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1.0 Abstract
[bookmark: _Toc224996608]The structural durability of high-speed internal combustion engines is governed by the combined effects of combustion loading and reciprocating inertia, with fatigue behaviour playing a critical role in component life. This study evaluates the dynamic loading environment of the Ford 1.6 L Sigma engine bottom-end assembly, focusing on the connecting rod midpoint, gudgeon pin and connecting rod bolts.
Slider–crank kinematics were combined with measured in-cylinder pressure data to determine piston acceleration, inertia forces and resultant rod loading throughout the engine cycle. Component stresses were evaluated using the Goodman fatigue criterion at a baseline operating speed of 6000 rpm and then re-tested at 9000 rpm to investigate the influence of increased inertial loading. A redesign of the connecting rod bolt was then implemented to improve fatigue performance.
Results show that while peak compressive loading occurs during combustion, maximum tensile loading in the bolt is governed by inertia near exhaust top dead centre. Increasing engine speed significantly reduces fatigue safety margins, highlighting the importance of fatigue driven design optimisation for high-performance engines.


2.0 Introduction
The structural integrity of bottom-end components plays a key role in defining the operating limits of reciprocating internal combustion engines. Components such as the connecting rod, gudgeon pin and rod bolts are subjected to highly transient loading resulting from the combined effects of combustion pressure and reciprocating inertia. Although peak cylinder pressure is commonly associated with maximum mechanical loading, fatigue-critical conditions often arise from inertial forces at higher engine speeds, where alternating stress levels increase drastically.
Modern performance engine design requires a balance between minimising reciprocating mass and maintaining acceptable fatigue safety margins. Reductions in component mass improve dynamic response and reduce inertial loading but can also increase stress amplitude and reduce fatigue life. As a result, bottom-end components must be carefully optimised rather than conservatively over-designed.
Evaluation of the slider–crank kinematics provides insight into the governing load cases within the engine cycle. By combining calculated inertial forces with measured cylinder pressure data, the resulting stresses within key components can be examined and fatigue safety factors calculated. Extending the analysis to higher engine speeds allows durability limits to be identified and highlights the sensitivity of fatigue behaviour to increased rotational velocity.
This report investigates the dynamic loading and fatigue performance of the Ford 1.6 L Sigma engine bottom-end assembly. Stresses are evaluated using the Goodman fatigue criterion, and the operating range is extended to 9000 rpm to assess high-speed suitability. A redesign of the connecting rod bolt is then implemented to improve fatigue performance under extended operating conditions.


[bookmark: _Toc224996609][image: ]3.0 Methodology 
[bookmark: _Toc224996610]3.1 Engine Geometry & Assumptions
Dynamic loading within the slider–crank mechanism was analysed using parameters obtained from the Ford EcoBoost 1.6 GDTi engine specification. Key inputs included bore diameter, crank radius, connecting rod length and reciprocating mass of the piston assembly. Bore diameter was used to determine piston crown area for gas force calculations, while crank radius and connecting rod length governed piston kinematics throughout the engine cycle.Figure 1, Engine specification

The reciprocating mass contained the piston, piston rings, gudgeon pin and associated clips and was used to determine inertia forces generated by piston acceleration during engine operation.
A baseline engine speed of 6000 rpm was selected to represent a high operating condition. Angular velocity was calculated from engine speed using the equation ; , and was then used in inertia force calculations.
[bookmark: _Toc224996611]3.1.1 Reciprocating mass
[bookmark: _Toc224996612]The reciprocating mass consisted of the piston, piston rings, gudgeon pin and retaining clips. This mass was used to determine inertia forces generated by piston acceleration.
3.1.2 Crank Radius 
[bookmark: _Toc224996613]The crank radius defines half of the engine stroke and is a governing parameter in slider-crank kinematics, directly affecting piston displacement, velocity and acceleration.
3.1.3 Engine Speed 
A baseline engine speed of 6000 rpm was selected to represent a high operating condition. Angular velocity was calculated using:

This value was then used in the piston acceleration and inertia force calculations.


[bookmark: _Toc224996614]3.1.4 Slider-Crank Kinematics 
[bookmark: _Toc224996615]Piston displacement, velocity and acceleration were calculated as functions of crank angle using standard slider-crank relationships. These calculations were implemented in Excel over a full engine cycle from −360° to +360°. The resulting acceleration profile was then used to determine inertia loading in the reciprocating assembly.
3.1.5 Piston motion
Piston motion was defined relative to top dead centre and evaluated across the full crank cycle. Velocity was obtained from the displacement relationship, while acceleration was used directly in the force analysis. Figure 2 shows the spreadsheet implementation of the crank-angle-based calculations.
[image: ]
Figure 2, Implementation of Crank Angle and Piston Displacement CalcsFigure 3, Piston Accel & Inertia Force

[bookmark: _Toc224996617]
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[bookmark: _Toc224996619]4. Gas Pressure & Inertial Force Determination 
[bookmark: _Toc224996620]The loading experienced by the connecting rod during operation is governed by two primary sources: combustion gas pressure and reciprocating inertia forces. As the crankshaft rotates, both forces vary continuously with crank angle. Gas and inertia forces were therefore calculated as functions of crank angle and combined to determine the instantaneous resultant rod force.
4.1 Gas Force from Cylinder Pressure 
Measured in-cylinder pressure data was supplied as a function of crank angle, enabling the variation in combustion loading throughout the engine cycle to be analysed.
The instantaneous gas force acting on the piston was calculated by multiplying cylinder pressure by the piston crown area. This allowed the magnitude and timing of peak combustion loading to be identified.
[image: ]The gas force variation with crank angle is shown in Figure 2, illustrating the sharp rise in force during the combustion phase followed by a gradual reduction through the expansionFigure 4, Pressure to Gas Force Calcs


Figure 6, Gas Force Variation with Crank Angle at 6000 RPM

[bookmark: _Toc224996621]4.2 Inertia Force Calculation 
Inertia forces arise from acceleration of the reciprocating piston assembly, which includes the piston, rings, gudgeon pin and associated clips.
[image: ]These forces were determined by multiplying the total reciprocating mass by piston acceleration obtained from the slider-crank kinematic analysis. The resulting inertia force varies significantly throughout the cycle and reaches maximum magnitude near top dead centre, where piston deceleration is greatest.Figure 7, Inertia Force Column
Figure 8, Piston Acceleration Variation with Crank Angle at 6000 RPM



[bookmark: _Toc224996622]4.3 Resultant Connecting Rod Force 
The instantaneous resultant force acting in the connecting rod was obtained by combining gas and inertia forces. Depending on crank angle, inertia loading may either oppose or reinforce combustion loading.
[image: ]This resultant force represents the true axial load transmitted through the connecting rod and was used in subsequent stress and fatigue calculations for the rod midpoint, gudgeon pin and connecting rod bolts.Figure 10, Variation of resultant rod force across the engine cycle at 6000 rpm.
Figure 9, Resultant Rod Force




[bookmark: _Toc224996623]5 Stress Analysis of Components 
[bookmark: _Toc224996624][image: ]
Figure 11, Stress Calculations on each Component
[bookmark: _Toc224996625]5.1 Conrod Midpoint
[bookmark: _Toc224996626]During operation, the connecting rod is subjected to axial loading caused by the resultant force transmitted between the piston and crankshaft. This force varies throughout the engine cycle due to the combined influence of combustion pressure and reciprocating inertia. The maximum and minimum rod forces obtained from the force analysis were used to determine the corresponding stress range.
The connecting rod midpoint was modelled as an axially loaded member with uniform cross-section. Axial stress was calculated using the relationship between applied force and cross-sectional area. Results showed that compressive stresses during the combustion phase were significantly higher than tensile stresses occurring near exhaust top dead centre (TDC), reflecting the dominant influence of peak cylinder pressure on rod loading.


5.2 Gudgeon Pin 
The gudgeon pin was modelled as a simply supported beam subjected to a centrally applied load representing the resultant rod force. The effective support span was defined from the pin geometry and piston boss configuration, allowing bending moments to be calculated.
Using maximum and minimum resultant forces, the corresponding bending stresses were determined. The analysis showed that peak bending stress occurred during the combustion phase, when compressive rod forces were highest. Fatigue performance was assessed using mean and alternating stress values, indicating that the pin operates within acceptable fatigue limits under the baseline operating condition.

[bookmark: _Toc224996627]5.3 Conrod Bolt 
[bookmark: _Toc224996628]The connecting rod bolt primarily experiences tensile loading as it maintains clamping force between the rod cap and main rod body. Additional tensile load is generated by inertial forces from reciprocating components, particularly near exhaust TDC where piston deceleration is greatest.
Bolt loading was evaluated using a joint stiffness approach, where the external load was distributed between bolt and clamped members according to their relative stiffness. Total bolt stress was taken as the sum of preload stress and additional tensile stress caused by engine loading. Maximum and minimum stresses were then used to determine mean and alternating stresses for fatigue assessment.
Comparison with material yield strength and endurance limit using the Goodman criterion showed that the bolt operates within safe fatigue limits, although with a lower safety margin than the rod body due to its smaller cross-section and higher stress concentration.


6.0 Fatigue Assessment 
[bookmark: _Toc224996629]Because the resultant rod force varies continuously throughout the engine cycle, all bottom-end components experience cyclic loading conditions. Under such conditions, fatigue rather than static overload becomes the governing failure mechanism.
Fatigue performance was evaluated using mean stress and alternating stress, calculated from the maximum and minimum stresses obtained in the stress analysis:

These values were compared against the material endurance limit and ultimate tensile strength using the Goodman fatigue criterion. Goodman diagrams were used to visually assess the operating stress state of each component relative to the fatigue failure boundary.
The results indicated that all components remained within safe fatigue limits at the baseline operating speed, with the connecting rod bolt identified as the most fatigue-critical component due to its higher mean stress level.


7.0 Results & Critical Analysis 
[bookmark: _Toc224996630]7.1 Resultant Rod Force Characteristics at 6000 RPM
The variation of Resultant Con Rod force against crank angle at 6000 RPM is represented in figure 10. The force profile shows a compressive peak shortly after TDC during combustion. The ‘Peak’ occurs because of high cylinder gas pressure in combination with piston inertia acting in the same direction. The maximum compressive force was calculated to be approximately 40kN.
During the exhaust and intake strokes of the combustion cycle, the resultant force drops significantly and becomes tensile, with a minimum value of approximately -6kN. At this point in the cycle, cylinder pressure is low and piston inertia dominates loading behaviour. The alternating nature of the force during the engine cycle reflects the transition between combustion-driven compression loading and inertia-driven tensile loading. 
The overall force profile shows how the connecting rod experiences predominantly compressive loading with smaller tensile excursions. These findings have a substantial impact for both structural integrity and fatigue behaviour of specified components.


[bookmark: _Toc224996631]7.2 Component Stress Response 
[bookmark: _Toc224996632]7.2.1Connecting Rod Mid-Section
Stress at the rod midpoint was determined assuming axial loading from the resultant piston force. Maximum compressive and tensile stresses were calculated using the minimum cross-sectional area of the rod.
Results showed that compressive stress during combustion (~205 MPa) was significantly greater than tensile stress (~30 MPa), as peak gas pressure acts in the same direction as piston inertia shortly after TDC. Although tensile stresses were relatively small, cyclic stress variation produced a measurable alternating stress component which governs fatigue behaviour.Figure 12, Goodman Diagram for Connecting Rod at 6000 RPM



[bookmark: _Toc224996633]7.2.2 Gudgeon Pin 
The gudgeon pin was modelled as a simply supported beam subjected to the resultant piston load. Peak bending stress was calculated at the pin centre using classical beam theory.
A maximum bending stress of approximately 273 MPa occurred during combustion loading, while minimum stress during tensile phases reduced to around 40 MPa. Compared with the rod mid-section, the pin operates at a higher proportion of its material strength due to the bending stress mechanism. Consequently, the alternating stress component is larger, making the gudgeon pin a fatigue-sensitive element within the piston assembly.Figure 13, Goodman Diagram for Gudgeon Pin at 6000 RPM





[bookmark: _Toc224996634]7.2.3 Conrod Bolt 
 Unlike the rod and gudgeon pin, the bolt does not experience the full resultant rod force directly. Instead, the external load is shared between the bolt and clamped members depending on joint stiffness. A joint stiffness model was therefore used to determine the proportion of load transferred to the bolt.
Total bolt stress consisted of preload stress combined with additional tensile stress generated by inertia-dominated loading near exhaust TDC. Although the fluctuating component of bolt stress was relatively small, the high mean stress level significantly influenced fatigue performance. This resulted in a lower fatigue margin compared with the rod body.Figure 14, Goodman Diagram for Connecting Rod Bolt at 6000 RPM



[bookmark: _Toc224996635]

7.3 Fatigue Safety Factor Evaluation
Fatigue safety factors were evaluated using the Goodman failure criterion based on calculated mean and alternating stresses.
The connecting rod midpoint exhibited the highest fatigue safety factor (3.2), primarily due to dominant compressive loading and low tensile stress amplitude. In contrast, the gudgeon pin showed a reduced safety factor (2.4), reflecting the influence of bending stresses and increased cyclic loading.
The connecting rod bolt produced the lowest safety factor (1.4), despite relatively small stress fluctuations. This behaviour is governed by high preload-induced mean stress, which reduces fatigue margin even when alternating stress is limited. Overall, the bolt was identified as the durability-critical component under baseline operating conditions.


[bookmark: _Toc224996636]7.4 Extended Speed Analysis (9000 rpm)
[bookmark: _Toc224996637]To assess high-speed durability, the analysis was repeated at 9000 rpm, where inertial forces increase with the square of angular velocity. 
7.4.1 Effect on Resultant Rod Force  
[bookmark: _Toc224996638]At higher speed, inertia forces increased substantially, altering both the magnitude and distribution of resultant rod force. Peak compressive force reduced slightly due to increased opposing inertia during combustion, while tensile loading near exhaust TDC became more pronounced. 
7.4.2 Effect on Component Stress Behaviour 
[bookmark: _Toc224996639]The connecting rod midpoint experienced reduced peak compressive stress, resulting in a slight increase in fatigue safety factor. Similarly, the gudgeon pin exhibited reduced bending stress levels and improved fatigue margin.
However, the connecting rod bolt remained highly stressed. Increased inertia raised additional tensile loading within the joint, maintaining a relatively low fatigue safety factor compared with the other components.
7.4.3 Critical Component Identification 
[bookmark: _Toc224996640]Comparison of fatigue safety factors across engine speeds confirmed that the connecting rod bolt governs the fatigue performance of the bottom-end assembly. While the rod and gudgeon pin remain within acceptable safety limits, the bolt operates closest to its fatigue threshold, highlighting the importance of preload control and joint stiffness design at high engine speeds.


 8.0 Conrod Bolt Redesign
[bookmark: _Toc224996641]8.1 Redesign Strategy
[bookmark: _Toc224996642]The bolt redesign targeted two primary parameters influencing fatigue behaviour: bolt tensile cross-sectional area and effective working length.
The original bolt area of 42.43 mm² was increased to 60 mm², reducing nominal tensile stress under both preload and dynamic loading. In addition, the effective working length was increased from 27.26 mm to 50 mm, reducing bolt stiffness and improving joint compliance. This change lowered the stiffness ratio of the joint and therefore reduced the proportion of external load transferred to the bolt.
8.2 Effect on Stress and Fatigue Safety Factor
[bookmark: _Toc224996643]Re-evaluation at 9000 rpm showed that the redesigned bolt experienced reduced alternating stress due to improved load sharing within the joint. Although mean stress remained high because of preload requirements, the reduction in stress amplitude increased the fatigue safety factor from 1.27 to approximately 1.35.
This represents a partial recovery in fatigue margin toward the baseline 6000 rpm value (1.39), indicating that the revised geometry provides improved durability under high-speed operating conditions.
8.3 Design Trade-Offs
Increasing bolt cross-section increases mass and packaging constraints within the assembly. Similarly, increasing effective working length reduces bolt stiffness, which may lower joint rigidity and clamping stability under severe dynamic loading.
The final redesigned configuration therefore represents a compromise between fatigue performance, structural stiffness and geometric feasibility, highlighting the balance required in high-speed engine fastener design.
	Case
	Bolt FSF

	6000 rpm
	1.39

	9000 rpm Original
	1.27

	9000 rpm Re-designed
	1.35



[bookmark: _Toc224996644]

9.0 Conclusions
[bookmark: _Toc224996645]This study evaluated the dynamic loading and fatigue behaviour of key bottom-end components in a high-speed slider-crank mechanism using measured cylinder pressure data and kinematic analysis. Gas and inertia forces were determined across the engine cycle and used to calculate stresses within the connecting rod, gudgeon pin and connecting rod bolt.
At 6000 rpm, all components operated within acceptable fatigue limits, although the connecting rod bolt showed the lowest safety margin. Increasing engine speed to 9000 rpm significantly increased inertial loading, leading to a redistribution of stresses and a reduction in bolt fatigue safety factor, confirming it as the governing durability component.
A geometric redesign of the bolt was therefore implemented. Increasing the tensile cross-sectional area reduced nominal stress, while increasing the effective working length improved joint compliance and reduced load transfer to the fastener. This resulted in an improved fatigue safety factor at high engine speed, demonstrating enhanced durability under extended operating conditions.
Overall, the results highlight the sensitivity of bottom-end fatigue performance to engine speed and joint stiffness characteristics. The analytical approach provides a structured method for identifying fatigue-critical components and guiding geometry-based design improvements in high-performance engine applications.
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Variation of Piston Accel Against Crank Angle @ 6000RPM 

Piston Acceleration	-360	-359	-358	-357	-356	-355	-354	-353	-352	-351	-350	-349	-348	-347	-346	-345	-344	-343	-342	-341	-340	-339	-338	-337	-336	-335	-334	-333	-332	-331	-330	-329	-328	-327	-326	-325	-324	-323	-322	-321	-320	-319	-318	-317	-316	-315	-314	-313	-312	-311	-310	-309	-308	-307	-306	-305	-304	-303	-302	-301	-300	-299	-298	-297	-296	-295	-294	-293	-292	-291	-290	-289	-288	-287	-286	-285	-284	-283	-282	-281	-280	-279	-278	-277	-276	-275	-274	-273	-272	-271	-270	-269	-268	-267	-266	-265	-264	-263	-262	-261	-260	-259	-258	-257	-256	-255	-254	-253	-252	-251	-250	-249	-248	-247	-246	-245	-244	-243	-242	-241	-240	-239	-238	-237	-236	-235	-234	-233	-232	-231	-230	-229	-228	-227	-226	-225	-224	-223	-222	-221	-220	-219	-218	-217	-216	-215	-214	-213	-212	-211	-210	-209	-208	-207	-206	-205	-204	-203	-202	-201	-200	-199	-198	-197	-196	-195	-194	-193	-192	-191	-190	-189	-188	-187	-186	-185	-184	-183	-182	-181	-180	-179	-178	-177	-176	-175	-174	-173	-172	-171	-170	-169	-168	-167	-166	-165	-164	-163	-162	-161	-160	-159	-158	-157	-156	-155	-154	-153	-152	-151	-150	-149	-148	-147	-146	-145	-144	-143	-142	-141	-140	-139	-138	-137	-136	-135	-134	-133	-132	-131	-130	-129	-128	-127	-126	-125	-124	-123	-122	-121	-120	-119	-118	-117	-116	-115	-114	-113	-112	-111	-110	-109	-108	-107	-106	-105	-104	-103	-102	-101	-100	-99	-98	-97	-96	-95	-94	-93	-92	-91	-90	-89	-88	-87	-86	-85	-84	-83	-82	-81	-80	-79	-78	-77	-76	-75	-74	-73	-72	-71	-70	-69	-68	-67	-66	-65	-64	-63	-62	-61	-60	-59	-58	-57	-56	-55	-54	-53	-52	-51	-50	-49	-48	-47	-46	-45	-44	-43	-42	-41	-40	-39	-38	-37	-36	-35	-34	-33	-32	-31	-30	-29	-28	-27	-26	-25	-24	-23	-22	-21	-20	-19	-18	-17	-16	-15	-14	-13	-12	-11	-10	-9	-8	-7	-6	-5	-4	-3	-2	-1	0	1	2	3	4	5	6	7	8	9	10	11	12	13	14	15	16	17	18	19	20	21	22	23	24	25	26	27	28	29	30	31	32	33	34	35	36	37	38	39	40	41	42	43	44	45	46	47	48	49	50	51	52	53	54	55	56	57	58	59	60	61	62	63	64	65	66	67	68	69	70	71	72	73	74	75	76	77	78	79	80	81	82	83	84	85	86	87	88	89	90	91	92	93	94	95	96	97	98	99	100	101	102	103	104	105	106	107	108	109	110	111	112	113	114	115	116	117	118	119	120	121	122	123	124	125	126	127	128	129	130	131	132	133	134	135	136	137	138	139	140	141	142	143	144	145	146	147	148	149	150	151	152	153	154	155	156	157	158	159	160	161	162	163	164	165	166	167	168	169	170	171	172	173	174	175	176	177	178	179	180	181	182	183	184	185	186	187	188	189	190	191	192	193	194	195	196	197	198	199	200	201	202	203	204	205	206	207	208	209	210	211	212	213	214	215	216	217	218	219	220	221	222	223	224	225	226	227	228	229	230	231	232	233	234	235	236	237	238	239	240	241	242	243	244	245	246	247	248	249	250	251	252	253	254	255	256	257	258	259	260	261	262	263	264	265	266	267	268	269	270	271	272	273	274	275	276	277	278	279	280	281	282	283	284	285	286	287	288	289	290	291	292	293	294	295	296	297	298	299	300	301	302	303	304	305	306	307	308	309	310	311	312	313	314	315	316	317	318	319	320	321	322	323	324	325	326	327	328	329	330	331	332	333	334	335	336	337	338	339	340	341	342	343	344	345	346	347	348	349	350	351	352	353	354	355	356	357	358	359	20947.984918513925	20942.564799560692	20926.308810193859	20899.230048252091	20861.35032800533	20812.700156982082	20753.318703565757	20683.253755397989	20602.561668637798	20511.307308136231	20409.563978596441	20297.413346800236	20174.945354992156	20042.258125522785	19899.45785686306	19746.658711111591	19583.982693126902	19411.559521426236	19229.526491002362	19038.028328219025	18837.217037955241	18627.251743177392	18408.298517127118	18180.53020832139	17944.126258569853	17699.272514222259	17446.161030866951	17184.989871708862	16915.962899862709	16639.289564804407	16355.184683230043	16063.868214578644	15765.565031480624	15460.504685400154	15148.921167744731	14831.052666720603	14507.141320217637	14177.432965011307	13842.176882574222	13501.625541792837	13156.03433888881	12805.66133484722	12450.766990656979	12091.613900670714	11728.466524393572	11361.590917012092	10991.254458975087	10617.725584940024	10241.273512398175	9862.1679702924066	9480.6789279407494	9097.0763245788148	8711.6297998324972	8324.6084254313555	7936.2804384712872	7546.9129765325788	7156.7718149575694	6766.1211065885955	6375.2231242642001	5984.3380063673821	5593.7235057165153	5203.6347420844959	4814.3239586274685	4426.0402824994999	4039.0294899238697	3653.5337759866843	3269.7915294119102	2888.0371125711545	2508.5006469744694	2131.4078044822686	1756.979604470637	1385.4322171752992	1016.9767734317915	651.81918102111831	290.15994782258343	-67.805988033575986	-421.88942082927377	-771.90703256228926	-1117.6815407239458	-1459.0418383939923	-1795.8231265050492	-2127.8670381385773	-2455.0217547245102	-2777.1421140260031	-3094.0897098014625	-3405.7329830457484	-3711.9473047232136	-4012.6150499150854	-4307.6256633147677	-4596.8757160148689	-4880.2689535404543	-5157.7163350939554	-5429.1360639873974	-5694.4536092488988	-5953.6017184006869	-6206.5204214170808	-6453.1570258810907	-6693.4661033694483	-6927.4094671063331	-7154.9561409365806	-7376.0823196800175	-7590.7713209385147	-7799.0135284382359	-8000.8063269993618	-8196.1540292361242	-8385.0677940994901	-8567.5655373851623	-8743.6718343389421	-8913.4178145011283	-9076.8410489411053	-9233.9854300420957	-9384.9010440053989	-9529.6440362518861	-9668.2764699072541	-9800.8661775655855	-9927.4866065340702	-10048.216657769313	-10163.140518723303	-10272.347490324333	-10375.931808325106	-10473.992459256966	-10566.632991235585	-10653.961319869524	-10736.08952952879	-10813.133670236015	-10885.213550448014	-10952.452526000174	-11014.977285490731	-11072.917632385916	-11126.406264130839	-11175.578548554344	-11220.572297859128	-11261.527540491032	-11298.586291183852	-11331.892319477893	-11361.590917012098	-11387.828663890774	-11410.753194426879	-11430.512962564133	-11447.257007280507	-11461.134718275222	-11472.29560224082	-11480.889050020794	-11487.064104951938	-11490.969232688762	-11492.752092805178	-11492.559312466274	-11490.536262459971	-11486.826835875308	-11481.573229710451	-11474.915729689601	-11466.992498563788	-11457.939368165853	-11447.889635485066	-11436.973863021514	-11425.319683674867	-11413.051610416185	-11400.290850985299	-11387.15512784971	-11373.758503654271	-11360.211212383774	-11346.619496453224	-11333.085449933031	-11319.70686810842	-11306.577103564312	-11293.78492897853	-11281.414406797667	-11269.54476596114	-11258.250285829981	-11247.60018746772	-11237.658532411382	-11228.484129061078	-11220.130446806963	-11212.645538002525	-11206.071967883214	-11200.446752519259	-11195.801304881434	-11192.161389088111	-11189.547082891684	-11187.972748451872	-11187.447011433025	-11187.972748451872	-11189.547082891684	-11192.161389088111	-11195.801304881434	-11200.446752519261	-11206.071967883214	-11212.645538002525	-11220.130446806963	-11228.484129061077	-11237.65853241138	-11247.60018746772	-11258.250285829983	-11269.54476596114	-11281.414406797667	-11293.78492897853	-11306.577103564314	-11319.70686810842	-11333.085449933029	-11346.619496453224	-11360.211212383774	-11373.758503654271	-11387.15512784971	-11400.2908509853	-11413.051610416185	-11425.319683674867	-11436.973863021514	-11447.889635485066	-11457.939368165853	-11466.992498563788	-11474.915729689601	-11481.573229710451	-11486.826835875308	-11490.536262459971	-11492.559312466272	-11492.752092805178	-11490.96923268876	-11487.064104951938	-11480.889050020794	-11472.29560224082	-11461.134718275223	-11447.257007280507	-11430.512962564131	-11410.753194426881	-11387.828663890774	-11361.590917012098	-11331.892319477893	-11298.58629118385	-11261.527540491032	-11220.572297859129	-11175.578548554344	-11126.406264130837	-11072.917632385917	-11014.977285490731	-10952.452526000174	-10885.213550448014	-10813.133670236015	-10736.08952952879	-10653.961319869524	-10566.632991235583	-10473.992459256962	-10375.931808325107	-10272.347490324333	-10163.140518723299	-10048.216657769313	-9927.4866065340702	-9800.8661775655855	-9668.2764699072541	-9529.6440362518842	-9384.9010440053953	-9233.9854300420957	-9076.8410489411053	-8913.4178145011265	-8743.6718343389366	-8567.5655373851623	-8385.0677940994938	-8196.1540292361242	-8000.80632699936	-7799.0135284382295	-7590.7713209385183	-7376.0823196800166	-7154.9561409365788	-6927.4094671063267	-6693.466103369451	-6453.1570258810934	-6206.5204214170808	-5953.6017184006832	-5694.4536092488916	-5429.136063987401	-5157.7163350939545	-4880.2689535404506	-4596.8757160148616	-4307.6256633147714	-4012.6150499150854	-3711.9473047232132	-3405.7329830457434	-3094.0897098014534	-2777.1421140260059	-2455.0217547245102	-2127.8670381385723	-1795.8231265050404	-1459.0418383939964	-1117.6815407239453	-771.90703256228926	-421.88942082926928	-67.805988033567061	290.15994782257894	651.81918102112013	1016.9767734317968	1385.4322171753092	1756.9796044706334	2131.4078044822691	2508.5006469744703	2888.0371125711599	3269.7915294119211	3653.5337759866802	4039.0294899238706	4426.0402824995053	4814.3239586274794	5203.6347420844913	5593.7235057165153	5984.3380063673831	6375.2231242642056	6766.1211065886073	7156.7718149575639	7546.9129765325815	7936.2804384712936	8324.6084254313664	8711.6297998324899	9097.0763245788148	9480.6789279407531	9862.1679702924121	10241.273512398187	10617.725584940021	10991.254458975087	11361.590917012098	11728.466524393581	12091.613900670707	12450.766990656979	12805.661334847224	13156.034338888818	13501.625541792846	13842.176882574218	14177.432965011307	14507.141320217641	14831.052666720612	15148.921167744726	15460.504685400154	15765.565031480626	16063.868214578652	16355.184683230054	16639.289564804403	16915.962899862712	17184.989871708865	17446.161030866959	17699.272514222255	17944.12625856985	18180.53020832139	18408.298517127121	18627.251743177399	18837.217037955241	19038.028328219025	19229.526491002362	19411.559521426239	19583.982693126902	19746.658711111591	19899.45785686306	20042.258125522789	20174.94535499216	20297.413346800236	20409.563978596441	20511.307308136231	20602.561668637802	20683.253755397986	20753.318703565757	20812.700156982082	20861.35032800533	20899.230048252091	20926.308810193859	20942.564799560692	20947.984918513925	20942.564799560692	20926.308810193859	20899.230048252091	20861.35032800533	20812.700156982082	20753.318703565757	20683.253755397986	20602.561668637802	20511.307308136231	20409.563978596441	20297.413346800236	20174.94535499216	20042.258125522789	19899.45785686306	19746.658711111591	19583.982693126902	19411.559521426239	19229.526491002362	19038.028328219025	18837.217037955241	18627.251743177399	18408.298517127121	18180.53020832139	17944.12625856985	17699.272514222255	17446.161030866959	17184.989871708865	16915.962899862712	16639.289564804403	16355.184683230054	16063.868214578652	15765.565031480626	15460.504685400154	15148.921167744726	14831.052666720612	14507.141320217641	14177.432965011307	13842.176882574218	13501.625541792846	13156.034338888818	12805.661334847224	12450.766990656979	12091.613900670707	11728.466524393581	11361.590917012098	10991.254458975087	10617.725584940021	10241.273512398187	9862.1679702924121	9480.6789279407531	9097.0763245788148	8711.6297998324899	8324.6084254313664	7936.2804384712936	7546.9129765325815	7156.7718149575639	6766.1211065886073	6375.2231242642056	5984.3380063673831	5593.7235057165153	5203.6347420844913	4814.3239586274794	4426.0402824995053	4039.0294899238706	3653.5337759866802	3269.7915294119211	2888.0371125711599	2508.5006469744703	2131.4078044822691	1756.9796044706334	1385.4322171753092	1016.9767734317968	651.81918102112013	290.15994782257894	-67.805988033567061	-421.88942082926928	-771.90703256228926	-1117.6815407239453	-1459.0418383939964	-1795.8231265050404	-2127.8670381385723	-2455.0217547245102	-2777.1421140260059	-3094.0897098014534	-3405.7329830457434	-3711.9473047232132	-4012.6150499150854	-4307.6256633147714	-4596.8757160148616	-4880.2689535404506	-5157.7163350939545	-5429.136063987401	-5694.4536092488916	-5953.6017184006832	-6206.5204214170808	-6453.1570258810934	-6693.466103369451	-6927.4094671063267	-7154.9561409365788	-7376.0823196800166	-7590.7713209385183	-7799.0135284382295	-8000.80632699936	-8196.1540292361242	-8385.0677940994938	-8567.5655373851623	-8743.6718343389366	-8913.4178145011265	-9076.8410489411053	-9233.9854300420957	-9384.9010440053953	-9529.6440362518842	-9668.2764699072541	-9800.8661775655855	-9927.4866065340702	-10048.216657769313	-10163.140518723299	-10272.347490324333	-10375.931808325107	-10473.992459256962	-10566.632991235583	-10653.961319869524	-10736.08952952879	-10813.133670236015	-10885.213550448014	-10952.452526000174	-11014.977285490731	-11072.917632385917	-11126.406264130837	-11175.578548554344	-11220.572297859129	-11261.527540491032	-11298.58629118385	-11331.892319477893	-11361.590917012098	-11387.828663890774	-11410.753194426881	-11430.512962564131	-11447.257007280507	-11461.134718275223	-11472.29560224082	-11480.889050020794	-11487.064104951938	-11490.96923268876	-11492.752092805178	-11492.559312466272	-11490.536262459971	-11486.826835875308	-11481.573229710451	-11474.915729689601	-11466.992498563788	-11457.939368165853	-11447.889635485066	-11436.973863021514	-11425.319683674867	-11413.051610416185	-11400.2908509853	-11387.15512784971	-11373.758503654271	-11360.211212383774	-11346.619496453224	-11333.085449933029	-11319.70686810842	-11306.577103564314	-11293.78492897853	-11281.414406797667	-11269.54476596114	-11258.250285829983	-11247.60018746772	-11237.65853241138	-11228.484129061077	-11220.130446806963	-11212.645538002525	-11206.071967883214	-11200.446752519261	-11195.801304881434	-11192.161389088111	-11189.547082891684	-11187.972748451872	-11187.447011433025	-11187.972748451872	-11189.547082891684	-11192.161389088111	-11195.801304881434	-11200.446752519259	-11206.071967883214	-11212.645538002525	-11220.130446806963	-11228.484129061078	-11237.658532411382	-11247.60018746772	-11258.250285829981	-11269.54476596114	-11281.414406797667	-11293.78492897853	-11306.577103564312	-11319.70686810842	-11333.085449933031	-11346.619496453224	-11360.211212383774	-11373.758503654271	-11387.15512784971	-11400.290850985299	-11413.051610416185	-11425.319683674867	-11436.973863021514	-11447.889635485066	-11457.939368165853	-11466.992498563788	-11474.915729689601	-11481.573229710451	-11486.826835875308	-11490.536262459971	-11492.559312466274	-11492.752092805178	-11490.969232688762	-11487.064104951938	-11480.889050020794	-11472.29560224082	-11461.134718275222	-11447.257007280507	-11430.512962564133	-11410.753194426879	-11387.828663890774	-11361.590917012098	-11331.892319477893	-11298.586291183852	-11261.527540491032	-11220.572297859128	-11175.578548554344	-11126.406264130839	-11072.917632385916	-11014.977285490731	-10952.452526000174	-10885.213550448014	-10813.133670236015	-10736.08952952879	-10653.961319869524	-10566.632991235585	-10473.992459256966	-10375.931808325106	-10272.347490324333	-10163.140518723303	-10048.216657769313	-9927.4866065340702	-9800.8661775655855	-9668.2764699072541	-9529.6440362518861	-9384.9010440053989	-9233.9854300420957	-9076.8410489411053	-8913.4178145011283	-8743.6718343389421	-8567.5655373851623	-8385.0677940994901	-8196.1540292361242	-8000.8063269993618	-7799.0135284382359	-7590.7713209385147	-7376.0823196800175	-7154.9561409365806	-6927.4094671063331	-6693.4661033694483	-6453.1570258810907	-6206.5204214170808	-5953.6017184006869	-5694.4536092488988	-5429.1360639873974	-5157.7163350939554	-4880.2689535404543	-4596.8757160148689	-4307.6256633147677	-4012.6150499150854	-3711.9473047232136	-3405.7329830457484	-3094.0897098014625	-2777.1421140260031	-2455.0217547245102	-2127.8670381385773	-1795.8231265050492	-1459.0418383939923	-1117.6815407239458	-771.90703256228926	-421.88942082927377	-67.805988033575986	290.15994782258343	651.81918102111831	1016.9767734317915	1385.4322171752992	1756.979604470637	2131.4078044822686	2508.5006469744694	2888.0371125711545	3269.7915294119102	3653.5337759866843	4039.0294899238697	4426.0402824994999	4814.3239586274685	5203.6347420844959	5593.7235057165153	5984.3380063673821	6375.2231242642001	6766.1211065885955	7156.7718149575694	7546.9129765325788	7936.2804384712872	8324.6084254313555	8711.6297998324972	9097.0763245788148	9480.6789279407494	9862.1679702924066	10241.273512398175	10617.725584940024	10991.254458975087	11361.590917012092	11728.466524393572	12091.613900670714	12450.766990656979	12805.66133484722	13156.03433888881	13501.625541792837	13842.176882574222	14177.432965011307	14507.141320217637	14831.052666720603	15148.921167744731	15460.504685400154	15765.565031480624	16063.868214578644	16355.184683230043	16639.289564804407	16915.962899862709	17184.989871708862	17446.161030866951	17699.272514222259	17944.126258569853	18180.53020832139	18408.298517127118	18627.251743177392	18837.217037955241	19038.028328219025	19229.526491002362	19411.559521426236	19583.982693126902	19746.658711111591	19899.45785686306	20042.258125522785	20174.945354992156	20297.413346800236	20409.563978596441	20511.307308136231	20602.561668637798	20683.253755397989	20753.318703565757	20812.700156982082	20861.35032800533	20899.230048252091	20926.308810193859	20942.564799560692	Crank Angle (θ) 


Piston Acceleration




Variation of Resultant Force With Crank Angle @ 6000RPM
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Force (N)




Goodman Diagram - Connecting Rod @6000RPM 

Conrod Stress Point	117.628604	87.338673799999995	Conrod Goodman Line	0	1000	450	0	Mean Stress σm (MPa)


Alternating Stress σa (MPa)





Goodman Diagram – Gudgeon Pin @6000RPM

Pin Stress Point	156.58641499999999	116.264661	Goodman Line 	0	1000	450	0	Mean Stress σm (MPa)


Alternating Stress σa (MPa)




Goodman Diagram - Conrod Bolt @6000RPM

Bolt Goodman Line 	0	1100	495	0	Bolt Stress Point 	757.41673366409725	14.916733664097251	Mean Stress σm (MPa)


Alternating Stress σa (MPa)
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Ford EcoBoost 1.6 GDTi Specifications
Bore Diameter = 79mm

Crank Radius = 40.7mm

Connecting Rod Length = 134mm
Reciprocating Mass = 347g

Rotational Mass = 313g

Piston Mass = 268g

Ring Masses = 9g

Clips Mass = 5g

Pin Mass = 28g
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il Crank Ang! Crank Angl Cylinder Pt Pressuer (IGas Force Cos8  Cos28  Piston Acc Inertia For Resultant Rod Force (N)

2 -360 -6.28319 2.7135 271350 1330.068 1 1 20947.98 7268.951 -5938.88

-359 -6.26573  2.6975 269750 1322.225 0.999848 0.999391 20942.56 7267.07 -5944.84
4 -358 -6.24828 2.67825 267825 1312.79 0.999391 0.997564 20926.31 7261.429 -5948.64
5 -357 -6.23083 2.67175 267175 1309.604 0.99863 0.994522 20899.23 7252.033 -5942.43

6 -356 -6.21337 2.65575 265575 1301.761 0.997564 0.990268 20861.35 7238.889 -5937.13
-355 -6.19592 2.6335 263350 1290.855 0.996195 0.984808 20812.7 7222.007 -5931.15
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