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Abstract
The main objective of this study was to explore weight and cost 
reduction opportunities for a production forged steel connecting 
rod. This study has dealt with two subjects, first, dynamic load 
of the connecting rod, and second, optimization for weight and 
cost. In the first part, the relations for obtaining the loads and 
accelerations for the connecting rod at a given constant speed of 
the crankshaft were also determined. Quasi dynamic finite element 
analysis was performed at several crank angles.  After that the 
component was optimized for weight and cost subject, and space 
constraints and manufacturability.
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I. Introduction
In a reciprocating piston engine, the connecting rod or conrod 
connects the piston to the crank or crankshaft. Together with the 
crank, they form a simple mechanism that converts linear motion 
into rotating motion. Connecting rods may also convert rotating 
motion into linear motion. Historically, before the development 
of engines, they were first used in this way.

Fig. 1: Connection Rod Position in a Engine

As a connecting rod is rigid, it may transmit either a push or 
a pull and so the rod may rotate the crank through both halves 
of a revolution, i.e. piston pushing and piston pulling. Earlier 
mechanisms, such as chains, could only pull. In a few two-stroke 
engines, the connecting rod is only required to push.
In order to understand the true impact the automobile has had on 
our society, we would have to go back in time over one hundred 
years. A time without the simplicity of hopping into a vehicle 
to take us anywhere we want to go is almost unfathomable to 
many Americans. But for the early automotive engineers, the 
tremendous advancements in automotive technology would be 
even more surprising.

Fig. 2: Engine Technology Crankshaft Parts

In the last 50 years, cars have learned to think, adjust, and even 
protect. But this is just the tip of the iceberg. High performance is 
now the catch phrase. The vast majority of people want a vehicle 
that will get them from point A to point B as easily as possible, 
but also put a little smile on their faces. Often times, the smile is 
created by a quick punch of the accelerator and accompanied by 
a feeling of immense power and control. The auto manufacturers 
are well aware of this, and to achieve it, they design faster, lighter, 
and more efficient engines to do the job. But exactly what happens 
inside an engine, and what are the risks involved in designing the 
strongest engine on the block?
In this project, one component of an engine in particular, the 
connecting rod, will be analyzed. Being one of the most integral 
parts in an engine’s design, the connecting rod must be able to 
withstand tremendous loads and transmit a great deal of power. 
It is no surprise that a failure in a connecting rod can be one of 
the most costly and damaging failures in an engine. But simply 
saying that isn’t enough to fully understand the dynamics of the 
situation.
Today, connecting rods are best known through their use in internal 
combustion piston engines, such as car engines. These are of a 
distinctly different design from earlier forms of connecting rods, 
used in steam engines and steam locomotives.

Fig. 3: Stress Acting on the Connection Rod and its Linkage with 
Crankshaft
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II. Connecting Rod Geometry
It is generally acknowledged that connecting rod geometry, 
particularly center-to-center length, can have a material influence on 
a variety of engine conditions. These include specific relationships 
to valve timing (camshaft design), cylinder pressure history, spark 
ignition timing requirements and torque output, the latter with 
respect to the actual shape of torque curves. We’ll touch on the 
more important of these a bit later.
Depending upon specific applications, connecting rods are perhaps 
some of the most highly stressed parts in an engine, particularly 
those intended for racing. From the high loads experienced at and 
just beyond TDC piston position during combustion to the tensile 
and unsymmetrical loading caused by offset piston pin axis, loads 
that are actually opposite to combustion pressure loads and stresses 
set up by lateral inertia, connecting rods become virtual “whips” 
that mechanically join pistons to the crankshaft.
Further, complicating the issue are vibratory loads caused by 
oscillatory motion of a crankshaft, rotating about its axis while 
spinning in a normal direction. Visualize this set of load conditions 
in very slow motion. Each firing impulse intended to accelerate 
crankshaft rotation is applied as a force delivered in a span of time. 
Because of its inertia, a crankshaft can’t immediately increase 
its speed and, therefore, is momentarily deflected in the same 
direction as its rotation. This deflection is local to the crank pin 
to which the load-delivering connecting rod is attached. Then, 
because of its elasticity, the crankshaft (at that pin location) will 
spring back against its direction of rotation, continuing this back-
and-forth oscillatory motion until the next firing pulse is delivered 
to that particular crank pin. The connecting rod is thereby required 
to absorb what amounts to a series of tensile and compressive 
loads caused by oscillations of the crank pin, during primary 
crankshaft rotation.
Keep in mind that we’ve just provided a very simplistic description 
of the load dynamics experienced by the connecting rod for only 
one operational cylinder. The complexity of this varying load 
environment is increased by orders of magnitude when you add 
another seven cylinders and turn up the wick on rpm. So, when 
you think about connecting rods as “shock absorbers,” several 
issues come to mind.
For example, consider cylinder pressure loads not as “hammer 
blows” to a piston but very rapid pressure rises that are influenced by 
combustion flame rate and net combustion pressure development. 
We also know that this pressure “history” is not constant or 
uniform as it is applied to a piston. Plus, whatever auxiliary 
forces are applied to a piston are also transferred in some way 
into the connecting rod. Rods can be designed too stiff, thereby 
transferring combustion pressure too aggressively to rod bearings 
and crank journal bearings. They can also be too flexible, and 
neither condition is acceptable. But in any case, rods need to absorb 
load spikes and minimize pressure transfer loss to prevent a waste 
of torque that’s ultimately produced by the crank.
Perhaps one area of concern where connecting rod stiffness is 
important deals with vibratory loads produced by the torsional 
stiffness of a connecting rod’s beam section, as piston weight 
is reduced. As you might expect, the reduction of rotating and 
reciprocating mass in an engine’s crankshaft assembly can become 
a trade-off to the absorption of gas and mechanical loads by sheer 
mass alone. Visualize throwing a medicine ball to a 150-pound 
person and then to a 250-pounder and you may understand this 
more clearly.

Fig. 4: Connection Rod Using Steel Metal

of course, to minimize the rotational resistance of a crankshaft 
assembly, reducing the weight of pistons and rods is a time-
honored approach. However, compromising weight for strength 
and durability is the fulcrum about which this issue pivots. Perhaps 
one exception to this “rule” was in the early design of composite 
connecting rods (the so-called “poly motor” of years past), in 
which first-design rods were inordinately stiff and caused rod 
bearing failures for a lack of load absorption capability. On the 
other hand, lightweight materials that offer strength and low mass 
may be too costly to market, even in the average racing engine. 
So while other considerations must be included, the fundamental 
objectives should include strength, low weight, and durability.
In speaking with leading connecting rod manufacturers, you often 
hear that a high percentage of rod failures don’t occur during the 
high pressure of combustion. Rather, it’s during the exhaust stroke 
that a rod gets “yanked” away from TDC. This sudden movement 
of the piston causes abnormally high tensile loads in the rod’s 
beam and leads to a fracture in this area, typically somewhere 
just below the piston pin end.

Fig. 5: Curved (Yanked) Connection Rod Acting on Crankshaft

Yet another common location for rod failure is a portion sometimes 
called the “hinge point,” which is generally where a connecting 
rod’s beam section changes in cross-section area (wide to narrow). 
Connecting rod designers frequently work in this area to determine 
the best compromises between rod strength and material selection. 
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Of course, you should always include proper rod side-clearance, 
making certain not to provide excessive dimension that allows oil 
to create over-oiling of cylinder walls. Insufficient side-clearance 
can lead to over-heated and failed rod bearings, as well.
Finally, if we assume that a piston represents the “floor” of an 
engine’s combustion space, then the rate of piston movement 
and time spent at each crankshaft angle will affect the rate of 
change in combustion space (volume). Of the reasons this is 
important, one is that piston movement can affect mixture density 
during the compression stroke (and subsequent flame rate and 
rise of combustion pressure). This, in turn, bears influence on 
spark ignition timing and the optimization of IMEP (minimizing 
“negative” torque). During an exhaust cycle, piston motion can 
also affect efficient cylinder evacuation and, therefore, is linked 
to proper exhaust valve timing.
Just considering these two peripherals of piston movement, we 
can immediately see that any changes to a piston’s rate of travel 
may affect net cylinder pressure and power. Connecting rod length 
can, and does, influence cylinder pressure. Perhaps obscure is the 
fact that while longer connecting rods produce a larger included 
angle between rod axis and crank throw (stroke) at the same piston 
position and crank angle, it is piston motion approaching and 
leaving TDC and BDC that provides some interesting study.
Here’s an example of that. As connecting rod length is increased, 
piston motion (both acceleration and velocity) away from TDC 
decreases. This results in a slower rate of pressure drop across the 
inlet path, therefore causing a reduction in intake flow rate (all 
else being equal). Unless compensation is made for this change in 
piston speed, some degree of volumetric efficiency may be lost.
In contrast to this effect upon volumetric efficiency (potential 
torque), piston “residence time” at and near TDC during 
combustion tends to hasten flame rate, correspondingly raise 
cylinder pressure per unit time, and enhance the tendency toward 
detonation. Reduced initial (or total) ignition spark timing, applied 
to reduce pre-TDC cylinder pressure, also increases IMEP by the 
reduction of negative torque. Or it can work against the piston as 
it approaches TDC during combustion.
Long rod combinations usually like intake manifold passages 
(actually heads and manifold) that help boost flow rates not 
provided by more rapidly descending pistons associated with 
shorter rods. So in addition to adjusting valve timing and lift 
patterns to match changes in piston speed needed to increase 
volumetric efficiency for increased rod length, port section areas 
and even carburetor sizing can be used to help restore reduced 
flow rates.
There is also the issue with reduced piston side-loading with long 
rod use. This reduction in friction horsepower has been attributed 
to power gains, especially when piston speed increases beyond 
about 2,500 feet/second. Improved ring life with long rods has 
also been claimed by some engine builders.
So while none of this month’s Enginology was intended to 
advocate the use of short or long connecting rods, it emphasizes 
the importance of contemplating other engine functions that 
required consideration when making material changes to the rate 
of piston travel as a direct function of crankshaft angle. You will 
find that knowledgeable parts manufacturers, relative to the subject 
of connecting rod length, generally have a store of information 
linking how their components can affect an engine’s ability to 
capitalize on rod length changes. If they don’t, you may want to 
consider finding manufacturers who do. The concept of functional 
parts integration isn’t without basis.

III. Assumptions and Free-Body Diagrams
Now that we are all on the same page, the assumptions for this 
project can be discussed. First of all, it is necessary to point out 
that the actual dynamics of such a system are tremendous, and 
to model all of them in one project would be quite a task. So, 
to simplify, this project will neglect momentum and gravity. 
Only one connecting rod-piston assembly will be considered. 
The crankshaft, while in actuality having a very functional mass 
distribution, will be considered simply a circle. In effect, many of 
the same calculations could be performed on a more sophisticated 
system, but this will suffice for the time being. 

Fig. 6: Slider-Crank Mechanism

From an understanding of statics, we can represent the connecting 
rod of length “l” by a two-force member (this requires a few more 
assumptions, but for purposes of this project, it is acceptable). Given 
this, we can split this system into two free-body diagrams:

Fig. 7: Vector Representation of Connection Rod Angle

A. Equations
From these free-body diagrams, we can apply Newton’s Second 
Law (F=ma) to write some equations. In particular, we are 
interested in summing forces in the “x” direction (horizontal), 
and summing the moments about the center of the flywheel. Doing 
so, we acquire these equations:
S Mo = -FAB cos (F ) * rsin (Q ) – FAB sin (F ) * rcos(Q ) = I * d2Q 
/dt2 (CCW positive)
S Fx = -FAB cos (F ) – P = m * d2x/dt2 (® positive)
We can simplify the moment equation, employing the use of the 
double-angle trigonometric formula:
sin (F + Q ) = cos (F ) * sin (Q ) + sin (F ) * cos (Q )
Therefore,
-FAB * r sin (F + Q ) = I * d2Q /dt2

Now, if we solve the force equation for –FAB,
-FAB = (m * d2x/dt2 + P)/(cos (F ))
We can substitute this equation into our moment equation, giving 
us:
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(m * d2x/dt2 + P)/cos (F ) * r sin (F + Q ) = I * d2Q /dt2

This will be our main equation of rotation.
At this point, we are working our way towards acquiring a 
representation of Q , in order to eventually find FAB. But looking at 
these equations, we can see that there are many different variables 
to work with, including a few derivatives. In order to help simplify 
them a little more, it is important to notice a few relations. For 
instance, we can apply the law of sines to this triangle, found 
between the flywheel and piston:

sin (Q )/l = sin (F )/r 
This takes care of the two angles. Next, we must find an equation 
for x, the distance from the center of the flywheel to the bottom 
of the piston. This can be found using trigonometry:

x = l cos (F ) + r cos (Q )
Unfortunately, we are not actually dealing with x in this problem, 
but rather d2x/dt2. Therefore, we will have to take two derivatives 
of x:
dx/dt = -l sin (F ) * dF /dt – r sin (Q ) * dQ /dt
d2x/dt2 = -l cos (F )*(dF /dt)2 – l sin (F )*(d2F /dt2) – r cos (Q 
)*(dQ /dt)2 –
r sin (Q )* d2Q /dt2

With this value for d2x/dt2, we can substitute back into our 
main equation. However, once again we have introduced a few 
more items into this scenario, in particular the first and second 
derivatives or Q and F . Given these terms, we will once again 
have to find equations that relate them to things we already know 
or can find.
Because this is a long process, I will explain what is happening 
beforehand and then simply show the equations. We have our 
equation relating Q and F that was derived from the law of sines. 
From this, we can take a few more derivatives to find equations 
for dF /dt and d2F /dt2. It is not necessary to find the relation 
of the derivatives of Q because they will be shown in the final 
integrations.
F = sin-1((r sin (Q ))/l)
dF /dt = r sin (Q ) * dQ /dt
l cos (F )
d2F /dt2 = -r cos (Q ) * (dQ /dt)2 + r sin (Q ) * d2Q /dt2 + sin (F 
) * (dF /dt)2

l cos (F ) l cos (F ) cos (F )

B. Stress-Strain Diagrams
To understand the strength of each material in a situation like this, 
we need to understand a stress-strain diagram (pictured below). 
Each material behaves in a similar manner when placed under a 
load. There is a period of elastic deformation, in which the material 

is stretched, but it returns to its original size when unloaded. The 
point at which it fails to return to the original specifications is called 
the yield stress. Now, in an automobile, we would probably have 
to assume that this yield stress would be passed at some point, so 
most connecting rods come out of engines a different size than 
when they were installed.

Fig. 8: Stress-Strain Curve Acting on Materail Bending

After the yield stress, another stress point can be reached called 
the ultimate stress point. At this point, a material has essentially 
reached the point of no return. Failure is imminent, and even a 
decreased amount of stress can cause fracture. So, naturally, this 
is what we concern ourselves with.
For the type of steel that a connecting rod would likely be created 
with, the ultimate tensile strength would be about 80 to 180 
thousand pounds per in2. If aluminum were used, the ultimate 
tensile strength would be closer to 70 thousand pounds per in2. So, 
you can see that our connecting rod, under a stress of 880 thousand 
psi, would be in serious trouble. Failure would almost definitely 
occur, even if incredibly high strength steel were used.

Fig. 9: Illustration of the Way in Which Boundary Conditions 
Were Applied When Solving the Quasi-Dynamic FEA model. 
The Illustration is for a Crank Angle of 4328

IV. Simulation 
While performing quasi-dynamic FEA of the connecting rod, 
external loads computed from the load analysis discussed in 
section 2 were applied to both the crank end and the piston pin 
end of the connecting rod. Many FE models were solved, each 
model with the applied loads obtained from the load analysis at 
the crank angle of interest. Therefore, as indicated earlier, such 
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analysis is different from a static analysis as the time-varying dynamic nature of the loading represented by load variation at different 
crank angles is accounted for. It should also be noted that the dynamic load analysis step was required as a separate step, as input to 
the stress analysis step using IDEAS.

Fig. 10: Quasi-Dynamic FEA Result

Fig. 11: Connection  Rod Structural Analysis

Quasi-dynamic FEA results differ from the static FEA results because of the time-varying inertia load of the connecting rod, which 
is responsible for inducing bending stresses and varying axial load along the length, as available on the fig. 11.

V. Conclusion
If anything, this project should have conveyed a sense of just how 
erratically an engine can operate, even under normal conditions. It 
is this lack of continuity that can create major problems on parts 
like connecting rods. Hence, designers and engineers are forced to 
choose materials that are strong enough to withstand such powerful 
forces, while maintaining a low cost and lightweight product.
Despite the fact the data in this project appeared incorrect in the 
final analysis, the thought process behind it was very typical of 
what must be done to analyze a complicated system. If a more 
accurate analysis was necessary, factors like cylinder friction, 
momentum, and dozens of other variables could have been taken 
into account. But, given the assumptions that were made and the 
data acquired, this project still provided an interesting look at 
what happens inside an engine and what limitations each engine 
has placed upon it.
Static analysis of a connecting rod that is typically performed 
can yield unrealistic stresses, whereas quasi-dynamic analysis 
provides more accurate results better suited for fatigue design 
and optimization analysis of this high volume production 

component.
Maximum and mean stresses increase with increasing engine 
speed because of the increase in the inertia load. The stress range 
(or amplitude), however, is independent of the engine speed.
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