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Abstract: Objective: Prosthetic limb is an important tool for the patients with physical disabilities. An analytical meth-
od was proposed for the optimum design of prosthetic feet made of carbon-fiber-reinforced composites. Method:
A whole-process analysis approach was presented to analyze the process of impact damage initiation and dam-
age development in prosthetic feet, with subsequent fatigue loading analysis. The real impact damage status of
prosthetic feet was used to analyze the fatigue characteristics, eliminating the assumptions required by traditional
methods. Results: A comparison of fatigue life from numerical simulations and experimental tests showed agree-
ment within 12%. Conclusions: The proposed method avoids the need to perform large number of experiments to
obtain the impact damage status parameters. A parametric modeling program based on the analytical method has
been developed to analyze composite structures with any ply orientation.
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Introduction

For the patients with physical disabilities, pros-
thetic limb is an important tool for them to
return normal life. The weight of a prosthetic
limb directly affects the energy required by its
user to move, influencing its effectiveness and
the comfort of its user. It is therefore desirable
that prosthetic limbs is designed and con-
structed using the lightest materials possible.
Carbon-fiber-reinforced composites have beco-
me a popular choice of material for prosthetic
limb production because they are light, strong,
and resistant to fatigue [1]. However, fiber-rein-
forced composite structures are sensitive to
impact loading, and even low-energy impacts
can significantly decrease structural fatigue
performance, possibly leading to catastrophic
failure [2]. To ensure their safe use in prosthetic
limbs, it is important to thoroughly understand
the mechanisms of impact damage and fatigue
in structural components made of carbon-fiber-
reinforced composite materials. These sub-
jects have been explored in previous work using
a combination of experimental observations
and computer simulations [3-5].

Long [6], Shi [7], and Xiao [8] carried out com-
putational analyses to predict post-impact
delamination, intra- and interlayer cracking,
and impact damage area within laminates.
Tarpani [9] performed impact and fatigue exper-
iments on carbon-fiber-reinforced poly-phenyl-
ene sulfide laminate coupons. Koo [10] pro-
posed a theoretical model for predicting post-
impact fatigue life of woven carbon-fiber-rein-
forced plastic composite laminates. In this
model, the impact-damaged area was replaced
with an equivalent hole notch. Zhang [11] pre-
fabricated composite laminates with impacted
or quasi-static indented damage using two
material systems. Static compression strength
and compression-compression fatigue testing
were carried out and revealed that, quasi-static
indentation could not be considered equivalent
to impact damage. Naderi [12] proposed a lin-
ear fatigue damage model to predict the residu-
al fatigue strength of post-impact laminates.
This model was based on a series of impact
and post-impact fatigue experiments on fiber-
reinforced composite laminates and, although
effective, this model required separate testing
to determine the model parameters for each
material system.
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Table 1. Material property degradation rules

Damage mode E E E

G G G u u u

o vy 2 M vz 2 y 2 Xz
Fiber crushing 0.07E,, 0.0?Eyy 0.07E,, 0.0?ny O.O7GyZ 0.07G, 0-07ny 0.07uyz 0.07u,,
Fiber fracture 0.14E, 0.44E_ 0.14E, 0.4G, 0.4G, 014G, 0.4y 0.14u, 0.14u,
Matrix cracking E, 0.2E, E, 0.2G, 0.2G, G, u, u, u,
Matrix crushing E, O.4Eyy E, O.4ny O.4Gyz G, u, u, u,
Delamination E,, Eyy 0 ny 0 u, 0 0
Fiber-matrix shear-out E. " E, 0 GyZ G, 0 u, u,

In the studies discussed above, the impact pro- Matrix cracking (oyy >0)

cess is analyzed individually or fatigue proper-

ties are predicted based on assumptions about [@]2 + [@]2 + [Q]z >1 )

impact damage. These assumptions not only Y Sy Sy

limit the accuracy of fatigue life predictions,
but also require extensive and costly testing
to determine the correct model parameters.
In present study, a whole-process analysis
approach for exploring the impact and fatigue
damage process was proposed, using the 3D
progressive damage theory. This approach
includes the analysis of the entire damage ini-
tiation and development process of composite
structures under impact loading, the fatigue
loading after impact, and the prediction of
fatigue life. The real impact damage status of
composite structures was used in analyzing the
fatigue property, eliminating the need for the
assumptions required in traditional methods.
This integrated approach will improve the accu-
racy of fatigue life predictions and alleviate the
need for large number of experiments to deter-
mine the impact damage parameters. Further-
more, by using this approach, the fatigue life
can be predicted directly from the impact ener-
gy. Based on the analytical method, a paramet-
ric modeling program has been developed to
predict the impact damage process and fatigue
lifetimes of composite structures with any ply
orientation.

Materials and methods
Impact damage analysis

Composite structures demonstrate five types
of failure mode under impact loading: matrix
cracking, matrix crushing, fiber fracture, fiber
crushing, and delamination. Hou [13] consid-
ered the effect of each type of stress compo-
nent on each of the failure modes and pro-
posed failure criteria for matrix cracking, matrix
crushing, fiber fracture, and delamination. This
paper improved upon these criteria as follows:
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where oijand SU. are the layer stress and shear
strength components, respectively, with refer-
ence to a local coordinate system. In this sys-
tem, the x- and y-axes are parallel and trans-
verse to the fiber direction, respectively, while
the z-axis coincides with the normal direction.
In the denominators of these criteria, the sub-
scripts T and C refer to the tensile and com-
pressive strength, respectively, along the axes
defined by X, Y or Z. S, is the ultimate shear
strength of the fiber.

The corresponding failure mode occurs at the
position in the structure where the stress com-
ponents satisfy any one of the criteria above.
After this, the load capacity of the structure will
change. In this work, a decreased material stiff-
ness at the damaged region was used to char-
acterize the changes in load-bearing capacity,
as shown in Table 1.
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Fatigue damage analysis

Composite structures with impact damage will
be further damaged under fatigue loading.
There are seven types of damage that can
occur: matrix cracking, matrix crushing, fiber-
matrix shear-out, fiber fracture, fiber crushing,
normal tension, and normal compression. The
fatigue failure criteria from Tserpes [14] are
used to describe these failure modes as
follows:

Matrix cracking fatigue failure criterion (o, > 0)

Oy 24 Oxy 24 Oy
YT(nr g, k) Sxy(n, o, k) Syl(n! o, k)

[ 1’>1 (6)

Matrix crushing fatigue failure criterion (oyy <0)

Oy
Ye(n, 0, K)

ny
Sy(n,0,k)

Gyz
S.VZ (nr U! k)

[ 1"+ 1"+ I’=1(7)

Fiber-matrix shear-out fatigue failure criterion
0,<0)

UXX
Xe(n, 0, k)

Oxy
Sy (n, 0,k)

UXZ
S..(n,0,k)

[ 1"+ 1"+ 1°>1(8)

Fiber fracture fatigue failure criterion (o._ > 0)

XX

Ox
Sy(n, 0, k)

GXX
Xr(n, 0, k)

GXZ
S« (n, 0, k)

[ 1"+ 1"+ 1°=1(9)

Fiber crushing fatigue failure criterion (o, < 0)

Oun 2
[Xc(n,d,k)] =1 (10)

Normal tension fatigue failure criterion (o,, 2 0)
[ 2 o

0.
Cs.no k)’

Z:(n, 0, k)

[ ] * +[SYZ(nIGrk)] 21(11)
Normal compression fatigue failure criterion

©,<0)

GZZ
Zc(n, 0, k)

[ GXZ
S.z(n, 0, k)

Oy )
[Sﬂ(n’ g}k)] >1 (12)

[ 1° + 1”+
where X(n,o,k), Y(n,0,k), and Z(n,o,k) are the
longitudinal, transverse, and normal residual
fatigue strength of unidirectional plies under
uniaxial fatigue loading conditions, respective-
ly. The subscripts T and C represent tension
and compression, respectively. Sxy(n,o,k) is the
in-plane shear residual fatigue strength of uni-
directional plies under uniaxial shearing fatigue

loading. S _(n,0,k) and Syz(n,o,k) are the out-of-
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plane shear residual fatigue strengths of unidi-
rectional plies under uniaxial shearing fatigue
loading, n is the number of load cycles, o is
stress, and k is the stress ratio. The corre-
sponding failure mode occurs when any of the
resulting stress components satisfies one of
the criteria above.

Under fatigue load cycling, the load-bearing
capacity of a material will decrease with an
increasing number of loading cycles and the
occurrence of fatigue damage. In this work,
both the gradual and sudden degradation mod-
els were used to describe the observed chang-
es in the load-bearing capacity of the material.

(1) Gradual degradation model

Under fatigue loading, the load-bearing proper-
ties of the material will gradually decrease as
the number of load cycles increases. A gradual
degradation model, based on the criteria pro-
posed by Shokrieh [15], is used to describe
these changes:

_ logn - 10g0.25 ,
R(no, k) ={1-[— — Ro-0)+o (13
(n,0,k) ={ [Iong-IogO.25]} (Ro-0)+0 (13)

| - 2 )
E(n,0,k) = (1 - 22108020 1y p L 04, O (14)
logN; - 10g0.25 & &

where R, and E; are the initial strength and
stiffness of undamaged material, respectively,
€, is the average strain to failure, 0 is the maxi-
mum fatigue stress level, k is the stress ratio,
and N_is the fatigue life of unidirectional plies
under a given fatigue loading (fixed o and k
values).

(2) Sudden degradation model

As the number of fatigue loading cycles increas-
es, fatigue damage will accumulate. When
cumulative fatigue damage reaches a certain
level, the stress in the structure will satisfy the
fatigue failure criteria, and the corresponding
failure mode will occur. At this time, the load-
bearing properties of the material will undergo
a rapid change, described here using a sudden
degradation model. This model reduces the
load-bearing properties of the material accord-
ing to the type of failure mode that occurs.
According to the equivalent damage principle,
the decrease in load-bearing properties of the
material depends on the failure mode, regard-
less of the type of load that caused the failure.
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Figure 2. Carbon fiber composite prosthetic foot.

Therefore, the types of degradation rules used
here are the same as those in the impact model
(Table 1).

Final failure criterion

In addition to determining the failure mode cri-
teria to predict the fatigue life of composite
structures following impact damage, it is also
necessary to define the criteria for overall
structural damage that renders the structure
unable to bear further loading. During actual
loading processes, when the load-bearing end
of the prosthetic rear keel was overloaded, it
experienced a sudden large displacement lead-
ing to damage of the overall structure. There-
fore, it was determined in this study that the
displacement of this load bearing end would be
compared after every ten load cycles. Structural
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Figure 1. Flowchart
of the whole-process
analysis for compos-
ite structures under
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failure was defined by a 30% increase in dis-
placement.

Flowchart of the model

Based on the proposed numerical model, a
parametric modeling program was developed
to predict the impact damage process and
fatigue life of composite structures with any ply
orientation. The flowchart is shown in Figure 1.
Module A represents the flowchart of impact
damage analysis, while Module B describes
the flowchart of the damage progression and
fatigue life prediction of composite structures
with impact damage under fatigue loading.

Results
Experimental observations

The structure of the specimens used in the
experiments is shown in Figure 2. There are five
structural components: the ankle-foot connec-
tor, the upper plate, the U-shaped front keel,
twin lower plates, and the U-shaped rear keel.
Of these components, the one most easily bro-
ken by compression-compression fatigue load-
ing is the U-shaped rear keel and is, therefore,
the main focus of this work. The thickness of

Int J Clin Exp Med 2017:10(10):14223-14231
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Figure 3. Typical X-radiographs for impact damage. A: 4 J; B: 10 J; C: 16 J.

Figure 4. Fatigue property testing machine for pros-

thetic foot.

Figure 5. Post-impact fatigue fractures. A: Side view;
B: Back view.

the U-shaped rear keel used in these experi-
ments was 2.7 mm and was constructed from
T300/BMP-316 composite materials. The sam-
ple test configuration was: 45°/-45°/0°/0°/
45°/-45°/90°/90°/45°/-45°/90°/90°/45°/-
45°/0°/0°/45°/-45°. Impact energies of 4 J, 10
J, and 16 J were selected.

An instrumented drop-weight machine was
used to impact the specimens. The center of
the U-shaped rear keel was impacted by a 45
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Table 2. Material properties of the T300/
BMP-316

Elastic parameters Strength parameters
E /GPa 128.8 X,/MPa 1298.2

E,/GPa 8.3 X/MPa  1269.4
E,/GPa 8.3 Y,/MPa 53.6
G,/GPa 4.1 Y,/MPa 185.0
G,/GPa 4.1 Z,/MPa 53.6
G,/GPa 4.1 Z/MPa 185.0
u, 0.355 S /MPa  102.0
u, 0.355  S_/MPa 102.0
u, 0.355 S /MPa 102.0
S,/GPa 193.8

mm diameter hemi-spherical impactor weigh-
ing 1.5 kg. The impact energy was varied by
changing the velocity of impact rather than the
weight. Repeated impacts were avoided when
the impactor bounced against the prosthetic
foot. Figure 3 shows typical X-radiographs of
the impact damage, with the light color corre-
sponding to damage.

After impact testing, compression-compres-
sion fatigue life testing was carried out on each
sample. The equipment used is shown in Figure
4. The loading frequency was 1.5 Hz and the
compressive load was 1280 N. Figure 5 shows
typical fatigue damage in which the fractures
intersect the impact-damaged region. In the
fracture zone, matrix cracking and fiber frac-
tures are clearly visible. In the side view, delam-
ination damage is visible.

In order to verify the proposed analytical meth-
od, numerical results were generated from the
model to compare with these experimental
data. The material system was T300/BMP-316,
and its properties are listed in Table 2.

Int J Clin Exp Med 2017:10(10):14223-14231
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Figure 6. Impact damage at different times.

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
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fiber-matrix

delamination fiber crushing fiber fracture

t=1.04ms

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 1% layer is the layer that was struck
by the impactor. For brevity, only the analyses
of the damage progression in the 1%t (45°), 6™
(-45°), 8" (90°), 15* (0°), and 18™ (-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)

Int J Clin Exp Med 2017:10(10):14223-14231
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Figure 7. Progressive damage modeling of selected layers under fatigue loading.
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Figure 8. Displacement of loading point versus
fatigue life cycle curve.

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

14229

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-
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Table 3. Comparison of predicted and experimental impact damage
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Figure 9. Comparing predicted fatigue life cycles with
the experimental results.

Table 4. Predicted and experimental fatigue
life results

Impact Experimental  Numerical Error
energy E/J result log N result log N’ (%)

4 5.01 4.41 -11.97
10 4,53 411 -9.27
16 3.23 3.19 -1.24

ite, could therefore sustain 1560 compression-
compression fatigue loading cycles after a 16 J
impact.

Discussion

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