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Prostheric manufacturers have developed shock-absorbing pylons
to atterate the transient forces of foor-ground contact in order to
supplement the vesidual capacity of lower limb ampriees. The
purpase of this study was o measure the elastic and damping
properties of two frequently prescribed pylons (the ICON™ Shock
Pylon and the Mercury TT Pyramid Pyvlon) ai frequencies envel-
oping those observed during gait wsing psendo-static compressive
and dvnamic cyclic testing methods. Results showed thar the
spring constants were linear functions of deformation (ranging
Srone 74 1o 11O Nhmm and 91 to 157 Nimm for the ICON and the
TT Pylens, respectively) while the damping force was a function of
the sqreare oot of velocity combined with a coulomb element
(165" 421 and 745" + 102 N for the ICON and the TT Pylon,
respectively). [DOL 10.1115/1,1645865]

Introduction

Transient force g from foor-ground contact have been
implicated in the initiation and progression of osteoarthritis [ 1.2],
low back disorders [3], and injuries related to muscle tears, stress
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fractures, and skin ulcers [4.5]. Interventions that attenuate these

] shoe insoles, have been shown to
reduce the incidence of injuries in intact individuals [6.7]. Lower
limb ampuotees, who by definition have reduced shock-absorbing
capacity, may be prescribed prosthetic components such as shock-
absorbing pylons (SAPs) that are intended to supplement their
residual ability, Unfortunately, linle is known about the efficacy
and performance of shock-absorbing pylons,

The purpose of this study was to measure elastic and damping
properties of two commonly prescribed shock-absorbing pylons at
frequencies enveloping those observed during walking gait [8].
When coupled with forthcoming outcome measures identilying
amputees” mobility, level of fatigue and pain, and perceived pros-
thesis comfort as a function of componentry, the results of this
study will provide the engineering-based explanations to support
observed outcomes.

Materials and Methods

Prosthetic turers have developed SAPs thal. in contrast
to conventional rigid pylons, allow for axial energy diss
Only translational energy dissipation, in the long axis of the py-
lon, was considered in this study. Using prescription frequency at
the Veterans Affairs Puget Sound Health Care  System
(VAPSHCS; Seattle, WA) as a guideline, two SAPs were selected
for testing: the ICON™ Shock Pylon (Ossur, Reykjavik, Teeland)
and the Mercury™ TT (Telescopic Torsion) Pyramid Pylon (Chas
A. Blarchford & Sons, Ltd., Hampshire, England, UK). Each py-
lon can be configured by a prosthetist with the appropriate dlL
compression spring based upon the amputee’s weight and a
level. For this study, four ICON pylons we .u_h outfitted with
one of the manufacturer’s four stiffest springs (in order of increas-
ing stiffness: id, i3, i6, and i7) and three TT Pylons with one of the
three available springs (in order of increasing stiffness: Purple,
White, and Black) to reflect the somewhat heavier body mass of
VAPSHCS patients [9,10].

Pscudo-static compressive testing was performed with an MTS
(Muodel 858 Bionix™: MTS System Corporation, Eden Prairie
MMN), in displacement control, to determin ing constant
ues. A constant deformation rate of 0.5 mn arting at the w
loaded state (0 mm) and ending near the maximum displacement
(15 mm or 12.5 mm for the ICON and TT Pylons, respectively),
followed by a return to the unloaded state was applied to each
pylon. Force and displacement measurements were sampled at 20
Hz with a 16-bit data acquisition board. A least squares linear fit

Table 1 Dynamic cyclic testing protocol

Frequency Step Size Peak-to-peak Displacement
(Hz) (Hz) (mm)
0.1, .54 0.5 !
5=1§ 1 3
16-25 1 2
26-55 | 1
G- 100 3 I fexcept i5. (0L.5)
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Fig. 1 Typical force versus displacement loading and unload-
ing curves for the ICON and TT Pylon. The ICON was outfitted
with an i6 spring and the TT Pylon with a Purple spring.
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Fig. 2 Damping force freq y for the ICON (n=4,

mean + S.0.) and TT Pylon (n=3, mean + 5.D.). Trend lines, R?
values, and equations represent the result of a least squares
linear fit ot each data set.
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Fig. 3 Damping force versus square root of velocity for ICON
(n=4, mean = S.0.) and TT Pylon (n=2, mean =+ S$.D.)

Table 2 Damping cc ki
the ICON and TT Pylon

ol the Toree versus displacement loading and unloading curves
was used o quantily cach pylon spring constant (&),

Dynamic eyelic testing was performed on an MTS (Model 810
High Rate), in displacement control, to determine damping con-
stants and Kinetic friction force values. Ten and a half haversine
eyeles (5 sinusoidal peaks), starting at cither a | or 2 mm offset
(pre-load). was applied o cach pylon at the frequencies and peak-
to-peak displacements listed in Table |. Force and displacement
measurements were sampled at at least 40 tmes the haversine
frequency.

The pylon was modeled as a linear spring in parallel with both
a frictional element and a nonlinear viscous damper. Steady state
displacement at the midpoint of the upward stroke (typically from
the 3rd sinusoid) and the corresponding force at each frequency
tested were used to solve for the velocity at the midpoint displace-
ment (x). These values in combination with the linear spring con-
stant were used in a lumped parameter model (Eg. (1)) to deter-
mine the damping constant (¢} and the kinetic friction force (F)
for each pylon.

Fekat iS4 F, ‘”

Resulis

The loading and unloading curves were linear over the dis-
placement range for all the pylons tested (Fig. 1). The calculated
spring constants for the ICON with i4—i7 springs were 74, 82, 97,
and 110 N/mm, respectively. The calculited spring constants for
the TT Pylon with Purple, White, and Black springs were 91, 114,
and 157 N/mm, respectively.

Damping foree as a function of frequency showed greater mag-
nitude for the TT Pylon than for the ICON (Fig. 2). Damping
toree versus the square root of velocity (Fig. 3) revealed a reason-
able curve fit for the TT Pylon (R*=0.9077) but some un-modeled
error for the ICON (R*=0.6072). Table 2 contains the
damping constants, kinetic friction force values, and coeft
friction values for the ICON and TT Pylon. The coefficient of
friction values for cach pylon were obtained from the manufac-
turer (TT Pylon) or the manufacturer of the sliding surfaces
(ICON) using data from bench Lop situations replicating the slid-
ing surfaces as closely as possible [11,12]. The damping constant
and kinetic friction force for the TT Pylon were almost five times
those of the ICON, while the estimated coefficient of friction for
the ICON's sliding surfaces was 2.5 times that for the TT Pylon's
sliding surfaces.

Discussion

The mechanical testing methods outlined in this paper utilized
pseudo-static compressive and dynamic cyclic approaches to char-
acterize two commercially available shock-absorbing pylons. The
pseudo-static compression tests generated parallelogram-shaped
hysteresis loops and showed that each pylon/spring combination
had linear elastic properties throughout the tested displacement
ranges. Only the TT Pylon spring constant values are available
from the manufacturer; the values presented here are 16, 5.6, and
149 different from those of the manufacturer for the Purple,
White, and Black springs, respectively [10]. Differences in the
spring constant values could be auributed 1o differences in the
manufacturing lots and/or testing methodologics. The TT Pylon

tic friction force values, and coefficient of friction values for

Damping Constant

Kinetic Friction Force

Coelficient of Friction

By lon NS mmis) (Dimensionless)
ICON e 21 0.20
TT Pylon 74 12 .08
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ing gait than the ICON, :
damping with an increa:
ICON's damping force is not
mise in model simplicity ve
tieular nonlinear model chosen.

A limitation of this study was that the pylons were tested under
axial loads instead of the typical combination of axial loads
ing moments, and rotational moments experienced during locomo-
tion, Testing under only axial loads could have underesti
measured Kinetic friction force. However, the mul i
experienced by the SAPs during walking is extremely difficult w
simulate in vitro. Human subject in vivo testing, while allowing
observation of actual performance under multi-axial loading con-
ditions, i i

1 ideal approxi M, L COmprio-
litness was reached with the par-

nted here can be compared with the mechani-
cal testing results of a different SAP, namely the Re-Flex Vertical
Shock Pylon (VSP). Miller and Childress [13] used similar
pseudo-static test methods o obtain spring constants for two Re-
Flex ¥SPs, one recommended for a 61 kg subject and the other for
an 82 kg subject, of 49.4 and 91.4 kN/m, respectively. Their dy-
namic testing approach used a free response technique where a
step unload mulated 10 obtain a damping ratio for each
pylon. Resonance frequen of 21.3 and 23.9 Hz and pylon
damping ratios of 0.2897 and 0.3844 were calculated for the two
SAPs.

Miller and Childress recognized the limitation of their madel
and implied it might only be useful for predicting the response at
the resonant frequency. In this current study, the spring constants
for the ICON and the TT Pylon were calculated and shown to be
fairly linear over the displacement range tested. Damping force
was shown to be a function of the square root of velocity and
contains a coulomb element.

Conclusions

The objective of this study was to measure the spring and
damping properties of two commonly prescribed SAPs at frequen-
cies enveloping those observed during human locomotion. Testing
was done using two different testing protocols: pseudo-static com-
pressive and dynamic cyclic testing. Spring constant values for the
pylons tested were linear across the displacement range. Both py-
lons tested had increasing damping related to an increase in the
square root of velocity, while the TT Pylon produced larger damp-
ing forces than the ICON across the frequency range of gait. Co-
efficient of friction values were estimated from manulacturers’
data with the ICON's 2.5 times greater than the TT Pylon's. When
coupled with a forthcoming outcomes study identifying amputees”
mability, fatigue, pain, and perceived level of comfort as related to
prosthetic componentry, the results from this \lully WI"
the understanding of these
explanations.
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Preparation of On-Axis Cylindrical
Trabecular Bone Specimens
Using Micro-CT Imaging
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The Orientation of trabecular bone specimens for mechanical
testing must be carefully controlled. A method for acenrately pre-
paring  on-axis  cylindrical specimens  using  high-resolution
micro-CT imaging was developed. Sivieen cvlindrical specimens
were prepared from cight bovine tibiae. High-reselution finite el-
ement models were genevated from micro-CT images of parallel-
epipeds and nsed to determine the principal material coordinate
system of each parallelepiped. A cvlindrical specimen was then
machined with a dicmond coring bit. The resulting specimens
were scanned again to evalnate the ovientation. The average de-
viewion berween the principal fubric orientation and the fongin-
dinal axis of the evlindrical specimen was only 4.7023.11",
[DOL: 10.1115/1.1645866]

Kevwords: Trabecular bone, Orthotropy, Mechanical testing

Introduction

Trabecular bone is anisotropic in both modulus [1,2] and
strength [3,4], Due to this anisotropy, mechanical testing must be
performed along the principal elastic directions of the trabecular
structure. Otherwise the results of measurements will be influ-
enced by material constanis associated with multiple material di-
rections [5.6]. For a deviation of 107, the average errors for Pois-
son's ratios and Young's moduli can be 12% and 9% respectively
for trabecular bone from human tibiae [5].
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