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Failure Analysis of Cylinder  
Used In a Car Flipper Device
By Faisal Khan, PEng (NAFE 1026M) and Altaf Gafoor, PEng (NAFE 1185A)

Abstract
A car flipping device is a special effects aid used to flip cars in the production of movies and television 

shows. The device uses a pivoting arm that moves under the stroke of a cylinder powered by compressed ni-
trogen. In a trial run of the device, the cylinder’s piston broke through the cylinder cap. A kinematic analysis 
developed a parametric mathematical model of the motion of the cylinder arm and piston, which formed the 
basis for a finite difference analysis to determine the speed of the cylinder’s piston at the end of its stroke. 
Metallurgical testing was conducted on the broken cylinder to determine the stress-strain characteristics, im-
pact resistance, and Scanning Electron Microscopy (SEM) used to examine the fracture surface. The analysis 
determined that the kinetic energy of the piston was adequate to cause yielding of the cylinder but not rupture. 
Continued usage degraded the impact resistance available until rupture occurred. 

Keywords
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Introduction and Background
The production of movies and television shows often 

use practical special effects to enhance story telling. One 
such effect involves the flipping of cars using proprietary 
devices typically fabricated by visual effects studios. The 
subject of this paper is the methodology used to analyze 
the failure of such a device.

Figure 1 shows the general construction of the car 
flipper. As illustrated, the device has a steel arm that is 
free to rotate in the vertical plane about a hinge fixed to its 
base. The rotation of the car flipper’s arm is controlled by 
a cylinder and piston that is energized using compressed 
nitrogen fed from an actuator. As the actuator pressure is 
released into the cylinder, the piston and rod extend, which 
causes the car flipper arm to rotate while ejecting load on 
the arm. 

The car flipper was being tested to confirm the desired 
car flipping effect could be achieved. The test methodol-
ogy placed the device under loading from a prop car and 
was fed by a compressed gas actuator. Three tests in total 
were conducted: the first at 1,500 psi (10.3 MPa) actuator 
pressure and the second and third at 3,000 psi (20.6 MPa). 
During the third test, the piston and rod broke through the 
end cap of the cylinder, maintaining sufficient velocity to 
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Figure 1
General construction and operation of car flipper.

remain a projectile for approximately 118.5 feet (36.1 m). 

Figure 2 is a photograph of the car flipper after fail-
ure showing the location of the ruptured end cap, and Fig-
ure 3 provides a closer view of the rupture. Figure 4 and  
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Figure 5 show the piston head and piston rod after the fail-
ure. As shown, the piston head did not show any significant 
deformation, and the piston rod was generally straight. 

The design of the cylinder did not have a damping 
mechanism to attenuate the impact of the piston head and 
piston rod. The kinetic energy of the piston head and pis-
ton rod was absorbed by impact with the cylinder end cap. 
The hypothesis tested in this investigation was whether the 
piston and rod were moving with sufficient velocity such 
that their kinetic energy was adequate to result in a rupture 
of the cylinder as shown in Figure 6. The piston rod also 

Figure 2
Close of car flipper after failure.

Figure 3
Cylinder end where cap was severed.

Figure 6
Impact of piston and rod on cylinder end cap. (Note: There was no positive connection  

— just a C-type clamp around the pin. The pin broke through the frame at its point of supports.)

Figure 5
Piston rod after incident.

Figure 4
Inside of piston head after incident.
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broke the connection where it was secured to the car flip-
per’s arm. 

To evaluate the veracity of the hypotheses, the investi-
gation was broken down into five components as follows:

• Component 1 utilized kinematic principles to for-
mulate a mathematical model of the car flipper’s 
movement.

• Component 2 derived the forces acting on the piston. 

• Component 3 applied the finite difference method 
to estimate the velocity of the piston as it pro-
gressed through its stroke.

• Component 4 was metallurgical testing, which 
provided material properties and identified fea-
tures of interest on the fracture surface using SEM 
in addition to estimating the energy required for 
yielding and rupture of the cylinder. 

• Component 5 reviewed the manufacturer’s speci-
fications for the cylinder to ascertain the general 
applicability of the cylinder in the car flipper ap-
plication. 

Figure 7
Geometry of car flipper adopted for mathematical model (all unis in millimeters).

Mathematical Model of Car Flipper’s Movement
The first component of the investigation analyzed the 

spatial relationship between the movement of the car flip-
per’s arm, the piston, and the car to be flipped with respect 
to fixed reference points on the car flipper. Figure 7 shows 
the general arrangement and variables used to establish 
these relationships. 

The car flipper in its application fits the definition 
of a mechanism1 with points and A and C identified as 
the fixed reference points. The distances AC, CB, and 
BD (a3) are constant, whereas the distance AB varies as 
the piston undergoes a displacement xi. Points E and O 
are reference points that are necessary to account for the 
rotation of the car in response to the action of the car 
flipper’s arm. The distances CO (a4) and OE (a1) are also 
constants. The net torque resulting from the application 
of the car flipper’s arm pushing on the chassis of the car 
and resisted by the weight of the car induces an angular 
acceleration that contributes to the flipping of the car.

 The effect of angular acceleration and angular mo-
mentum is beyond the scope of this analysis. Due to the 
rotational inertia gained from the car flipper, the resis-
tance induced on the car flipper arm would decrease. 
Hence, the analysis conducted would produce a lower 
bounds estimate of the speed of the piston due to the in-
crease in resistance to piston motion. 
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Figure 8
Identification of variables used to describe motion of car flipper’s arm.

Where,

EQ. 1

EQ. 2

EQ. 3

Figure 8 also shows the reaction (R) due to the weight 
of the car (W), acting on the car flipper’s arm. This rela-
tionship was determined to be: 

The reaction (R) provides resistance to the motion of 
the piston Cr. This relationship was determined to be:

Determination of Forces on Piston
Figure 9 shows the position of the piston as it transi-

tions from a general position x to x+δx. In Figure 9(a), the 
piston is at a linear displacement x from its initial position. 
At this position, the piston is acted upon by the following 
pressures and forces, resulting in a velocity vx and accel-
eration ax:

• Pressure in supply line Pch,x

EQ. 4

EQ. 5

Where,

Where,

Figure 8 shows the variables used to describe the 
motion of the car flipper’s arm as the piston extends. 
From this figure, the following key relationships are de-
rived:
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Figure 9
Forces on piston as it moves from x to x +δx.

• Pressure of air in cylinder Pcp,x

• Resistance on piston rod caused by car’s weight 
Cr,x

• Air resistance to the motion of the cylinder Pa,x. 
(Note: This is due to the air resistance from the 
motion of the piston. The term Pcp,x is due to the 
pressure of the air being compressed in the cyl-
inder by its motion. The analysis is isothermal.)

• Weight component of piston’s weight mg sin 
(γ-β)x

The resulting acceleration at the general position, x, in 
Figure 9(a) is given by:

Similarly, the resulting acceleration at the position 
x+δx, in Figure 9(b) is given by:

EQ. 6

EQ. 7

EQ. 8

EQ. 9

Where,

Equations 6 and 7 provide estimates of the accelera-
tion across a small distance δx that occurs over a small 
time step δt. If the time step δt is sufficiently small, then 
the distance step δx will also be small and:

Therefore, discretizing the movement of the piston in 
this manner allows for the application of linear equations 
of motion across each time and distance step. The change 
in velocity across each time step can be approximated us-
ing equations of motion under constant acceleration for 
the given step, giving:

The conditions at t=0 and x=0 are known. Thus, Equa-
tion 8 can be applied at the initial conditions to determine 
the change in velocity over the time step δt. At the end 
of this time step, the velocity is known, and the distance 
moved by the piston δx can also be calculated. In this man-
ner, the problem is spatially and temporally discretized, 
allowing for the continuous application of Equation 8 to 
evaluate the velocity and distance at further time steps. 

The pressure from the actuator is released into the 
expansion side of the cylinder (supply chamber), which 
is at atmospheric pressure. The difference in pressure be-
tween the nitrogen supply and the supply chamber pres-
sure results in a flow of mass from the actuator to the sup-
ply chamber. Figure 10 shows the general arrangement 
of the actuator pressure feeding into the supply chamber. 
The complete isothermal equation for steady flow2 was ad-
opted for each time step to approximate the mass flow of 
gas between the supply pressure and the chamber pressure. 
This equation is given as:
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The friction factor was calculated using the Cole-
broke-White equation3 and requires the calculation of the 
Reynold’s Number. Equation 11 requires estimates of the 
friction factor, which is also a function of the flow-rate. 
Therefore the calculation of the mass flow rate cannot be 
done independently of the friction factor or Reynold’s 
Number. This problem was solved using an iteration in 
which a trial friction factor was assumed and the mass 
flow rate calculated. Based on this trial flow rate, the flow 
velocity and Reynold’s Number was re-calculated, and us-
ing the Newton-Raphson method4, the friction factor was 
calculated using the Colebrole-White equation. The mass 
flow rate was recalculated. If the difference between this 
calculated value and the initial value was outside the range 
+/- 0.00001, the entire iteration was repeated. This meth-
odology was programmed using Visual Basic in Microsoft 
Excel.

The behavior of nitrogen approximates to an ideal 
gas5 in the range of pressures and temperature (up to 3,000 
psi and 305 kelvin) under consideration in this analysis. 
Applying the ideal gas equation, the number of moles of 
nitrogen entering the supply chamber was calculated as 
shown in Equation 10. 

Figure 10
Supply pressure and chamber pressure.

EQ. 10

The volume of the supply chamber increases as the 
piston moves, and the change in volume (δV) can be cal-
culated based on the distance moved by the piston for a 
given time step. The volume of the nitrogen in the supply 
actuator does not change. Therefore, there will be a reduc-
tion of pressure in the supply actuator because there is a 
loss of nitrogen mass. Equations 11 and 12 estimate the 
pressure in supply chamber and nitrogen supply actuator 
at the end of each time step. 

The density of nitrogen in the supply actuator and sup-
ply chamber of the cylinder also changes. These values 
were calculated using Equations 13 and 14 based on the 
change in nitrogen concentration in the supply chamber 
and supply actuator as well as the change in volume in the 
supply chamber.

In the nitrogen supply,

And in the chamber as,

The behavior of air on the compression side of the 
cylinder was also analyzed to determine the resistance to  

EQ. 11

EQ. 12

EQ. 13

EQ. 14

Where,

Where,

Copyright © National Academy of Forensic Engineers (NAFE). Redistribution or resale is illegal. 
Originally published in the Journal of the NAFE volume indicated on the cover page.



FAILURE ANALYSIS OF CYLINDER USED IN A CAR FLIPPER DEVICE PAGE 73

Figure 11
Pressure and volume on compression side of cylinder.

cylinder motion developed by the compressed air. Figure 
11 illustrates the behavior of the cylinder on its compres-
sion side and the supply side

As the piston moves, the volume available within the 
cylinder decreases. This decrease is equal to Acylδx and 
causes the pressure within the cylinder to increase. Ini-
tially, the air in the cylinder is at atmospheric pressure. 
However,  due to the movement of the piston, the pressure 
increases along with the density of air. (Note: The dura-
tion of the event is so short that temperature change would 
have minimal effect.)

Considering a general position where the pressure is 
Pc,x and density is ρc,x, the presence of the opening on the 
compression side of the cylinder will be assumed to func-
tion as an orifice with area Aesc and coefficient of discharge 
Cd. The nature of the gas flow was checked as either sub-
critical, critical, or super-critical — and appropriate esti-
mates of the escaping air velocity calculated using ISO 
Standard 4126-1, 2004. Using this methodology allows for 
an estimate of the mass flow rate of the air exiting the com-
pression side of the cylinder. The pressure and density of 
the air on the compression side of the cylinder is estimated 
at the end of each time step as follows:

EQ. 15

EQ. 16

EQ. 17

EQ. 18

Where,

The resistance to the motion of the piston by the pres-
ence of air on the compression side of the cylinder can be 
estimated using the following expression:

The drag coefficient is assumed to be unity to maxi-
mize the effect of air resistance, reducing the above ex-
pression to:

Note: This variable was not measured in the cylinder 
and is considered to be small in comparison with the ap-
plied pressures. 

Using the mathematical model of the geometry out-
lined in Equations 1 through 3, the reaction of the car’s 
weight on the car flipper’s arm and the resistance to the 
motion of the piston due to the car’s weight, Cr can be 
calculated using Equations 4 and 5 for each position of the 
piston considered. Finally, the weight component of the 
piston acting to resist motion was considered as shown in 
Equation 18.

Applying the Finite Difference Method 
It is clear that the motion of the piston is continuous 

and that the velocity and acceleration can be determined 
by differentiation of the displacement time relationship. 
However, as the expressions derived to describe the geom-
etry and forces on the piston do not allow for an analytical 
solution, the finite difference method replaces derivatives 
with discrete approximations6. In this regard, over a dis-
crete time step, the change in velocity and displacement of 
the piston can be calculated. 

The initial geometry of the car flipper and supply  
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actuator was known in addition to the dimensions of the 
cylinder. Starting at the initial conditions, the forces acting 
on the cylinder were calculated. Hence, the net force could 
be determined. The acceleration across the time step was 
calculated and the velocity and displacement estimated 
based on the calculated time step acceleration. The analy-
sis relied on a forward pass method as only the initial con-
ditions were known, and the accuracy of the results were 
limited to a first order analysis. In such an analysis, the 
error in the calculation was proportional to the time step 
chosen. For this reason, it was important to choose a very 
small time step that also satisfied convergence of results. 

 To determine the time step necessary to achieve this, 
several trials were run using varying time steps. To accom-
modate the numerous calculations required for the solu-
tion of the velocity-time relationship and to confirm con-
vergence of the chosen time step, the analysis was coded 
using Visual Basic in the Microsoft Excel Environment. 
The velocity time relationship for various time steps using 
an actuator pressure of 3,000 psi is shown in Figure 12. As 
shown in this graphic, there is convergence of the results 
as the time step decreases — and at a time step of 0.0001 
seconds, convergence is maximized. 

The analysis was conducted for actuator pressures of 
1,500 psi and 3,000 psi, the results of which are presented 
in Figures 13 and Figure 14. As shown in these graph-
ics, the velocity of the piston at the end of its stroke was 
approximately 14m/s under an actuator pressure of 1,500 
psi and approximately 23m/s under an actuator pressure of 
3,000 psi. Deceleration is due to the decrease in pressure 
on the supply side of the cylinder as the volume expands 

due to piston movement. Graphs of pressure on the sup-
ply side and compression side were added for the various 
actuator pressures. 

Figures 15 and 16 show the pressure on the compres-
sion side of the cylinder for 1,500 psi and 3,000 psi actua-
tor pressure. 

Metallurgical Testing
The properties of the material from which the failed 

cylinder was fabricated was determined by destructive 
testing of the cylinder’s material. Two samples were tested 
from which the yield strength and ultimate tensile strength 
were determined and compared with the grade of steel 
specified by the manufacturer (Grade 1020 CW, ASTM 
A519 Steel). The material was found to be consistent with 

Figure 12
Velocity time relationship using various  

time steps and 3,000 psi actuator pressure.

Figure 13
Velocity — time graph for 1,500 psi actuator pressure.

Figure 14
Velocity — time graph for 3,000 psi actuator pressure.
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the grade of steel specified by the manufacturer. 

Figure 17 shows a cross-section of the cylinder. The 
plane of fracture was located at the cylinder’s end cap. The 
cylinder end cap was threaded onto the cylinder body, re-
sulting in a smaller thickness than the cylinder wall. The 
equivalent spring method7 was used to estimate the energy 
required for yielding and rupture of Member 2, taking into 
account the deformation in Member 1. Examinations of 
the piston did not reveal any significant deformation.

The stress-strain graphs of the cylinder material was 
obtained from testing and used in conjunction with the 
equivalent spring method to calculate the amount of en-
ergy required to cause rupture. The stress-strain curves are 

Figure 15
Compression and supply pressure in  

cylinder at 1,500 psi actuator pressure.

Figure 16
Compression and supply pressure in  

cylinder at 3,000 psi actuator pressure.

Figure 17
Cross-section of cylinder showing member identification.

Figure 18
Stress-strain graphs from testing.

EQ. 19

Where,

shown in Figure 18.

 The expression developed for this calculation is 
shown below:

The cylinder was analyzed as two discrete sections: 
the thicker body (wall thickness of 6.5 mm) and the thin-
ner end cap (wall thickness 3.5 mm) connected in series. 
Two samples were tested to obtain the stress-strain graph. 
It was found that the energy required for rupture of the 
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thinner end cap was between 4500 Nm to 7000 Nm. For 
this reason, the impact force was considered to be the same 
in each member, but the stresses differed due to wall thick-
ness, as did the strain. 

The limiting force is the rupture force in the thinner 
member, which was calculated using the ultimate stress 
from testing and found to be approximately 1100kN. The 
stress in the thicker member at this force was found to be 
below the material’s yield stress, and the stress-strain re-
lationship was linear. The energy absorbed by the thicker 
member, determined using Equation 19, was found to be 
approximately 360Nm. Thus, the total energy required to 
be imparted into the cylinder from impact ranged between 
4860Nm and 7360Nm and was the minimum kinetic en-
ergy required by the piston for rupture. The piston velocity 
for this to occur was estimated to be 37.1m/s. This analysis 
was also done for yielding, and the speed required was 
found to be 8m/s. 

Referring to Figure 13 and Figure 14, the velocity at 
the end of the piston’s stroke was approximately 14m/s 
under an actuator pressure of 1,500 psi and approximately 
23m/s under an actuator pressure of 3,000 psi. These ve-
locities were less than the 37 m/s required to result in rup-
ture but greater than the 8m/s required to result in yielding. 
Therefore, yielding likely occurred in Member 2 on the 
first trial run at 1,500 psi. The further application of an 
actuator pressure of 3,000 psi likely resulted in further per-
manent deformation of the cylinder. The final application 
of 3,000 psi actuator pressure would have been adequate 
to result in rupture of the cylinder adjacent to the threaded 
section holding the cap in place, due to the continued plas-
tic deformation on previous trials.

The results of the SEM examination and impact test-
ing (laboratory tests on samples using Charpy V-notch 
tests   per ASTM E23-18 in the longitudinal direction of 
the cylinder cap) supported the preceding discussion. As 
shown in Figure 19, significant portions of the fracture 
surface showed cleavage facets that indicated a brittle pro-
cess8. This loss of ductility was likely due to high strain 
rates associated with impact load. 

The examination was done on the fracture surface of 
the end cap. The orientation of the end cap was on the 
annulus of the wall thickness. Impact tests conducted at 
samples near the fracture surface in the longitudinal direc-
tion returned results (ranging between 3 to 5 Joules) that 
were approximately 80% of expected values for carbon 
steel at 20°C9. Failure occurred when stresses were repeat-
edly between yield and ultimate. Impact testing showed 
20% of expected value. Referencing Figure 19, impact 
loading was investigated by considering the minimum ve-
locity required to develop the kinetic energy required for 
yielding and rupture. Brittle failure occurred because the 
initial operation of the car flipper was such that the kinetic 
energy was more than enough to cause yielding, but not 
rupture. Each time the device was run, the end cap plas-
tically deformed until its ability to absorb further impact 
was so diminished that rupture occurred below ultimate 
stress values. 

There was also some evidence of accompanying duc-
tile fracture near the inner and outer diameters of the end 
cap, as shown in Figure 20. There was no evidence of 
striations, beach marks, or corrosion damage observed in 
the SEM examination. 

Figure 19
Cleavage facets on majority of fracture surface.

Figure 20
Dimpling near inner diameter.
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Review of Manufacturer’s Specifications
The manufacturer of the cylinder was contacted re-

garding the general suitability of the cylinder to the 
function in the car flipper application. The manufacturer 
confirmed that the cylinder was intended to be used in a 
double acting application using hydraulic oil over a work-
ing range of 0 to 3,000 psi. The manufacturer further con-
firmed that the allowable piston speed is 0.168 m/s, and 
— if used in a pneumatic application — the working pres-
sures reduce to 87 to 116 psi. Therefore, the use of the 
cylinder in a single-acting application using compressed 
nitrogen at 3,000 psi was outside the manufacturer’s speci-
fications. Furthermore, the velocity of the piston exceeded 
manufacturer’s specifications. 

Conclusions
• The cylinder was not used in a double-acting 

application and utilized compressed nitrogen 
at pressures far greater than the manufacturer’s 
specifications.

• The finite difference analysis demonstrated that 
the likely piston speed exceeded the manufactur-
er’s specifications.

• The velocity of the piston ranged between 14 m/s 
at a supply pressure 1,500 psi (10.3 MPa) and 23 
m/s at a supply pressure of 3,000 psi (20.6 MPa).

• The movement of the piston and rod was arrested 
at the end of the piston’s stroke by impact with 
the cylinder. The piston was stopped by impact 
with the end cap. 

• In the area of impact between the piston and the 
cylinder, the cylinder’s wall thickness was re-
duced to accommodate threads for the securement 
of the cylinder’s end cap. The fracture surface oc-
curred in this area of reduced wall thickness in 
the cylinder. 

• The range of speeds of the piston exceeded the 
ability of the cylinder to absorb the impact energy 
without yielding.

• The continued use of the car flipper at an actua-
tor pressure of 1,500 psi (10.3 MPa) followed by 
an additional attempt at an actuator pressure of 
3,000 psi (20.6 MPa) successively reduced the 
ability of the cylinder to absorb the energy of the 

impacts.

• On the final operation of the car flipper, at an ac-
tuator pressure of 3,000 psi (10.3 MPa), the cyl-
inder could no longer absorb the kinetic energy 
of the piston/rod, and rupture of the cylinder oc-
curred.
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