
Adjustable Dampers 201 
  
The development of externally adjustable dampers, or shock absorbers, is one of the 
hottest areas of race car chassis engineering. The adjustments available from these 
dampers provide a quick, simple method of changing the behavior of the car in transitions 
and over rough pavement. Adjustable dampers can also provide the combination of a 
smooth ride for daily driving and firmer damping for competition driving simply by 
rotating an adjuster. There are two common types of adjustments available. This article 
will focus on the physics behind the results produced from each type of adjustment. 
  
We will now delve into the deepest, darkest depths of the damper (alliteration accidental). 
We will start off with a basic description of the guts of modern racing dampers, then 
discuss the types of adjustments available from them and the results of using those 
adjustments. 
  
DAMPER INTERNALS 
  
I will assume you have not seen a racing damper disassembled. As with many other 
things, it's what is inside that counts. There is a piston attached to the end of the shaft 
inside the damper. The chamber that the piston moves in is filled with (almost) 
incompressible hydraulic oil.  The viscosity of the oil causes resistance to oil passage 
through small orifices. This resistance produces a pressure differential across the piston 
when the piston moves, thus producing a damping force. 
  
Near the end of the housing opposite the shaft (or in the canister if there is one) is a 
sliding piston that separates the oil from a high-pressure gas, usually nitrogen. Some 
volume of gas is necessary because as the shaft moves into the housing, the volume of oil 
displaced by the shaft must go somewhere. The oil displaced by the shaft moves the 
gas/oil separator piston and compresses the gas slightly. The static spring rate of a 
pressurised damper is almost zero, but the static extension force can be rather large. The 
gas, and therefore the hydraulic oil, is pressurised in order to reduce the severity of 
aeration. 
  
Aeration is the formation of gas bubbles in the oil due to very rapid pressure loss 
immediately after the oil passes through an orifice at high velocity. Increasing the oil 
pressure increases the rate of reabsorption of the gas bubbles. Because these gas bubbles 
are compressible, the characteristics of the damper change unless the bubbles are 
reabsorbed into the fluid. Aeration is not necessarily a bad thing because we can use its 
special characteristics to our advantage. By the way, aeration happens even in 450psi 
pressurised dampers. That is why changing gas pressure changes damping characteristics. 
The location of the gas volume is significant because as piston speed in the bump 
direction increases, the pressure on the shaft side of the piston decreases. Rebound travel 
increases the pressure on the shaft side of the piston. This changes the rate of aeration 
recovery. The pressure on the canister side of the piston is almost constant unless there 
are additional orifices in the canister. 



  
Movement of the shaft forces hydraulic oil through various orifices in the piston, shaft, 
and canister. One type of orifice is a deflected shim stack. There is a stack of 4 or 5 thin 
steel shims covering holes on both the top and bottom of the piston. The holes connect 
with slots on the top and bottom faces of the piston. Oil can pass around one stack of 
shims, through the slots and holes in the piston, and through the narrow slot (orifice) that 
opens up when enough pressure differential is applied to the shim stack to force it away 
from the top or bottom face of the piston. The slots on the piston faces are positioned so 
that oil passes through different holes in bump than in rebound. 
  
The other type of orifice is a small hole that bypasses the fluid path through the shim 
stack. This hole may be in the piston or in the sides and end of the shaft. If there is a hole 
in the shaft, a tapered needle can be mounted in the hole to vary the orifice area. The 
tapered needle extends through the top of the shaft to an external adjuster.  
  
A remote reservoir (also called a canister) allows the damper designer to add another 
orifice or two to the oil flow path. Only the oil displaced by the shaft moves through 
these additional orifices. In this case, a large shaft diameter is a good thing. By using one-
way check valves, it is possible to design a damper with externally adjustable shim stack 
preload and externally adjustable fixed orifices for both bump and rebound, thus 
producing a four way externally adjustable damper. Most modern racing dampers are two 
or three way externally adjustable. 
  
Older Koni racing dampers have external adjustments for bump and rebound shim stack 
preload. Quantum dampers have two holes in the shaft with one way check valves and 
two needles to produce individual adjustments for bump and rebound. A third adjuster 
moves the entire needle/seat assembly relative to the shaft in order to change the rebound 
shim stack preload. A simpler adjustment offered by Fox and Penske consists of a drum 
in the canister with several holes of progressively larger diameter drilled in the OD of the 
drum. Rotating the drum aligns a different size hole with the flow path. Penske 8700 
dampers also have an additional bump shim stack with adjustable preload in the canister. 
  
OIL FLOW CASE ONE: FIXED ORIFICE FLOW 
  
If the damper piston moves slowly, the pressure differential across the piston is not large 
enough to force the shims away from the piston face. So, the only flow path is through 
the fixed orifice. Basic fluid mechanics tells us that drag is proportional to velocity 
squared. In this case, the force versus velocity relationship of the damper is parabolic: 
doubling the shaft speed quadruples the damping force. As long as the piston speed is low 
enough that the shims do not open, the shape of the force versus velocity curve is a 
parabola that opens upward. Reducing the area of the orifice by moving the tapered 
needle farther into the orifice or by rotating the adjuster drum to a smaller orifice 
increases the damping force for a given shaft speed. That is the only way to adjust low 
speed damping other than by changing the gas pressure. 
  



Low speed and high speed damping refer to the speed of the damper shaft relative to the 
damper housing, not to car speed. Low speed damping adjustments affect dynamic 
weight transfer and the motion of the sprung mass relative to a smooth track surface. 
High speed damping adjustments affect the motion of the unsprung mass (wheels and 
tires) relative to a bumpy track surface. We are usually much more interested in low 
speed damping adjustments than high speed. 
  
OIL FLOW CASE TWO: VARIABLE ORIFICE FLOW 
  
When the piston moves rapidly enough to lift the shim stack off of the piston face, an 
additional flow path is created. Increasing the piston speed forces the shims farther away 
from the piston, thus increasing the orifice area. So, the shim stack is a variable orifice. 
Because the orifice size changes with damping force, the damping force is no longer 
proportional to velocity squared. The shims all have different diameters, so in side view 
the shim stack looks like a multiple leaf spring. Typically, the diameters of the shims are 
chosen to produce a linear force versus velocity characteristic. Changing to thicker shims 
increases the slope of the force versus velocity line. However, this requires disassembling 
the damper. Changing the preload on the shim stack (which can be done with an external 
adjustment) changes the offset of the force versus velocity line. 
  
The piston faces are machined with a slight cone angle ranging from 0.5 to 2.5 degrees. 
So, the shim stack is deflected when it is forced toward the piston. Adjusting the 
clamping load on the shim stack changes the preload, and thus the offset of the force 
versus velocity line. More preload equals more damping force, but only at high shaft 
speed. Changing shim stack preload has no effect on low speed damping other than 
changing the force at which the shim stack opens. Most racing dampers open the shim 
stack at 2 to 5 in/sec shaft speed depending on the preload adjustment. 
  
OIL FLOW CASE THREE: MIXED FLOW 
  
Obviously, when the shim stack opens, oil is still flowing through the fixed orifice also. 
Therefore, changing the fixed orifice area affects damping through the entire shaft speed 
range, but primarily at low speed. On the other hand, changing shim stack preload only 
affects high speed damping. Most damper manufacturers refer to fixed orifice 
adjustments as low speed adjustments. Conversely, shim stack preload adjustments are 
referred to as high speed adjustments. 
  
NOW FOR THE FUN PART: GAS PRESSURE 
  
As you go whizzing merrily around the race track, the damper piston is continuously 
moving back and forth rapidly through the same small volume of oil. This oil becomes 
aerated when the piston moves in one direction. This same volume of aerated oil is forced 
through the piston orifices when the piston moves the other way, causing more aeration. 
Rebound travel increases the pressure on the shaft side of the piston, increasing the rate 
of absorption of gas bubbles. Bump travel decreases the pressure on the shaft side, 
decreasing the rate of absorption. 



  
Assuming equal shaft speed and damping force in bump and rebound, slightly more 
aeration is produced from bump travel than from rebound travel. Because the gas 
reservoir chamber is on the opposite side of the piston from the shaft, the pressure and the 
rate of absorption is relatively constant on that side. Additional orifices in the canister 
complicate this situation further. Nevertheless, the percentage of aeration stabilizes 
quickly. 
  
Increasing the gas reservoir pressure has a more significant effect on the shaft side of the 
piston because the rate of gas bubble reabsorption is generally lower on the shaft side, so 
the percentage of gas bubbles is generally higher on the shaft side. Because the working 
volume of oil is less aerated during bump travel, more damping force is produced in 
rebound. The effect of gas pressure is less pronounced in bump travel because the rate of 
gas bubble reabsorption is generally higher on the canister side of the piston. This is why 
increasing the gas reservoir pressure increases bump damping some and increases 
rebound damping more. 
  
When examining shock dyno results, many people incorrectly conclude that increasing 
the gas pressure increases bump damping and decreases rebound damping. The error in 
this conclusion is that the static shaft extension force also increases with gas pressure, 
thus reducing the force applied to the shock dyno load cell during rebound travel. The 
measured force has an offset due to the extension force produced by gas pressure times 
shaft area. This force is almost constant and has no effect on damping. 
  
The fluid that you rely on to control the motion of the car is really a mixture of hydraulic 
oil and gas bubbles. As the bumps get worse, the shaft speed and therefore the rate of 
aeration increase, reducing the damping forces. This is only a real problem if you run on 
superspeedways or if you run very low gas pressure (less than 50 psi or so). 
  
When shaft speed or oscillation frequency becomes very high or gas pressure is very low, 
the percentage of gas bubbles in the working fluid becomes high enough that the damper 
starts acting like a spring in addition to a damper. Koni recently released graphs of shock 
dyno results from a new damper design. These graphs showed force versus shaft position 
for three different peak shaft speeds. At low shaft speed, the graph was symmetric about 
the vertical axis. As the shaft speed increased, the graph distorted diagonally towards a 
line with positive slope. A force versus deflection graph for a spring also has a positive 
slope. These results showed that the damper was speed sensitive, producing a spring at 
continuously high shaft speed. The  presence of compressible gas bubbles in the working 
oil volume is the most logical explaination to produce those results. 
  
If the canister has orifices of any sort in it, the length of flexible hose connecting it to the 
damper housing should be as short as possible. The hydraulic flexibility of the hose 
produces a spring between the two stages of damping orifices, adding to the confusion. 
For the last few years, the dampers that Penske made for their own Indycars had a 
canister bolted directly to the damper housing with no flex hose. 
  



All of the damping energy that is removed from the suspension system is converted to 
heat in the hydraulic oil. Air cooling is required to prevent excessive temperature buildup 
which causes the oil viscosity to decrease. Canisters significantly increase the surface 
area available to dissipate that heat. However, if the engine exhaust system is close to the 
dampers, or if the dampers are buried somewhere with no cooling air flow, one can 
expect the handling of the car to change after a few minutes on the track. 
  
Keeping the suspension springs cool is also a good idea. The elastic modulus of spring 
steel decreases 2.2 percent per 100 degrees Fahrenheit temperature rise. The spring rates 
and ride height decrease right along with the elastic modulus. 
  
Of course, none of this describes the "ideal" adjustment settings to use for any particular 
car. I have only attempted to describe what happens when the damper adjusters are 
adjusted. 
  

Racing Dampers 202 
  
In Racing Dampers 201, we looked inside a shock absorber to find out how it works. This 
time, we will discuss the damper adjustments which can be used to change the behavior 
of the car in each phase of a corner. We will begin by defining each phase of a corner and 
apply some sensible simplifications, then list the relative damper adjustments available to 
produce the desired handling change. 
  
For the purposes of this discussion, we will assume the racing surface to be perfectly flat, 
smooth, and uniform. So, all damper velocities will be relatively low, assuming a smooth 
driving technique. We will assume a simple road course setup, with no asymmetric 
adjustments. 
  
The damper velocities and travel directions resulting from each cornering phase affect the 
distribution of load among the four tires. This change in load distribution changes the 
cornering balance. We will focus primarily on the effects of diagonal weight transfer due 
to damper forces and the resultant change in cornering balance. 
  
  
CORNERING PHASE DEFINITIONS 
  
PHASE 1: Increasing braking + increasing steering 
  
This phase is the first part of a fast decreasing radius turn. This phase will not occur at all 
if maximum braking is achieved before turning in. Since weight is being transferred both 
forward and outboard, the outside front damper moves in the bump direction. Also, the 
inside rear damper moves in rebound. The other two dampers do not move as much or as 
rapidly, so their effects are minimal. For our purposes, we will consider the inside front 
and outside rear dampers to have a fixed position during phase 1. 
  



PHASE 2: Decreasing braking + increasing steering 
  
This is the turn in phase of a slow corner. This phase may or may not occur depending on 
the type of turn and driving technique. Weight is being transferred outboard and aft, so 
the outboard rear damper moves in bump and the inside front damper moves in rebound. 
The other two dampers are considered to be stationary. 
  
PHASE 3A: Increasing steering at constant throttle 
  
This phase can be a course correction, a slalom turn in, or a turn entry taken at full 
throttle. Weight is being transferred outboard, so both outside dampers travel in bump 
and both inside dampers travel in rebound. 
  
PHASE 3B: Decreasing steering at constant throttle 
  
This is the opposite of phase 3A. During a slalom, this phase occurs while the steering is 
changing away from the current cornering direction. As soon as the lateral acceleration 
passes through zero, the car reverts to phase 3A. This is part of why so many spins occur 
in slaloms. 
  
PHASE 4: Decreasing steering + increasing throttle (or decreasing braking) 
  
This is the apex-to-exit phase. Weight is being transferred inboard and aft, so the outside 
front moves in rebound and the inside rear moves in bump. The other two dampers are 
considered stationary. 
  
  
EFFECTS OF DAMPER INDUCED WEIGHT TRANSFER 
  
At all times, cornering balance is affected by the distribution of load between the two 
front tires. Because the efficiency of a tire decreases with increasing load, a larger 
difference in load between the two front tires increases understeer. Also, a smaller 
difference decreases understeer. The same concept applies to the two rear tires. 
  
To illustrate the effect of damper adjustments, consider a phase 3A flat out turn entry. If 
the front dampers are adjusted to increase either bump or rebound damping, more weight 
will be transferred across the front tires during entry. The same result occurs if the rear 
dampers are adjusted to decrease either bump or  rebound damping. This increased front 
load transfer increases understeer during turn in, just as a larger anti-roll bar increases 
understeer in steady state cornering. 
  
The same increase in understeer results from diagonal weight transfer from the inside rear 
to the outside front. The fact that the two diagonally opposite dampers move in opposite 
directions allows us to modify cornering balance with damper adjustments. 
  



Note that we are only considering longitudinal weight transfer if accompanied by steering 
change. Longitudinal weight transfer without steering change moves both front and both 
rear dampers in the same direction at the same speed, so damper adjustments cannot 
change the diagonal weight distribution. Obviously, longitudinal weight transfer affects 
cornering balance. But, since the dampers cannot affect balance unless accompanied by 
roll, we will ignore this effect for damper tuning. 
  
The following table presents the damper adjustments available to modify the cornering 
balance in each phase. Each entry lists the phase, the damper travel directions, the desired 
change, and the damper adjustments available to produce that change. 
  
+ indicates stiffer damping 
- indicates softer damping. 
IF is inside front 
OF is outside front 
  
PHASE,           MORE      MORE 
DIRECTIONS      UNDERSTEER     OVERSTEER 
  
Phase 1 entry 
OF bump          F bump +               F bump - 
OR rebound      R rebound -      R rebound + 
  
Phase 2 entry 
IF rebound       F rebound +      F rebound - 
OR bump          R bump -               R bump + 
  
Phase 3A entry 
OF&OR bump       F bump +               F bump - 
IF&IR rebound    F rebound +      F rebound - 
                 R bump -                R bump + 
                 R rebound -      R rebound + 
  
Phase 3B exit 
OF&OR rebound  F bump -            F bump + 
IF&IR bump       F rebound -      F rebound + 
                 R bump +               R bump - 
                 R rebound +      R rebound - 
  
Phase 4 exit 
OF rebound       F rebound -      F rebound + 
IR bump          R bump +             R bump - 
  
As you can see, none of the available adjustments affect only one cornering phase. This is 
where the balancing act begins. Notice that the same adjustments that increase phase 2 



entry understeer also increase phase 4 exit oversteer. Compromise is necessary even in 
the case of a constant speed slalom. 
  
It is worthwhile to spend some time studying the table to figure out how to fix more than 
one balance problem at the same time. For example, consider a car that has phase 1 
oversteer, phase 2 understeer, and phase 4 understeer. Can this combination of problems 
be corrected by damper adjustments alone? 
  
Careful, focused analysis of the behavior of the car during each phase is necessary to 
begin real damper tuning. Then, the correct decisions must be made concerning which 
phase(s) are most important and require damper adjustments to improve cornering 
balance. The adjustments made will alter performance in other phases, so the magnitudes 
of damper adjustments must be selected accordingly. 
  
As you can imagine, it is rather difficult to accurately remember the balance of the car in 
each cornering phase for each corner of the track. This process can be assisted 
considerably by an in-car video camera and/or a data acquisition system. 
  
A truly optimum damper setup is only possible with highly developed active dampers. 
The optimum compromise with conventional racing dampers is difficult to determine. 
This should not deter us from trying. 
  
The restriction to symmetric damper adjustments is the source of many of the required 
compromises. If you have followed the discussion to this point, you can work out for 
yourself the amazing cornucopia of damper adjustments available to oval track tuners. If 
a particular road course features all or most of the important corners in the same 
direction, asymmetric adjustments can be used to fine tune the setup to that track. 
  
 


