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Abstract

The alignment of a lower-limb prosthesis is critical to the successful prosthetic fitting and
utilization by the wearer. Loads generated by the socket applied to the residual limb while walking
are thought to be different in transfemoral and knee-disarticulation prostheses. The aim of this
case series was to compare the socket reaction moments between transfemoral and knee-
disarticulation prostheses and to investigate the effect of alignment changes on them. Two
amputees, one with a transfemoral prosthesis and another with a knee-disarticulation prosthesis,
participated in this study. A Smart Pyramid™ was used to measure socket reaction moments while
walking under 9 selected alignment conditions; including nominally aligned, angle malalignments
of 6° (flexion, extension, abduction and adduction) and translation malalignments of 15 mm
(anterior, posterior, medial and lateral) of the socket relative to the foot. This study found that the
pattern of the socket reaction moments was similar between transfemoral and knee-disarticulation
prostheses. An extension moment in the sagittal plane and a varus moment in the coronal plane
were dominant during stance under the nominally aligned condition. This study also demonstrated
that alignment changes might have consistent effects on the socket reaction moments in
transfemoral or knee-disarticulation prostheses. Extension or posterior translation of the socket
resulted in increases in an extension moment, while abduction or lateral translation of the socket
resulted in increases in a varus moment. The socket reaction moments may potentially serve as
useful biomechanical parameters to evaluate alignment in transfemoral or knee-disarticulation
prostheses.
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1. Introduction

Successful lower-limb prosthetic fittings partly depend on the spatial relationship of the
socket relative to other components (i.e. knee, foot) of the prosthesis: commonly defined as
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the alignment (Zahedi et al., 1986). The prosthesis is tuned through bench, static and
dynamic alignment procedures. Initial flexion and adduction angles are built into the
prostheses in bench alignment (Berger and Fishman, 1997). A height and general orientation
of the prosthetic components are adjusted while standing in static alignment. Dynamic
alignment is a final iterative tuning process that includes clinical observation of walking and
collaborative communications with the amputee. Even with these steps the acceptable range
of alignment varies among prosthetists (Zahedi et al., 1986), inter-rater repeatability of
observational gait analysis is poor (Hillman et al., 2010) and perception of alignment is not
entirely reliable in amputees (Boone et al., 2012).

Loads generated by the socket applied on the residual limb have been thought to be different
in transfemoral and knee-disarticulation prostheses (Cummings and Russ, 2004; Hughes,
1983). It is thought that in transfemoral prostheses, the center of rotation of the socket
(support point) is located proximally around the ischial tuberosity due to pelvic weight
bearing. While in knee-disarticulation prostheses, the center of rotation of the socket is
thought to be located distally at the end of the socket due to weight bearing on the end of the
femur and the exclusion of the ischial support. Therefore, in transfemoral prostheses, the
socket is thought to rotate against the femur distally during mid-stance, while, in the knee-
disarticulation prosthesis, it is thought to rotate against the femur proximally. However,
these claims are clinical concepts that have not been experimentally validated. Knee
disarticulation amputations have been generally preferred over transfemoral amputation in
children because it can provide a weight-bearing residual limb without potential
complications caused by bone overgrowth (Krajbich, 1998).

Loads exerted by the prosthetic socket can be measured directly using various instruments
(Boone et al., 2013; Frossard et al., 2003; Kobayashi et al., 2012; Neumann et al., 2013;
Sanders et al., 1997) or indirectly using inverse dynamics in a gait lab (Dumas et al., 2009;
Frossard et al., 2011; Stephenson and Seedhom, 2002). Direct measurement enables the
continuous measurement of kinetics of gait anywhere and has additional potential for both
clinical and research use.

In transtibial prostheses, alignment changes had consistent effects on socket reaction
moments (Boone et al., 2013; Kobayashi et al., 2013). Socket reaction moments are
moments acting about the geometric center of the socket and transferred through the
prosthesis at the distal end of the socket while walking (Kobayashi et al., 2012). Little is
known about the effect of alignment changes on the socket reaction moments in
transfemoral and knee-disarticulation prostheses. In transfemoral prostheses an increase in
hip extensor moments was demonstrated when the prosthetic knee was shifted anteriorly
(Schmalz et al., 2002). The aim of this case series was to compare the socket reaction
moments between transfemoral and knee-disarticulation prostheses and to investigate the
relationship between the alignment and socket reaction moments.

2. Methods
2.1 Participants

Two amputees participated in this study. One participant was a male adult amputee (Age:
42-year-old; Height: 1.73 m; Mass: 77 kg; Residual limb length: 38cm; K-Level: 3) using a
transfemoral prosthesis (participant with TFP) with an ischial containment socket. His right
leg was amputated 12 years prior due to necrotizing fasciitis caused by trauma. The knee
joint was a Mauch Knee (Ossur, Reykjavik, Iceland), while the foot was a Seattle Light Foot
(Trulife, Dublin, Ireland). The other participant was a male pediatric amputee (Age: 12-year-
old; Height: 1.42 m; Mass: 33 kg; Residual limb length: 28cm; K-Level: 4) using a knee-
disarticulation prosthesis (participant with KDP) with an end-weight-bearing socket without
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an ischial support. His right leg was amputated 10 years prior due to congenital fibular

hemimelia. The knee joint was a Total Knee Junior (Ossur, Reykjavik, Iceland), while the
foot was a Renegade foot (Freedom Innovations, Irvine, CA). This study was approved by
the institutional review board governing the institution, and a consent/assent was obtained.

2.2 Apparatus

2.3 Protocol

A Smart Pyramid™ (Height: 3.22 cm; Mass: 0.14 kg) (Orthocare Innovations, Oklahoma
City, OK, US) was used to measure socket reaction moments (Figure 1). The Smart Pyramid
is an instrumented prosthetic pyramid adaptor with 8 strain gauges. The data collected from
the Smart Pyramid were sent to the computer wirelessly at a sampling frequency of 100 Hz
via Bluetooth. The moment output of the Smart Pyramid was highly linear with coefficients
of determination of R2=0.998 for the sagittal moment and R2=0.996 for the coronal moment.
The measured sagittal moments showed a root mean square error of 2.08 % and the coronal
moments at 2.80 %. Biaxial MEMS tilt sensors (CXT-02, Crossbow Technologies, San Jose,
USA) were used to measure angle alignment changes, while millimeter scales on the
translation adjuster (10A40/A, F.G. Streifeneder KG, Emmering, Germany) were used to
measure translation alignment changes (Boone et al., 2013) (Figure 1).

The alignment of their prosthesis was dynamically tuned to the satisfaction of the prosthetist
and the participant. From this nominally aligned condition, angle perturbations of 6°
(flexion, extension, abduction, and adduction) and translation perturbations of 15mm
(anterior, posterior, lateral, and medial) were induced in a random order (Figure 2). This is
within the range of alignment changes made during regular adjustments in the clinic. The
participant was instructed to walk down a 10-meter hallway at a comfortable walking speed
under the nine alignment conditions.

2.4 Data analysis

3. Results

The socket reaction moment data were interpolated with a cubic spline function, and the
whole gait cycle was normalized to 100% with increments of 1% each. The gait events were
identified based on the timing of the axial force. The socket reaction moments of 3 gait
cycles were normalized to body mass and averaged. Gait initiation and termination steps
were excluded from the analysis by selecting 3 steps in the middle of the trial. Maximum
extension socket reaction moments and maximum varus moments were extracted at each
alignment condition. Cadence (steps/min) was also calculated based on the socket reaction
moment data of the 3 gait cycles.

3.1. Effect of sagittal alignment changes on sagittal moments and cadence

The mean and standard deviations of normalized maximum extension socket reaction
moments and cadence under each alignment condition are presented in Table 1. Figure 4
shows the mean normalized sagittal socket reaction moments across a gait cycle. Both angle
and translation alignment changes revealed consistent changes in the socket reaction
moments. An extension moment was dominant during stance in both participants under the
nominally aligned condition. A flexion moment was observed at early stance and late stance
to early swing in the participant with KDP, while the flexion moment was only found at late
stance to early swing in the participant with TFP. Cadence ranged from 99 to 106 steps/min
and from 97 to 111 steps/min in the participant with TFP and KDP, respectively.
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3.2 Effect of coronal alignment changes on coronal moments and cadence

The mean and standard deviations of normalized maximum varus socket reaction moments
and cadence under each alignment condition are presented in Table 2. Figure 5 shows the
mean normalized coronal socket reaction moments across a gait cycle. Both angle and
translation alignment changes revealed consistent changes in the socket reaction moments.
A varus moment was dominant during stance in both participants under the nominally
aligned condition. A valgus moment at early stance was followed by a varus moment
throughout the stance in both participants. Cadence ranged from 100 to 110 steps/min and
from 103 to 111 steps/min in the participant with TFP and KDP, respectively.

4. Discussion

This case series investigated the relationship between the alignment and socket reaction
moments in transfemoral and knee-disarticulation prostheses. The pattern of socket reaction
moments was similar for each despite differences in socket design and amputation levels.
An extension moment and a varus moment were dominant during stance under the
nominally aligned condition. Therefore, the socket was suggested to rotate against the distal
femur in the coronal plane during mid-stance in both prostheses. The effect of alignment
changes revealed consistent changes in socket reaction moments. Visualization of alignment
changes through socket reaction moments may allow clinicians to quantitatively align the
prostheses and understand how a residual limb is loaded inside the socket.

Direct measurement of kinetics in amputees gait has been used to evaluate loading and to
construct a biomechanical modeling of other prosthetic designs such as an osseointegrated
implant (Frossard et al., 2010; Frossard et al., 2008; Lee et al., 2008a). The pattern of
moments measured in amputees with an osseointegrated prosthesis appeared similar to that
measured in the participants with TFP and KDP, showing peak extension moment around
40% of gait cycle (Lee et al., 2007; Lee et al., 2008b). A flexion moment was generally
reported in early stance in amputees with osseointegrated prostheses, but it was only
observed in the participant with KDP. Cadence was within the range of individuals with
transfemoral amputation (71 to 114 steps/min) reported earlier (Frossard et al., 2010).
Socket reaction moments may be affected by gait speed (Goldberg and Stanhope, 2013).

Stability in the sagittal plane is achieved by an extension moment during stance, but an
excessive extension moment could cause unnecessary proximal anterior brim pressure with
too much stability for an efficient gait. A flexion moment in the early stance could make the
knee unstable if the knee does not have a properly tuned stance control feature. However, a
flexion moment can be beneficial in providing shock absorption if the knee is stable. An
early stance flexion moment was observed in the participant with KDP. This may be
attributed to an adjustable flex stance feature of the Total Knee Junior. Stability in the
coronal plane is achieved by varus moment during stance. This tends to maintain the
adduction of the femur and reduce gait deviations. Socket reaction moments are affected by
the inertia of the prosthesis below the Smart Pyramid and the hip extensors during swing.
Ability to measure kinetics during swing phase is the advantage of direct measurement.
Therefore, socket reaction moments of an acceptable alignment should have proper
extension and varus moment during stance and may have a flexion moment at early stance
depending on the knee joint. Extension or posterior translation of the socket will move the
foot forward relative to the socket, resulting in an increase in an extension moment in the
sagittal plane. Abduction or lateral translation of the socket will move the foot medial to the
socket, causing an increase in a varus moment in the coronal plane.

Despite technological advancement in lower-limb prosthetics, the prosthetic alignment
method has not been changed for many decades. The Smart Pyramid can provide clinicians
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kinetic information related to the alignment of lower-limb prostheses that otherwise requires
a gait laboratory. The Smart Pyramid could be potentially used as a sensing unit to control a
microprocessor prosthetic knee or foot. It could also be used to evaluate the various
prosthetic components, such as a socket, knee, ankle or foot. Direct measurement techniques
could benefit not only clinicians but also engineers and researchers in biomechanics.

5. Conclusion

This study suggested a potential relationship between alignment and socket reaction
moments in transfemoral and knee-disarticulation prostheses. Socket reaction moments
might serve as useful biomechanical parameters to assess prosthetic alignment. A limitation
to this study was the lack of participants. This was a case series with one adult and one
pediatric amputee. Some degrees of hip flexion contractures are common. A larger scale
study is warranted to confirm the relationship between alignment and socket reaction
moments as well as the effect of the contractures in these prostheses with various
components and to explore the needs of each population. A future study should focus on the
relationship between socket reaction moments and skin quality of the residual limb for
evidence-based management of amputees.
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Figure 2.
Description of prosthetic alignment: (A) Angle alignment changes, (B) Translation

alignment changes.
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Figure4.

Effect of sagittal alignment changes on the mean normalized sagittal socket reaction
moments: (A) Effect of sagittal angulation in the participant with a transfemoral prosthesis
(TFP), (B) Effect of sagittal translation in the participant with TFP, (C) Effect of sagittal
angulation in the participant with a knee-disarticulation prosthesis (KDP), (D) Effect of
sagittal translation in the participant with KDP. An external extension moment in the sagittal
plane was defined as positive. Mean and standard deviations are provided at maximum
extension moment under each alignment condition. Maximum values on the graphical
display of the moment curves may not match the calculated maximum values [small point
and whisker graphs]. The full moment curves contain temporal variability in the peak timing
whereas the mean was calculated from each step’s maximum extension moment regardless
of timing.

Abbreviations. Ant: anterior, Ext: extension, Flex: flexion, GRF: ground reaction force, HC:
heel contact, Post: posterior, TO: toe off,
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Figureb5.

Effect of coronal alignment changes on the mean normalized coronal socket reaction
moments: (A) Effect of coronal angulation in the participant with a transfemoral prosthesis
(TFP), (B) Effect of coronal translation in the participant with TFP, (C) Effect of coronal
angulation in the participant with a knee-disarticulation prosthesis (KDP), (D) Effect of
coronal translation in the participant with KDP. A varus moment in the coronal plane was
defined as positive. Mean and standard deviations are provided at maximum varus moment
under each alignment condition. Maximum values on the graphical display of the moment
curves may not match the calculated maximum values [small point and whisker graphs]. The
full moment curves contain temporal variability in the peak timing whereas the mean was
calculated from each step’s maximum varus moment regardless of timing.

Abbreviations. Abd: abduction, Add: adduction, GRF: ground reaction force, HC: heel
contact, Lat: lateral, Med: Medial, Post: posterior, TO: toe off,
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