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The Stiller-Smith Mechanism:

A Kinematic Analysis
James E. Smith,

Robert P. Craven,
and Robert G. Cutlip

West Virginia Univ.

ABSTRACT

The Stiller-Smith MechanisIIl provides a unique
approach in t.he use of t.he rotational
characteristics of the croBs-slider link of the
elliptic lI'ammel. Establishment of the research
need and a historical development of t.he
design concept. are presented complete with a
det.ailed kinematic an~lysi8. Successful
incorporation of the new mechanism is
pict.orially present.ed.

FOR NEARLY A CENTURY the slider-crank has
been t.he predominant. mechunisrn utilized in t.he
conversion of reciprocating to angular motion.
Although several other linkages have been
utilized for a variety of motion conversion
applications, the internal combustion engine
has allowed t.he slider-crank to become the
most populur and successful. One of the major
reasons for its success comes from the lack of
design constraints on the strength of its
components and the flexibility in geometry of
the loud bearing surfaces and reaction points.
A simplified view of the slider-crank reveals a
significant weakness in this design due to the
chat'actedslic non-sinusoidal nature of the
motion. The throw of the connecting rod
introduces higher-order vibrational terms that
require, for several applications, the
incorporation of elaborate and expensive
balancers.

Proponents of alternative IIlUl,.lUn conversion
devices, and in particular the Scotch yoke
family of mechanisms, cite this vibration
characteristic as reason enough to redirect
research efforts towards other more "smoothly"
operating devices. Clearly, if the only
difference between linkage groups was the
motion characteristics, then more attention
would be paid to the development and
incorporation of these other mechanisms. In all
probability, the direct result would be a

shopping list of useable devices from which to
choose. Unfortunately, most of these
alternatives have presented other design
problems such as higher friction, increased
noise, and inadequate wear and strength
characteristics from available materials. Thus,
the slider-crank rightfully remains the
predominant motion conversion mechanism.

A quick historical review of mechanisms
indicates few of these alternative motion
conversion devices have been truly forgotten.
Instead, they have been shelved with hopes of
finding future solutions to their respect.ive
problems. As new technology is developed
(materials, lubricants, manufacturing tech­
niques, etc.) these devices are ap:ain
reinvestigated to determine if they can serve
as a replacement for the slider-crunk for
specific applications.

With the pressures of today's marketplace,
the incentives behind investigating alternative
mechanisms have been greatly enhanced by the
need to economize and increase efficiency. Any
motion conversion device that could reduce the
size, profile and weight of the present
slider-crank configuration would receive
considerable attention. . This would be
particularly true for the transportation related
ind ustries.

One family of candidate mechanisms which
has received intermittent but intense attention
are the four kinematic inversions of the Scotch
yoke; the most popular of these being the
double cross-slider (elliptic trammel). The
ongoing research, discussed herein, hopes to
demonstrate that the elliptic-trammel may yet
have a bright future because of its potential,
in internal combustion engines, to house
multiple cylinders in a small and simple
package. In addition to the minimized size,
this configuration constrains the rods to
non-articulating reciprocation and, for a
constant angular output, sinusoidal motion.
This last characteristic avoids the dwell and
the complex balancing schemes req uired in
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some slider-crank applications.
Several research projects (1-6) have been

initiated with the goal of utilizing the double
cross-slider configuration and motion
characteristics. Most of these have attempted
to use yoke rollers or complex slider-cranks to
link the sliders. Each has had varying
degrees of experimental success, but only a
few have made progress in the marketplace.
Most of the failures appear to come from
problems with efficiency, materials or in some
cases from a lack of understanding of the
mechanism, its motion and its design
limitations.

A=Mechanism Center
B=Midpoint Of The

Trammel Link

Figure 2. The Double Cross-Slider Motion

Figure 1. Double CroBs-Slider

Figure 1 is a pictorial representation (7) of
the four-bar double cross-slider. Each of the
two sliders is constrained to move linearly; and
they are interconnected by the trammel link.
The usefulness of this motion comes as a resulL
of the perpendicular relationship of the two
sliders and as a direct consequence of linking
the two sliders together by the fixed length of
the trammel link (which for an internal
combustion engine becomes one-half of the
piston stroke). The mid-point of this link,
point (B), maps a constant radius circle as the
two sliders are forced to reciprocate. Thus,
point {B} provides a useful point for power
lake-off if harnessed properly. Additionally, if
the sliders are identical in weight then the
mass centers of the sliders and the trammel
link can be shown to rotate with point {B},
originating from the center of rotation at point
(A). Essentially, this acts like a ball on the
end of a string and thus balancing, at least
theoretically, becomes self-evident. Unexpec­
tedly, as Figure (2) shows, the area around
point {B} is not only translating, but is also
counter-rotating with respect to the direction
of translating point (B). This dual-component
of movement provides its own Bet of problems
which have been handled in a variety of ways.
With few exceptions, previous linkages
incorporate a bearing at point {B} to remove
the rotational component of this motion, thus

It should be noted that the very nature of
the double cross-slider isolates the main load
bearing components from ground supports and,
thus, minimizes the available area for strength
considerations. Obviously, if the double cross­
slider is to be useful for high load-carrying
capacities, such as lhose associated with
internal combustion engines, then a linkage
must be incorporated that will take advantage
of both the cross-slider configuration as well
as the translational/counter-rotational charac­
teristics of the trammel linkage. Additionally,
since the trammel link is the main load
carrying element in the mechanism and because
it. is isolated from ground support by the
double crosB-slider environment, it must be an
autonomous force carrying member.

Most of the past research efforts have
been quite successful at. ut.ilizing t.he
translational characteristics of the trammel
motion and some have even provided for first
order balancing. Unfort.unately, these same
efforts have not been able to provide a low
friction, durable device that is competitive with
the slider-crank mechanism.

One of the initial objectives of the
Stiller-Smith Engine Research Project was to
investigate unique ways to use the elliptic
trammel configuration; the charter being to
reduce or eliminate those design limitations
that have formerly det.ract.ed from the
usefulness of the mechanism. The kinematic
analysis that follows was a successful attempt
to take advantage of t.he rot.ational instead of
the translational characteristics of the trammel
link. For this project t.he linkage was
incorporated into an internal combustion
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engine. It was felt that if this new mechanism
could function in an engine or
pump/compressor environment, then it would
generate t.he required industrial and academic
interests necessary to' promot.e adequate
['esearch for additional applications of the
mechanism.

(1-2)

Converting the complex notation and
remembering that j =~ yields

3
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(1-3)

a basic
trammel

vectorial

Piston D

Figure 3. Engine Component Layout_Model

The first step in the design of the
proposed engine, like any other "motion"
device, consisted of a thorough kinematic
analysis of the components. Figure 3 is a
proposed engine layout where the sliders of
Figure 1 are now non-articulating connecting
['ods of finite length with rigidly attached
pistons at both ends. For this analysis the
components are assumed to be rigid, the
connecting roda are constrained to move
linearly and are perpendicular to each other
and the motion of the connecting rods are
sinusoidal. Also note that this analysis is
restricted, for simplicity, to only one quadrant
of the mechanism; however, it can be easily
demonstrated that the analysis and equations
are applicable to all four quadrants.

I. TRAMMEL LINKAGE-KINEMATIC ANALYSIS

For thoroughness, consider
kinematic analysis of the elliptic
mechanism. Figure 4 illustrates the
representation and orientation.
Using s loop equation (8) to solve for the
components of the trammel linkage yields

Separating this equation into the real and
imaginary components yields

Real: r 3 cos3
8 +4r :::;: 0 r 4

-r
3

cos "3 (1--4)

Imag: r
2
+ r 3 sin 8

3
:::;: 0 r 2= -r

3
sin "3 (1-5)

and

tan "3 = -.l (I-6)
r

4

Piston

02 .. constant .. 90'. 270'

IJ .. constant'" 0". 180',.

-----,;£-----0:4-'--=-------- Piston
Piston

bearing
location

Piston

or

= 0 (I-I)

Figure 4. Vector Designation-Elliptic Trammel
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Since r~i and 9
3

are known values, Equations

1-4. 5 and 6 can be used with a little mani-'
pulation to solve for the positions of each
of the pistons with respect to a given trammel
angle 9 3" Additionally, differentiation of

Equation (I-}) to obtain the velocity
equation yields:

860535

stroke of the piston.
Again, note that this analysis is

restricted, for simplicity, to only one quadrant
of the mechanism.

i'iston

and tan 9
3

:=

(1-7)

(1-8)

( 1-9)

':1.', " constant" 0', 11l0'

p;;,7,,::,:-,---ct'------,+t-P'---'---------P istonr '1":. 0,beaun;:
loc.:ltion

Since the values of 8 3 and r 3 are known and

the angular velocity 93 is specified for each

application, the velocities of each piston
can be determined for each position of the
piston.

Finally, differentiating (I-I) a second
time to obtain the acceleration terms yields:

Piston

Figure 5. Crank Vector Desi~ation of the
Elliptic Trammel Linkage

~ 0 (1-10)

Using the loop equation for the crank vector

Requiring that 63, the angular velocity, be

constant yields:

r4 .2 (1-12)r
3

8
3

cos "3'

r2 ~

.2
sin

3
B (1-13)r

3
8

3

and r2 (1-14)tan 9
3

~ r4

and

r2+ r 3
0j cos 03 - r 3 9~ sin 9 3 := O. ( 1-11)

... ... ...
rS + r 3 + r4

~ 0
-2-

or

... ... ... o.r 2 + ~- r S
~

2

From Equation (II-I)

r e j95
+-.-l e j93+ r 4 e j94 = o.S

2

(II-I)

(II-2)

Again, since 8 3 and r 3 and 83 are known

or specified quantities, the acceleration for
each of the pistons can be determined for
each position and velocity of the piston.

Noting that "2
~ 90' and "4 ~ o' this equa-

tion yields

rS(cos "S + j sin "S) + r 3 (cos "3 + j sin "3)
2

...
From geometry, if vector r 3 ) the trammel link,

,. 1 10
+ r 4 (co~/e4 + j Sij/(4 ) = o.

Separating into like components yields

Real: r S cos "S + r 3 cos "3 + r4 ~ 0 (11-3)

2

II. CRANK VECTOR-KINEMATIC ANALYSIS

To better understand this mechanism and
to put all the parameters in terms of one
angular rotation, a special vector was created
and designated as the crank vector. This
vector originates (Figure 5) at the geometric
center of the engine, 8S a fixed reference to
describe the relative motion of the mechanism.
Note that the origin of this vector is not
positioned on any of the moving parts. It is
measured from the center of the engine block
to the middla of the trammal link and ia
constant in length equal to one-half the
length of the trammel link or one-quarter the

and

Imag: r 5 sin 05 + r 3 sin °3

2

~ 0 (II-4)
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From the loop equation (11-2), using the
same analysis, the results become
cos "3 = cos "S (II-6)

and

.. ..
is fixed in length and r Z and r 4
strained to move along the axis,

and

(II-17)

sin " =S
--sin 9

3
,

are con-.. ..
then r S =_r3

2

(II-S)

or tan 9
5

;;:; - r2
r4

With these equations, the position,
velocity and acceleration of each component
can be found with respect to a specified
crank-vector angle, as well BS with respect to
each other. The need for this vector will
become apparent in the following gear
analysis.

GR2 .. ~ar P..3dtus 2

;t .. consta<H (a~1al d1nance) b7

01 .. con9tant .. 135'

(J2 .. conS['1nt .. gO'. 270'

,()~ .. eonst':l.<\t .. 0', 180'

OR'

bearin!> loc'ltion

G.:ar 02
o."tput ;ear

("7

III. FLOATING GEAR ANALYSIS

GiU .. Ccar ?.:1d1t>s 1

Ptston'--+-----f-;-~"""f,l_'-'-_j_-_f-rbe,,:nng
lo.. ation

Figure 6. Gear Assembly Vector Designation

As was indicated earlier one of the
goals of this research was to take advantage
of the rotational characteristics of the trammel
linkage as opposed to the translational
component. The key is to directly relate what
the trammel link (Figure I) is doing with
respect to any fixed set of coordinates.

(II-13)

(II-H)

(II-12)

(II-IO)

(II-8)

( II-7)

r2 = 2 rS "S cos "S

and

r4 = 2 rS "S sin "S

or tan "S = - r4 where "3 = -9
5

,
r2

taD 8
5

~ -tan 03

or 9
3

;;:; 2n = 8
5

,

Thus,

r
4

;;:; -r3 cos 8 3 = - 2 r S cos Us

and

r 2 = r 3 sin "3 = 2 rS sin "S. (11-9)

Equations (11-8 and 9) give the positions of
the pistons and trammel linkage with respect

to a common crank angle 8 5 , With an analysis

similar to that provided in Section I the
velocity and acceleration equations can also
be determined. Only the results of ihis
analysis are provided, for the sake of
brevity.
The first differentiation of Equation (II-I)
yields

.. ..
r 2 +--.:i

2

which results with

The second differentiation of. Equation (II-I)
yields

.. .. ..
0r 2 + ---l r5 =

2

which results with

r4 2 .2= - r 5 6 5 cos "5

and

ril = -2 .2 sinr5 "5 "5

(II-14)

(II-IS)

(II-16)

The analysis proceeds as follows: First,
replace the trammel link by any arbitrary
shape. For ease of description call this shape
a gear. Second, as a requirement locate
another arbitrary shape (output gear)
somewhere away from the true center of the
engine such that as the gears rotate they
maintain constant and uniform contact (Figure
6). Note that because of the offset in the
axis of rotation of Gear 1, by the radius
r

5
(r

5
= _1_ piston stroke), the gears see

each other4 moving in an oscillating fashion
first parallel, then either away or toward each
other. Since it is a desirable and a practical
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engineering requirement, t.hat the motion of
the output gear be uniform, it is necessary to
design the gears to have solid contact at each
point of motion of the trammel gear.
Additionally, the output gear should be driven
in a way as to approximate, as nearly as
possible, constant angular velocity.

The simplest way to design these two
gears is to assume that. the radius at the
point of contact times the angular velocity is
equal for each gear, BS one would for two
stationary gears. Unfortunately, for gears of
finite size, this offset and subsequent
translation of the ax.is of Gear 1, introduces
measurable error in this assumption. Thus, a
different technique must be employed to
design these gears. The primary approach in
this analysis was to predict t.he location of
the gear contact. point and then to evaluate
mat.hematically the precise location (i.e.,
radius) of each gear with respect to the
crank Vector.

Consider t.he vector diagram of Figure..
6. Vector r 7 connects the center of the

trammel link and the axial center of the
second gear. This vector changes both in
size and direction as the position of the crank
vector changes. Some moving point on this
vector represents a first approximation
contact point of the two gears where the sum
of Gear Radius I and Gear Radius 2 equals the
length r

7
at that particular crank angle. As

a first approximation, the two gear radii can
be assumed to be equal for each crank angle
to obtain a set of gear shapes.

860535

Real: 0 +~ cos °3 + r 7 cos "7 + .707 rl=O
2

and

lmag: r 2 +~ sin °3+ r 7 sin "7- .707 rl=O.
2

But from Section I, sin 03 =- sin oS'

cos 03 ~ cos Os and r 2 = 2 r 5 sin oS'

Therefore,
Real: r 5 cos 05 + r 7 cos 07 + .707 r

l
== 0

( IlI-<Jl

and

Imag: r 5 sin 8 5 + r 7 sin 07 - .707 r
l

~ O.

(.[ 11--4)

Sol vine: for £1
7

yields

::~p'._~i~_~g.~~~:07-:1
tan °7 ;; 707·r5 cosoS -· r 1

or

-j l=:2._sin "S
+ .707 r

l
"7 = tan ] . (JIl-S)--r

5
cos "s - .707 r l

Substituting this value of 07 into the real

component above yields

From Figure 6 the loop equation
becomes

., .. .. ..
r 2 + r 3 + r 7 - r l 0 (Ill-I)

2

or

r 2 ej82
+
~

e j83+ r e j o7- r l
e j o l ;:: O.7

2

or

cos

-rS COS"S - .707 r l
--1 rS sin "S + .707 r l

[tan ( .707 r
j
)]rS cos °5

( 111-6)

0 1
r 2(cos 8

2
+ j sin "2) +~ (cos "3+ j sin "3)

2

+ r
7

(cos "7 + j sin "7)

-.707 +.707

- r
l

(cos "I + j sin "I ) = O. (III-2)

Separating the real from the imaginary terms

But - 90· and"2 -
trarily selected
Therefore,

"I = 13S· (which was

for this analysis).

arbi- These equations indicate that a variety of
shapes and configurations can be chosen that
will approximate the required mapping of the
two gear surfaces. Two constraints limit the
shapes of the geara that would be applicable
for this design. These are the input/output
charact.eristics and the design/fabrication,
requirements for the gears.

Firstly I gear shapes could be chosen to
maximize anyone of several engine
requirements. The major concern though is the
input/output characteristics. It is important
that the power output have as nearly as
possible d constant angular velocity. If not,
the motion might be such as to limit the
usefulness of the design. Secondly, the design
of the gears could be a very costly and
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time-consuming process. This is especially true
if the gears are a combination of complex
shapes.

IV. GEAR SHAPE OPTIMIZA1;ION

..
But the angle that r6 makes with respect

to f3 is fixed and known:

"6 = "3 + 90',

7

" dbp1.1cc<l unit I)f
,;car t<:o

~) "cr.1nk vcctor

'8

j(lao'+"a)
rge .

(IV-3)

True Center

Plston +_-=L~t1~~:::;:~----f_-
.J

Or from Equation (IV-2),

"3 = 360' - "5

"6 = 90' - "5'

yields

With the same manipulations 8 7 can be found

with respect to 8 6 or 8 5 and 8 9 can be found

with respect to "a' With further manipulations

the equations yield 8 5 = 8 8 , a most useful

relationship.

Noting that

tra=el
;:ear

",
bC;J.rin;;
loca, ion

Contact Point

Piston

Piston

,) .. constant US"
::~ '" constant m 90 0

, ~71)'
,}~ " constant" 0', ISO"
,:;: .. ct"o:lnk o:ln;::le

O?"90"-
,}~ ~ 270" -

09 " 180" + 88

~5 ~ ~r"r1k vector

:-6 "dispLlced center ­
Gtl;J.r 1

'a .. disptilced center ­
Gear ~

Figure 7. Proposed Equivalent Linkage

Figure 7 represents a vectorial cloBed loop
solution of an equivalent linkage for this
design. Note that when comparing this figure
with Figure 6 the differencee in the reeuits.. ..
stem from the addition of vectors r

6
and rg .

These vectors displace the axial centers and
obviously the contact point of the gear teeth.

Vectorially from Figure 7

bcadni;
loc.1tion

""

Section III demonstrated a method of
finding a family of approximate gear shapes by
fixing a gear contact point versus the
crank-vector angle. The rotation of the crank
vector yields a series of x-y plots of gear
shapes based on user chosen gear layout and
radii. Since fabrication was a major concern
and because equal gear radii gave results that
were the most acceptable, further effort was
spent on a more specialized gear model.

Figure 8. Axial Location for Proposed Gears

(IV-I)
or

(IV-2)

'::\ " constant 135'
0, a constant 90'. 270'
'.';'4 " cOnStant 0". 180'
'J) " Ct'<'.IflK angle
07 " 270· - 05

':')9 '" ISO" + Os

Piston

Downloaded from SAE International by University of Wisconsin - Madison  , Monday, September 10, 2018



8

By choosing r 1, the axial distance between

gears, r 7 and r g the gear radii (each equal

to 1/2 r 1), and rS ' the crank vector dis­

placement, this equation yields a family of
usable solutions, i.e., several of the
variables can be changed to provide for a
large set of gear centers that will satisfy
the required motion. For the engine appli­
cation covered by this research project,
to help with gear balancing, the axial centers
were selected to place the true center of the
trammel gear exactly between the two axial
bearings. This is illustrated in Figure 8.
This provides for a better balance of the
trammel gear without severely offsetting the
axial center of the output gear.

As a last observation, note that because
of symmetry several output shafts can be
operated from the trammel gear. This is
particularly important since a diametrically
opposed output gear is fundamental for first­
order balancing. This twin output shuft
arrangement has been utilized in the most
recent working engine prototype illustrated in
the sunnnary.

SUMMARY

The enclosed kinematic analysis illustrates
another useful option in the utilization of the
elliptic trammel mechanism. The use of gears
(tooth belts, chains, etc.) with a self-supported
floating gear assembly appears to provide a
useful and strong energy transfer mechanism
(Figure 9).

This linkage has been successfully
incorporated into two running prototype
internal combustion engines, the latter of
which is illustrated by Figure 10. To date, the

Figure 9. Floating Gear Mechanism of the
Stiller-Smith Engine Prototype

860535

Figure 10. b1tUkr=.Q!!lj!J:LEngine Prototype

majority of the research effort has been
directed at verifying the above relationships.
Future work is now underway to test the
effectiveness of the Stiller-Smith Mechanism as
a durable and efficient alternative for
slider-crank engine applications.
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