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Impact damage analysis

Figure 6 shows overall damage to the rear keel 
at different times during impact. The figure 
demonstrates that initially, damage occurs at 
the center where the impactor makes contact. 
Initial damage is mainly matrix cracking and 
delamination. As time increases, impact dam-
age gradually spreads outward from the point 
of impact, and fiber crushing occurs over a larg-
er area. Comparing these images at t=0.92 ms 
and t=1.04 ms, it can be seen that the type and 
extent of damage are identical, indicating that 
by t=0.92 ms, the internal stress within each 
layer had already reached its maximum value, 
resulting in no further spread of the damage.

Fatigue damage analysis after impact

Following impact analysis, the material param-
eters representing the damage status of each 
element can be obtained. According to these 
parameters, the damage of each element in 

the fatigue analysis may be initialized, giving 
the initial condition for fatigue damage analy-
sis. This process avoids assumptions on the 
damage status after impact, and demonstrates 
the whole-process approach to analyzing 
impact and fatigue damage to the composite 
prosthetic foot.

After the impact phase is complete, the rear 
keel is subjected to compression-compression 
fatigue loading. The compressive load was 
1280 N. Figure 7 shows the damage done to 
selected layers of the rear keel after the indi-
cated number of fatigue loading cycles. In the 
figure, the 1st layer is the layer that was struck 
by the impactor. For brevity, only the analyses 
of the damage progression in the 1st (45°), 6th 
(-45°), 8th (90°), 15th (0°), and 18th (-45°) layers 
of the 18-ply U-shaped rear keel, and only a 
portion of the rear keel, are displayed. Figure 7 
shows a number of special characteristics of 
damage propagation during fatigue loading of 
the rear keel: (1) The inner-most layer (layer 1) 

Figure 6. Impact damage at different times.
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was the first to demonstrate fiber-matrix shear-
out, after which fiber fractures occurred. (2) In 
the outer-most layer (layer 18), fiber fractures 
were the first type of damage to occur. Extensive 
fiber fractures occurred in this layer at the 
onset of fatigue loading. (3) Compared to the 
±45° ply layers, damage to the 0° ply layer 

occurred later. Initially, a few delaminations and 
fiber fractures appeared at the impact region in 
the 0° layer. Later, with increasing fatigue 
cycles, these eventually spread to both sides of 
the rear keel. (4) Matrix cracking and matrix 
crushing were the first types of damage to 
appear in the 90° ply layer and subsequently 
delamination occurred. However, even follow-
ing failure of the entire rear keel, there were no 
fiber fractures in this layer.

Finite element analysis was also used to ana-
lyze the displacement of the loading point on 
the bottom surface of the rear keel as the num-
ber of fatigue loading cycles increased. As 
shown in Figure 8, initial changes in the dis-
placement of the loading point were large. 
Subsequently, loading point displacement 
remained relatively steady until it suddenly rose 
again after 1560 loading cycles, indicating that 
the overall structure had been damaged and 
the rear keel was no longer able to support 
fatigue loading. The rear keel of the prosthetic 
foot, made of carbon-fiber-reinforced compos-

Figure 7. Progressive damage modeling of selected layers under fatigue loading.

Figure 8. Displacement of loading point versus 
fatigue life cycle curve.
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ite, could therefore sustain 1560 compression-
compression fatigue loading cycles after a 16 J 
impact.

Discussion

In this study, a whole-process analysis approach 
was proposed to analyze the process of impact 

damage initiation and damage development in 
prosthetic feet, with subsequent fatigue load-
ing analysis. Table 3 shows the experimental 
and predicted impact damage figures of the 
prosthetic foot. The table shows that the dam-
aged area gradually increases with impact 
energy, and the experimental impact damage 
results are consistent with the model. This 
demonstrates the validity of the analytical 
model used in this study and its application in 
predicting impact damage.

Figure 9 presents a comparison of the predict-
ed and actual post-impact fatigue cycles for 
each of the three impact energies, with numeri-
cal data tabulated in Table 4. The cycle num-
bers in the chart and table are expressed loga-
rithmically. Figure 9 and Table 4 exhibit good 
agreement between the predictions and experi-
mental results. This further demonstrates the 
validity of the approach developed in this work, 
including the whole-process analysis method 
and the theoretical analysis model.

In conclusion, a method for the prediction of 
low velocity impact damage and fatigue life of 
composite structures is presented in this work. 
A whole-process analysis method is proposed 
to describe the damage initiation and develop-
ment process of composite structures under 
impact and post-impact fatigue loading. The 
real impact damage status of composite struc-
tures has been applied to analyze the fatigue 
life, improving upon the traditional methods 

Table 3. Comparison of predicted and experimental impact damage
Impact energy E/J 4 10 16

Experimental result

Predicted result

Table 4. Predicted and experimental fatigue 
life results
Impact  
energy E/J

Experimental 
result log N

Numerical 
result log N’

Error 
(%)

4 5.01 4.41 -11.97
10 4.53 4.11 -9.27
16 3.23 3.19 -1.24

Figure 9. Comparing predicted fatigue life cycles with 
the experimental results.
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adopted for analyzing the damage status of 
composite structures after impact. This not 
only improves the predictive power and accu-
racy of the model to estimate fatigue life but 
also avoids the need to perform a large number 
of experiments to obtain the impact damage 
parameters. Furthermore, using this method, 
the fatigue life after impact can be predicted 
directly from the impact energy.
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