perspective view of a portion of the exemplary
connecting rod shown in Fig. 4;

[024] Fig. 5B is a schematic perspective view of another portion of the
exemplary connecting rod shown in Fig. 4;

[025] Fig. 6 is a schematic top view of the exemplary embodiment shown in
Fig. 1;
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Fig.
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Fig.
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Fig.

Fig.

Fig.
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Fig.

[026] Fig. 7 is a schematic partial side section view taken along line A-A of
6;
[027] Fig. 8A is a schematic partial section view taken along line B-B of Fig.

[028] Fig. 8B is a schematic partial section view taken along line C-C of Fig.

[029] Fig. 8C is a schematic partial section view taken along line D-D of Fig.

[030] Fig. 9A is a schematic partial end section view taken along line B-B of
7 with a radial axis angle of the crankshaft shown at 0 degrees;

[031] Fig. 9B is a schematic detail view of Fig. 9A;

[032] Fig. 9C is a schematic partial end section view taken along line C-C of
7 with a radial axis angle of the crankshaft shown at 0 degrees;

[033] Fig. 9D is a schematic detail view of Fig. 9C;

[034] Fig. 9E is a schematic partial end section view taken along line D-D of
7 with a radial axis angle of the crankshaft shown at 0 degrees;

[035] Fig. 9F is a schematic detail view of Fig. 9E:

[036] Fig. 10A is a schematic partial end section view taken along line B-B of
7 with a radial axis angle of the crankshaft shown at 15 degrees;

[037] Fig. 10B is a schematic detail view of Fig. 10A;

[038] Fig. 10C is a schematic partial end section view taken along line C-C of
7 with a radial axis angle of the crankshaft shown at 15 degrees;

[039] Fig. 10D is a schematic detail view of Fig. 10C;

[040] Fig. 10E is a schematic partial end section view taken along line D-D of
7 with a radial axis angle of the crankshaft shown at 15 degrees;

[041] Fig. 10F is a schematic detail view of Fig. 10E;

[042] Fig. 11Ais a schematic partial end section view taken along line B-B of
7 with a radial axis angle of the crankshaft shown at 35 degrees;

[043] Fig. 11B is a schematic detail view of Fig. 11A,;

[044] Fig. 11C is a schematic partial end section view taken along line C-C of
7 with a radial axis angle of the crankshaft shown at 35 degrees;

[045] Fig. 11D is a schematic detail view of Fig. 11C;

[046] Fig. 11E is a schematic partial end section view taken along line D-D of
7 with a radial axis angle of the crankshaft shown at 35 degrees;
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Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

[047] Fig. 11F is a schematic detail view of Fig. 11E;

[048] Fig. 12Ais a schematic partial end section view taken along line B-B of
7 with a radial axis angle of the crankshaft shown at 90 degrees;

[049] Fig. 12B is a schematic detail view of Fig. 12A;

[050] Fig. 12C is a schematic partial end section view taken along line C-C of
7 with a radial axis angle of the crankshaft shown at 90 degrees;

[051] Fig. 12D is a schematic detail view of Fig. 12C;

[052] Fig. 12E is a schematic partial end section view taken along line D-D of
7 with a radial axis angle of the crankshaft shown at 90 degrees;

[053] Fig. 12F is a schematic detail view of Fig. 12E;

[054] Fig. 13A is a schematic partial end section view taken along line B-B of
7 with a radial axis angle of the crankshaft shown at 120 degrees;

[055] Fig. 13B is a schematic detail view of Fig. 13A;

[056] Fig. 13C is a schematic partial end section view taken along line C-C of
7 with a radial axis angle of the crankshaft shown at 120 degrees;

[057] Fig. 13D is a schematic detail view of Fig. 13C;

[058] Fig. 13E is a schematic partial end section view taken along line D-D of
7 with a radial axis angle of the crankshaft shown at 120 degrees;

[059] Fig. 13F is a schematic detail view of Fig. 13E;

[060] Fig. 14A is a schematic partial end section view taken along line B-B of
7 with a radial axis angle of the crankshaft shown at 150 degrees;

[061] Fig. 14B is a schematic detail view of Fig. 14A;

[062] Fig. 14C is a schematic partial end section view taken along line C-C of
7 with a radial axis angle of the crankshaft shown at 150 degrees:;

[063] Fig. 14D is a schematic detail view of Fig. 14C;

[064] Fig. 14E is a schematic partial end section view taken along line D-D of
7 with a radial axis angle of the crankshaft shown at 150 degrees;

[065] Fig. 14F is a schematic detail view of Fig. 14E;

[066] Fig. 15A is a schematic partial end section view taken along line B-B of
7 with a radial axis angle of the crankshaft shown at 180 degrees;

[067] Fig. 15B is a schematic detail view of Fig. 15A;

[068] Fig. 15C is a schematic partial end section view taken along line C-C of
7 with a radial axis angle of the crankshaft shown at 180 degrees;

[069] Fig. 15D is a schematic detail view of Fig. 15C;
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[070] Fig. 15E is a schematic partial end section view taken along line D-D of
Fig. 7 with a radial axis angle of the crankshaft shown at 180 degrees;

[071] Fig. 15F is a schematic detail view of Fig. 15E;

[072] Fig. 16Ais a schematic partial end section view taken along line B-B of
Fig. 7 with a radial axis angle of the crankshaft shown at 270 degrees;

[073] Fig. 16B is a schematic detail view of Fig. 16A;

[074] Fig. 16C is a schematic partial end section view taken along line C-C of
Fig. 7 with a radial axis angle of the crankshaft shown at 270 degrees;

[075] Fig. 16D is a schematic detail view of Fig. 16C;

[076] Fig. 16E is a schematic partial end section view taken along line D-D of
Fig. 7 with a radial axis angle of the crankshaft shown at 270 degrees;

[077] Fig. 16F is a schematic detail view of Fig. 16E;

[078] Fig. 17 is a schematic partial side section view similar to Fig. 7 showing
a portion of another exemplary embodiment of an internal combustion engine;

[079] Fig. 18Ais a schematic partial end section view taken along line I-1 of
Fig. 17 with a radial axis angle of the crankshaft shown at 0 degrees;

[080] Fig. 18B is a schematic detail view of Fig. 18A;

[081] Fig. 18C is a schematic partial end section view taken along line H-H of
Fig. 17 with a radial axis angle of the crankshaft shown at O degrees;

[082] Fig. 18D is a schematic detail view of Fig. 18C;

[083] Fig. 18E is a schematic partial end section view taken along line J-J of
Fig. 17 with a radial axis angle of the crankshaft shown at 0 degrees;

[084] Fig. 18F is a schematic detail view of Fig. 18E;

[085] Fig. 19Ais a schematic partial end section view taken along line I-I of
Fig. 17 with a radial axis angle of the crankshaft shown at 15 degrees;

[086] Fig. 19B is a schematic detail view of Fig. 19A;

[087] Fig. 19C is a schematic partial end section view taken along line H-H of
Fig. 17 with a radial axis angle of the crankshaft shown at 15 degrees;

[088] Fig. 19D is a schematic detail view of Fig. 19C;

[089] Fig. 19E is a schematic partial end section view taken along line J-J of
Fig. 17 with a radial axis angle of the crankshaft shown at 15 degrees;

[090] Fig. 19F is a schematic detail view of Fig. 19E;

[091] Fig. 20A is a schematic partial end section view taken along line I-I of
Fig. 17 with a radial axis angle of the crankshaft shown at 35 degrees;
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Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

[(092] Fig. 20B is a schematic detail view of Fig. 20A,;

(093] Fig. 20C is a schematic partial end section view taken along line H-H of
17 with a radial axis angle of the crankshaft shown at 35 degrees;

[094] Fig. 20D is a schematic detail view of Fig. 20C;

[095] Fig. 20E is a schematic partial end section view taken along line J-J of
17 with a radial axis angle of the crankshaft shown at 35 degrees;

[096] Fig. 20F is a schematic detail view of Fig. 20E;

[097] Fig. 21Ais a schematic partial end section view taken along line I-| of
17 with a radial axis angle of the crankshaft shown at 90 degrees;

[098] Fig. 21B is a schematic detail view of Fig. 21A,;

[099] Fig. 21C is a schematic partial end section view taken along line H-H of
17 with a radial axis angle of the crankshaft shown at 90 degrees;

[0100] Fig. 21D is a schematic detail view of Fig. 21C;

[0101] Fig. 21E is a schematic partial end section view taken along line J-J of
17 with a radial axis angle of the crankshaft shown at 90 degrees;

[0102] Fig. 21F is a schematic detail view of Fig. 21E;

[0103] Fig. 22A is a schematic partial end section view taken along line I-! of
17 with a radial axis angle of the crankshaft shown at 120 degrees;

[0104] Fig. 22B is a schematic detail view of Fig. 22A;

[0105] Fig. 22C is a schematic partial end section view taken along line H-H of
17 with a radial axis angle of the crankshaft shown at 120 degrees;

[0106] Fig. 22D is a schematic detail view of Fig. 22C;

[0107] Fig. 22E is a schematic partial end section view taken along line J-J of
17 with a radial axis angle of the crankshaft shown at 120 degrees;

[0108] Fig. 22F is a schematic detail view of Fig. 22E;

[0109] Fig. 23A is a schematic partial end section view taken along line I-I of
17 with a radial axis angle of the crankshaft shown at 150 degrees:

[0110] Fig. 23B is a schematic detail view of Fig. 23A,;

[0111] Fig. 23C is a schematic partial end section view taken along line H-H of
17 with a radial axis angle of the crankshaft shown at 150 degrees;

[0112] Fig. 23D is a schematic detail view of Fig. 23C:

[0113] Fig. 23E is a schematic partial end section view taken along line J-J of
17 with a radial axis angle of the crankshaft shown at 150 degrees;

[0114] Fig. 23F is a schematic detail view of Fig. 23E;
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[0115] Fig. 24A is a schematic partial end section view taken along line I-I of
Fig. 17 with a radial axis angle of the crankshaft shown at 180 degrees;

[0116] Fig. 24B is a schematic detail view of Fig. 24A,

[0117] Fig. 24C is a schematic partial end section view taken along line H-H of
Fig. 17 with a radial axis angle of the crankshaft shown at 180 degrees;

[0118] Fig. 24D is a schematic detail view of Fig. 24C;

[0119] Fig. 24E is a schematic partial end section view taken along line J-J of
Fig. 17 with a radial axis angle of the crankshaft shown at 180 degrees;

[0120] Fig. 24F is a schematic detail view of Fig. 24E;

[0121] Fig. 25A is a schematic partial end section view taken along line |-I of
Fig. 17 with a radial axis angle of the crankshaft shown at 270 degrees;

[0122] Fig. 25B is a schematic detail view of Fig. 25A;

[0123] Fig. 25C is a schematic partial end section view taken along line H-H of
Fig. 17 with a radial axis angle of the crankshaft shown at 270 degrees;

[0124] Fig. 25D is a schematic detail view of Fig. 25C;

[0125] Fig. 25E is a schematic partial end section view taken along line J-J of
Fig. 17 with a radial axis angle of the crankshaft shown at 270 degrees; and

[0126] Fig. 25F is a schematic detail view of Fig. 25E.

DESCRIPTION OF EXEMPLARY EMBODIMENTS

[0127] Reference will now be made in detail to exemplary embodiments.
Wherever possible, the same reference numbers are used in the drawings and the
description to refer to the same or like parts.

[0128] Exemplary engine 10 shown in Figs. 1-16F is a reciprocating-piston,
internal combustion engine. As shown in Fig. 1, engine 10 includes a cylinder
block 12. Exemplary cylinder block 12 defines a number of cylinders 14, each
defining a longitudinal cylinder axis CL. As explained in more detail herein, some
embodiments of exemplary cylinder block 12 may have a length Lg that is relatively
longer than a conventional cylinder block to accommodate a crankshaft having
crankpins that are relatively longer than some conventional crankpins.

[0129] In the exemplary embodiment shown, engine 10 has an in-line
configuration and four cylinders 14a, 14b, 14c, and 14d. Although exemplary engine

10 has a configuration commonly referred to as an “in-line four” configuration, engine
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10 may have other configurations known to those skilled in the art, such as, for
example, configurations commonly referred to as “V,” “W," °H,” “flat,” "horizontally-
opposed,” and “radial.” Further, although exemplary engine 10 has four cylinders,
engine 10 may have other numbers of cylinders known to those skilled in the art,
such as, for example, one, two, three, five, six, eight, twelve, sixteen, twenty, and
twenty-four. Thus, engine 10 may have, for example, any one of configurations
commonly referred to as “flat-four,” *flat-six,” “in-line six,” "V-6,” “straight-eight,” “V-8,”
"V-10," “V-12,” *W-12," and "H-16." Further, although exemplary engine 10 is
described herein in relation to four-stroke operation, other operations known to those
skilled in the art are contemplated, such as, for example, two-stroke, three-stroke,
five-stroke, and six-stroke operation. Exemplary engine 10 may be a spark-ignition
engine, compression-ignition engine, or combinations and/or modifications thereof
known to those skilled in the art.

[0130] As shown in Figs. 1 and 2, exemplary engine 10 includes pistons 16
corresponding to cylinders 14, for example, four pistons 16a, 16b, 16¢, and 16d. As
shown in Fig. 1, pistons 16a and 16d are positioned in the upper end (i.e., "upper”
being relative to the orientation of engine 10 shown in Fig. 1) of cylinders 14a and
14d, respectively, while pistons 16b and 16c are not visible in Fig. 1 due to being
positioned lower in the cylinders 14b and 14c, respectively. To the extent that the
relative positions of the pistons 16 in the cylinders 14 tend to indicate a relative firing
order of engine 10 (i.e., the sequential order of combustion events as identified by
cylinders), exemplary engine 10 may be configured to have a different firing order, as
is known to those skilled in the art.

[0131] Cylinder block 12 of exemplary engine 10 defines a number of bearings
(not shown) for receiving a crankshaft 20, such that crankshaft 20 may rotate relative
to cylinder block 12 along a longitudinal crankshaft axis CS defined by crankshaft 20.
For example, as shown in Fig. 3, crankshaft 20 defines a number of crankshaft
journals 22 having a circular cross-section with a cross-section center. The number
of crankshaft journals 22 corresponds to the number of bearings defined by cylinder
block 12, and crankshaft journals 22 are received by bearings, such that crankshaft
20 may rotate along longitudinal crankshaft axis CS.

[0132] Exemplary crankshaft 20 shown in Figs. 2 and 3 also defines a number
of crankpins 24 corresponding to the number of pistons 16, although the number of
crankpins 24 does not necessarily equal the number of pistons 16. As shown in Fig.
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3, each of exemplary crankpins 24 includes a pair of crankpin journals 25a and 25b
separated by a crankpin cam 27, a pair of secondary crankpin cams 27a and 27b,
and a pair of tertiary crankpin cams 27c and 27d. In the example shown, secondary
crankpin cams 27a and 27b are located on either side of crankpin cam 27, and
tertiary crankpin cams 27c and 27d are located on opposite sides of secondary
crankpin cams 27a and 27b. According to some embodiments (not shown),
crankshaft 20 may include only a single secondary crankpin cam 27a and only a
single tertiary crankpin cam 27c. In such embodiments, secondary crankpin cam
27a may be located on one side of crankpin cam 27, with tertiary crankpin cam 27¢
being located on the opposite side of secondary crankpin cam 27a from crankpin
cam 27, such that the crankpin cams are arranged sequentially as crankpin cam 27,
secondary crankpin cam 27a, and tertiary crankpin cam 27c¢. Alternatively,
secondary crankpin cam 27a may be located to one side of crankpin cam 27, with
tertiary crankpin cam 27¢ being located on the opposite side of crankpin cam 27
from secondary crankpin cam 27a, such that the crankpin cams are arranged
sequentially as tertiary crankpin cam 27c, crankpin cam 27, and secondary crankpin
cam 27a. (As used herein, the terms “secondary” and “tertiary” do not indicate
relative importance. Rather, these terms are used to distinguish similar types of
structures from one another.)

[0133] Exemplary crankpin journals 25a and 25b are circular in cross section,
and the respective circular cross-sections may define a center C (see, e.g.,
Figs. 8A-8C) , which, in turn, defines a longitudinal crankpin axis CP extending in a
perpendicular manner through center C of the cross-section of the respective
crankpin journals 25a and 25b, such that crankpin axis CP is parallel and offset with
respect to crankshaft axis CS. For example, crankpin axis CP is spaced a distance
T (see Figs. 3 and 9A) from the longitudinal axis CS of crankshaft 20. Crankshaft 20
may also include a number of counterbalance weights 26 for providing (or improving)
rotational balance of crankshaft 20 when assembled with pistons 16 and connecting
rods. A line extending between the longitudinal crankshaft axis CS and the
longitudinal crankpin axis CP defines a radial axis RA of crankshaft 20 (see Figs. 9A-
16F and 18A-25F).

[0134] Regarding exemplary crankpin cam 27, as shown in, for example,
Fig. 8A, crankpin cam 27 defines a cam profile 29 corresponding to a radial distance
rq from crankpin axis CP to an edge face 31 of crankpin cam 27. Radial distance ry
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varies from a minimum radial distance to a maximum radial distance to define cam
profile 29. According to the exemplary embodiment shown in Fig. 8A, cam profile 29
of crankpin cam 27 defines a generally convex radius, with a portion of cam profile
29 having a substantially constant radius for at least about 70 degrees of cam profile
29 (e.g., for at least about 80 degrees, at least about 90 degrees, at least about 100
degrees, at least about 110 degrees, at least about 120 degrees, at least about 130
degrees, at least about 140 degrees, or at least about 150 degrees). According to
some embodiments cam profile 29 may have a portion defining a substantially
constant radial distance ry for at least about 70 degrees of cam profile (e.g., at least
about 80 degrees, at least about 90 degrees, at least about 100 degrees, at least
about 110 degrees, at least about 120 degrees, at least about 130 degrees, at least
about 140 degrees, or at least about 150 degrees).

[0135] In the exemplary embodiment shown in Fig. 8A, in a first direction d;
extending along a line from the longitudinal crankshaft axis CS toward the
longitudinal crankpin axis CP, the radial distance ry; associated with the first direction
dy is less than the maximum radial distance. Also, in a second direction d, extending
along a line from the longitudinal crankpin axis CP toward the longitudinal crankshaft
axis CS, the radial distance ry, associated with the second direction d, is greater
than the radial distance rys associated with the first direction d.

[0136] Similar to crankpin cam 27, secondary crankpin cams 27a and 27b
define secondary cam profiles 29a and 29b corresponding to radial distances r4' from
crankpin axis CP to edge faces 31a and 31b of secondary crankpin cams 27a and
27b, respectively, as shown in Fig. 8B. Radial distances ry' vary from a minimum
radial distance to a maximum radial distance to define secondary cam profiles 29a
and 29b. As shown in Fig. 8B, in a first direction d; extending along a line from the
longitudinal crankshaft axis CS toward the longitudinal crankpin axis CP, the radial
distance ry's associated with the first direction d; is less than the maximum radial
distance. Also, in a second direction d, extending along a line from the longitudinal
crankpin axis CP toward the longitudinal crankshaft axis CS, the radial distance r4%
associated with the second direction d is greater than the radial distance ry's
associated with the first direction d;. According to some embodiments, secondary
cam profiles 29a and 29b may be substantially the same as cam profile 29 of
crankpin cam 27. According to some embodiments, secondary cam profiles 29a and
29b may differ substantially from cam profile 29 of crankpin cam 27.
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[0137] Tertiary crankpin cams 27¢ and 27d define tertiary cam profiles 29¢
and 29d corresponding to radial distances r," from crankpin axis CP to edge faces
31c and 31d of tertiary crankpin cams 27¢ and 27d, respectively, as shown in Fig.
8C. Radial distances ry" vary from a minimum radial distance to a maximum radial
distance to define tertiary cam profiles 29c and 29d. As shown in Fig. 8C, in a first
direction d; extending along a line from the longitudinal crankshaft axis CS toward
the longitudinal crankpin axis CP, the radial distance r4"; associated with the first
direction dy is less than the maximum radial distance. Also, in a second direction d
extending along a line from the longitudinal crankpin axis CP toward the longitudinal
crankshaft axis CS, the radial distance r4"; associated with the second direction d, is
greater than the radial distance ry4"; associated with the first direction d;.

[0138] According to some embodiments, cam profile 29, secondary cam
profiles 29a and 29b, and tertiary cam profiles 29¢ and 29d may all differ from one
another. According to some embodiments, one or more of cam profile 29, secondary
cam profiles 29a and 29d, and tertiary cam profiles 29¢ and 29d may be substantially
the same. For example, one or more of cam profile 29, secondary cam profiles 29a
and 29d, and tertiary cam profiles 29¢ and 29d may be substantially the same, but
revolved about crankpin axis CP relative to one another.

[0139] Referring to Fig. 2, pistons 16 are operably coupled to crankpins 24 via
a number of respective connecting rods 28 corresponding to the number of pistons
16. For example, exemplary connecting rods 28 (see, e.g., Fig. 4) include a proximal
end 30 having an oblong openings 32a and 32b, and a distal end 34 having a
second aperture 36. Proximal end 30 of exemplary connecting rod 28 is operably
coupled to crankpin 24 of crankshaft 20 via oblong openings 32a and 32b, and distal
end 34 of connecting rod 28 is operably coupled to piston 16 via a pin 38.

[0140] As shown in Figs. 4, 5A, and 5B, exemplary connecting rod 28 includes
a rod portion 33 and a cap portion 35. Exemplary rod portion 33 and exemplary cap
portion 35 define oblong openings 32a and 32b, with oblong openings 32a and 32b
each defining a longitudinal axis, which may generally extend parallel to a
longitudinal axis CR of connecting rod 28. Oblong openings 32a and 32b define a
width orthogonal to longitudinal axes that generally corresponds to the cross-section
diameter of crankpin journals 25a and 25b, thereby permitting crankpin journals 25a
and 25b to move linearly relative to connecting rod 28. This exemplary configuration

-15 -



WO 2012/158782 PCT/US2012/038117

permits relative linear movement between the longitudinal crankpin axis CP and
proximal end 30 of connecting rod 28.

[0141] As shown in Figs. 4 and 5A, exemplary rod portion 33 includes a first
pair of legs 37a and 37b and a second pair of legs 39a and 39b spaced from the first
pair of legs 37a and 37b, thereby providing a clearance 41 between the first and
second pairs of legs. First pair of legs 37a and 37b at least partially defines first
oblong opening 32a, and second pair of legs 39a and 39b at least partially defines
second oblong opening 32b.

[0142] In the exemplary embodiment shown in Fig. 4, sleeves 46 may be
provided in oblong openings 32a and 32b. For example, exemplary sleeves 46
shown in Fig. 4 include sleeves halves 48 defining a bearing surface 50 for receiving
one of journals 25a and 25b of crankpin 24. Sleeve halves 48 include opposing
flanges 52, such that when sleeves 46 are assembled in oblong openings 32a and
32b, the pairs of legs 37a and 37b and 39a and 39b, are sandwiched between the
opposing flanges 52 of respective sleeves 46. Sleeves 46 permit crankpin 24 to
reciprocate within oblong openings 32a and 32b, while providing bearing surfaces 50
in which crankpin journals 25a and 25b rotate.

[0143] As shown in Figs. 5A and 5B, rod portion 33 includes a follower 43 and
secondary followers 43a and 43b associated with clearance 41. For example, in the
exemplary embodiment shown, follower 43 and secondary followers 43a and 43b are
located in clearance 41 at the apex of first pair of legs 37a and 37b and second pair
of legs 39a and 39b. Rod portion 33 of connecting rod 28 is coupled to crankshaft
20 such that first pair of legs 37a and 37b and second pair of legs 39a and 39b are
associated with first crankpin journal 25a and second crankpin journal 25b,
respectively, with cam 27, secondary cams 27a and 27b, and tertiary cams 27c¢ and
27d of crankpin 24 being positioned in clearance 41 (see Fig. 2). Exemplary cap
portion 35 (see Fig. 5B) may be coupled to first pair of legs 37a and 37b and second
pair of legs 39a and 39b by cap bolts (not shown), thereby enclosing respective
oblong openings 32a and 32b about respective crankpin journals 25a and 25b, with
cam 27, secondary cams 27a and 27b, and tertiary cams 27c¢ and 27d being
confined in clearance 41 of connecting rod 28. Some embodiments may include
only a single secondary follower 43a corresponding to a single secondary crankpin
cam 27a and/or only a single tertiary follower 42c corresponding to a single tertiary
crankpin cam 27c.
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[0144] According to the exemplary embodiment shown in Fig. 5A, exemplary
follower 43 and secondary followers 43a and 43b are configured to oscillate with
respect to rod portion 33 to reduce friction and wear between respective crankpin
cam 27 and follower 43, and between respective secondary crankpin cams 27a and
27b and secondary followers 43a and 43b. Follower 43 and secondary followers 43a
and 43b may be formed of a single piece construction such that they oscillate
together with one another. According to some embodiments, follower 43 and
secondary followers 43a and 43b may be formed independently of one another such
that they may oscillate independently of one another. According to some
embodiments, secondary followers 43a and 43b may be configured to oscillate
together but independently from follower 43.

[0145] Follower 43 may include a follower surface shaped to provide a
concave radius adjacent the surface of cam 27 that is substantially the same as the
complimentary convex radius of cam profile 29 at the point in which the power stroke
begins (e.g., at the angular position of radial axis RA coincident with the end of the
delay of the beginning of the power stroke, for example, when radial axis RA is 35
degrees past first stroke termination angle 0, (see, e.g., Fig. 11A)). For example,
follower 43 may have a follower surface having a concave radius substantially the
same as a portion of the convex radius of cam profile 29 that has substantially the
same radius for at least about 70 degrees of cam profile 29 (e.g., for at least about
80 degrees, at least about 90 degrees, at least about 100 degrees, at least about
110 degrees, at least about 120 degrees, at least about 130 degrees, at least about
140 degrees, or at least about 150 degrees). Such an exemplary configuration may
serve to increase the area of contact between cam 27 and follower 43, thereby
reducing friction and/or wear of cam 27 and/or follower 43.

[0146] According to some embodiments (e.g., the exemplary embodiments
shown in Figs. 17-25F), secondary followers 43a and 43b may include respective
follower surfaces shaped to have a concave radius adjacent the surface of
secondary cams 27a and 27b that are substantially the same as the complimentary
convex radii of secondary cam profiles 29a and 29b, for example, at the point in
which the power stroke begins. For example, secondary followers 43a and 43b may
have follower surfaces having concave radii substantially the same as a portion of
the convex radii of cam secondary cam profiles 29a and 29b that have substantially
the same radius for at least about 70 degrees of secondary cam profiles 29a and
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29b (e.g., for at least about 80 degrees, at least about 90 degrees, at least about 100
degrees, at least about 110 degrees, at least about 120 degrees, at least about 130
degrees, at least about 140 degrees, or at least about 150 degrees). Such an
exemplary configuration may serve to increase the area of contact between
secondary crankpin cams 27a and 27b and respective secondary followers 43a and
43b, thereby reducing friction and/or wear of secondary cams 27a and 27b and
and/or secondary followers 43a and 43b.

[0147] In the exemplary embodiment shown in Fig. 9A, exemplary follower 43
also includes a convex radius adjacent a complimentary surface of rod portion 33
against which follower 43 oscillates. This exemplary configuration may serve to
increase the area of contact between follower 43 and the surface of rod portion 33,
thereby reducing friction and/or wear of rod portion 33 and/or follower 43. Similarly,
as shown in Fig. 9C, exemplary secondary followers 43a and 43b also include
convex radii adjacent a complimentary surface of rod portion 33 against which
secondary followers 43a and 43b oscillate. This exemplary configuration may serve
to increase the area of contact between secondary followers 43a and 43b and the
surface of rod portion 33, thereby reducing friction and/or wear of rod portion 33
and/or rod secondary followers 43a and 43b.

[0148] According to some embodiments, follower 43 and/or secondary
followers 43a and 43b may include an arc-shaped slot (not shown), and rod portion
33 may include a pin (not shown), such that as the surfaces of cam 27 and
secondary cams 27a and 27b ride, respectively, against follower 43 and secondary
followers 43a and 43b, follower 43 and secondary followers 43a and 43b oscillate
relative to rod portion 33. This may serve to maintain an increased area of contact
between followers 43, 43a, and 43b and the respective surfaces of cams 27, 27a,
and 27b, and rod portion 33, thereby reducing friction and/or wear of cams 27, 27a,
and 27b, rod portion 33, and/or followers 43, 43a, and 43b.

[0149] Lubricant may be used to reduce the friction and/or wear resulting from
relative motion between the respective cams and followers. For example, lubricant
may be provided to reduce the friction and/or wear between one or more of the
surfaces of followers 43, 43a, and 43b and the respective surfaces of cams 27, 273,
and 27b. According to some embodiments, one or more of the surfaces of followers
43, 43a, and 43b and the respective surfaces of cams 27, 27a, and 27b may be
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configured to promote hydrodynamic lubrication or fluid film lubrication between the
respective surfaces.

[0150] In the exemplary embodiment shown in Fig. 5B, cap portion 35 of
connecting rod 24 includes respective tertiary followers 43¢ and 43d configured to
follow respective tertiary crankpin cams 27c and 27d. For example, in the exemplary
embodiment shown in Figs. 4 and 5B, tertiary followers 43¢ and 43d are located at
the apexes of the cap-end of oblong openings 32a and 32b. Rod portion 33 and cap
portion 35 of connecting rod 28 are coupled to crankshaft 20 such that tertiary
crankpin cams 27c¢ and 27d are aligned with tertiary followers 43c and 43d,
respectively. Some embodiments may include only a single tertiary crankpin cam
27c and a single tertiary follower 43c. Tertiary crankpin cams 27¢ and 27d and
tertiary followers 43c and 43d may serve to pull connecting rod 28 and piston 16
down cylinder 14 during the intake stroke of engine 10 (i.e., when engine 10 is a
four-stroke engine), during which crankshaft 20 operates to pull piston 16 down
cylinder 14 in the absence of combustion force acting on piston 16. Interaction
between tertiary crankpin cams 27¢ and 27d and tertiary followers 43¢ and 43d
transmits the pulling force from crankpin 24 to piston 16 via tertiary crankpin cams
27c and 274, tertiary followers 43c and 43d, and connecting rod 28 by preventing
crankpin 24 from sliding in an unrestrained manner within oblong openings 32a and
32b.

[0151] As shown in Fig. 5B, connecting rod 28 may include a single cap
portion 35 that is coupled to first and second pairs of legs 37a, 37b, 39a, and 39b
via, for example, fasteners such as bolts (not shown). As shown (see, e.g., Fig.
10A), exemplary cap portion 35 includes a cap recess 64 having a cavity 66 (e.g., a
bore). In the exemplary embodiment shown, cap recess 64 includes one end 68
having an arc-shaped face, and cap recess 64 receives a rocker member 70 having
one end with a surface 72 that is arc-shaped in a complimentary manner with
respect to end 68 of cap recess 64 to facilitate movement, such as an oscillating
motion, between rocker member 70 and cap portion 35. A biasing member 74 may
be provided in cavity 66 to bias rocker member 70, such that it pivots out with
respect to cap recess 64 of cap portion 35 (see, e.g., Figs. 9E and 9F). Biasing
member 74 may include any known biasing arrangement, such as, for example, one
or more springs, hydraulic assemblies, and/or gas-pressurized assemblies.
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[0152] According to some embodiments, rocker member 70 may include a
groove 54 (e.g., having an arc-shaped cross-section) receiving tertiary followers 43¢
and 43d, which have respective surfaces complementary to groove 54, such that
tertiary followers 43¢ and 43d may oscillate or otherwise generally move in groove
54. Tertiary followers 43c and 43d are mounted at opposite ends of a follower base
44 (see, e.g., Fig. 5B), and thus, tertiary followers 43¢ and 43d also oscillate or
otherwise generally move with respect to cap portion 35. According to some
embodiments, rocker member 70 may include one or more protrusions 45 adjacent
groove 54 and tertiary followers 43¢ and 43d that help prevent tertiary followers 43¢
and 43d from binding in groove 54 during oscillation.

[0153] Exemplary rocker member 70 may serve to substantially maintain
contact between respective tertiary crankpin cams 27c and 27d and tertiary followers
43c and 43d. For example, as shown in Figs. 11E, 11F, 12E, and 12F, rocker
member 70 pivots with respect to cap portion 35, with biasing member 74 providing a
biasing force to hold tertiary followers 43c and 43d against respective tertiary
crankpin cams 27¢ and 27d. This may result in reduced friction, wear, and/or noise
during operation of engine 10.

[0154] According to the exemplary embodiments shown, tertiary followers 43¢
and 43d may include follower surfaces that are concave, such that they provide a
greater area of contact with cam profiles 29¢ and 29d of tertiary crankpin cams 27¢

-and 27d. For example, the follower surfaces may have a concave radius that
corresponds to the smallest convex radius of tertiary crankpin cams 27¢ and 27d.
According to some embodiments (e.g., as shown), the follower surfaces of tertiary
followers 43c and 43d may be configured such that they contact tertiary crankpin
cams 27c and 27d at at least two discrete contact points across at least a portion of
the widths of the respective tertiary crankpin cams 27¢ and 27d and tertiary followers
43c and 43d (see, e.g., Figs. OF, 10F, 11F, 12F, 13F, 14F, 15F, and 16F). This may
serve to reduce friction and/or wear between tertiary crankpin cams 27¢ and 27d and
tertiary followers 43¢ and 43d.

[0155] According to some embodiments, as the surfaces of tertiary crankpin
cams 27¢ and 27d ride against and pass tertiary followers 43c and 43d, followers
43c and 43d oscillate relative to cap portion 35, for example, as shown in Figs. 9F,
10F, 11F, 12F, 13F, 14F, 15F, and 16F. This may serve to maintain an increased
area of contact between tertiary followers 43c and 43d and the surfaces of tertiary
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crankpin cams 27¢ and 27d, thereby reducing friction and/or wear of tertiary crankpin
cams 27c¢ and 27d and/or tertiary followers 43c and 43d.

[0156] Lubricant may be used to reduce the friction and/or wear resuiting from
relative motion between the respective tertiary cams and tertiary followers. For
example, lubricant may be provided to reduce the friction and/or wear between one
or more of the surfaces of tertiary followers 43c and 43d and the respective surfaces
of tertiary cams 27¢ and 27d. According to some embodiments, one or more of the
surfaces of tertiary followers 43¢ and 43d and the respective surfaces of tertiary
cams 27¢ and 27d may be configured to promote hydrodynamic lubrication or fluid
film lubrication between the respective surfaces.

[0157] One or more of crankpin cam 27, secondary crankpin cams 27a and
27b, tertiary cams 27¢ and 27d, follower 43, secondary followers 43a and 43b, and
tertiary followers 43¢ and 43d may be formed from a hardened material configured to
withstand the friction associated with interaction between the cams and followers.
For example, one or more of the cams and followers may be formed from hardened
bearing material known to those skilled in the art. According to some embodiments,
one or more of followers 43, secondary followers 43a and 43b, tertiary followers 43¢
and 43d may be mounted in a biased manner such that the follower(s) are biased to
contact a corresponding cam. Such biasing force may be provided by, for example,
a spring, a hydraulic biasing force, and/or a gas-pressurized biasing force. Such
biasing may serve, for example, to maintain contact between crankpin cam 27,
secondary crankpin cams 27a and 27b, and tertiary crankpin cams 27¢ and 27d, and
respective follower 43, secondary followers 43a and 43b, and tertiary followers 43¢
and 43d, and/or to reduce noise associated with operation exemplary engine 10.

[0158] According to some embodiments, one or more of crankpin cam 27,
secondary crankpin cams 27a and 27b, tertiary crankpin cams 27c and 27d, follower
43, secondary followers 43a and 43b, and tertiary followers 43¢ and 43d may be
configured such that one or more of the cams remains in contact with a
corresponding one or more of the followers throughout the 360-degree rotation of
radial axis RA. In this exemplary manner, relative movement between crankpin 24
and connecting rod 28 may be more closely controlled throughout the 360-degree
rotation of radial axis RA. According to some embodiments, relative movement
between crankpin 24 and connecting rod 28 may not be closely controlled
throughout the entire 360-degree rotation of radial axis RA.
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[0159] During operation of a conventional engine, a piston reciprocates within
the cylinder, such that during a power stroke of the internal combustion engine,
combustion of an air/fuel mixture within a combustion chamber defined by the piston,
cylinder, and a cylinder-head forces the piston toward the crankshaft. As the piston
travels toward the crankshaft, the crankshaft is rotated via the connecting rod and
crankpin, thereby converting the potential energy associated with the compressed
air/fuel mixture into mechanical work.

[0160] Due to the architecture of a conventional internal combustion engine,
however, when the piston is at a position within the cylinder that coincides with the
maximum compression (i.e., the combustion chamber is at its lowest volume, this
condition generally coinciding with maximum compression, when the piston is
farthest from the crankshaft), the radial axis extending between the center of the
crankshaft and the center of the crankpin tends to be nearly co-linear, if not co-linear,
with the axis of the connecting rod. At these relative positions, as the piston first
begins its movement toward the crankshaft during the power stroke, there is only a
very short moment arm (if any) extending between the axis of the connecting rod and
the radial axis. As a result, the force initially created by the air/fuel mixture at the
moment of combustion does not transfer as much torque to the crankshaft as it
would if the length of the moment arm were greater. This situation may be
particularly undesirable because, during combustion and very shortly thereafter, the
force on the piston due to the combustion event may approach its maximum
magnitude. Further, as the piston travels down the cylinder toward the crankshaft
and the length of the moment arm increases, the magnitude of the force from the
combustion event acting on the piston may dissipate rapidly. Thus, because there is
a very short moment arm created between the axis of the connecting rod and the
radial axis during the time of maximum force on the piston, efficiency of the work
generated from the combustion process in a conventional internal combustion
engine may be less than desired.

[0161] In contrast, during operation of exemplary engine 10, as crankshaft 20
rotates, crankpins 24 revolve around crankshaft longitudinal axis CS, such that
crankpin centers C define a circular path having a radius defined by the distance T
defined along a radial axis RA (see, e.g., Figs. 3 and 9A) extending between the
longitudinal axis CS of crankshaft 20 and the longitudinal axis CP of the respective
crankpins 24. Thus, proximal ends 30 of connecting rods 28, which are coupled to
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crankpins 24 via oblong openings 32a and 32b of connecting rods 28, move based
on the profiles of crankpin cams 27, 27a, 27b, 27¢, and 27d, as explained in more
detail below with respect to Figs. 9A-25F. Distal ends 34 of connecting rods 28 are
constrained to move in a reciprocating and linear manner due to being operably
coupled to pistons 16, which are likewise constrained to move in a reciprocating and
linear manner within respective cylinders 14 defined by cylinder block 12. As a
result, as crankshaft 20 rotates, pistons 16 reciprocate within respective cylinders 14,
defining a piston stroke generally corresponding to twice the distance T between the
crankpin axis CP and the crankshaft axis CS (as affected according to the exemplary
operation described herein).

[0162] With exemplary engine 10, follower 43 rides against crankpin cam 27,
secondary followers 43a and 43b ride against secondary crankpin cams 27a and
27b, and tertiary followers 43c and 43d ride against tertiary crankpin cams 27¢ and
27d. As the radial distance of the cam profiles vary, proximal end 30 of connecting
rod 28 moves linearly with respect to longitudinal crankpin axis CP by virtue of
crankpin journals 25a and 25b (see Fig. 3) reciprocating along the longitudinal axis
within oblong openings 32a and 32b, as explained in more detail with respect to
Figs. 9A-25F. As a result of this exemplary configuration, the stroke of exemplary
piston 16 is affected according to interaction between crankpin cams 27, 27a, 27b,
27¢, and 27d, and respective followers 43, 43a, 43b, 43c, and 43d. As explained in
more detail herein, this exemplary configuration may permit tailoring of the operation
characteristics (e.g., power output, torque, efficiency, and/or responsiveness) of
exemplary engine 10.

[0163] According to the exemplary embodiments shown in Figs. 9A-25F, this
interaction between crankpin 24 and connecting rod 28 may be configured such that
substantial movement of piston 16 toward crankshaft 20 during the power stroke is
delayed until crankshaft 20 has rotated to point at which there is a more effective
moment arm between the transmission of the combustion force on piston 16 and a
radial axis RA extending between crankshaft axis CS and a respective crankpin
axis CP. For example, the crankpin cams may be shaped, such that crankpin 24
moves within oblong openings 32a and 32b as crankshaft 20 rotates without any
movement, or without any significant amount of movement, of distal end 34 of
connecting rod 28, thereby effectively increasing the distance between the center C
of crankpin 24 and distal end 34 of connecting rod 28. As a result, a greater amount
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of the energy of the combustion event may be captured because the maximum force
acting on piston 16 coincides with a greater moment arm, thereby resulting in more
torque at crankshaft 20 during the power stroke. Timing of initiation of combustion
may be tailored to take advantage of the delayed stroke.

[0164] For example, if piston 16 would have vnormally reversed its direction of
travel where radial axis RA of crankshaft 20 is at 0 degrees, piston 16 may (1) reach
its stroke termination point with radial axis RA at zero degrees and then delay its
reversal of direction until a larger moment arm exists between connecting rod 28 and
crankshaft axis CS, or (2) continue to move in cylinder 14 in a direction away from
crankshaft 20, even after radial axis RA has reached 0 degrees and delay its
reversal of direction until a larger moment arm exists between connecting rod 28 and
crankshaft axis CS. As a result, a greater amount of the energy of the combustion
event may be captured because the maximum force acting on piston 16 coincides
with a greater moment arm, thereby resulting in more torque at crankshaft 20 during
the power stroke.

[0165] Figs. 9A-16F schematically illustrate exemplary operation of engine 10
having an exemplary configuration, which may serve to delay piston 16's travel down
cylinder 14 at the beginning of the power stroke of engine 10. For example,
followers 43, 43a, 43b, 43¢, and 43d of connecting rod 28 interacts with cams 27,
27a, 27b, 27¢, and 27d of crankpin 24, resulting in crankpin journals 25a and 25b
(see Fig. 3) reciprocating within oblong openings 32a and 32b, thereby effectively
altering the effective length of connecting rod 28. As shown in Fig. 8A, the cam
profiles 29, 29a, and 29b respective radial distances ry, 14, and ry” from longitudinal
crankpin axis CP that varies, such that crankpin 24 is able to be move within oblong
openings 32a and 32b as crankshaft 20 rotates without moving distal end 34 of
connecting rod 28, thereby effectively increasing the distance between the center C
of crankpin 24 and distal end 34 of connecting rod 28. Such an exemplary
configuration renders it possible to effectively hold piston 16 in cylinder 14 at a
substantially fixed position for a short period of time, even as crankpin 24 continues
to revolve around crankshaft 20's axis CS as crankshaft 20 rotates. According to
some embodiments, piston 16 may continue to travel up cylinder 14 for a short
period of time. As a result, it is possible to maintain piston 16 at the point of highest
compression in the combustion chamber while crankpin 24 revolves to a position that
results in an increased moment arm defined by the transmission of the force acting
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on piston 16 and the radial axis RA extending between the center of crankshaft 20
and the center C of crankpin 24. This results in relatively more torque being applied
to crankshaft 20 as combustion begins, with piston 16 being at a point farthest from
the center of crankshaft 20 (i.e., at the end of its upward stroke as shown). In this
exemplary manner, the delaying strategy outlined below may be implemented.

[0166] For the purpose of clarity of the description and due to the limited
ability of the section views of Figs. 9A-16F to show various exemplary structures,
although the exemplary embodiments described with respect to Figs. 9A-16F include
pairs of crankpin journals 25a and 25b (see Fig. 3), pairs of oblong openings 32a
and 32b, pairs of secondary crankpin cams 27a and 27b, pairs of secondary
followers 43a and 43b, pairs of tertiary crankpin cams 27c¢ and 27d, and pairs of
tertiary followers 43c and 43d, the following description will refer to only one of the
respective pairs of the crankpin journals, oblong openings, secondary crankpin
cams, secondary followers, tertiary crankpin cams, and tertiary followers. As noted
previously herein, some alternative embodiments may include only a single one of
(i.e., as opposed to pairs of) the crankpin journal, the oblong opening, the secondary
crankpin cam, the secondary follower, the tertiary crankpin cam, and/or the tertiary
follower.

[0167] As shown in Figs. 9A-9F, crankshaft 20 is oriented such that radial axis
RA defined by the center of crankshaft 20 and the center C of crankpin 24 is oriented
at zero degrees, which corresponds generally to a first stroke termination angle 9,
that generally coincides with the end of the compression stroke (and exhaust stroke
in a four-stroke engine) of exemplary engine 10. Thus, with radial axis RA in this
orientation, piston 16 is at its upper position within cylinder 14. According to some
embodiments, piston 16 may be continuing to travel up cylinder 14 at this radial axis
position.

[0168] As shown in Figs. 9A and 9B, during operation of engine 10, crankshaft
20 rotates in the clockwise direction. With crankpin cam 27 and follower 43
interacting as shown, crankpin journal 25a (see Fig. 3) is located generally centrally
within the length of oblong opening 32a, such that piston 16 is at the top of its stroke
while radial axis RA of crankshaft 20 is substantially aligned with the longitudinal axis
CR of connecting rod 28. This position and exemplary configuration results in the
distance between the center C of crankpin 24 and distal end 34 (e.g., the center of
second aperture 36) of connecting rod 28 being reduced relative to the distance
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between the center C of crankpin 24 and distal end 34 of connecting rod 28 shown
in, for example, Figs. 11A-15F.

[0169] As shown in Figs. 9A and 9B, exemplary crankpin cam 27 and follower
43 are not in contact with one another. In particular, radial distance ry of cam profile
29 is short enough that crankpin cam 27 does not contact follower 43. Referring to
Figs. 9C and 9D, however, secondary crankpin cam 27a and secondary follower 43a
are in contact with one another, and thus, serve to control the distance between the
center C of crankpin 24 and distal end 34 of connecting rod 28 and/or or the
longitudinal position of crankpin journal 25a along the longitudinal axes of oblong
opening 32a.

[0170] Referring to Figs. 9E and 9F, tertiary cam 27¢ and tertiary follower 43¢
are in contact with one another, and thus, the longitudinal position of crankpin journal
25a in oblong opening 32a may be closely controlled. Biasing member 74 provides
a biasing force against rocker member 70, thereby holding tertiary follower 43¢ in
contact with tertiary cam 43c.

[0171] Referring to Figs. 10A-10F, crankshaft 20 is in an orientation where
radial axis RA has rotated 15 degrees past first stroke termination angle 8;. In a
conventional engine, piston 16 would have started to travel toward crankshaft axis
CS as radial axis RA rotates through 15 degrees. In contrast, according to
exemplary engine 10, piston 16 has not yet started its downward travel toward
crankshaft axis CS. According to some embodiments, piston 16 may actually
continue to travel slightly up cylinder 14 between zero and 15 degrees past first
stroke termination angle 8s. As shown in Figs. 10A and 10B, crankpin cam 27 is just
beginning to contact follower 43, with the radius of the surface of follower 43 being
slightly smaller than the radius of the surface of crankpin cam 27.

[0172] Referring to Figs. 10C and 10D, secondary crankpin cam 27a and
secondary follower 43a remain in contact, with the radial distance ry' of secondary
cam profile 29a increasing, such that crankpin journal 25a (see Fig. 3) moves
longitudinally down oblong opening 32a, thereby increasing the effective length of
connecting rod 28 (i.e., increasing the distance between the center C of crankpin 24
and distal end 34 of connecting rod 28). As a result, instead of piston 16 beginning
to travel down cylinder 14, piston 16 remains at the end of its upward stroke (or
continues to travel up cylinder 14). As shown in Fig. 10D, exemplary secondary
crankpin cam 27a and exemplary secondary follower 43a are configured such that
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the radius of the surface of secondary crankpin cam 27a is similar to the radius of
the adjacent surface of secondary follower 43a at this position of the radial axis RA
of crankshaft 20.

[0173] Referring to Figs. 10E and 10F, tertiary crankpin cam 27¢ and tertiary
follower 43¢ remain in contact with one another, and thus, the longitudinal position of
crankpin journal 25a in oblong opening 32a continues to be closely controlled.
Biasing member 74 continues to provide a biasing force against rocker member 70,
thereby holding tertiary follower 43c in contact with tertiary crankpin cam 43c.

[0174] In Figs. 11A-11F, crankshaft 20 has rotated to an orientation where
radial axis RA is 35 degrees past first stroke termination angle ;. In a conventional
engine, piston 16 would have traveled a significant distance toward crankshaft axis
CS as radial axis RA rotates through 35 degrees. In contrast, according to
exemplary engine 10, piston 16 has not yet started its downward travel toward
crankshaft axis CS. Instead, secondary crankpin cam 27a has rotated relative
secondary follower 43a (see Figs. 9C, 10C, and 11C), such that interaction between
secondary crankpin cam 27a and secondary follower 43a results in crankpin journal
25a (see Fig. 3) moving down (in the orientation shown) within oblong opening 32a
to a position more remote from the central portion of oblong opening 32ain a
manner resulting in substantially no movement of distal end 34 of connecting rod 28.
In particular, radial distance r,' of secondary cam profile 29a has increased (compare
Figs. 9C and 11C), thereby forcing crankpin journal 25a down oblong opening 32a.
As a result, the distance between the center C of crankpin 24 and distal end 34 of
connecting rod 28 has increased relative the distance between the center C of
crankpin 24 and distal end 34 of connecting rod 28 shown in Figs. 9A and 9B. As a
result of this increase in the distance, piston 16 has not started to travel down
cylinder 14, even though crankpin 24 has rotated clockwise relative to the center C
of crankshaft 20, such that the center CP of crankpin 24 is farther from the top of
cylinder 14. According to some embodiments, piston 16 may actually continue to
travel slightly up cylinder 14 between zero and 35 degrees past first stroke
termination angle 6;.

[0175] As shown in Figs. 11A and 11B, crankpin cam 27 is now in contact with
follower 43, with the radius of the surface of follower 43 being about the same as
(e.g., the same as) the radius of the surface of crankpin cam 27. By virtue of the
radii of the respective surfaces of crankpin cam 27 and follower 43 being similar or
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the same, the area of contact between the two surfaces is greater, which may serve
to reduce friction and/or wear between the surfaces of crankpin cam 27 and follower
43 during the power stroke of engine 10 (and, when engine 10 is a four-stroke
engine, during the intake stroke).

[0176] In the example shown, the radial distance ry of crankpin cam 27 at the
point or surface of contact with follower 43 is increasing, thereby increasing the
effective length of connecting rod 28. As a result, instead of piston 16 traveling down
cylinder 14, piston 16 remains at the end of its upward stroke or, in some
embodiments, continues to travel up cylinder 14. In contrast to Fig. 10D, as shown
in Fig. 11D, exemplary secondary cam 27a and secondary follower 43a are no
longer in contact with one another, and thus, the contact between crankpin cam 27
and follower 43 control the longitudinal position of crankpin journal 25a (see Fig. 3) in
oblong opening 32a.

[0177] As shown in Figs. 11E and 11F, tertiary cam 27¢ and tertiary
follower 43¢ remain in contact with one another, and thus, the longitudinal position of
crankpin journal 25a in oblong opening 32a is closely controlled by crankpin cam 27,
follower 43, tertiary cam 27c, and tertiary follower 43c. Biasing member 74
continues to provide a biasing force against rocker member 70, thereby holding
tertiary follower 43c in contact with tertiary cam 43c.

[0178] As shown in Figs. 12A-12F, crankshaft 20 has rotated to an orientation
where radial axis RA is 90 degrees past first stroke termination angle 6;. In contrast
to Figs. 9A-11F, piston 16 has now started its downward travel toward crankshaft
axis CS. As shown in Figs. 12A and 12B, crankpin cam 27 remains in contact with
follower 43, and the radius of the surface of follower 43 continues to be similar to
(e.g., the same as) the radius of the surface of crankpin cam 27. As shown in Fig.
12A, the radial distance ry of crankpin cam 27 at the point or surface of contact with
follower 43 is at about its maximum, resulting in crankpin journal 25a (see Fig. 3)
being at about its maximum longitudinal position down oblong opening 32a, such
that the effective length of connecting rod 28 is at about its maximum. As shown in
Fig. 12D, exemplary secondary crankpin cam 27a and secondary follower 43a
continue to not be in contact with one another. As a result, the contact between
crankpin cam 27 and follower 43 controls the longitudinal position of crankpin journal
25a in oblong opening 32a.
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[0179] As shown in Figs. 12E and 12F, tertiary crankpin cam 27¢ and tertiary
follower 43¢ remain in contact with one another, and thus, the longitudinal position of
crankpin journal 25a in oblong opening 32a is closely controlied by crankpin cam 27,
follower 43, tertiary crankpin cam 27c¢, and tertiary follower 43c. Biasing member 74
continues to provide a biasing force against rocker member 70, thereby holding
tertiary follower 43c in contact with tertiary crankpin cam 43c. However, as shown in
Figs. 12E and 12F, rocker member 70 is no longer spaced significantly from cap
recess 64 of cap portion 35 of connecting rod 28, with the interaction between
tertiary crankpin cam 27¢ and tertiary follower 43¢ compressing biasing member 74.

[0180] Referring to Figs. 13A-13F, crankshaft 20 has rotated to an orientation
where radial axis RA is 120 degrees past first stroke termination angle 6,. Piston 16
continues to travel down cylinder 14. Crankpin cam 27 remains in contact with
follower 43, and the radius of the surface of follower 43 continues to be similar to
(e.g., the same as) the radius of the surface of crankpin cam 27. As shown in
Fig. 13A, the radial distance ry of crankpin cam 27 at the point or surface of contact
with follower 43 remains about the same as shown in Figs. 12A-12F, resulting in
crankpin journal 25a (see Fig. 3) remaining substantially stationary in oblong opening
323, such that the effective length of connecting rod 28 remains substantially the
same. ,

[0181] According to some embodiments, radius of the surface of crankpin cam
27 and/or the radial distance ry of crankpin cam 27 may remain substantially the
same throughout a range of angular motion of radial axis RA of crankshaft 20. With
the radial distance ry remaining substantially constant, the longitudinal position of
crankpin journal 25a in oblong opening 32a remains substantially constant, such that
the effective length of connecting rod 28 remains substantially the same throughout
the range of angular motion of crankshaft 20. For example, cam profile 29 may have
a portion defining a substantially constant radial distance ry for at least about 70
degrees of cam profile (e.g., at least about 80 degrees, at least about 90 degrees, at
least about 100 degrees, at least about 110 degrees, at least about 120 degrees, at
least about 130 degrees, at least about 140 degrees, or at least about 150 degrees).
According to some embodiments, the surface of crankpin cam 27 may have a
substantially constant radius for at least about 70 degrees of cam profile 29 (e.g., for
at least about 80 degrees, at least about 90 degrees, at least about 100 degrees, at
least about 110 degrees, at least about 120 degrees, at least about 130 degrees, at
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least about 140 degrees, or at least about 150 degrees). For example, in the
exemplary embodiment shown in Figs. 9A-15F, the radius of the surface of crankpin
cam 27 and the radial distance ry remain substantially unchanged from about 35
degrees to about 120 degrees past first stroke termination angle ;. According to
some embodiments, the substantially constant surface radius and substantiaily
constant radial distance ry of cam profile 29 may not coincide.

[0182] In contrast to Fig. 12D, as shown in Fig. 13D, exemplary secondary
cam 27a and secondary follower 43a begin to come into contact with one another as
radial distance ry' of secondary crankpin cam 27a increases. As a result, the contact
between crankpin cam 27 and follower 43 and between secondary crankpin cam 27a
and secondary follower 43a control the longitudinal position of crankpin journal 25a
in oblong opening 32a

[0183] As shown in Figs. 13E and 13F, tertiary crankpin cam 27c and tertiary
follower 43¢ remain in contact with one another, and thus, the longitudinal position of
crankpin journal 25a in oblong opening 32a is closely controlled by crankpin cam 27,
follower 43, secondary crankpin cam 27a, secondary follower 43a, tertiary crankpin
cam 27¢, and tertiary follower 43c. Biasing member 74 continues to provide a
biasing force against rocker member 70, thereby holding tertiary follower 43c in
contact with tertiary crankpin cam 43c. In contrast to Figs. 12E and 12F, as shown
in Figs. 13E and 13F, rocker member 70 returns to being spaced from cap recess 64
of cap portion 35, with biasing member 74 returning to a more extended
configuration.

[0184] As shown in Figs. 14A-14F, crankshaft 20 has continued to rotate to an
orientation where radial axis RA is 150 degrees past first stroke termination angle 6.
Piston 16 continues to travel down cylinder 14. In the exemplary embodiment
shown, crankpin cam 27 and follower 43 separate from one another as radial
distance ry of crankpin cam 27 decreases, and the radial distance r4' of secondary
crankpin cam 27a begins to increase to the extent that secondary crankpin cam 27a
and secondary follower 43a come into contact with one another, as shown in
Figs. 14C and 14D. The radius of the surface of secondary crankpin cam 27a is
similar to (e.g., the same as) as the radius of the surface of secondary follower 43a
at this point of contact, as shown in Fig. 14D. The contact between secondary
crankpin cam 27a and secondary follower 43a controls the longitudinal position of
crankpin journal 25a (see Fig. 3) in oblong opening 32a. Relative to the position
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shown in Figs. 13A-13F, crankpin journal 25a remains in a relatively stationary
longitudinal position in oblong opening 32a, such that the effective length of
connecting rod 28 remains substantially the same.

[0185] As shown in Figs. 14E and 14F, tertiary crankpin cam 27c¢ and tertiary
follower 43c remain in contact with one another, and thus, the longitudinal position of
crankpin journal 25a in oblong opening 32a is closely controlled by secondary
crankpin cam 27a, secondary follower 43a, tertiary crankpin cam 27c, and tertiary
follower 43c. Biasing member 74 continues to provide a biasing force against rocker
member 70, thereby holding tertiary follower 43¢ in contact with tertiary cam 43c.
Rocker member 70 remains spaced from cap recess 64 of cap portion 35, with
biasing member 74 remaining in an extended configuration.

[0186] As shown in Figs. 15A-15F, crankshaft 20 has continued to rotate to an
orientation where radial axis RA is 180 degrees past first stroke termination angle 8,
(i.e., at a second stroke termination angle 6,, which corresponds generally to the end
of the power stroke (or intake stroke)). At this orientation of crankshaft 20, piston 16
ceases its travel down cylinder 14 and begins reversing direction for commencement
of the exhaust stroke (or compression stroke). In the exemplary embodiment shown
in Figs. 15A and 15B, crankpin cam 27 and follower 43 remain separated from one
another, and secondary crankpin cam 27a and secondary follower 43a remain in
contact with one another, as shown in Figs. 15C and 15D. The radius of the surface
of secondary crankpin cam 27a begins to decrease, such that at this point of contact,
the radius of the surface of secondary follower 43a is larger than the radius of the
surface of secondary crankpin cam 27a. Contact between secondary crankpin cam
27a and secondary follower 43a controls the longitudinal position of crankpin journal
25a (see Fig. 3) in oblong opening 32a. Relative to the position shown in Figs. 14A-
14F, crankpin journal 25a remains in a relatively stationary longitudinal position in
oblong opening 32a, such that the effective length of connecting rod 28 remains
substantially the same.

[0187] As shown in Figs. 15E and 15F, tertiary crankpin cam 27¢ and tertiary
follower 43c remain in contact with one another, and thus, the longitudinal position of
crankpin journal 25a in oblong opening 32a is closely controlled by secondary
crankpin cam 27a, secondary follower 43a, tertiary crankpin cam 27c, and tertiary
follower 43c. Biasing member 74 continues to provide a biasing force against rocker
member 70, thereby holding tertiary follower 43c in contact with tertiary cam 43c.
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Rocker member 70 remains spaced from cap recess 64 of cap portion 35, with
biasing member 74 remaining in an extended configuration.

[0188] As shown in Figs. 16A-16F, crankshaft 20 has continued to rotate to an
orientation where radial axis RA is 270 degrees past first stroke termination angle ;.
At this orientation of crankshaft 20, piston 16 continues to travel up cylinder 14. As
shown in Figs. 16A and 16B, crankpin cam 27 and follower 43 remain separated
from one another, and secondary crankpin cam 27a and secondary follower 43a
remain in contact with one another, as shown in Figs. 16C and 16D. The radius of
the surface of secondary cam 27a returns to being similar to (e.g., the same as) the
radius of the surface of secondary follower 43a at this point of contact. Contact
between secondary crankpin cam 27a and secondary follower 43a controls the
longitudinal position of crankpin journal 25a (see Fig. 3) in oblong opening 32a.
Relative to the position shown in Figs. 15A-15F, radial distance r4' of secondary
crankpin cam 27a has decreased, and thus, crankpin journal 25a has traveled
longitudinally back up oblong opening 32a, such that the effective length of
connecting rod 28 begins to shorten as piston 16 approaches the end of its stroke up
cylinder 14.

[0189] As shown in Figs. 16E and 16F, tertiary crankpin cam 27¢ and tertiary
follower 43c remain in contact with one another, and the longitudinal position of
crankpin journal 25a in oblong opening 32a is closely controlled by secondary
crankpin cam 27a, secondary follower 43a, tertiary crankpin cam 27c, and tertiary
follower 43c. Biasing member 74 continues to provide a biasing force against rocker
member 70, thereby holding tertiary follower 43¢ in contact with tertiary crankpin cam
43c. Rocker member 70 remains spaced from cap recess 64 of cap portion 35, with
biasing member 74 remaining in an extended configuration.

[0190] Referring back to Figs. 9A-9F, crankshaft 20 has continued to rotate to
an orientation where radial axis RA is 360 degrees past first stroke termination angle
8y, in particular, such that radial axis RA has returned to first stroke termination angle
6,. At this orientation of crankshaft 20, piston 16 has traveled up cylinder 14 to the
end of its stroke. (As mentioned previously herein, according to some embodiments,
piston 16 may continue to travel slightly up cylinder 14 as radial axis RA passes 360
degrees past first stroke termination angle 8,.). As shown in Figs. 9A and 9B,
crankpin cam 27 and follower 43 remain slightly separated from one another, and

secondary crankpin cam 27a and secondary follower 43a remain in contact with one
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another, as shown in Figs. 9C and 9D. The radius of the surface of secondary cam
27a is slightly less than the radius of the surface of secondary follower 43a at this
point of contact. Contact between secondary crankpin cam 27a and secondary
follower 43a controls the longitudinal position of crankpin journal 25a in oblong
opening 32a. Relative to the position shown in Figs. 16A-16F, radial distance r,' of
secondary crankpin cam 27a has continued to decrease, and thus, crankpin journal
25a has continued to travel longitudinally up oblong opening 32a to a longitudinal
position resulting in the effective length of connecting rod 28 being at a substantial
minimum as piston 16 reaches the end of its stroke up cylinder 14.

[0191] As shown in Figs. O9E and 9F, tertiary crankpin cam 27c¢ and tertiary
follower 43¢ remain in contact with one another, and the longitudinal position of
crankpin journal 25a in oblong opening 32a is closely controlled by secondary
crankpin cam 27a, secondary follower 43a, tertiary cam 27c¢, and tertiary follower
43c. Biasing member 74 continues to provide a biasing force against rocker member
70, thereby holding tertiary follower 43c in contact with tertiary cam 43c. Rocker
member 70 remains spaced from cap recess 64 of cap portion 35, with biasing
member 74 remaining in an extended configuration.

[0192] According to some embodiments, cam 27 and follower 43 may be in
contact with one another, and secondary cam 27a and secondary follower 43a may
be in contact with one another, in an alternating fashion. (Actual contact may
optionally be limited by, for example, hydrodynamic lubrication that may exist
between the respective surfaces.) For example, while cam 27 and follower 43 are in
contact with one another, secondary cam 27a and secondary follower 43a are not in
contact with one another, and conversely, while secondary cam 27a and secondary
follower 43a are in contact with one another, cam 27 and follower 43 are not in
contact with one another. According to some embodiments, there may be ranges of
the angular position of radial axis RA for which cam 27 and follower 43 are in contact
with one another, and secondary cam 27a and follower 43a are in contact with one
another.

[0193] In the exemplary manner described above, the distance between the
center C of crankpin 24 and distal end 34 of connecting rod 28 (e.g., the center of
pin 38) is variable. More specifically, the distance is variable (see, e.g., Figs. 9A and
11B), with the variability of the distance being facilitated in the exemplary
embodiment by virtue of crankpin 24 and connecting rod 28. As radial axis RA
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rotates between first stroke termination angle 8, and 180 degrees past first stroke
termination angle 6; (i.e., to second stroke termination angle 8,), the distance
between the center C of crankpin 24 and distal end 34 of connecting rod 28 initially
increases, thereby delaying initiation of the power stroke until radial axis RA reaches
a point, for example, at least about 35-40 degrees past first stroke termination angle
8, in the exemplary embodiment shown. Timing of the initiation of combustion may
be tailored to take advantage of this delay. The distance between the center C of
crankpin 24 and distal end 34 of connecting rod 28 may remain relatively constant as
radial axis RA continues to rotate toward an orientation 180 degrees past first stroke
termination angle 9, (see Figs. 9A-15A). As the radial axis RA rotates between 180
and 360 degrees past first stroke termination angle 85, the distance decreases (see
Figs. 15A and 9A).

[0194] According to some embodiments, the exemplary configuration and/or
interaction between crankshaft 20 and connecting rod 28 may be tailored to achieve
desired performance characteristics of exemplary engine 10, such as, for example,
improved efficiency, improved torque, improved power output, and/or improved
responsiveness. For example, the profiles of the one or more of the crankpin cams
may be configured to improve efficiency and/or power of exemplary engine 10, for
example, by changing at least one of the timing and magnitude of the delay of
initiation of the power stroke.

[0195] According to some embodiments, initiation of the power stroke of
exemplary engine 10 may be delayed until radial axis RA has rotated at least
about 15 degrees beyond the first stroke termination angle 6;. In other
embodiments, initiation of the power stroke may be delayed until radial axis RA has
rotated at least about 30 degrees beyond the first stroke termination angle 6; (e.g., at
least about 40 or 45 degrees beyond the first stroke termination angle 6). In other
embodiments, rotation may be set to about 25 or 35 degrees beyond the first stroke
termination angle 6, for example, to achieve a desired performance characteristic of
engine 10.

[0196] According to some embodiments, depending on, for example, the
profile of one or more of the crankpin cams, piston 16 may continue to travel slightly
up into cylinder 14 as radial axis RA rotates between 0 degrees and, for example,
about 35-40 degrees past first stroke termination angle 6, with the downward travel
of piston 16 within cylinder 14 beginning thereafter. In other words, during the delay
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of the power stroke, piston 16 is not necessarily stationary in cylinder 14, but rather,
piston 16 may continue its upward travel in cylinder 14 relative to its position in
cylinder 14 as radial axis RA passes 0 degrees relative to first stroke termination
angle 6.

[0197] Cam profiles 29, 29a, 29b, 29c, and/or 29d of respective crankpin
cams 27, 27a, 27b, 27¢, and/or 27d may be selected to facilitate a desired speed
and/or acceleration of the travel of piston 16 within cylinder 14. For example, the
cam profile of one or more of the crankpin cams may be configured to provide a
relatively faster travel and/or higher acceleration following the end of the delay of the
beginning of the power stroke. Such cam profile tailoring may be performed to
provide a desired power, torque, and/or efficiency of engine 10.

[0198] According to some embodiments, engine 10 may be configured to
selectively operate in at least two modes. For example, in a first mode of operation
the distance between the between the center C of crankpin 24 (e.g., the longitudinal
axis CP of crankpin 24) and distal end 34 of connecting rod 28 may vary in a
constant manner as described above. In a second mode of operation, the profiles of
one more of the crankpin cams may be variable in a radial manner, such that the
delay in the power stroke of piston 16 may be varied according to a desired tailoring.
This may be accomplished via, for example, cam phasing, where one or more of
crankpin cams 27, 27a, 27b, 27¢, and 27d may rotate relative to crankpin journals
25a and 25b (see Fig. 3), thereby changing the position of radial axis RA at which
the power stroke begins. In this exemplary second mode of operation, it may be
possible to tailor operation of engine 10 to vary the power output, torque, and/or
efficiency of the operation of engine 10 according to certain operating parameters.
According to some embodiments, engine 10 may operate according to a combination
of the first and second modes.

[0199] As described in more detail below, the exemplary engine 10 shown in
Figs. 17-25F operates in a manner similar to the exemplary engine shown in
Figs. 7-16F, with the exception of crankpin cam 27 and secondary crankpin cams
27a and 27b, and the associated followers 43, 43a, and 43b. In particular, the roles
of crankpin cam 27 and secondary crankpin cams 27a and 27b are reversed relative
to the exemplary embodiment shown in Figs. 7-16F.

[0200] For the purpose of clarity of the description and due to the limited
ability of the section views of Figs. 18A-25F to show various exemplary structures,
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although the exemplary embodiments described with respect to Figs. 18A-25F
include pairs of crankpin journals 25a and 25b (see Fig. 3), pairs of oblong openings
32a and 32b, pairs of secondary crankpin cams 27a and 27b, pairs of secondary
followers 43a and 43b, pairs of tertiary crankpin cams 27c and 27d, and pairs of
tertiary followers 43c and 43d, the following description will refer to only one of the
respective pairs of the crankpin journals, oblong openings, secondary crankpin
cams, secondary followers, tertiary crankpin cams, and tertiary followers. As noted
previously herein, some alternative embodiments may include only a single one of
(i.e., as opposed to pairs of) the crankpin journal, the oblong opening, the secondary
crankpin cam, the secondary follower, the tertiary crankpin cam, and/or the tertiary
follower.

[0201] As shown in Figs. 18A and 18B, during operation of this exemplary
engine 10, crankshaft 20 rotates in the clockwise direction. With secondary crankpin
cam 27a and secondary follower 43a interacting as shown, crankpin journal 25a (see
Fig. 3) is located generally centrally within the length of oblong opening 32a, such
that piston 16 is at the top of its stroke while radial axis RA of crankshaft 20 is
substantially aligned with the longitudinal axis CR of connecting rod 28. This
position and exemplary configuration results in the distance between the center C of
crankpin 24 and distal end 34 (e.g., the center of second aperture 36) of connecting
rod 28 being reduced relative to the distance between the center C of crankpin 24
and distal end 34 of connecting rod 28 shown in, for example, Figs. 20A-24F.

[0202] As shown in Figs. 18A and 18B, exemplary secondary crankpin cam
27a and exemplary secondary follower 43a are not in contact with one another. In
particular, radial distance r4' of secondary cam profile 29a is short enough that
secondary crankpin cam 27a does not contact secondary follower 43a. Referring to
Figs. 18C and 18D, however, crankpin cam 27 and follower 43 are in contact with
one another, and thus, serve to control the distance between the center C of
crankpin 24 and distal end 34 of connecting rod 28 and/or or the longitudinal position
of crankpin journal 25a along the longitudinal axis of oblong opening 32a.

[0203] Referring to Figs. 18E and 18F, tertiary crankpin cam 27c and tertiary
follower 43c are in contact with one another, and thus, the longitudinal position of
crankpin journal 25a in oblong opening 32a may be closely controlled. Biasing
member 74 provides a biasing force against rocker member 70, thereby holding
tertiary follower 43c in contact with tertiary crankpin cam 43c.

-36-



WO 2012/158782 PCT/US2012/038117

[0204] Referring to Figs. 19A-19F, crankshaft 20 is in an orientation where
radial axis RA has rotated 15 degrees past first stroke termination angle 8;. Ina
conventional engine, piston 16 would have started to travel toward crankshaft axis
CS as radial axis RA rotates through 15 degrees. In contrast, according to
exemplary engine 10, piston 16 has not yet started its downward travel toward
crankshaft axis CS. According to some embodiments, piston 16 may actually
continue to travel slightly up cylinder 14 between zero and 15 degrees past first
stroke termination angle 8;. As shown in Figs. 19A and 19B, secondary crankpin
cam 27a is just beginning to contact secondary follower 43a, with the radius of the
surface of secondary follower 43a being slightly smaller than the radius of the
surface of secondary crankpin cam 27a.

[0205] Referring to Figs. 19C and 19D, crankpin cam 27 and follower 43
remain in contact, with the radial distance r, of cam profile 29 increasing, such that
crankpin journal 25a (see Fig. 3) moves longitudinally down oblong opening 32a,
thereby increasing the effective length of connecting rod 28 (i.e., increasing the
distance between the center C of crankpin 24 and distal end 34 of connecting rod
28). As aresult, instead of piston 16 beginning to travel down cylinder 14, piston 16
remains at the end of its upward stroke (or continues to travel up cylinder 14). As
shown in Fig. 19D, exemplary crankpin cam 27 and follower 43 are configured such
that the radius of the surface of crankpin cam 27 is similar to the radius of the
adjacent surface of follower 43 at this position of the radial axis RA of crankshaft 20.

[0206] Referring to Figs. 19E and 19F, tertiary crankpin cam 27c¢ and tertiary
follower 43c remain in contact with one another, and thus, the longitudinal position of
crankpin journal 25a in oblong opening 32a continues to be closely controlled.
Biasing member 74 continues to provide a biasing force against rocker member 70,
thereby holding tertiary follower 43¢ in contact with tertiary crankpin cam 43c.

[0207]In Figs. 20A-20F, crankshaft 20 has rotated to an orientation where
radial axis RA is 35 degrees past first stroke termination angle 6,. In a conventional
engine, piston 16 would have traveled a significant distance toward crankshaft axis
CS as radial axis RA rotates through 35 degrees. In contrast, according to
exemplary engine 10, piston 16 has not yet started its downward travel toward
crankshaft axis CS. Instead, secondary crankpin cam 27a has rotated relative
secondary follower 43a, such that interaction between secondary crankpin cam 27a
and secondary follower 43a results in crankpin journal 25a (see Fig. 3) moving down
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(in the orientation shown) within oblong opening 32a to a position more remote from
the central portion of oblong opening 32a in a manner resulting in substantially no
movement of distal end 34 of connecting rod 28. In particular, radial distance r,' of
secondary cam profile 29a has increased (compare Figs. 18A and 20A), thereby
forcing crankpin journal 25a down oblong opening 32a. As a result, the distance
between the center C of crankpin 24 and distal end 34 of connecting rod 28 has
increased relative the distance shown in Figs. 18A and 18B. As a result of this
increase in the distance, piston 16 has not started to travel down cylinder 14, even
though crankpin 24 has rotated clockwise relative to the center C of crankshaft 20,
such that the center CP of crankpin 24 is farther from the top of cylinder 14. As a
result, the distance increases, such that rather than beginning downward travel in
cylinder 14, piston 16 remains substantially in its position of maximum stroke.
According to some embodiments, piston 16 may actually continue to travel slightly
up cylinder 14 between zero and 35 degrees past first stroke termination angle 8.

[0208] As shown in Figs. 20A and 20B, secondary crankpin cam 27a is now in
contact with secondary follower 43a, with the radius of the surface of secondary
follower 43a being similar to (e.g., the same as) the radius of the surface of
secondary crankpin cam 27a. By virtue of the radii of the respective surfaces of
secondary crankpin cam 27a and secondary follower 43a being similar or the same,
the area of contact between the two surfaces is greater, which may serve to reduce
friction and/or wear between the surfaces of secondary crankpin cam 27a and
secondary follower 43a during the power stroke of engine 10 (and, when engine 10
is a four-stroke engine, during the intake stroke).

[0209] In the example shown, the radial distance r,’ of secondary crankpin
cam 27a at the point or surface of contact with secondary follower 43a is increasing,
thereby increasing the effective length of connecting rod 28. As a result, instead of
piston 16 beginning to travel down cylinder 14, piston 16 remains at the end of its
upward stroke or, in some embodiments, continues to travel up cylinder 14. In
contrast to Fig. 19D, as shown in Fig. 20D, exemplary cam 27 and follower 43 are no
longer in contact with one another, and thus, the contact between secondary
crankpin cam 27a and secondary follower 43a control the longitudinal position of
crankpin journal 25a (see Fig. 3) in oblong opening 32a.

[0210] As shown in Figs. 20E and 20F, tertiary crankpin cam 27¢ and
tertiary follower 43¢ remain in contact with one another, and thus, the longitudinal
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position of crankpin journal 25a in oblong opening 32a is closely controlled by
secondary crankpin cam 27a, secondary follower 43a, tertiary crankpin cam 27¢, and
tertiary follower 43c. Biasing member 74 continues to provide a biasing force
against rocker member 70, thereby holding tertiary follower 43c in contact with
tertiary crankpin cam 43c.

[0211] As shown in Figs. 21A-21F, crankshaft 20 has rotated to an
orientation where radial axis RA is 90 degrees past first stroke termination angle 6.
In contrast to Figs. 18A-20F, piston 16 has now started its downward travel toward
crankshaft axis CS. As shown in Figs. 21A and 21B, secondary crankpin cam 27a
remains in contact with secondary follower 43a, and the radius of the surface of
secondary follower 43a continues to be similar to (e.g., the same as) the radius of
the surface of secondary crankpin cam 27a. As shown in Fig. 21A, the radial
distance ry' of secondary crankpin cam 27a at the point or surface of contact with
secondary follower 43a is at about its maximum, resulting in crankpin journal 25a
being at about its maximum longitudinal position down oblong opening 32a, such
that the effective length of connecting rod 28 is at about its maximum. As shown in
Fig. 21D, exemplary crankpin cam 27 and follower 43 continue to not be in contact
with one another. As a result, the contact between secondary crankpin cam 27a and
secondary follower 43a controls the longitudinal position of crankpin journal 25a in
oblong opening 32a.

[0212] As shown in Figs. 21E and 21F, tertiary crankpin cam 27¢ and tertiary
follower 43c remain in contact with one another, and thus, the longitudinal position of
crankpin journal 25a (see Fig. 3) in oblong opening 32a is closely controlled by
secondary crankpin cam 27a, secondary follower 43a, tertiary crankpin cam 27c, and
tertiary follower 43c. Biasing member 74 continues to provide a biasing force
against rocker member 70, thereby holding tertiary follower 43c in contact with
tertiary crankpin cam 43c. However, as shown in Figs. 21E and 21F, rocker member
70 is no longer spaced significantly from cap recess 64 of cap portion 35 of
connecting rod 28, with the interaction between tertiary crankpin cam 27¢ and
tertiary follower 43c compressing biasing member 74.

[0213] Referring to Figs. 22A-22F, crankshaft 20 has rotated to an orientation
where radial axis RA is 120 degrees past first stroke termination angle 6,. Piston 16
continues to travel down cylinder 14. Secondary crankpin cam 27a remains in
contact with secondary follower 43a, and the radius of the surface of secondary
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follower 43a continues to be similar to (e.g., the same as) the radius of the surface of
secondary crankpin cam 27a. As shown in Fig. 22A, the radial distance r,' of
secondary crankpin cam 27a at the point or surface of contact with secondary
follower 43a is remaining the same as shown in Figs. 21A-21F, resulting in crankpin
journal 25a (see Fig. 3) remaining substantially stationary in oblong opening 32a,
such that the effective length of connecting rod 28 remains substantially the same.

[0214] According to some embodiments, the radius of the surface of
secondary crankpin cam 27a and/or the radial distance r4' of secondary crankpin
cam 27a may remain substantially the same throughout a range of angular motion of
radial axis RA of crankshaft 20. With the radial distance ry' remaining substantially
constant, the longitudinal position of crankpin journal 25a (see Fig. 3) in oblong
opening 32a remains substantially constant, such that the effective length of
connecting rod 28 remains substantially the same throughout the range of angular
motion of crankshaft 20. For example, secondary cam profile 29a may have a
portion defining a substantially constant radial distance ry' for at least about 70
degrees of cam profile (e.g., at least about 80 degrees, at least about 90 degrees, at
least about 100 degrees, at least about 110 degrees, at least about 120 degrees, at
least about 130 degrees, at least about 140 degrees, or at least about 150 degrees).
According to some embodiments, the surface of secondary crankpin cam 27a may
have a substantially constant radius for at least about 70 degrees of secondary cam
profile 29a (e.qg., for at least about 80 degrees, at least about 90 degrees, at least
about 100 degrees, at least about 110 degrees, at least about 120 degrees, at least
about 130 degrees, at least about 140 degrees, or at least about 150 degrees). For
example, in the exemplary embodiment shown in Figs. 17-25F, the radius of the
surface of secondary crankpin cam 27a and the radial distance ry' remain
substantially unchanged from about 35 degrees to about 120 degrees past first
stroke termination angle ;. According to some embodiments, the substantially
constant surface radius and substantially constant radial distance r,' of secondary
cam profile 29a may not coincide.

[0215] In contrast to Fig. 21D, as shown in Fig. 22D, exemplary cam 27 and
follower 43 begin to come into contact with one another as radial distance ry of
crankpin cam 27 increases. As a result, the contact between crankpin cam 27 and
follower 43a and between secondary crankpin cam 27a and secondary follower 43a
control the longitudinal position of crankpin journal 25a in oblong opening 32a.
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[0216] As shown in Figs. 22E and 22F, tertiary crankpin cam 27¢ and tertiary
follower 43¢ remain in contact with one another, and thus, the longitudinal position of
crankpin journal 25a in oblong opening 32a is closely controlled by crankpin cam 27,
follower 43, secondary crankpin cam 27a, secondary follower 43a, tertiary crankpin
cam 27¢, and tertiary follower 43c. Biasing member 74 continues to provide a
biasing force against rocker member 70, thereby holding tertiary follower 43¢ in
contact with tertiary crankpin cam 43c. In contrast to Figs. 21E and 21F, as shown
in Figs. 22E and 22F, rocker member 70 returns to being spaced from cap recess 64
of cap portion 35, with biasing member 74 returning to a more extended
configuration.

[0217] As shown in Figs. 23A-23F, crankshaft 20 has continued to rotate to an
orientation where radial axis RA is 150 degrees past first stroke termination angle 6;.
Piston 16 continues to travel down cylinder 14. In the exemplary embodiment
shown, secondary crankpin cam 27a and secondary follower 43a separate from one
another as radial distance r4' of secondary crankpin cam 27a decreases, and the
radial distance ry of crankpin cam 27 begins to increase, such that crankpin cam 27
and follower 43 come into contact with one another, as shown in Figs. 23C and 23D.
The radius of the surface of crankpin cam 27 is substantially the same as the radius
of the surface of follower 43 at this point of contact, as shown in Fig. 23D. The
contact between crankpin cam 27 and follower 43 controls the longitudinal position of
crankpin journal 25a (see Fig. 3) in oblong opening 32a. Relative to the position
shown in Figs. 22A-22F, crankpin journal 25a remains in a relatively stationary
longitudinal position in oblong opening 32a, such that the effective length of
connecting rod 28 remains substantially the same.

[0218] As shown in Figs. 23E and 23F, tertiary crankpin cam 27¢ and tertiary
follower 43c remain in contact with one another, and thus, the longitudinal position of
crankpin journal 25a in oblong opening 32a is closely controlled by crankpin cam 27,
follower 43, tertiary crankpin cam 27c, and tertiary follower 43c. Biasing member 74
continues to provide a biasing force against rocker member 70, thereby holding
tertiary follower 43c in contact with tertiary crankpin cam 43c. Rocker member 70
remains spaced from cap recess 64 of cap portion 35, with biasing member 74
remaining in an extended configuration.

[0219] As shown in Figs. 24A-24F, crankshaft 20 has continued to rotate to an
orientation where radial axis RA is 180 degrees past first stroke termination angle 6,
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(i.e., at a second stroke termination angle 6., which corresponds generally to the end
of the power stroke (or intake stroke)). At this orientation of crankshaft 20, piston 16
ceases its travel down cylinder 14 and begins reversing direction for commencement
of the exhaust stroke (or compression stroke). In the exemplary embodiment shown
in Figs. 24A and 24B, secondary crankpin cam 27a and secondary follower 43a
remain separated from one another, and crankpin cam 27 and follower 43 remain in
contact with one another, as shown in Figs. 24C and 24D. The radius of the surface
of crankpin cam 27 is beginning to decrease, such that at this point of contact, the
radius of the surface of follower 43 is larger than the radius of the surface of crankpin
cam 27. Contact between crankpin cam 27 and follower 43 controls the longitudinal
position of crankpin journal 25a (see Fig. 3) in oblong opening 32a. Relative to the
position shown in Figs. 23A-23F, crankpin journal 25a remains in a relatively
stationary longitudinal position in oblong opening 32a, such that the effective length
of connecting rod 28 remains substantially the same.

[0220] As shown in Figs. 24E and 24F, tertiary crankpin cam 27¢ and tertiary
follower 43¢ remain in contact with one another, and thus, the longitudinal position of
crankpin journal 25a in oblong opening 32a is closely controlled by crankpin cam 27,
follower 43, tertiary crankpin cam 27¢, and tertiary follower 43c. Biasing member 74
continues to provide a biasing force against rocker member 70, thereby holding
tertiary follower 43¢ in contact with tertiary crankpin cam 43c. Rocker member 70
remains spaced from cap recess 64 of cap portion 35, with biasing member 74
remaining in an extended configuration.

[0221] As shown in Figs. 25A-25F, crankshaft 20 has continued to rotate to an
orientation where radial axis RA is 270 degrees past first stroke termination angle 6;.
At this orientation of crankshaft 20, piston 16 continues to travel up cylinder 14. As
shown in Figs. 25A and 25B, secondary crankpin cam 27a and secondary follower
43a remain separated from one another, and crankpin cam 27 and follower 43
remain in contact with one another, as shown in Figs. 25C and 25D. The radius of
the surface of crankpin cam 27 returns to being substantially the same as the radius
of the surface of follower 43 at this point of contact. Contact between crankpin cam
27 and follower 43 controls the longitudinal position of crankpin journal 25a (see Fig.
3) in oblong opening 32a. Relative to the position shown in Figs. 24A-24F, radial
distance ry of crankpin cam 27 has decreased, and thus, crankpin journal 25a has
traveled longitudinally back up oblong opening 32a, such that the effective length of
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connecting rod 28 begins to shorten as piston 16 approaches the end of its stroke up
cylinder 14.

[0222] As shown in Figs. 25E and 25F, tertiary crankpin cam 27c¢ and tertiary
follower 43¢ remain in contact with one another, and the longitudinal position of
crankpin journal 25a in oblong opening 32a is closely controlled by crankpin cam 27,
follower 43, tertiary crankpin cam 27c¢, and tertiary follower 43c. Biasing member 74
continues to provide a biasing force against rocker member 70, thereby holding
tertiary follower 43c in contact with tertiary crankpin cam 43c. Rocker member 70
remains spaced from cap recess 64 of cap portion 35, with biasing member 74
remaining in an extended configuration.

[0223] Referring back to Figs. 18A-18F, crankshaft 20 has continued to rotate
to an orientation where radial axis RA is 360 degrees past first stroke termination
angle 64, such that radial axis RA has returned to first stroke termination angle 6,. At
this orientation of crankshaft 20, piston 16 has traveled up cylinder 14 to the end of
its stroke. (As mentioned previously herein, according to some embodiments, piston
16 may continue to travel slightly up cylinder 14 as radial axis RA passes 360
degrees past first stroke termination angle 8;.) As shown in Figs. 18A and 18B,
secondary crankpin cam 27a and secondary follower 43a remain slightly separated
from one another, and crankpin cam 27 and follower 43 remain in contact with one
another, as shown in Figs. 18C and 18D. The radius of the surface of crankpin cam
27 is slightly less than the radius of the surface of follower 43 at this point of contact.
Contact between crankpin cam 27 and follower 43 controls the longitudinal position
of crankpin journal 25a in oblong opening 32a. Relative to the position shown in
Figs. 25A-25F, radial distance ry of crankpin cam 27 has continued to decrease, and
thus, crankpin journal 25a has continued to travel longitudinally up oblong opening
32a to a longitudinal position resulting in the effective length of connecting rod 28
being at a substantial minimum as piston 16 reaches the end of its stroke up cylinder
14.

[0224] As shown in Figs. 18E and 18F, tertiary crankpin cam 27¢ and tertiary
follower 43¢ remain in contact with one another, and the longitudinal position of
crankpin journal 25a in oblong opening 32a is closely controlled by crankpin cam 27,
follower 43, tertiary crankpin cam 27¢, and tertiary follower 43c. Biasing member 74
continues to provide a biasing force against rocker member 70, thereby holding
tertiary follower 43c in contact with tertiary crankpin cam 43c. Rocker member 70
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remains spaced from cap recess 64 of cap portion 35, with biasing member 74
remaining in an extended configuration.

[0225] According to some embodiments, cam 27 and follower 43 may be in
contact with one another, and secondary cam 27a and secondary follower 43a may
be in contact with one another, in an alternating fashion. (Actual contact may
optionally be limited by, for example, hydrodynamic lubrication that may exist
between the respective surfaces.) For example, while cam 27 and follower 43 are in
contact with one another, secondary cam 27a and secondary follower 43a are not in
contact with one another, and conversely, while secondary cam 27a and secondary
follower 43a are in contact with one another, cam 27 and follower 43 are not in
contact with one another. According to some embodiments, there may be ranges of
the angular position of radial axis RA for which cam 27 and follower 43 are in contact
with one another, and secondary cam 27a and follower 43a are in contact with one
another.

[0226] In the exemplary manner described above with respect to Figs. 17-25F,
the distance between the center C of crankpin 24 and distal end 34 of connecting
rod 28 (e.g., the center of pin 38) is variable. More specifically, the distance is
variable (see, e.g., Figs. 18A and 20B), with the variability of the distance being
facilitated in the exemplary embodiment by virtue of crankpin 24 and connecting rod
28. As radial axis RA rotates between first stroke termination angle 6; and 180
degrees past first stroke termination angle 9y (i.e., to second stroke termination
angle 6,), the distance initially increases, thereby delaying initiation of the power
stroke until radial axis RA reaches a point, for example, at least about 35-40 degrees
past first stroke termination angle 6, in the exemplary embodiment shown. Timing of
the initiation of combustion may be tailored to take advantage of this delay. The
distance between the center C of crankpin 24 and distal end 34 of connecting rod 28
may remain relatively constant as radial axis RA continues to rotate toward an
orientation 180 degrees past first stroke termination angle 8, (see Figs. 18A-24A).
As the radial axis RA rotates between 180 and 360 degrees past first stroke
termination angle 6y, the distance decreases (see Figs. 24A and 18A).

[0227] According to some embodiments, the exemplary configuration and/or
interaction between crankshaft 20 and connecting rod 28 may be tailored to achieve
desired performance characteristics of exemplary engine 10, such as, for example,
improved efficiency, improved torque, improved power output, and/or improved

-44 -



WO 2012/158782 PCT/US2012/038117

responsiveness. For example, the profiles of the one or more of the crankpin cams
may be configured to improve efficiency and/or power of exemplary engine 10, for
example, by changing at least one of the timing and magnitude of the delay of
initiation of the power stroke.

[0228] According to some embodiments, initiation of the power stroke of
exemplary engine 10 may be delayed until radial axis RA has rotated at least
about 15 degrees beyond the first stroke termination angle 6,. In other
embodiments, initiation of the power stroke may be delayed until radial axis RA has
rotated at least about 30 degrees beyond the first stroke termination angle 6 (e.g., at
least about 40 or 45 degrees beyond the first stroke termination angle 9,). In other
embodiments, rotation may be set to about 25 or 35 degrees beyond the first stroke
termination angle 8, for example, to achieve a desired performance characteristic of
engine 10.

[0229] According to some embodiments, depending on, for example, the
profile of one or more of the crankpin cams, piston 16 may continue to travel slightly
up into cylinder 14 as radial axis RA rotates between 0 degrees and, for example,
about 35-40 degrees past first stroke termination angle 8, with the downward travel
of piston 16 within cylinder 14 beginning thereafter. In other words, during the delay
of the power stroke, piston 16 is not necessarily stationary in cylinder 14, but rather,
piston 16 may continue its upward travel in cylinder 14 relative to its position in
cylinder 14 as radial axis RA passes 0 degrees relative to first stroke termination
angle 9,.

[0230] Cam profiles 29, 29a, 29b, 29¢, and/or 29d of respective crankpin
cams 27, 27a, 27b, 27¢, and/or 27d may be selected to facilitate a desired speed
and/or acceleration of the travel of piston 16 within cylinder 14. For example, the
cam profile of one or more of the crankpin cams may be configured to provide a
relatively faster travel and/or higher acceleration following the end of the delay of the
beginning of the power stroke. Such cam profile tailoring may be performed to
provide a desired power, torque, and/or efficiency of engine 10.

[0231] According to some embodiments, engine 10 may be configured to
selectively operate in at least two modes. For example, in a first mode of operation
the distance between the between the center C of crankpin 24 (e.g., the longitudinal
axis CP of crankpin 24) and distal end 34 of connecting rod 28 may vary in a
constant manner as described above. In a second mode of operation, the profiles of
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one more of the crankpin cams may be variable in a radial manner, such that the
delay in the power stroke of piston 16 may be varied according to a desired tailoring.
This may be accomplished via, for example, cam phasing, where one or more of
crankpin cams 27, 27a, 27b, 27¢, and 27d may rotate relative to crankpin journals
25a and 25b, thereby changing the position of radial axis RA at which the power
stroke begins. In this exemplary second mode of operation, it may be possible to
tailor operation of engine 10 to vary the power output, torque, and/or efficiency of the
operation of engine 10 according to certain operating parameters. According to
some embodiments, engine 10 may operate according to a combination of the first
and second modes

[0232] Exemplary engines 10 shown in Figs. 1-25F may be incorporated into a
power train, for example, including a transmission operably coupled to engine 10 and
a drive member configured to perform work, the drive member being operably
coupled to the transmission. For example, the drive member may include a
propulsion device, such as, for example, a wheel or a propeller. According to some
embodiments, such a power train may include a generator configured to convert
rotational power into electrical power, the generator being operably coupled to
exemplary engine 10. Such a power train may include a power storage device (e.g.,
a flywheel and/or one or more batteries) operably coupled to the generator and
configured to store electrical power. According to some embodiments, the
transmission may include one or more electric motors.

[0233] Moreover, exemplary engines 10 may be incorporated into a vehicle
including a transmission operably coupled to engine 10 and a drive member
configured to perform work and being operably coupled to the transmission. For
example, the drive member may include a propulsion device, such as, for example, a
wheel or a propeller. For example, the vehicle may be a car, van, truck, boat, ship,
train, or air vehicle. Such a vehicle may include exemplary engine 10 operably
coupled to a generator configured to convert rotational power into electrical power,
and a power storage device operably coupled to the generator and configured to
store electrical power. The transmission may be, for example, an electric motor.

[0234] At least some portions of exemplary embodiments of the systems
outlined above may used in association with portions of other exemplary
embodiments. Moreover, at least some of the exemplary embodiments disclosed
herein may be used independently from one another and/or in combination with one
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another and may have applications to internal combustion engines not disclosed
herein.

It will be apparent to those skilled in the art that various modifications and
variations can be made to the structures and methodologies described herein. Thus,
it should be understood that the invention is not limited to the subject matter

discussed in the description. Rather, the present invention is intended to cover
modifications and variations.

-47 -



WO 2012/158782 PCT/US2012/038117

WHAT IS CLAIMED IS:

1. An internal combustion engine comprising:

a cylinder block defining a cylinder;

a crankshaft comprising a crankpin, wherein the crankshatft is rotatably
coupled to the cylinder block and rotates along a longitudinal crankshaft axis, and
the crankpin defines a longitudinal crankpin axis parallel to and spaced from the
longitudinal crankshaft axis;

a piston configured to reciprocate within the cylinder; and

a connecting rod comprising a proximal end and a distal end, wherein the
proximal end is operably coupled to the crankpin and the distal end is operably
coupled to the piston,

wherein the crankpin comprises

at least one crankpin journal about which the connecting rod revoives,

a first cam comprising a first cam profile,

a second cam comprising a second cam profile, and

a third cam comprising a third cam profile,

wherein the first, second, and third cam profiles differ from one
another, and

wherein at least one of the first, second, and third cam profiles is configured to
provide relative linear movement between the longitudinal crankpin axis and the
proximal end of the connecting rod.

2. The internal combustion engine of claim 1, wherein the proximal end of the
connecting rod comprises an oblong opening, and the crankpin is received in the
oblong opening.

3. The internal combustion engine of claim 2, wherein the crankpin and the
connecting rod are configured such that the crankpin moves along a longitudinal axis
of the oblong opening.

4. The internal combustion engine of claim 3, wherein the connecting rod
comprises:

a first follower associated with a first end of the oblong opening, the first
follower defining a first follower surface;

a second follower associated with the first end of the oblong opening, the

second follower defining a second follower surface; and
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a third follower associated with a second end of the oblong opening, the third
follower defining a third follower surface,

wherein the movement along the oblong opening is based on interaction
between at least one of the first, second, and third cams and at least one of the first,
second, and third followers.

5. The internal combustion engine of claim 1, wherein the at least one
crankpin journal is received within the oblong opening.

6. The internal combustion engine of claim 5, wherein the at least one
crankpin journal comprises two crankpin journals with the first, second, and third
cams being between the two crankpin journals.

7. The internal combustion engine of claim 6, wherein the connecting rod
comprises a first pair of legs and a second pair of legs spaced from the first pair of
legs and providing a clearance between the first and second pairs of legs, wherein
the first and second pairs of legs at least partially define a first oblong opening and a
second oblong opening, and wherein a first crankpin journal is received in the first
oblong opening, and a second crankpin journal is received in the second oblong
opening.

8. The internal combustion engine of claim 7, wherein the connecting rod
comprises a cap portion coupled to the first and second pairs of legs.

9. The internal combustion engine of claim 8, wherein the cap portion and the
first pair of legs defines the first oblong opening and the cap portion and the second
pair of legs defines the second oblong opening.

10. The internal combustion engine of claim 1, wherein the first cam profile
defines a radial distance from the longitudinal crankpin axis to an edge face of the
first cam, wherein the radial distance varies from a minimum radial distance to a
maximum radial distance, and wherein in a first direction extending along a line from
the longitudinal crankshaft axis toward the longitudinal crankpin axis, the radial
distance associated with the first direction is less than the maximum radial distance.

11. The internal combustion engine of claim 10, wherein in a second direction
extending along a line from the longitudinal crankpin axis toward the longitudinal
crankshaft axis, the radial distance associated with the second direction is greater
than the radial distance associated with the first direction.
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12. The internal combustion engine of claim 2, wherein the connecting rod
comprises a rod portion and a cap portion, and wherein the rod portion and the cap
portion define the oblong opening.

13. The internal combustion engine of claim 2, wherein the oblong opening
has a width corresponding to a diameter of the at least one crankpin journal.

14. The internal combustion engine of claim 1, wherein the crankpin further
comprises a fourth cam and a fifth cam.

15. The internal combustion engine of claim 14, wherein the fourth cam
comprises a fourth cam profile, and wherein the fourth cam profile is substantially the
same as the second cam profile of the second cam.

16. The internal combustion engine of claim 1, wherein the crankpin further
comprises a fifth cam comprising a fifth cam profile, and wherein the fifth cam profile
is substantially the same as the third cam profile of the third cam.

17. The internal combustion engine of claim 14, wherein the first cam is
between the second and fourth cam, and the second and fourth cam are between
the third and fifth cam.

18. The internal combustion engine of claim 14, wherein the crankpin
comprises two crankpin journals, and wherein the first, second, third, and fourth
cams are between the two crankpin journals.

19. The internal combustion engine of claim 4, wherein the first follower
surface comprises a first radius, and the second follower surface comprises a
second radius, and wherein the first and second radii differ from one another.

20. The internal combustion engine of claim 19, wherein the third follower
comprises a third follower surface, wherein the third follower surface differs from the
first and second follower surfaces.

21. The internal combustion engine of claim 20, wherein the third follower
surface comprises a substantially planar surface.

22. The internal combustion engine of claim 20, wherein the third follower
surface comprises a third radius, and wherein the third radius differs from the first
and second radii.

23. The internal combustion engine of claim 4, wherein the first and second
followers are configured to oscillate with réspect to the connecting rod.
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24. The internal combustion engine of claim 4, wherein the first follower
surface comprises a first concave radius, and wherein the first concave radius is
substantially the same as a portion of a convex radius of the first cam profile.

25. The internal combustion engine of claim 24, wherein the portion of the
first cam profile defines a substantially constant convex radius for at least about 90
degrees.

26. The internal combustion engine of claim 4, wherein the second follower
surface comprises a second concave radius, and wherein the second concave
radius is substantially the same as a portion of a convex radius of the second cam
profile.

27. The internal combustion engine of claim 26, wherein the portion of the
second cam profile defines a substantially constant convex radius for at least about
90 degrees.

28. The internal combustion engine of claim 4, wherein the first follower
surface defines a first surface area, and the second follower surface defines a
second surface area, and wherein the first surface area is greater than the second
surface area.

29. The internal combustion engine of claim 4, further comprising a fourth
follower associated with the first end of the oblong opening, wherein the fourth
follower comprises a fourth follower surface, the fourth follower surface being
substantially the same as the second follower surface.

30. The internal combustion engine of claim 29, wherein the first follower is
between the second and fourth followers.

31. The internal combustion engine of claim 30, wherein the first follower is
configured to oscillate independently of the second and fourth followers relative to
the connecting rod.

32. The internal combustion engine of claim 31, wherein the second and
fourth followers are configured to oscillate together relative to the connecting rod.

33. The internal combustion engine of claim 29, wherein the first, second,
and fourth followers are configured to oscillate together relative to the connecting
rod.

34. The internal combustion engine of claim 29, further comprising a fifth
follower associated with the second end of the oblong opening, wherein the fifth
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follower comprises a fifth follower surface, the fifth follower surface being
substantially the same as the third follower surface.

35. The internal combustion engine of claim 34, wherein the third and fifth
followers are configured to oscillate together relative to the connecting rod.

36. The internal combustion engine of claim 1, further comprising a sleeve
received in the oblong opening, wherein the sleeve receives the crankpin and is
configured to reciprocate within the oblong opening.

37. The internal combustion engine of claim 4, wherein one or more of the
first cam profile, second cam profile, third cam profile, first follower surface, second
follower surface, and third follower surface is configured to promote hydrodynamic
lubrication or fluid film lubrication between the respective profiles and surfaces.

38. A crankshaft for an internal combustion engine, the crankshaft
comprising:

a first journal having a circular cross-section defining a first journal center, the
first journal being configured to be rotatably coupled to a cylinder block of an internal
combustion engine;

a second journal having a circular cross-section defining a second journal
center, the second journal being configured to be rotatably coupled to a cylinder
block of the internal combustion engine, wherein the first and second journal centers
define a longitudinal crankshaft axis; and

a crankpin defining a longitudinal crankpin axis and being configured to be
coupled to a connecting rod, the longitudinal crankpin axis being parallel to and
spaced from the longitudinal crankshaft axis, the crankpin comprising

at least one crankpin journal,

a first cam comprising a first cam profile,

a second cam comprising a second cam profile, and

a third cam comprising a third cam profile,

wherein the first, second, and third cam profiles differ from one
another, and

wherein at least one of the first, second, and third cam profiles is configured to
affect the stroke of a connecting rod coupled to the crankpin.

39. The crankshaft of claim 38, wherein the first cam profile defines a radial
distance from the longitudinal crankpin axis to an edge face of the first cam, wherein

the radial distance varies from a minimum radial distance to a maximum radial
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distance, and wherein in a first direction extending along a line from the longitudinal
crankshaft axis toward the longitudinal crankpin axis, the radial distance associated
with the first direction is less than the maximum radial distance.

40. The crankshaft of claim 39, wherein in a second direction extending along
a line from the longitudinal crankpin axis toward the longitudinal crankshaft axis, the
radial distance associated with the second direction is greater than the radial
distance associated with the first direction.

41. The crankshaft of claim 38, wherein the at least one crankpin journal
comprises two crankpin journals, and the first, second, and third cams are between
the two crankpin journals.

42. The crankshaft of claim 38, wherein the crankpin further comprises a
fourth cam and a fifth cam.

43. The crankshaft of claim 42, wherein the fourth cam comprises a fourth
cam profile, and wherein the fourth cam profile is substantially the same as the
second cam profile of the second cam.

44. The crankshaft of claim 42, wherein the fifth cam comprises a fifth cam
profile, and wherein the fifth cam profile is substantially the same as the third cam
profile of the third cam.

45. The crankshaft of claim 42, wherein the first cam is between the second
and fourth cam, and the second and fourth cam are between the third and fifth cam.

46. A connecting rod for an internal combustion engine, the connecting rod
comprising:

a rod portion; and

a cap portion,

wherein the rod portion and the cap portion define an oblong opening
configured to receive a crankpin of an internal combustion engine,

wherein a first end of the oblong opening is associated with the rod portion,
and a second end of the oblong opening is associated with the cap portion, and

wherein the connecting rod further comprises:

a first follower associated with the first end of the oblong opening;

a second follower associated with the first end of the oblong opening;
and

a third follower associated with the second end of the oblong opening,
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wherein the first follower comprises a first follower surface, and the second
follower comprises a second follower surface, and

wherein the first and second follower surfaces differ from one another.

47. The connecting rod of claim 46, wherein the first follower surface
comprises a first radius, and the second follower surface comprises a second radius,
and wherein the first and second radii differ from one another.

48. The connecting rod of claim 47, wherein the third follower comprises a
third follower surface, wherein the third follower surface differs from the first and
second follower surfaces.

49. The connecting rod of claim 48, wherein the third follower surface
comprises a substantially planar surface.

50. The connecting rod of claim 48, wherein the third follower surface
comprises a third radius, and wherein the third radius differs from the first and
second radii.

51. The connecting rod of claim 46, wherein the oblong opening has a width
configured to correspond to a diameter of a crankpin journal.

52. The connecting rod of claim 46, wherein the rod portion comprises four
legs at least partially defining the first end of the oblong opening and a first end of a
second oblong opening.

53. The connecting rod of claim 46, wherein the rod portion comprises a first
pair of legs at least partially defining the first end of the oblong opening, and a
second pair of legs at least partially defining a first end of a second oblong opening,
the second pair of legs being spaced from the first pair of legs, thereby providing a
clearance between the first pair of legs and the second pair of legs.

54. The connecting rod of claim 53, wherein the first and second followers
are associated with the clearance.

55. The connecting rod of claim 53, wherein the cap portion is configured to
be coupled to the first and second pairs of legs.

56. The connecting rod of claim 46, wherein the first and second followers
are configured to oscillate with respect to the rod portion.

57. The connecting rod of claim 56, wherein the first and second followers
are configured to oscillate independently of one another with respect to the rod
portion.
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58. The connecting rod of claim 46, wherein the first follower surface
comprises a first concave radius, and wherein the first concave radius is configured
to be substantially the same as a portion of a convex radius of a cam associated with
a crankshaft.

59. The connecting rod of claim 46, wherein the second follower surface
comprises a second concave radius, and wherein the second concave radius is
configured to be substantially the same as a portion of a convex radii of a cam
associated with a crankshaft.

60. The connecting rod of claim 46, wherein the first follower surface defines
a first surface area, and the second follower surface defines a second surface area,
and wherein the first surface area is greater than the second surface area.

61. The connecting rod of claim 46, further comprising a fourth follower
associated with the first end of the oblong opening, wherein the fourth follower
comprises a fourth follower surface, the fourth follower surface being substantially
the same as the second follower surface.

62. The connecting rod of claim 61, wherein the first follower is between the
second and fourth followers.

63. The connecting rod of claim 62, wherein the first follower is configured to
oscillate independently of the second and fourth followers relative to the rod portion.

64. The connecting rod of claim 63, wherein the second and fourth followers
are configured to oscillate together relative to the rod portion.

65. The connecting rod of claim 61, wherein the first, second, and fourth
followers are configured to oscillate together relative to the rod portion.

66. The connecting rod of claim 61, further comprising a fifth follower
associated with the second end of the oblong opening, wherein the fifth follower
comprises a fifth follower surface, the fifth follower surface being substantially the
same as the third follower surface.

67. The connecting rod of claim 66, wherein the third and fifth followers are
configured to oscillate together relative to the cap portion.

68. The connecting rod of claim 46, further comprising a sleeve received in
the oblong opening.

69. The connecting rod of claim 46, wherein the cap portion comprises a
recess, wherein the third follower is associated with a rocker member, and the rocker
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member is received in the recess such that the rocker member pivots with respect to
the cap member.

70. The connecting rod of claim 69, further comprising a biasing member
configured to provide a biasing force against the rocker member.

71. An internal combustion engine comprising:

a cylinder block defining a cylinder,

a crankshaft comprising a crankpin, wherein the crankshaft is rotatably
coupled to the cylinder block and rotates along a longitudinal crankshaft axis, and
the crankpin defines a longitudinal crankpin axis parallel to and spaced from the
longitudinal crankshaft axis;

a piston configured to reciprocate within the cylinder; and

a connecting rod comprising a proximal end and a distal end, wherein the
proximal end is operably coupled to the crankpin and the distal end is operably
coupled to the piston,

wherein the crankpin comprises

at least one crankpin journal about which the connecting rod revolves,

a first cam comprising a first cam profile,

a second cam comprising a second cam profile, and

a third cam comprising a third cam profile,

wherein the first, second, and third cam profiles differ from one
another, and

wherein at least one of the first, second, and third cam profiles is configured to
provide relative linear motion between the crankpin and the proximal end of the
connecting rod, resulting in a distance between the longitudinal crankpin axis and an
upper surface of the piston varying as the crankshaft rotates.

72. An internal combustion engine comprising:

a cylinder block defining a cylinder,;

a crankshaft comprising a crankpin, wherein the crankshaft is rotatably
coupled to the cylinder block and rotates along a longitudinal crankshaft axis, and
the crankpin defines a longitudinal crankpin axis parallel to and offset by a distance
with respect to the longitudinal crankshaft axis;

a piston configured to reciprocate within the cylinder between spaced stroke

termination points defining a stroke of the piston; and
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a connecting rod comprising a proximal end and a distal end, wherein the
proximal end is operably coupled to the crankpin and the distal end is operably
coupled to the piston,

wherein the crankpin comprises

at least one crankpin journal about which the connecting rod revolves,

a first cam comprising a first cam profile,

a second cam comprising a second cam profile, and

a third cam comprising a third cam profile,

wherein the first, second, and third cam profiles differ from one
another, and

wherein a line extending between the longitudinal crankshaft axis and the
longitudinal crankpin axis defines a radial axis of the crankshaft,

wherein at least one of the first, second, and third cam profiles is configured to
vary a distance between the longitudinal crankpin axis and the distal end of the
connecting rod, and

wherein the engine is configured such that as the crankshaft rotates, reversal
of the direction of travel of the piston within the cylinder is delayed via relative motion
between the longitudinal crankpin axis and the proximal end of the connecting rod
after the piston reaches at least one of the stroke termination points.

73. The internal combustion engine of claim 72, wherein the reversal of the
direction of travel of the piston within the cylinder is delayed until the radial axis of
the crankshaft has rotated at least about 10 degrees past a point corresponding to
the at least one stroke termination point.

74. The internal combustion engine of claim 72, wherein the reversal of the
direction of travel of the piston within the cylinder is delayed until the radial axis of
the crankshaft has rotated at least about 20 degrees past a point corresponding to
the at least one stroke termination point.

75. The internal combustion engine of claim 72, wherein the reversal of the
direction of travel of the piston within the cylinder is delayed until the radial axis of
the crankshaft has rotated at least about 30 degrees past a point corresponding to
the at least one stroke termination point.

76. The internal combustion engine of claim 72, wherein the reversal of the
direction of travel of the piston within the cylinder is delayed until the radial axis of
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the crankshaft has rotated at least about 40 degrees past a point corresponding to
the at least one stroke termination point.

77. An internal combustion engine comprising:

a cylinder block defining a cylinder;

a crankshaft comprising a crankpin, wherein the crankshaft is rotatably
received by the cylinder block and rotates along a longitudinal crankshaft axis, and
the crankpin defines a longitudinal crankpin axis parallel to and offset by a distance
with respect to the longitudinal crankshaft axis;

a piston configured to reciprocate within the cylinder; and

a connecting rod comprising a proximal end and a distal end, wherein the
proximal end is operably coupled to the crankpin and the distal end is operably
coupled to the piston,

wherein the crankpin comprises

at least one crankpin journal about which the connecting rod revolves,

a first cam comprising a first cam profile,

a second cam comprising a second cam profile, and

a third cam comprising a third cam profile,

wherein the first, second, and third cam profiles differ from one
another, and
wherein a line extending between the longitudinal crankshaft axis and the

longitudinal crankpin axis defines a radial axis of the crankshatft,

wherein at least one of the first, second, and third cam profiles is configured to
vary a distance between the longitudinal crankpin axis and the distal end of the
connecting rod, and

wherein the engine is configured to selectively operate in two modes,
comprising:

a first mode, wherein the distance between the longitudinal crankpin
axis and the distal end of the connecting rod varies according to a first
strategy based on the angular position of the radial axis of the crankshaft, and

a second mode, wherein the distance between the longitudinal
crankpin axis and the distal end of the connecting rod varies according to a
second strategy based on the angular position of the radial axis of the
crankshaft,

wherein the first strategy differs from the second strategy.
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78. The internal combustion engine of claim 77, wherein the first strategy
corresponds to operating the internal combustion engine at a higher power output
than a power output corresponding to the second strategy.

79. The internal combustion engine of claim 78, wherein the second strategy
corresponds to operating the internal combustion engine at a higher efficiency than
an efficiency corresponding to the first strategy.

80. The internal combustion engine of claim 77, wherein the crankshaft and
the connecting rod are configured such that the piston reciprocates within the
cylinder between spaced stroke termination points defining a stroke of the piston,
and wherein in the second mode, reversal of a direction of travel of the piston within
the cylinder is delayed until the radial axis of the crankshaft has rotated at least
about 10 degrees past a point corresponding to at least one of the stroke termination
points.

81. The internal combustion engine of claim 77, wherein the crankshaft and
the connecting rod are configured such that the piston reciprocates within the
cylinder between spaced stroke termination points defining a stroke of the piston,
and wherein in the second mode, reversal of a direction of travel of the piston within
the cylinder is delayed until the radial axis of the crankshaft has rotated at least
about 20 degrees past a point corresponding to at least one of the stroke termination
points.

82. The internal combustion engine of claim 77, wherein the crankshaft and
the connecting rod are configured such that the piston reciprocates within the
cylinder between spaced stroke termination points defining a stroke of the piston,
and wherein in the second mode, reversal of a direction of travel of the piston within
the cylinder is delayed until the radial axis of the crankshaft has rotated at least
about 30 degrees past a point corresponding to at least one of the stroke termination
points.

83. The internal combustion engine of claim 77, wherein the crankshaft and
the connecting rod are configured such that the piston reciprocates within the
cylinder between spaced stroke termination points defining a stroke of the piston,
and wherein in the second mode, reversal of a direction of travel of the piston within
the cylinder is delayed until the radial axis of the crankshaft has rotated at least
about 40 degrees past a point corresponding to at least one of the stroke termination
points.
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84. A power train comprising:

the internal combustion engine according to claim 1;

a transmission operably coupled to the engine; and

a drive member configured to perform work, the drive member being operably
coupled to the transmission.

85. The power train of claim 84, wherein the drive member comprises a
propulsion device.

86. The power train of claim 85, wherein the propulsion device comprises at
least one of a wheel and a propeller.

87. The power train of claim 84, further comprising:

a generator configured to convert rotational power into electrical power, the
generator being operably coupled to the internal combustion engine; and

a power storage device configured to store electrical power, the power
storage device being operably coupled to the generator,

wherein the transmission comprises an electric motor.

88. A vehicle comprising:

the internal combustion engine according to claim 1;

a transmission operably coupled to the internal combustion engine; and

a drive member configured to perform work, the drive member being operably
coupled to the transmission.

89. The vehicle of claim 88, wherein the drive member comprises a
propulsion device.

90. The vehicle of claim 89, wherein the propulsion device comprises at least
one of a wheel and a propeller.

91. The vehicle of claim 88, further comprising:

a generator configured to convert rotational power into electrical power, the
generator being operably coupled to the internal combustion engine; and

a power storage device configured to store electrical power, the power
storage device being operably coupled to the generator,

wherein the transmission comprises an electric motor.

92. The vehicle of claim 88, wherein the vehicle comprises one of a car, van,
truck, boat, ship, train, and air vehicle.
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