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INTRODUCTION

The objective of this project was to develop a highly flexible sub-ischial prosthetic socket with
assisted-vacuum suspension for highly active persons with transfemoral amputation. We focused
on developing prosthetic socket technology that enhances user activity by improving active range
of motion of the hip; improving coupling between the limb and socket; and increasing comfort
during activity. The Specific Aims of this project were to: Al. Develop a highly flexible socket with
sub-ischial trim lines; A2. Develop liners and sealing sleeves that are durable for highly active
users; A3. Develop/identify an appropriate mechanical pump to create suitable vacuum for
suspension of the prosthesis; A4. Evaluate system performance with transfemoral prosthesis
users; and A5. Develop education material and deliver courses for the sub-ischial socket design.
For A4, human performance was evaluated at the Center for the Intrepid, Brooke Army Medical
Center (CFI/BAMC). Supplemental funding allowed us to construct a working prototype of the
hybrid pump for further testing in Aim 3. For Aim 5 we developed education materials based on
quantification of the socket rectification and fabrication process. We also disseminated the sub-
ischial socket technique to certified prosthetists via a series of hands-on workshops and
conducted a clinical observational study to evaluate the contribution of interface components to
weight bearing.

BODY: PROJECT PROGRESS

The following is a description of the work conducted over the past 6 years on our project. Our
project’s progression is presented with respect to the Aims and Tasks described in our grant
application, with progress on each task indicated on the corresponding section of the approved
statement of work (Gantt chart). We have completed all tasks with the exception of Tasks 9b and
9¢, which are partially complete.

Task 1 Initial preparatory activities

Year 1 Year2 Year3
9/15/10to0 9/14/11 9/15/11to 9/14/12 9/14/12to 9/14/13

Gantt Chart a1 Q2 Q3 Q4 Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4
9/15 12/15 3/15 6/15 9/15 12/15 3/15  6/15  9/15 12/15 3/15  &/15
Progress Made to to to to to to to to to to to to

WEHELCLIERES 1914 3/14 614 914  12/14  3/14  6/14  9/14  12/14 3/14 /14  9/14

Task 1 Initial preparatory activities.

1a Conveneinitial project
meeting.

1b Prepare and submit IRB
application.

1a Convene initial project meeting: This task was completed in year 1.

An initial project meeting was convened on September 20, 2010. A meeting with collaborators
from the CFI/BAMC was held on March 18, 2011.

1b Prepare and submit IRB application: This task was completed in year 1.

All components for this project received Institutional Review Board (IRB) approval as summarized
in Table 1.



NU Project No. Title Date Approved
STU00032753 Dc'eveloprnent of Sub-Ischial Prgsthetlc S'ockets NU IRB 6/23/10 HRPO
(Umbrella) with Assisted-Vacuum Suspension for Highly 10/26/10
Active Persons with Transfemoral Amputations
Development of highly flexible sub-ischial socket
STU00033437 | and durable liner for highly active transfemoral 2;1;';?08/6/10 HRPO
prosthesis users (Aims 1 & 2)
NU IRB 7/26/10 HRPO
Characterize vacuum pump requirements for 8/10/10
5TU00033443 persons with transfemoral amputation (Aim 3) NU Closed 5/17/16
HRPO Closed 6/17/16
BAMC IRB 7/31/11 HRP
Performance Evaluation of Sub-Ischial Socket for 9/22;:11 /31 0
STU00033446 | Highly Active Persons with Transfemoral
Amputation (Aim 4) NUIRB 1/13/12
HRPO Closed 12/4/16
Quantification of Residual Limb Model NU IRB 7/2/10 HRPO
STU00033448 Rectifications for Sub-Ischial Sockets (Aim 5) 7/28/10
Effect of NU-FlexSIV Interface Components on NU IRB 3/1/16
>TU00202302 Residual Limb Weight-Bearing Tolerance HRPO 4/1/16

Table 1 Summary of IRB protocols.

Aims 1 & 2 Develop a highly flexible socket with sub-ischial trim lines and a durable liner
for highly active users

Task 2 Design and

simulation of sub-ischial socket

Gantt Chart

Progress Made
Task Scheduled

Year 1 Year 2 Year 3
9/15/10to 9/14/11 9/15/11to 9/14/12 9/14/12t0 9/14/13

Q1 Q2 Qa3 Q4 a1 Q2 a3 Q4
9/15 12/15 3/15 6/15 9/15 12/15 3/15 6/15

to to to to to to to to
12/14 3/14 6/14 9/14 12/14 3/14 6/14 9/14

Q1 Q2 Q3 Q4
9/15 12/15 3/15 6/15
to to to to
12/14 3/14 6/14 9/14

Aims 1 & 2 Develop a highly flexible socket with sub-ischial trim lines and a durable liner for highly active users.
Task 2 Design and simulation of sub-ischial socket.

2a Reverse engineer hand-
fabricated socket to build
3D CAD model.

2b Perform mechanical
simulations on hand
fabricated 3D model.

2c Develop simple
parametric 3D CAD model
using “ladle frame” design.

2e Develop 3D CAD
rectification techniques for
semi automated design of
“ladle frame” socket from
digitized limb shape.

2d Perform mechanical
analyses.

ENEL_ GEES




Task 2a Reverse engineer hand-fabricated socket to build 3D CAD model and FE model: This task
was completed in year 1.

We used computational and engineering analyses as design tools to create a digital simulation of
the current socket as made by our collaborating prosthetist, Ryan Caldwell, CP. This simulation,
functionally equivalent to the physical system, established a baseline description of the socket.
First, the prosthetist fabricated a physical example of the socket, during which we identified the
most critical fabrication stages, as well as the critical load bearing and comfort elements of the
socket. The socket was created to highlight these stages/elements. In its final form, the simulated
socket was simplified to a flexible inner Polytol (OttoBock, Duderstadt, Germany) layer, a rigid
polypropylene frame, and an outer layer of Polytol. By simplifying the simulated socket to
fundamental components, we facilitated our understanding of the relative contribution of the
different components of the socket to the overall system behavior.

We digitized the geometry of the test socket. For this, we used a commercially available 3D
scanner to create a 3D digital representation of physical models by combining planar images of
the test socket, acquired while axially rotating the socket incrementally for 360 degrees. The
scanned data was then exported to a graphics package (SolidWorks, Dassault Systémes, France)
and processed to a 3D Computer Aided Design (CAD) model. This step was important because
the CAD model formed the base format for a Finite Element (FE) engineering simulation. We also
explored methods to accurately extract the geometry of the frame from the combined image
files and ensure total contact between the frame geometry, ultimately modeled independently
as a solid, and the other solid model of the inner sleeve.

The final step of Task 2a was to create the FE model. The FE method was used to numerically
analyze the mechanical response of structures to applied loads. The FE model was successfully
created in commercially available FE software (Abaqus™, Dassault Systémes, France).

Task 2b Perform mechanical simulations on hand-fabricated 3D model: This task was completed
in year 2.

The goal of this task was to establish baseline values for the mechanical and material properties
of the rigid frame component of the hand-fabricated socket system. In conjunction with Task 4b
(socket strength and deflection tests) and Task 4c (indentor tests of elastomers), this test
contributed to characterization of the mechanical behavior of the socket and its components in
response to load. Material properties of many polymers are known to depend on fabrication
parameters, therefore, in addition to reviewing the published literature for values, determining
the material properties of the components included preparing standard protocols for the
mechanical tensile tests (Appendix A). Manufacture of the different test samples was completed
and a program was written to allow our CNC milling machine to cut tensile specimens out of the
samples. Fabrication of the test samples involved making square molds around which laminations
could be hand fabricated. The square molds allowed us to create flat strips of different
laminations for testing. We also completed the design and machining of the necessary fixtures to
attach the hand fabricated socket to the testing rig. In anticipation of the high failure loads of the
rigid socket frame, a three-point flexural test was performed in accordance with the testing
standard ASTM D790-10. Samples were installed in the testing fixtures and compressive loads
applied until failure of the material. The flexural modulus values for the different carbon fiber
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reinforced samples are shown in Table 2.

1
3149.98

2
3685.03

3
5993.92

4
2477.64

5
4936.90

6
4977.88

7
6473.74

8
6254.13

9 10
4242.26| 6589.19

11
5877.43

12
3571.13

Sample
Modulus (MPa)

Mean 4852.43
Standard Deviation 1350.96

Table 2 Flexural modulus values for carbon fiber reinforced socket material.

Task 2c Develop a simple, parametric 3D CAD model using “ladle-frame” design: This task was
completed in year 1.

A review of prior FE models of prosthetic sockets was undertaken to refine our understanding
of the problem and the variables to be included in our model. For this task we needed to analyze
the socket loading response and perform static/dynamic experiments for FE model validation.
We defined experimental protocols (Appendix B) and designed and built fixtures for attaching
the socket prototype and limb phantom to our testing machine. Software for the pliance pressure
sensors (Novel, Germany), as well as the IPECs 3 dimensional loads and moments sensing load
cell (College Park Industries, Warren, MI) were installed and verified to be operational. We then
conducted the bench top experiments.

Our initial rigid polypropylene frame, dubbed the ‘ladle frame’, was designed to strengthen the
medial wall, with arms that extended along both the anterior and posterior walls to provide
support for flexion and extension of the prosthesis. Since we hypothesized that the lateral wall
requires relatively little support, the window was used to allow flexibility. This design worked
well but comments from one of our test subjects indicated he could feel the socket deform
slightly when he carried heavy loads. This led us to our second frame design, dubbed the ‘H’
frame. This frame was designed to increase range of motion in extension, and to allow the wearer
to sit on a soft portion of the socket whether seated deep or shallow in a chair. An extension of
the frame on the posterior lateral wall was used to improve strength, especially under heavy
loads. The subject commented that this frame felt sturdier when carrying heavy loads and while
kneeling and leaning back on the socket.

The parameters identified as most critical to the performance of the socket were the socket
frame design and thickness.

Task 2d Perform mechanical analyses: This task was completed in year 2.

The models used for simulation were based on direct scans of the flexible lamination and rigid
frame components of physical sockets taken as part of Task 2a. Three models with different rigid
frame designs (completely rigid, ladle frame, H-frame) were analyzed computationally to
quantify the effect of rigid frame type and thickness on the mechanical functioning of the socket.
The output of the simulation was the prosthetic socket deflection computed as an average of the
deformation along the three principle axes (X,Y,Z). A similar analysis was performed with the
stress distribution calculated as the simulation output. A simple template was developed to
partition the different socket geometries into discrete regions for which the simulation results
were compared. Results consisted of the average displacement of the socket analysis regions for
the three different frame designs.



Task 2e Develop 3D CAD rectification techniques for semi-automated design of “ladle-frame”
socket from digitized limb shape: This task was completed in year 4.

Work on Task 2e is summarized with Task 11e.

The results of our early work on Task 2 were presented at a number of conferences, including the
2012 meeting of the Military Health Research Symposium, 2012 and 2013 annual meetings of the
American Academy of Orthotists and Prosthetists (AAOP), the 2012 and 2013 meetings of the
Midwest Chapter of the AAOP, the 2013 meeting of the Texas Chapter of the AAOP, and the 14t
World Congress of the International Society for Prosthetists and Orthotists (ISPO) in 2013 (see
Appendix C for abstracts and posters summarizing this work).

Unfortunately, in February 2013 OttoBock discontinued sales of Polytol, which was the material
that formed the flexible component of our original single wall socket design (Figure 1). This
necessitated a search for a replacement material. During our search for a new flexible material
we explored EVA foam from Orthomerica, Polytek urethane rubber, Fiberglast, and FlexEVA from
medi (Bayreuth, Germany) as replacements for Polytol. The various polyurethane and silicone
resins we tested in fabrication to try to re-create the somewhat unique properties of Polytol had
their own challenges such as being very sensitive to moisture and the type of barriers used in
fabrication (e.g. polyvinyl acetate (PVA) bags) or having a thicker consistency that made it difficult
to impregnate fibers during lamination. However, the FlexEVA material provided adequate
rigidity to support the residual limb in the axial plane, yet maintain flexibility to conform to the
residual limb in the seated position and reduce edge pressures. Using blister forming FlexEVA can
be fabricated with a thinner and lighter profile than the other laminated flexible materials we
tried. With FlexEVA as the flexible socket, we were able to construct a rigid carbon fiber outer
socket with lower proximal trim lines than is typical with other thermoplastics while allowing the
liner to reflect over the flexible socket edge and seal with a sleeve that is mounted between the
rigid and flexible components (Figure 1). This resulted in a two wall socket.

Fabrication of the final definitive socket using FlexEVA has a number of advantages over the
previous Polytol socket. For example, the FlexEVA socket can be fabricated using conventional
fabrication techniques, is less labor intensive, and far less hazardous. Another advantage is that,
after initial fitting with a rigid PETG check socket to ensure correct volumes and total contact at
the distal end has been achieved, a second check socket can be fabricated using the FlexEVA as
the flexible inner socket and PETG for the outer socket. This allows the check socket to be worn
home for a period of
days, weeks or
months, until the
prosthetist and
patient are confident
that the socket fits
well. Sending the
patient home in a
flexible check socket =
substantially Figure 1 Single wall Polytol socket (left), medi FlexEVA definitive socket
decreases the risk of | (middle and right) showing different lengths of the rigid outer socket.




liner breakdown. If the flexible inner socket is deemed to fit well, it can be re-used as part of the
final definitive socket wherein the PETG outer socket is replaced by a carbon fiber reinforced
laminated socket.

Our final socket technique was described in a manuscript accepted for publication in Prosthetics
and Orthotics International (Appendix D).

Task 3 Advanced manufacturing of sub-ischial sockets

Year 1 Year2 Year 3
9/15/10to 9/14/11 9/15/11t0 9/14/12 9/14/12t0 9/14/13

Gantt Chart Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4 Q1 Q2 Q3 04
915  12/15  3/15 6/15 9/15  12/15 315 6/15 9/15  12/15  3/15 6/15
Progress Made to to to to to to to to to to to to
Task Scheduled 12/14  3/14 6/14 9/14  12/14  3/14 6/14 914  12/14  3/14 6/14 9/14

Aims 1 & 2 Develop a highly flexible socket with sub-ischial trim lines and a durable liner for highly active users.
Task 3 Advanced manufacturing of sub-ischial sockets.

3a Establish criteria and
techniques for multi-shot
cavity molds.

3b Develop degassing
techniques for liquid resin
molding.
3¢ Develop proximal brim
vacuum seal.
3d Develop mechanical
interlocking molding
techniques.

Training with our Stratasys (Eden Prairie, MN) rapld prototyping system took place on October 4,
2011. Engineering graduate student Brian Robillard was recruited to work on Tasks 3a, 3b and 3d
during Year 3 of the grant. This formed the basis for his Master’s thesis (Appendix E), which
provides greater detail than the summary descriptions below. Task 11e provides the basis upon
which to proceed with automated fabrication as it forms the input data needed to create frames
or molds for frames to be fabricated using fused deposition modeling (FDM) or other automated
techniques.

Task 3a Establish criteria and technigues for multi-shot cavity molds: This task was completed in
year 3.

The workflow for generating the digital residual limb geometry input files for advanced
manufacturing of sockets is depicted in Figure 2. We explored two general approaches for a two-
shot molding process: horizontal and vertical cavity molds. While both approaches evinced
similar accuracies, time savings were evident with the horizontal approach due to a faster
demolding process, however the vertical approach had minimal leaking. This minimal leaking was
what led us to commit to a vertical approach. With additional trials, direct manufacture of the
frame and injecting the resin into the frame-layup simplified the process to a single-shot mold
providing additional time and cost savings.



Alm S Aim 1

I Digitize Uigital record of
Digiize Task10 o o ctified mold Task2 | rectified mold of limb
resiauatiim of lirmk with liner and frame

Figure 2 Work flow for input to advanced fabrication process.

The final fabrication technique, developed using an iterative design process, used a handheld
scanner to scan a positive mold of the residual limb, SolidWorks to process the digital model, a
Stratasys FDM 400mc to build the mold components, and a single-shot molding technique to
fabricate the socket using additive manufacturing.

Posters describing this process were presented in 2013 at the Annual Lewis Landsberg Research
Day, the Northwestern University INnNUvations Applied Research Day (awarded 3rd prize for best
poster), the Northwestern University 3" Annual Research Day, and the Biomedical Engineering
Society (BMES) Annual Meeting (Appendix F).

Task 3b Develop degassing techniques for liquid resin molding: This task was completed in year
3.

With the process described in Task 3a, we encountered two gas related issues: air bubbles
(introduced during the filling process) and air spaces (areas of low/failed resin flow). The use of
vacuum during the pour process was found to reduce air bubbles, while the introduction of "over-
flow" ports maximized the amount of resin introduced into the cavity molds and reduced air
spaces.

Task 3c Develop proximal brim vacuum seal: This task was completed in year 2.

Our trials with internal sealing rings all led to a tourniquet effect on the residual limb, suggesting
that the compression needed for our socket design to be stable on the residual limb may not
permit an internal sealing ring to be used safely and comfortably. The internal sealing ring was
originally proposed as a way to address issues of liner wear observed due to reflection of the liner
over the proximal brim of the socket. However, changes over the course of the project in both
socket material and liner type diminished the problem of liner durability. Using Polytol and then
FlexEVA as the flexible socket material, liners last longer as these compliant materials do not cut
into the reflected liner as quickly or to the same extent as did previous, more conventional,
lamination materials. The results of Tasks 4d and 4e provide some support for this observation.
Also, when sitting, the posterior portion of the liner does not breakdown as quickly as it is no
longer sandwiched between a hard socket and a hard seat.

We also changed over time from using the Evolution liner to the medi Relax 3C liner. Our
prosthetist Ryan Caldwell, CP, used the medi Relax 3C liner with Polytol sockets in clinical practice
for over a year and confirmed that liner durability was improved compared to past experience
with other liners and laminations. Previously patients using Evolution liners would replace the
liner every 3-4 months, whereas the medi liner can last up to two years when used with FlexEVA.
In addition to the flexible socket material, durability may in part be improved due to the presence
of fabric laminated onto the outer surface of the liner.
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Task 3d Develop mechanical interlock molding techniques: This task was completed in year 3.

We used holes in the printed frame to facilitate resin flow to both sides of the frame and create
a mechanical interlock between the two flexible laminations.

The single-shot molding process designed to fabricate a three-layer prosthetic socket
demonstrated fabrication feasibility, but in order to assess the clinical utility we compared failure
loads and modes to two other sockets: first, to a manually fabricated socket to assess how the
two approaches compare overall and, second, to a manually fabricated socket fabricated using
the same materials as the advanced manufacturing approach. We compared the sockets using
the same failure, tensile, flexural, and peel tests used in Task 4.

One advantage of advanced manufacturing is the ability to create a prosthetic socket with precise
dimension parameters. Hence, we employed our FE model to explore the effect of prosthetic
socket frame thickness variations on stress distribution in the socket. We compared different
prosthetist-recommended frame thickness profiles at the transition regions between the rigid
and flexible portions of the socket.

Task 4 Mechanical bench testing of sockets and liners

Year 1 Year 2 Year 3
9/15/10to 9/14/11 9/15/11to0 9/14/12 9/14/12t0 9/14/13

Gantt Chart Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4 Q1 Q2 Q3 04
9/15  12/15  3/15 6/15 9/15  12/15  3/15 6/15 9/15  12/15  3/15 6/15

Progress Made to to to to to to to to to to to to
Task Scheduled 12/14  3/14 6/14 9/14  12/14  3/14 6/14 9/14  12/14  3/14 6/14 9/14

Aims 1 & 2 Develop a highly flexible socket with sub-ischial trim lines and a durable liner for highly active users.
Task 4 Mechanical bench testing of sockets and liners.

4a Perform peel tests of
bond strength.

4b Perform socket

strength and deflection

tests.

4¢ Perform indentor tests

of elastomers.

4d Perform sitting

durability tests. I
4e Perform cyclic

evacuation tests. ]

Task 4a Perform peel tests of bond strength: This task was completed in year 2.

The ASTM D 1876-08 (Standard Test Method for Peel Resistance of Adhesives 'T-Peel test') was
used to assess the bond strength between layers of the polyurethane socket. In accordance with
the standard, 10 samples of two bonded polyurethane layers were prepared and each sample
was loaded into a universal testing system. Tensile forces were applied to separate the different
layers. The applied forces were monitored and plotted versus time. The most occurring force
value (mode) was used as representative of the required force to peel the adjacent polyurethane
layers. An average force of 14.65 N (3.30 |bs) was required to separate the bonded materials.
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Task 4b Perform socket strength and deflection tests: This task was completed in year 3.

Three sockets were fabricated and sent to WillowWood (Mt Sterling, OH) for strength testing
according to their published protocol, which is based on a modified ISO 10328 Configuration Il

A125 test set-up (Gerschutz et al.,

2012). All three sockets failed at the distal adapter location

similar to sockets fabricated in the general prosthetic community and tested using this protocol

(Appendix G).

Task 4c Perform indentor tests of elastomers: This task was completed in year 2.

An indentor test of

the socket
elastomer material
was originally
proposed to
establish values of
material properties

to use in full socket
simulation.
However,
better
understanding  of
the socket
technology, it
became clear that a
tensile test would

with a
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provide a better simulation of the actual loading condition of the socket during use. Specimens
of the elastomer material were prepared and tested in tension according to ASTM D638-10
(Figure 3). The modulus of each specimen was calculated.

Task 4d Perform sitting durability tests: This task was completed in year 2.

This task involved the use of a standard protocol for performing indentor tests to determine
material properties. Results are summarized below with Task 4e.

Task 4e Perform cyclic evacuation tests: This task was completed in year 2.

This test investigated the effect of the cyclic
application and release of vacuum on the liner
material at the socket brim. Different socket designs
specific to the limb phantom being used were
Initially we believed the conditions
responsible for liner failure were repeated pinching
and shear of the liner between the hard socket and
a sitting socket (Task 4d), as well as stressing of the
liner that occurs on the socket brim when vacuum
is applied (Task 4e). However, further interactions
with users of prosthetic liners suggested the

fabricated.
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primary mode of failure to be a knife edge action of the brim of the rigid socket through the side
of the liner. To reflect this new information, we revised the testing approach for this task. Here,
the liner was stretched over two different socket edge types. The first, a flexible edge was
representative of the prosthetic socket developed in this study where a flexible Polytol
lamination is fabricated over the rigid material of the structural frame. The second, a rigid edge
was typical of non-flexible prosthetic sockets typically used clinically. The test results (Figure 4)
showed the liner failure loads with the knife edge action is about 23% higher for a flexible frame
compared to a rigid frame. The higher variability of the failure loads of the flexible edge
confirmed the ductile liner failure observed during testing.

Task 5 Solicit feedback from human subjects

Year1 Year 2 Year3 Extension without Funds
Gantt Chart a1 a2 a3 Q4 al a3 a4 al a2 a3 Q4 a2 a3 a4
9/15  12/15 3/15 &/15 915 12{1.‘: 3/15  B/1S 9/1s  12/1S 315 Bf15 9,"1:: 1215  3/15  Bf15
Progress Made to to to to to to to to to to to to to to to to

Task Scheduled SFISE 3/14 6/14 9/14 12/14 314 6/14 9/14 12/14 3f14 614 9/14 12/14 314 614 9/14
Aims 1 & 2 Develop a highly flexible socket with sub-ischial trim lines and a durable liner for highly active users.
Task 5 Solicit Feedback from human subjects.
5a Perform subject

fittings with advance
manufactured sockets.

Assess results and
obtain feedback from

Task 5a Perform subject fittings with advance manufactured sockets. Assess results and obtain
feedback from subjects: This task was completed in year 4.

We recruited two highly active subjects with unilateral transfemoral amputation. For both
subjects we completed gait analyses in the sub-ischial and ischial containment sockets. Gait
analyses of level walking at both normal and fast speeds suggest that the sub-ischial socket
performed as well as conventional ischial containment sockets. We also assessed comfort using
the socket comfort scale and time to perform functional tests such as the Four Square Step Test,
Rapid-Sit-to-Stand, and T-Test of Agility. Gait analysis results were summarized and included in
the copyrighted multi-media instructional manual that we created to support dissemination of
the socket (Appendix H). They were also presented at the 2013 meeting of the American
Academy of Orthotists and Prosthetists (Appendix I). Finally, we have an article accepted for
publication in the journal Prosthetics and Orthotics International describing this preliminary
evaluation of socket performance (Appendix J). Subject 1 also assisted with clinical assessment
of different liners and sealing techniques as well as assisting with videos and photos for the multi-
media instructional manual.

During the course of the study, our subjects wore the Polytol sub-ischial socket with different
commercially available liners (e.g. Evolution Industries Origin liner, OttoBock Custom Urethane
liner, Ossur Comfort Cushion liner, Ossur Synergy liner, Ossur Iceross Seal-In X TF, medi Relax 3C
liner) and provided feedback. We found that the medi Relax 3C liner worked well for our socket
and in order to better understand the properties of this liner as compared to other liners, we
shared a liner with Dr. Joan Sanders at University of Washington to include in the Prosthetic Liner
Assistant library that she created (see http://www.linerassist.org/ ). While the medi liner works
well, it has an umbrella on the distal end that means it will not conform well to all residual limbs;
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hence, an alternative liner was needed to deal with such cases. As a result of conversations with
Ossur (Reykjavik, Iceland), they provided us with prototypes of a new liner that combines the
properties of two commercially available liners: the dual durometer silicone of the Ossur Synergy
and the textile covering of the Ossur Sport liner. These have been combined to create a single
liner (the Ossur Iceross Synergy Sport Cushion, not yet commercially available) with properties
we think valuable for successful use of our sub-ischial socket. Until this become available we
recommend the Ossur Synergy liner as an alternative to the medi Relax 3C liner. Regardless of
liner type, durability has been good when used in conjunction with the flexible socket materials
but remains an issue when checking liner fit with rigid test sockets.

An additional issue that came up is that sweat accumulation in our socket is problematic just as
it is in other prosthetic sockets. To address this issue, we developed a simple technique to
perforate the liner which is describe in an article that has been accepted for publication as a
technical note in the Journal of Prosthetics and Orthotics (Appendix K). Subjects have reported
fewer problems with sweating during activity when the liner is perforated.

Aim 3 Develop/identify an appropriate mechanical pump to create suitable vacuum for
suspension of the prosthesis

Task 6 Determine range of volumes to be evacuated from transfemoral sockets of highly active
prosthesis users

Year 1 Year2 Year3 Extension without Funds
9/15/1010 9,1'14,-"11 9/1 5f11 to 9]14[1.?_ 9/14/12 10 9/14/13 9}15)‘ 1310 9,’14}'14
Gantt Chart a2 a2 a3 Q4
9;"15 12;‘15 3!15 6/15 9}'15 12{15 3.-’15 6!15 9!15 121’15 3/15 /15 9;'15 12,-'15 5/15 6{15

Progress Made JR(] to to to to to to to to to to to to to to to

eH L EINEN 1214 3/14 6f14 9/14 1214 3/14 6/14  9/14 12714  3/14 614 914 12/14 3/14  b/14 9{14
Alm 3 Develop/identify an appropriate mechanical pump to create sultable vacuum for suspension of the prosthesls.
Task 6 Determine range of volumes to be evacuated from transfemoral sockets of highly active prosthesis users.

6a Evaluate time
needed for vacuum
pumps to evacuate
_

6b Eva}uate time
needed to evacuate
sockets of transfemoral

prosthesis users. _

6¢c Compare results of 6a
and 6b. =

Engineering graduate student Sean Wood was recruited to work on Task 6. This formed the ba5|s
for his Master’s thesis (Appendix L), which provides greater detail than the summary descriptions
below. Sean received the Northwestern University Mechanical Engineering Undergraduate
Innovation and Research Award in June 2011 for his Master’s research.

Task 6a Evaluate time needed for vacuum pumps to evacuate known volumes (bench test): This
task was completed in year 2.

We initially characterized five vacuum pumps (2 electric, 3 mechanical) by constructing five test
chambers of known volume and measuring the rate of evacuation for each chamber with each
pump. It was determined that the Ohio WillowWood LimbLogic® VS was 47% more powerful than
the OttoBock Harmony® e-pulse, and that the OttoBock Harmony® P3 was the most powerful
mechanical pump. This work was described in Sean Wood’s Master’s thesis as well as being
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presented at the 2012 meeting of the American Academy of Orthotists and Prosthetists, the 2013
International Society for Prosthetics and Orthotics World Congress, and the 9" Annual Lewis
Landsberg Research Day at Northwestern University in 2013. (Appendix M) and published in the
Journal of Rehabilitation Research and Development (Appendix N).

Task 6b Evaluate time needed to evacuate sockets of transfemoral prosthesis users: This task
was completed in year 4.

We collected and analyzed data from 18 subjects with unilateral transfemoral amputation. Each
subject was asked to don their prosthesis and stand quietly while the space between socket and
liner were evacuated to a vacuum pressure of ~17 inHg (5 evacuation trials with each of the
electrical pumps: OttoBock Harmony® e-pulse and the WillowWood LimbLogic® VS). Vacuum
pressure data and time were recorded during evacuation using a DigiVac (Matawan, NJ) digital
vacuum pressure gauge and National Instruments LabVIEW (Austin, TX). We found that across
participants, the LimbLogic® pulled vacuum at a faster rate than the e-pulse and required less
time to achieve the desired pressure. Additionally, 9 subjects walked for 10 minutes with each
pump at a comfortable pace on a treadmill while the vacuum pressure in their socket was
monitored.

Details of the method and results of this testing can be found in Sean Wood’s Master’s thesis
(Appendix L) as well as being presented at the 2012 meeting of the American Academy of
Orthotists and Prosthetists and the 2013 International Society for Prosthetics and Orthotics
World Congress (Appendix O). This work was also published in the Journal of Prosthetics and
Orthotics (Appendix P). A synopsis of this article was featured on oandp.com, “Study Examines
Comparative Effectiveness of Electric Vacuum Suspension Pumps” in September, 2015.

Task 6¢c Compare results of 6a and 6b: This task was completed in year 4.

Key observations from Tasks 6a and 6b are summarized in Table 3. Bench top testing showed
that the OttoBock Harmony® e-Pulse required 56% more time to evacuate chambers of known
volume to 17inHg compared to the WillowWood LimbLogic® VS (Komolafe et al. 2013). In vivo
results in Task 6b are comparable to results from Task 6a.

The LimbLogic® is 47% more powerful than the e-pulse.

Unlike the Harmony® e-pulse, the performance of the LimbLogic®
appears to be independent of the charge of its Li-ion battery.
The LimbLogic® is potentially capable of more than two times as
many evacuations as the e-pulse even with a similarly sized Li-
ion battery.

The Harmony® P3 mechanical pump performs significantly better
on average than both the Harmony® P2 and HD pumps.

The various functional rings of the Harmony® P3 varied in
performance.

The average performance of the Harmony® P3 pump was equal
to that of the Harmony® e-pulse.

Vacuum pressure variation during ambulation is pump
independent.

The rate of vacuum decay was found to be 36% faster in the
LimbLogic® than in the Harmony® e-pulse.

The average volume of the socket/liner interface for persons with
transfemoral amputations is 6.14 in®.

Table 3 Key observations from Tasks 6a and 6b.

Electrical Pumps

Task 6a Observations

Mechanical Pumps

Task 6b Observations  Electrical Pumps

Task 6¢ Observations
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Task 7 Characterization of mechanical and electrical pumps

Year 1 Year 2 Year3
9/15/10t0 9/14/11 9/15/11t0 9/14/12 9/14/12t0 9/14/13

Gantt Chart Q1 Q2 03 Q4 a1 Q2 03 Q4 Q1 Q2 Q3 04
9/15 12/15  3/15 6/15 9/15 12/15  3/15 6/15 9/15 12/15  3/15 6/15
Progress Made to to to to to to to to to to to to
Task Scheduled 12/14  3/14 6/14 9/14 12/14  3/14 6/14 9/14 12/14  3/14 6/14 9/14

Aim 3 Develop/identify an appropriate mechanical pump to create suitable vacuum for suspension of the prosthesis.
Task 7 Characterization of mechanical and electrical pumps.

7a Survey and collect all

mechanical and electric

pumps for use in lower

limb prostheses.

7c Publish a journal article
on the characterization of
the mechanical pumps.

7b Characterize pumps
based on cycles and time
to pull specific vacuum
levels.

Task 7a Survey and collect all mechanical and electric pumps for use in lower limb prostheses:
This task was completed in year 1.

Our survey identified two electric pumps and three mechanical pumps that are commonly used
in lower limb prostheses. These were the Ohio WillowWood LimbLogic® VS (electric), the
OttoBock Harmony® e-Pulse (electric), the OttoBock Harmony® P2 (mechanical), the OttoBock
Harmony® P3 (mechanical), and the OttoBock Harmony® HD (mechanical).

We thought it was desirable to design a vacuum pump system with the military’s advanced needs
in mind. Aside from the reliability and durability required of military equipment, one need stood
out more than any other: the ability to function when common sources of electricity were not
available. This need encouraged the use of a mechanical pump over an electric one. Even so, an
electric pump was still desired for a quick evacuation in the case of an emergency, for users
incapable of walking without any vacuum assisted suspension, or any time in which there is a
sudden loss of vacuum pressure. Based on what we learned in Tasks 6 and 7, we explored two
design solutions. The first was a hybrid electric/mechanical pump and the second a
biomechanical energy harvesting design, which converts the energy lost during swing phase into
electrical energy for use in an electric vacuum pump (described in Sean Wood’s Master’s thesis,
Appendix L).

A hybrid pump has the advantage of being capable of quickly evacuating the socket using the
electrical system, then maintaining that vacuum through mechanical activation while walking.
Without the need to maintain vacuum pressure the electrical system can go into a sleep mode,
greatly conserving battery life. The results of Tasks 6 and 7 led to the conclusion that electrical
pumps are more desirable than mechanical pumps in terms of their evacuation speed and user
independence. We undertook two rounds of design, first with the assistance of an undergraduate
team working on this problem for their senior design project (Appendix Q) and then design
modifications and construction of the prototype were undertaken by Sean Wood as part of his
Master’s thesis (Appendix L).
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Task 7b Characterize pumps based on cycles and time to pull specific vacuum levels: This task
was completed in year 2.

For this task, it was useful to determine an arbitrary measurement of each pump’s efficiency for
means of comparison. With the averages of the evacuation times from each pump (averaged
over twenty evacuations for the electric pumps and over five for the mechanical pumps), the
vacuum pressure to which they were evacuated, and the precise volumes of each chamber, we
were able to calculate a value for the power of each pump. This value was calculated by:

Power = PV/T

where P is the vacuum pressure, V is the volume of the chamber, and T is the time needed to
evacuate the chamber to the vacuum pressure level. This was changed to a more conventional
metric of Watts by converting inHg to Pa and in3 to m3 using a total conversion factor of 0.05544.
All tests were performed at 72°F.

While we expected the electrical pumps to outperform the mechanical pumps, the P3 was, on
average, as powerful as the e-pulse

(i.e., it evacuated each canister to 17 °% | Electrical Mechanical
inHg as quickly) (Figure 5). However, e
there were large discrepancies among s
the calculated powers of the P3 § 03
functional rings, possibly due to Do
variation in pre-compression of each g
:IL'IH
ring before testing. While the P3 may &
be the most "powerful" pump, clinical 005
experience indicates  the other ’ '
P ; F ¥ L0 00 R D
mechanical pumps are capable of é@\f’ & v & ¥ N
higher vacuum levels. It remains =
& . Figure 5 Calculated power (W) for the two electrical
unknown what level of vacuum is most .
o - pumps and the three mechanical pumps.
beneficial for persons with

amputation. The power outputs of the mechanical pumps were dependent upon the tester for
actuation, which may have affected the consistency of results. While this study provides some
insight into pump performance it may not be directly indicative of in vivo performance given
other prosthetic and human subject variables that may affect development and maintenance of
vacuum.

Task 7c Publish a journal article on the characterization of the mechanical pumps: This task was
completed in year 2.

Characterization of the mechanical pumps was included in an article published in the Journal of
Rehabilitation Research and Development (Appendix N).

17



Task 8 Finalize vacuum pump design

Year 1 Year 2 Year 3
9/15/10to 9/14/11 9/15/11to 9/14/12 9/14/12t0 9/14/13

Gantt Chart a1l Q2 Q3 Q4 Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4
9/15 12/15  3/15 6/15 9/15 12/15  3/15 6/15 9/15 12/15  3/15 6/15
Progress Made to to to to to to to to to to to to
Task Scheduled 12/14  3/14 6/14 9/14 12/14  3/14 6/14 9/14 12/14  3/14 6/14 9/14

Aim 3 Develop/identify an appropriate mechanical pump to create suitable vacuum for suspension of the prosthesis.

Task 8 Finalize vacuum

pump design.
This task was completed in year 2.
A patent (#9,066,822) was issued for the hybrid pump we designed on June 30, 2015 (Appendix
R). Additional actions related to the hybrid pump have been filed with the patent office by

Northwestern University (provisional application 62/214,560 (NU2013-184); pending
applications 14/730,806 & 14/730,816 (NU2011-089)).

Aim 3: Supplemental Tasks

Supplemental funding was received in December 2012 for additional work to prototype and test
the hybrid vacuum pump’s ability to create suitable vacuum for suspension of the prosthesis in
highly active persons with transfemoral amputation.

Supplemental Task 1 Build three hybrid vacuum pumps

1/01/13to0 12/31/13
Gantt Chart = ==

Progress Made a1 az as aa
Task Scheduled 1/01to3/31 4/01to6/30 7/01t09/30 10/01to0 12/31

Extended Aim 3: Prototype and test hybrid vacuum pumps to create suitable vacuum for suspension of the prosthesis.
Task 1: Build three hybrid vacuum pumps.

1a Create detailed 3D CAD drawings for
all constituent parts and molds.

1b Prototype and machine all constituent
pump parts and bladder molds.

1d Assemble electrical pumps.

1e Assemble prototype hybrid pumps.

|
— T
— R

Supplemental Task 1a Create detailed 3D CAD drawings for all constituent parts and molds: This
task was completed in year 4.

Detailed 3D CAD drawings were created for each of the four proposed hybrid pump designs and
a mold for the bladder, which is common to all designs (Figure 6). Additionally, CAD drawings of
the WillowWood LimbLogic® pump electronics were provided to us by WillowWood. This allowed
us to determine if the compartment space designed as part of the hybrid pump was sufficient to
house the components required by an electric pump system.

Supplemental Task 1b Prototype and machine all constituent pump parts and molds: This task
was completed in year 4.
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Summarized
below with
Supplemental
Task 1c.

Supplemental
Task 1c

Injection _mold
bladders: This
task was
completed in
year 4.

Making the
bladder
required access :
to injection | Figure 6 CAD drawings for each hybrid pump design and the bladder mold.
molding

services and as such we worked initially with Weiler Rubber Technologies LLC (Chicago, IL) to
manufacture the first prototype bladder. We used our Stratasys FDM system to rapid prototype
one of the four designs, the four post design, to assess function of the bladder. Through a series
of experiments, we determined that the bladder was unable to generate sufficient vacuum due
to leakage and a lack of rebound that did not allow the pump to continue pulling air after several
cycles. This rebound issue was most likely the result of too low a stiffness of the bladder material,
such that it did not return to its neutral position following compression. Discussion with Weiler
led to bladder design changes. The redesign was intended to address leakage by securing the
proximal and distal bladder walls within a ‘sandwich’ plate; an improvement over the original
method of securing the bladder to standard pipe fittings.

Unfortunately, prior to fabrication of the redesigned bladder, Weiler withdrew from working on
this project due to other commitments. Attempts to identify another injection molding service
to work with us were unsuccessful. Hence, an alternative approach to addressing bladder design
issues was sought. In order to demonstrate that the hybrid pump was feasible (i.e., could
demonstrate concurrent function between the mechanical and electrical pumps) we decided to
modify the CAD models of the pump designs such that the OttoBock Harmony® P3 bladder
(referred to as the 4X147 Functional Ring by OttoBock) could be retrofitted into the assembly for
bench testing. We modified three of the proposed hybrid pump designs (hinge, four-post, and
four-bar) for retrofitting with the P3 bladder, which was also modeled. The primary design
modification was inclusion of a ring indentation in the housing for intimate fitting of the P3 ring
and the overall build height was increased to accommodate the height of the ring. With this
approach, it was unnecessary to build the fourth iteration of the hinge design with the external
spring as the P3 bladder demonstrated sufficient rebound in previous mechanical testing.

Upon preliminary analysis of each design’s mechanical function with the P3 ring, issues were
encountered with the hinge and four-bar designs: given the height of the P3 ring it was not
possible to derive suitable linear displacement from angular displacement. The angular motion
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of these two designs places the P3 ring under asymmetric loads and, furthermore, the moments
produced when under load act in such a way that the housing pulls itself apart. Consequently,
we tested only the four-post design with integration of both the P3 ring and LimbLogic® system.

Supplemental Task 1d Assemble electrical pumps: This task was completed in year 4.

Summarized below with Supplemental Task 1le.

Supplemental Task 1e Assemble prototype hybrid pumps: This task was completed in year 4.

Preliminary evaluation of the hybrid system involved setting up the housing in a drill press for
creating linear compression and pulling 17 inHg using only the P3 ring, then creating an artificial
leak in vacuum, and allowing the LimbLogic® electrical system to activate in order to return
vacuum to 17 inHg. Using the four-post design, the hybrid system functioned well with the
mechanical and electrical components operating in tandem. For additional testing, further
modifications were made to the housing of the four-post design in order to attach male/female
pyramid adaptors to the distal and proximal surfaces. This required aligning the center of the
(proximal and distal) pyramid attachments with the Electronics e Proximal
central axis of the P3 ring to ensure symmetric loading Carriage / Pyramid
of the ring under uniaxial compression. These changes Aachment
required that the posterior carriage be extended to
house the LimbLogic® electrical components. A hose
protruded through this carriage on the distal side that
attached to the volume for which vacuum was to be
created. Holes were tapped on the top and bottom b3 Functional
plate to attach the pyramid adapters and the bolts Ring
screwed into these holes were secured with an epoxy )
resin. An image of the final hybrid pump prototype is
shown in Figure 7.

Distal
Hose

Figure 7 Assembled hybrid pump (f&ﬁ—
post design).

Supplemental Task 2: Performance testing of three hybrid vacuum pumps

1/01/13t0 12/31/13
Gantt Chart

Progress Made a1 a2 a3 a4
Task Scheduled 1/01to03/31 4/01t0 6/30 7/01t09/30 10/01to 12/31

Extended Aim 3: Prototyp D
Task 2: Performance testing of three hybrid vacuum pumps.

2a Evaluate time needed for vacuum
pumps to evacuate known volumes
bench test).

2b Evaluate time needed to evacuate
sockets of transfemoral prosthesis users.

2c Compare results of 2aand 2bto
previous results from 6a and &b. ]
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Supplemental Task
2a_ Evaluate time
needed for vacuum
pumps to evacuate
known volumes
(bench test): This
task was completed
in year 3.
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design  underwent
mechanical Figure 8 Mechanical test set up (left) and results for 6.46 in® canister (right).
characterization
using the Instron (Norwood, MA) materials testing machine (Figure 8, left). This characterization
involved cyclical compression of the pump through a displacement of 7 mm (about 1 mm before
bottoming out occurred) over 300 cycles and with a frequency equivalent to average walking
cadence (100 steps/min). Canister ‘C’ was used as the test volume (6.46 in3) for this assessment.
The maximum axial force and vacuum pressure achieved during this characterization was 140 lbs
and 13.4 inHg, respectively (Figure 8, right).

Supplemental Task 2b Evaluate time needed to evacuate sockets of transfemoral prosthesis
users: This task was completed in year 4.

The pump underwent a form of preliminary in vivo characterization, in which it was attached
between the distal end of walking boots and prosthetic feet. These simulators were used to
subject the pump to the type and magnitude of loads experienced when installed distal to a
prosthetic socket. The pump sustained the loads applied without failure or damage, but displayed
asymmetric compression during walking (i.e., sequential posterior and anterior compression
corresponding to heel-toe gait). There is concern that this asymmetric compression pattern may
be a source of discomfort when used in operation with a transfemoral prosthesis. Vacuum level
was also compromised by the asymmetric compression: when the pump was compressed
symmetrically it was able to pull a higher level of vacuum (~12 inHg) than when it was compressed
asymmetrically (~6 inHg).

Modifications to the hybrid pump to address asymmetrical compression were completed and the
modified pumps tested with simulators during walking. The results indicated that although these
modifications reduced off-axis motion and asymmetric loading of the bladder, vertical motion
was also restricted and some asymmetric loading remained. Upon further inspection when
applying vertical compression to different sections of the upper pump housing with a drill press,
it was revealed that the extension sleeves were flexing. This flexing is due to the compliance of
the prototyping plastic, and acted to restrict overall motion while still allowing asymmetric
motion.

The third iteration involved stiffening the upper housing plate by filling the gaps between the
sleeves, essentially making the upper housing solid and stiffer to restrict off-axis motion of the
posts and limit piston binding. This iteration was tested with the simulators during walking and
in bench testing. For this third iteration, it was apparent that off-axis motion was limited and
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binding reduced. Results from the first walking test revealed that vacuum reached 11 inHg, which
was almost a two-fold improvement from the pull of 6 inHg for the previous iteration. There still
remained some binding during this test and so the passages for the bolts were widened slightly.
Further bench testing revealed that this helped reduce binding while still restricting off-axis
motion. Bench testing demonstrated a pull of 18 inHg despite off-axis loading. The second
walking test, however, succeeded in pulling out the two anterior bolts connecting the pyramid
adapter to the housing and stripping the threaded holes (even with the use of a polymer
adhesive). This illustrates the torque magnitude that is being applied to the pump during walking
and also the possibility that the 3D printed material may not be strong enough to withstand such
torque. However, further inspection showed that alignment of the four posts were not parallel
due toslight errors in the alignment of the top and bottom housing plates. Alignment of the posts
is critical due to the tight tolerances of the design. The misalignment was addressed by widening
the holes in the bottom housing plate. This modification appears to have addressed binding,
while previous modifications addressed asymmetric loading. Subsequent bench testing (uniaxial
load application at various points on the top housing to mimic asymmetric loading scenarios)
produced 20 inHg of vacuum, while in vivo testing with the simulator boots plateaued at 15 inHg.

Data was collected from 4 people with transfemoral amputation using the hybrid pump. During
testing with the first subject, the hybrid pump functioned adequately, maintaining the
appropriate levels of vacuum through use of the electronics. The mechanical function provided
some vacuum creation, which was observable in the temporal plot of vacuum pressure, but this
was not sufficient to limit use of the electronics. The insufficient pull of air from the mechanical
pump was due to limited compression of the internal bladder. As no asymmetric compression
was observed during operation, we suspect that the bladder stiffness was too high for the tested
subject and this restricted full compression when full body weight was applied. Despite this issue,
the hybrid pump housing sustained the loads and moments during walking, displayed symmetric
bladder compression, and maintained 17 inHg of vacuum pressure during both walking and
standing.

To address the issue of ring compression, our second subject with transfemoral amputation was
tested with a more compliant bladder. The subject’s own commercial pump appeared to suffer
from some form of malfunction, reflected by an inability to maintain an adequate level of vacuum
and constant reactivation of the electronics. The hybrid pump functioned flawlessly, quickly
arriving (~12 seconds) at 17 inHg with activation of the electronic system, and achieving a
maximum of 22 inHg when the mechanical system was engaged. Throughout the 10 minutes of
walking, the vacuum level decreased in a linear manner (~0.4 inHg/min), but never dropped
below 18 inHg and the electronic system never reactivated. If extrapolated, the hybrid pump
would arrive at 13 inHg (the pre-determined lowest acceptable vacuum level before reactivation
of the electronic system) after an additional 12.5 minutes of walking (23 minutes of total
walking).

Two additional subjects were tested with the hybrid pump. However, for these subjects the four
posts tended to migrate away from parallel during walking if the two bolts fixing the posts to the
bottom plate were firmly secured. This caused excessive friction in the system and did not allow
full compression of the bladder. As such, the bladder only pulled limited vacuum. Although some
pull through of the bladder is beneficial, a complete compression is required for the pump to
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satisfy its purpose. In order to test if slightly loosening the bolts would resolve this issue while
still allowing the pump to remain intact, we subsequently tested the pump in this manner using
the simulator boots while walking on the treadmill at 0.53 m/s. The bladder achieved full
compression and vacuum pressure plateaued after about 8 minutes of walking. This experiment
represents an ideal scenario, in which a canister (Canister ‘C’ - test volume of 6.36 in3) that
experiences minimal leakage was used to mimic the socket volume. Overall, it is clear that the
electronic system will rapidly create vacuum initially, and the mechanical system continues to
create vacuum during walking.

Supplemental Task 2c Compare results of Supplemental Tasks 2a and 2b to previous results from
Tasks 6a and 6b: This task was completed in year 4.

Supplemental Task 3: Finalize vacuum pump design.

1/01/13t0 12/31/13
Gantt Chart

Progress Made a1 Q2 Q3 Q4
Task Scheduled 1/01to3/31 4/01t06/30 7/01t09/30 10/01to 12/31

Extended Aim 3: Prototype and test hybrid vacuum pumps to create suitable vacuum for suspension of the prosthesis.
Task 3: Finalize vacuum pump design.

3a Iterate/refine final pump design based

on performance testing. -
3b Prepare and submit

presentations/publication on hybrid

pump design and performance results

Supplemental Task 3a Iterate/refine final pump design based on performance testing: This task
was completed in year 4.

An additional invention disclosure for an alternative diaphragm design approach was submitted
to the Northwestern University Innovations and New Ventures Office (INVO). This new design
uses a diaphragm in place of the bladder that is installed in series with the electric pump system.
A diaphragm will be less susceptible to both asymmetric loading given its function and geometry,
and leakage given its construction. The diaphragm prototype was built and bench tested (use link
to see video: https://northwestern.box.com/s/mop86jlalakbw89oua7sso34okh1dajs )

Supplemental Task 3b Prepare and submit presentations/publication on hybrid pump design and
performance results: This task was completed in year 5.

A presentation regarding our hybrid pump development and evaluation was accepted for
presentation at the 2017 American Academy of Orthotists and Prosthetists annual meeting
(Appendix S) and a technical note describing the pump design and operational feasibility was
published in the Journal of Medical Devices (Appendix T). To facilitate discussions about licensing
of the pump with potential commercial entities we created a tech alert summarizing our hybrid
pump IP in conjunction with the Northwestern University Innovations and New Ventures Office
(Appendix U).

23


https://northwestern.box.com/s/mop86jlalak6w89oua7sso34okh1dajs

Aim 4 Evaluate system performance with transfemoral prosthesis users

Task 9 Conduct performance evaluation with human subjects
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Aim 4 Evaluate system performance with transfemaral prosthesis users.

Task 5 Conduct performance evaluations with human subjects.

9b Recruit and
test human
subjects.

9c Publish

results if

appropriate.

9d Conduct

observational Progr ade R
clinical study. Task § ed

Task 9a Transfer socket casting and rectification skills/knowledge: This task was completed in

| Task 9 Conduct performance evaluations with human subjects. |
9a Transfer
socket casting
and rectification
skills/knowledg
a.

year 3.

We had the opportunity to share our preliminary education documents (which later became the
copyrighted multi-media instructional manual (Appendix H) with our collaborators at CFI/BAMC.
Due to an overwhelming number of military service personnel with bilateral transfemoral
amputations who were dissatisfied with their current prosthesis, we received a request from our
BAMC collaborator in March 2011 to provide them with any information we had that may allow
them to try our current prototype socket system with these individuals. Our BAMC collaborator,
John Fergason, CP, reported that initial fittings with two of the three patients were successful but
neither patient continued to wear the sub-ischial socket after an initial trial phase. We believe
that this was due to (1) choice of liner which we had not finalized at the time of BAMC's initial
request, or (2) the sockets having been fabricated using conventional rigid laminations since we
were not ready to share with them the more flexible Polytol frame design at the time of BAMC’s
initial request. However, this initial sharing of our ideas allowed us to incorporate feedback
provided by John Fergason, CP, into a second version of our instructional manual.

Three visits to the CFI/BAMC took place (October 2012, August 2013 and February 2015) to
transition the socket fabrication and fitting technique to BAMC prosthetists (first, John Fergason,
CP, and then Andrea lkeda, CPO).

Task 9b Recruit and test human subjects: This task is partially complete.

Recruitment and retention of military amputees was slower than anticipated due to
unanticipated complications scheduling subjects over the duration of the study protocol. We also
had staff changes both with the prosthetist working on the study and staff in the lab collecting
and processing the data. In 2014, and again in 2016, the research staff at the CFI/BAMC received
IRB approval to add additional subjects to the protocol to allow recruitment of additional subjects
(from 6 initially to “we will recruit and enroll subjects until we have 10 completers”). Ultimately,
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11 male subjects were enrolled in the study before the grant ended, with three completed, six
lost to follow up/withdrawn, and 2 still enrolled and partially complete at the time of writing this
report (Table 4). Appendix V provides a summary of the data from the three subjects who
completed testing. We are hoping that the two remaining subjects will complete the study soon.

Task 9c Publish results if appropriate: This task is partially complete.

Data for one subject was presented at the 2015 American Academy of Orthotists and Prosthetists
Annual Meeting and data for the three subjects who completed the study were presented at the
Omer Research and Alumni Lectureship at BAMC in 2016 and the American Society for
Biomechanics 2016 meeting (Appendix W).

Task 9d Conduct Observational Clinical Study: This task was completed in year 6.

An observational clinical study was conducted wherein a bathroom scale mounted on a hard
stand was used to assess how much weight transfemoral amputees can place on the residual
limb when it is bare, when they wear only the liner, and when they wear both the socket and
liner. In each of these conditions the amputee also reported the amount of discomfort/pain they
experienced. This allowed us to discern the relative contribution each component (liner and
socket) made to the ability of the amputee to bear weight on the prosthesis and provided some
support for the proposed role of tissue stiffening in creating a weight bearing interface between
the amputee and the prosthesis, alleviating weight bearing entirely on the distal end.

We presented this work at the 2016 meeting of the Midwest Chapter of the American Academy
of Orthotists and Prosthetists and have submitted an abstract describing this work for
presentation at the 2017 International Society for Prosthetics and Orthotics World Congress
(Appendix X). A manuscript is being drafted for publication.
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Table 4 Subject Characteristics and Testing Timeline (gray shading indicates subjects who completed study)

Baseline Socket/Prosthesis

Sub-ischial Socket/Prosthesis

. Date Etiology of Time since Reas_o n for . Date Date Accomm- Date Date
Subject Age . . with- Prosthesis . . . . .
enrolled Amputation Amputation L. biomechanics | fluoroscopy | odation biomechanics | fluoroscopy
drawal Description . . . . .
testing testing time testing testing
IC socket with
Motorcycle Back in flexible brim, X3 None to
1 2012/10/29 | 28 . 298 weeks knee, reflex 2014/12/09 2015/07/21 N/A N/A
accident school . . date
rotate with Unity
foot
IC socket with
2 | 201210729 | 35 | Motorevele |56 eeks na | exblebrim X3 1919 | 2012/12/18 | sweeks | 2013/02/20 | 2013/02/20
accident knee, Triton
Harmony® foot
IC socket with
Still flexible brim, X3 . «
3 2012/10/29 | 40 IED Unknown enrolled knee, Triton 18 weeks 2013/05/15 2013/06/17
Harmony® foot
IC socket with
4 | 2013/02/22 | 31 Mac;tc?;?;ct'e Unknown Mg;’:‘:ec;“t ﬂﬁgf";:;;”;agz 2013/08/05 | 2013/08/08 N/A N/A N/A
foot
IC socket with
flexible brim, gel 3.5 weeks
Left the | seal-in liner with (but then
army and | passive suction had 2
Motorcycle did not suspension, X3 surgeries
5 2014/01/31 | 24 accident 63 weeks have time knee, College 2014/07/01 2014/07/02 | and needs N/A N/A
to Park Trustep to be
complete foot, push recast to
the study | button rotator continue in
proximal to the study)
knee
Patient
moved out | IC socket with a
of the area | flexible brim, gel
and then | seal-in liner with
6 2014/10/30 | 33 IED 107 weeks | forgot his | passivesuction | 2015/01/23 | 2015/01/30 N/A N/A N/A
sub-ischial | suspension, X3
socket knee, Triton
when he | Harmony® foot
came back
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Baseline Socket/Prosthesis

Sub-ischial Socket/Prosthesis

R f
. Date Etiology of Time since eas? nfor . Date Date Accomm- Date Date
Subject Age . . with- Prosthesis . . . . .
enrolled Amputation Amputation . biomechanics | fluoroscopy | odation biomechanics | fluoroscopy
drawal Description . . . . .
testing testing time testing testing
for
appointme
nts at the
CFI
IC socket with a
Could not | flexible brim, gel
7 | 2014/11/21 | 32 IED Unknown | P& fitwith ) seal-in liner with N/A N/A N/A N/A N/A
sub-ischial | passive suction
socket suspension, X3
knee, Triton foot
IC socket with
flexible brim, X3
8 2015/04/30 | 33 Gunshot 23 weeks N/A knee and XC 2015/07/01 2015/06/24 3 days AT & 2015/08/14
wound . . 2015/08/19
with Unity pump
foot
IC socket with
Gunshot flexible brim, X3
9 2015/05/04 | 30 wound 40 weeks N/A knee and Triton 2015/07/29 2015/08/26 | 9 weeks 2015/11/13 2015/11/12
Shock foot
Did not like
the S.Ub_ IC socket with
ischial flexible brim, X3 None to
10 2015/06/29 | 36 IED 528 weeks socket after N 2015/06/30 2015/06/29 N/A N/A
knee and Triton date
1 day and
i Shock foot
didn't want
to continue
IC socket, OSSUR
Iceross seal-in
Humvee roll Still TFX liner, X3 -
11 2016/5/4 31 over 37 weeks enrolled | knee and GSSUR 2016/7/21 2016/7/07 9 weeks 2016/11/3
Proflex XC with
Unity foot

IED: improvised explosive device; CFl: Center for the Intrepid; IC: ischial containment socket.

Shading indicates subjects who have completed the study.
*Subject 3 was tested in reverse order: sub-ischial biomechanics and fluoroscopy testing have been completed and subject is now being recast for a new baseline socket because patient
cannot find his original baseline socket.
**Subject 11 is still enrolled and the biomechanics testing session in the Sl socket is still outstanding. The subject is in a wheel chair due to pain in his back and unaffected limb. The
subject indicates the pain is not related to the study. The subject and/or his case manager will let us know when the subject is back to walking normally.
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Aim 5 Develop education materials for sub-ischial socket design

Task 10 Develop a quantification tool for socket rectifications

Year 1 Year2 Year 3
9/15/10to 9/14/11 9/15/11t0 9/14/12 9/14/12t0 9/14/13

Gantt Chart Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4
9/15 12/15 315 6/15 9/15 1215  3/15 6/15 9/15 12/15  3/15 6/15
Progress Made to to to to to to to to to to to to

Task Scheduled 12/14  3/14 6/14 9/14  12/14 3/14 6/14 9/14  12/14 3/14 6/14 9/14

Aim 5 Develop education materials for sub-ischial socket designs
Task 10 Develop quantification tool for socket rectifications.

10a Develop computer
program to quantify
socket rectifications. I

registration scheme.
Era .
accuracy.

Task 10a Develop computer program to guantify socket rectifications: This task was completed

in year 2.

MATLAB (MathWorks Inc., Natick, MA) programs were written to import the 3D scans created by
our digitizer and calculate the difference between the modified and unmodified positive models.
The program calculates and visualizes the modifications made by a prosthetist to the positive
model of a patient’s residual limb. The program imports the scanned data from both the
unmodified and modified positive models, reads in the three registration marks on the 3D
computer models, aligns the two shapes, calculates the transformation or amount of
modification at each point on the modified model, and assigns color coding to the unmodified
model to indicate the degree of modification.

To obtain a meaningful color-coded image, the alignment between the unmodified and
modified shapes must be as good as possible. Our first alignment algorithm used points in the
proximal unmodified region to fine tune the initial alignment, which was based on three proximal
registration marks. ShapeMaker (S&S ShapeMaker, Hickory Hills, IL) was used to identify the
registration marks on both the modified and unmodified shapes. However, this approach did not
produce the best results. So, a new optimization scheme was implemented. The final approach
combines points from the proximal registration marks with a collection of points from an
unmodified region on the distal, medial wall. For each pair of casts, our prosthetist identified the
regions that he did not modify. These regions were captured during the digitization process, and
used to improve the alignment of the modified and unmodified shapes. We altered the program
to identify these regions. A multi-colored scale indicates the amount of rectification. The scale’s
units are in millimeters: negative numbers represent the amount of material removed during
rectification and positive numbers represent the amount of material added. However, since no
material is added during rectification, the positive coloring indicates areas where the modified
shape is outside the unmodified shape. Positive coloring implies a misalignment when this occurs
in the distal portion of the shape.
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Task 10b Develop shape registration scheme: This task was completed in year 2.

The alignment of modified and unmodified shapes is the first step in quantifying the amount of
rectification. We used an iterative closest point (ICP) algorithm to align the shapes. This algorithm
seeks to minimize the difference between similar regions. So, we defined four regions that were
not modified during rectification. Three regions were defined in the proximal portion of the
positive model, and the fourth was placed along the medial wall.

Initially, a jig was constructed to hold casts during scanning with the Inspeck scanner (Jodason
Technology Ltd., China). Preliminary scans showed that the scanner was capable of capturing the
cast shape and registration marks well. Unlike the Omega T-Ring (WillowWood, Mt Sterling, OH)
and Provel d1 (Cle Elum, WA) digitizers we have available, the Inspeck scanner allows the distal
end of the positive model to be better captured. Nine scans taken every 45° and at the distal end
were required to capture the whole model. The 9 individual scans were stitched together using
Inspeck’s EM Software to create the final 3D model and export the model in a variety of formats
(e.g. *.obj,* .stl, *.dxf). Unfortunately testing showed that the resulting data files contained many
orphan points that caused problems with processing of the files. Also, the acquisition and
registration process were very time consuming, and with a many casts to scan, the Inspeck
digitizer was no longer a viable option.

We returned to using the Provel digitizer to identify a method of obtaining better capture of the
distal end. We adjusted several of Provel's parameters and found that we could reduce the size
of the hole in the distal end, and by using ShapeMaker CAD software, adequately fill the hole
using the surrounding geometry. Using the Provel digitizer significantly reduced the acquisition
time. We modified our code to integrate the new data file structure.

Task 10c Test program accuracy: This task was completed in year 6.

After alignment, the differences between the two shapes were calculated and color-coded to
indicate the location and degree of rectification. The prosthetist who performed the rectifications
confirmed the accuracy of the resulting models.

Based on the digitization of 30 cast pairs, an average template for use in CAD rectification was
created using ShapeMaker software. This template was shared with Advanced Orthotic and
Prosthetic Solutions (AOPS, Hickory Hills, IL), the current owners of ShapeMaker for further
evaluation. Results of that evaluation were accepted for presentation at the 2017 American
Academy of Orthotists and Prosthetists annual meeting (Appendix S) and are described as part
of a manuscript on quantification of rectifications for our sub-ischial socket, which was accepted
for publication in the journal Prosthetics and Orthotics International (Appendix Y).

While the initial template worked well we wanted to both validate it as well as expand the dataset
upon which it was based, especially given that the initial 30 cast pairs were collected while the
template was still developing (Years 1 to 3). Hence, we collected and digitized an additional 12
cast pairs (Year 6).

In addition to the contour loop method described in Task 11e, we developed a second method
for averaging the rectification maps to see if it would give us a similar result and thus validate the
contour loop approach. For the second averaging method, we input cylindrical coordinates of
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unrectified and rectified cast scans and values for the depth of material removed at each
cylindrical coordinate. The output was an average of the rectifications at every degree angular
position and % lateral trim line height across all cases rather than a set of contour loops with an
arbitrary 1 mm material removal. The distribution of plaster removal using this model was
compared to the contour loop approach for both sets of cast pairs by clustering the data points
by magnitude of plaster removed from = 1 mm material removed to 2 9 mm material removed
(Figure 9). This new method of averaging plaster removal demonstrated a similar concentration
of plaster removal in the lateral and posterior quadrants, biased proximally, and almost no
plaster removed in the medial quadrant. It can be seen in Figure 9 that the deeper the magnitude
of plaster removal the more concentrated the location becomes to the proximal lateral area. This
was consistent with the original contour loop approach. While this new averaging method
allowed us to validate the contour loop approach it cannot be applied to an unmodified cast scan
as can the contour map.
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The two methods agreed quite well with regards to the location of material removal but the
template seems to have changed over time, with rectifications more localized to the proximal
lateral region (Figure 10). While the need for more aggressive proximal-lateral rectification was
consistent with the findings of the pilot application of the original template by AOPS, more data
was needed to confirm that this new template was not just unique to the new set of casts. Hence,
we averaged all available data (42 cast pairs) to create a second generation of the template,
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which should improve the functionality of the original template by increasing the magnitude of
plaster removed proximal-laterally without biasing it entirely in that area based on only 12 cast
pairs.
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Figure 10 Contour loops based on data from (left) 30 cast pairs collected over years 1-3, (middle) 12
cast pairs collected during year 6, and (right) all 42 cast pairs combined. 0 radians indicates anterior
midline. Approximate location of lateral quadrant is indicated by the black bar. Black vertical dashed
line indicates where the contour map wraps back round over the anterior midline but for clarity, we
chose to depict the contour loops as continuous loops.

Task 11 Quantify rectifications for multiple amputees

Year 1 Year2 Year3
9/15/10to 9/14/11 9/15/11to 9/14/12 9/14/12to 9/14/13

Gantt Chart Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4
9/15 12/15  3/15 6/15 9/15 12/15  3/15 6/15 9/15 12/15  3/15 6/15

Progress Made to to to to to to to to to to to to
Task Scheduled 12/14  3/14 6/14 9/14  12/14  3/14 6/14 9/14  12/14  3/14 6/14 9/14

Aim 5 Develop education materials for sub-ischial socket designs.
Task 11 Quantify rectifications for simple amputees.

Task 11a Develop limb
type categorization
scheme and inclusion
criteria. I
eane || — | | | | | | | |
negative casts.
ok 1cDigiie oo, (U | | | |
i B HENNNN
shapes. -
representative 3D models.

Task 11a Develop limb type categorization scheme and inclusion criteria: This task was completed

in year 2.

Algorithms for clinical decision-making were drafted for transfemoral as well as knee
disarticulation patients. Feedback was obtained from prosthetic colleagues to ensure that our
algorithm was understandable and revised as necessary. The final algorithm for transfemoral
amputation, along with a socket work form, was included in our multi-media instructional manual
(Appendix H) and used in the hands-on workshops held in Years 5 and 6 to teach prosthetists our
socket technique (see Task 12d).

Task 11b Obtain range of negative casts: This task was completed in year 6.

We collected 52 pairs of casts: 30 cast pairs were collected initially but since our prosthetist’s
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rectification technique matured over the years, 12 additional cast pairs were collected later.

Task 11c Digitize casts: This task was completed in year 6.

Forty-two pairs of casts were digitized (casts were excluded if they were from patients with knee
disarticulation, had warped during transit, or could not be scanned well) using the process
described in Tasks 10a and 10b. Initially, we included casts from persons with knee
disarticulation, but based on further discussion we decided to exclude those casts as
considerations regarding casting and rectification are different and may confuse initial adopters
of the socket technique.

Task 11d Assess digitized shapes: This task was completed in year 6.

Color-coded rectification maps for the first 30 casts were included in the copyrighted multi-media
instructional manual (Appendix H). From these initial templates, it was clear that rectifications
were consistently confined to the proximal posterior and lateral portions of the mold and that
they were more aggressive for limbs considered to have relatively “soft” tissue compared to limbs
considered to have relatively “firm” tissue. Variations in rectifications across these cast pairs led
us to wonder how limb characteristics affected the shape and magnitude of rectification. Hence,
we recorded limb characteristics (e.g. % gradation used during rectification, residual limb type,
tissue type, residual limb symmetry, and liner type) for the second set of cast pairs collected.
Unfortunately no relationship was found.

Task 11e Generate representative 3D models: This task was completed in year 6.

We investigated various 3D unwrapping techniques and how to implement them. The resulting
code was used to generate 2D rectification maps. These maps were averaged to create a
template for automated socket rectification using all the scanned data from Tasks 11b and 11c.
We eventually created a template for use in ShapeMaker since this software was available to us
and used locally by a prosthetic central fabrication facility (AOPS) who could assist in assessing
it’s feasibility in clinical use. Using this method, we input cylindrical coordinates of the unrectified
and rectified cast scans and depth of material removed at each cylindrical coordinate. We then
output an average of the rectifications in the form of contour loops across all cases (with each
contour representing an additional 1 mm of material removed from the cast). The contour loops
were implemented into coordinates for use in ShapeMaker software and can be applied to an
unmodified cast scan. A manuscript describing this quantification of rectifications for our sub-
ischial socket was accepted for publication in the journal Prosthetics and Orthotics International
(Appendix Y).
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Task 12 Create education materials
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Aim 5 Develop education materials for sub-ischial socket designs.

Task 12 Create education materials.
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Task 12a Consult with NUPOC on the design/creation of education material: This task was
completed in year 3.

This task was accomplished in multiple ways. Vacuum assisted technology was presented to the
prosthetics students at Northwestern University through a series of lectures, video modules, and
hands-on experience working with patient models. Modules including the history of vacuum-
assisted technology, physics of subatmospheric pressure, impression and modification
techniques, fabrication and system troubleshooting are taught. At present, this course focuses
application on persons with transtibial amputation but the content is also applicable for persons
with transfemoral amputation. Student and faculty feedback on content was received.

With the assistance of the Northwestern University Prosthetics-Orthotics Center’s (NUPOC)
Audio/Visual Production Specialist, Piper Kruse, we filmed and edited the casting, rectification,
and fitting procedures for our sub-ischial socket. These videos formed the basis of the
copyrighted multi-media instructional manual intended to support dissemination of the socket
to other prosthetists (Appendix H).

Drafts of the manual underwent revisions after feedback from our collaborators at BAMC and
NUPOC education faculty.

Task 12b Develop education material: This task was completed in year 4.

A multi-media instructional manual was created and the copyright registered in 2015 (Appendix
H). It has since been provided to all course participants on a thumb drive.

Task 12c Solicit feedback on education material from prosthetists: This task was completed in
year 5.

Education material was piloted as part of courses/presentations taught at various conferences,
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including the 2012 meeting of the Midwest Chapter of the American Academy of Orthotists and
Prosthetists, the 2013 medi International Symposium, the 2013 World Congress of the
International Society for Prosthetics and Orthotics, the 2013 International Society for Prosthetics
and Orthotics Norway Seminar, the 2014 meeting of the Canadian Association of Prosthetists and
Orthotists, and the 2014 American Academy of Orthotists and Prosthetists Annual Meeting.
(Appendix Z). The 2014 instructional course at the American Academy of Orthotists and
Prosthetists was so well attended that we were invited to present a live webinar that was
recorded and archived on the Academy’s online learning center
(http://www.oandp.org/olc/course.asp?course id=8E117078-AC6F-446C-BE3B-62E1560FCE5D)
and is freely-available for viewing. Feedback and questions received at all these events helped us
improve our education material.

Task 12d Develop plan for dissemination of education material: This task was completed in year
6.

In the summers of Years 5 and 6 we held five, 2-day hands-on continuing education courses for
Certified Prosthetists from across the US to learn how to make our sub-ischial socket (Figure 11).
Courses were held at the Northwestern University Prosthetics-Orthotics Center in Chicago on July
31-August 1, August 21-22, and September 11-12, 2015, and June 8-9 and July 22-23, 2016.
Courses were open to Certified Prosthetists who were required to register both themselves and
a transfemoral amputee patient model. Prosthetists earned 15.5 continuing education credits
from either the American
Board for Certification in
Prosthetics, Orthotics and
Pedorthics (ABC) or the
Board of Certification
(BOC). Over the course of
two days, participants
engaged in didactic
lectures, demonstrations
and hands-on activities
designed to teach
attendees how to cast,
rectify, fit and align a sub-
ischial check socket (see
course agenda in Appendix
AA). Patient models
responded positively to the
comfort, range of motion and stability of the sub-ischial socket while prosthetists described the
technique as “straight forward, reproducible.” Our courses were highlighted in the September
issue of the Northwestern Research News (“Researchers Showcase Prosthetic Socket Design”)
and the October issue of The O&P Edge (“Industry Review: NUPOC Launches the NU-FlexSIV
Socket”). Feedback from course participants was also included in the manuscript describing our
socket technique that was accepted for publication in the journal Prosthetics and Orthotics
International (Appendix D).

Figure 11 Location of prosthetists (n=52) who participated in our sub-
ischial socket courses.
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Having the prosthetists participate in the sub-ischial socket course with their own patient and
being able to take home the socket and liner was intended to incentivize ongoing implementation
of the sub-ischial socket technique in their clinical practice. However, we anticipated that as
prosthetists did this, they would encounter additional questions or issues with which they
needed help. To efficiently facilitate ongoing learning and troubleshooting for all course
participants we have created a private online forum for early adopters of the sub-ischial socket
using HipChat.com. The forum is a collaborative platform where early adopters can ask questions,
share information about their experiences fabricating and using the socket, and exchange advice
and troubleshooting tips with each other and the research team. Appendix BB shows a
screenshot of the forum used by participants from our five courses. We continue to moderate
and support this ongoing educational activity as we believe this will ensure that our dissemination
activities gain long-term traction with these early adopters of our sub-ischial socket technique.

Due to additional requests we have taught the sub-ischial socket course for prosthetists at
companies such as medi in Bayreuth, Germany (7 prosthetists); Ortos in Brgndby, Denmark (n=11
prosthetists); and Ossur Americas in Orlando, FL (n=4 prosthetists). We plan to keep offering and
holding courses as long as there is interest, including short interactive overview courses
scheduled to be held at the 2017 American Academy of Orthotists and Prosthetists meeting in
Chicago, IL, on March 1-4 and a half day course overview to be held at the 2017 Northwest
Chapter meeting of the American Academy of Orthotists and Prosthetists in Bellevue, WA, on
April 20-22.

Task 13 Final project meeting
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Task 13a Convene final project meeting: This task was completed in Year 6.

A wrap-up meeting was held with CFI/BAMC PI Jason Wilken, PhD, on August 18, 2016, and at
NUPOC on September 6, 2016, with the Chicago based team. These meetings allowed the team
to discuss accomplishments and final wrap-up tasks to be completed in preparation for the
submission of the final report.

Due to high interest in our new sub-ischial socket technique, three keynote presentations were
given on this work during 2016 (Appendix CC). A presentation on project accomplishments was
also provided at the Clinical and Rehabilitative Medicine Research Program, Joint Program
Committee-8 Socket Technology and Related Limb Health In-Progress Review, September 27,
2016, and at the quarterly faculty meeting of the Northwestern University Department of
Physical Medicine and Rehabilitation on November 15, 2016.
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KEY RESEARCH ACCOMPLISHMENTS

Developed and taught a socket technique that is straight forward and reproducible when
taught to other prosthetists and has been adopted in clinical practice for the benefit of
persons with transfemoral amputation who are looking for a more comfortable socket.

Taught 74 prosthetists from around the world our sub-ischial socket technique, including
prosthetists from Walter Reed Army Medical Center, Center for the Intrepid, and some VA
facilities.

Published seven papers and gave more than 40 presentations, including keynotes on this

project at three international meetings in 2016.

e Patentissued and additional actions filed for a hybrid vacuum pump.

e Secured additional funding for a clinical trial to more formally assess our sub-ischial socket’s

comfort and performance (W81XWH-15-1-0708).

e Created a CAD template that can be used in the central fabrication of our sub-ischial socket

technique.

e Ryan Caldwell was awarded the 2016 Clinical Creativity Award by the American Academy of
Orthotists and Prosthetists for his contribution to development of the sub-ischial socket.

e Trained two engineering Master’s students (Brian Robillard and Sean Wood) and a post-

doctoral fellow (Seeni Komolafe).

REPORTABLE OUTCOMES
OUTCOMES APPENDIX
Manuscripts
Fatone S, Caldwell R (in press) Northwestern University Flexible Sub-Ischial Vacuum
Socket for Persons with Transfemoral Amputation: Part 1 Description of Technique. Appendix D
Prosthetics and Orthotics International.
Fatone S, Caldwell R (in press) Northwestern University Flexible Sub-Ischial Vacuum
Socket for Persons with Transfemoral Amputation: Part 2 Preliminary Evaluation. AppendixJ
Prosthetics and Orthotics International.
Fatone S, Johnson WB, Tran L, Tucker K, Mower C, Caldwell R (in press)
Quantification of Rectifications for Northwestern University Flexible Sub-Ischial Appendix Y
Vacuum (NU-FlexSIV) Socket. Prosthetics and Orthotics International.
Caldwell R, Fatone S (in press) Technique for Perforating a Prosthetic Liner to Expel .

. . Appendix K

Sweat. Journal of Prosthetics and Orthotics.
Major M, Caldwell R, Fatone S (2015) Comparative Effectiveness of Electric Vacuum
Pumps for Creating Suspension in Transfemoral Sockets. Journal of Prosthetics and Appendix P
Orthotics, 27(4):149-153.
Major M, Caldwell R, Fatone S (2015) Evaluations of a Hybrid Vacuum Pump to
Provide Vacuum-assisted Suspension for Above-knee Prostheses. American Society A dix T
of Mechanical Engineers, Journal of Medical Devices, 9(4):0445041-445044. PMID: ppendix
27462383; PMCID: PMC 4940611.
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http://journals.lww.com/jpojournal/Abstract/2015/10000/Comparative_Effectiveness_of_Electric_Vacuum_Pumps.8.aspx
http://journals.lww.com/jpojournal/Abstract/2015/10000/Comparative_Effectiveness_of_Electric_Vacuum_Pumps.8.aspx

Komolafe O, Wood S, Caldwell R, Hansen A, Fatone S (2013) Methods for
Characterization of Mechanical and Electrical Prosthetic Vacuum Pumps. Journal of
Rehabilitation Research and Development, 50(8):1069—-78. PMID: 24458892.

Appendix N

Abstracts

Fatone S, Caldwell R, Major M (submitted) Effect of interface components on
residual limb weight-bearing tolerance in the Northwestern University Flexible Sub-
Ischial Vacuum (NU-FlexSIV) Socket. World Congress of the International Society for
Prosthetics and Orthotics, May 8-11, 2017, Cape Town, South Africa.

Appendix X

Fatone S, Tran L, Tucker K, Johnson WB, Mowrer C, Caldwell R, (accepted)
Quantification of rectifications for the Northwestern University Flexible Sub-Ischial
Vacuum (NU-FlexSIV) Socket. American Academy of Orthotists and Prosthetists,
March 1-4, 2017, Chicago, IL.

Appendix S

Major MJ, Caldwell R, Hansen A, Fatone S (accepted) Hybrid vacuum pump for
vacuume-assisted suspension in transfemoral prostheses. American Academy of
Orthotists and Prosthetists, March 1-4, 2017, Chicago, IL.

Appendix S

Fatone S, Caldwell R (2016) Development of the Northwestern University Flexible
Sub-Ischial Vacuum (NU-FlexSIV) Socket for Persons with Transfemoral Amputation.
American Orthotic and Prosthetic Association National Assembly, September 8-11,
Boston, MA.

Appendix Z

Fatone S, Caldwell R (2016) Development of the Northwestern University Flexible
Sub-Ischial Vacuum (NU-FlexSIV) Socket for Persons with Transfemoral Amputation.
Military Health System Research Symposium (MHSRS), August 15-18, Kissimmee, FL.

Appendix Z

Brown SE, Russell Esposito E, Fatone S, Caldwell R, Wilken J (2016) Effect of socket
design and suspension on walking mechanics. 40th Annual Meeting of the American
Society of Biomechanics, August 2-5, Raleigh, NC.

Appendix W

Caldwell R, Fatone S (2016) Development of the Northwestern University Flexible
Sub-Ischial Vacuum (NU-FlexSIV) Socket for Persons with Transfemoral Amputation.
OTWorld Congress, May 3-6, Leipzig, Germany.

Appendix Z

Fatone S, Caldwell R (2015) Northwestern University Flexible Sub-Ischial Vacuum
Socket (NU-FlexSIV). World Congress of the International Society for Prosthetics and
Orthotics, June 22-25, 2015, Lyon, France.

Appendix Z

Esposito ER, Fatone S, Wilken J, Caldwell R, Fergason J (2015) Sub-ischial prosthetic
sockets improve hip range of motion and performance for individuals with
transfemoral amputations. 41st American Academy of Orthotists and Prosthetists
Annual Meeting & Scientific Symposium, February 18-21, New Orleans, LA.

Appendix W

Caldwell R, Komolafe O, Fatone S (2014) Clinical outcomes using a new sub-ischial
socket with vacuum assisted suspension: the NU-FlexSIV. OTWorld Congress, May
13-16, Leipzig, Germany.

Appendix Z

Robillard B, Komolafe O, Caldwell R, Fatone S (2013) Fabricating prosthetic sockets
with rapid prototyping technology. Biomedical Engineering Society (BMES) Annual
Meeting, September 25-28, Seattle, WA.

Appendix F

Komolafe O, Caldwell R, Fatone S (2013) An analytic approach to assessing
transfemoral socket flexibility. 39™" American Academy of Orthotists and Prosthetists
Annual Meeting and Scientific Symposium, February 20-23, Orlando, FL.

Appendix C
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http://www.rehab.research.va.gov/jour/2013/508/pdf/jrrd-2012-11-0204.pdf
http://www.rehab.research.va.gov/jour/2013/508/pdf/jrrd-2012-11-0204.pdf
http://www.healio.com/orthotics-prosthetics/prosthetics/news/online/%7Bc95e23d8-ef32-4cab-a5fd-87c587503904%7D/new-socket-design-could-improve-prosthesis-fit-comfort?utm_source=maestro&utm_medium=email&utm_campaign=orthotics%20prosthetics%20news
http://www.healio.com/orthotics-prosthetics/prosthetics/news/online/%7Bc95e23d8-ef32-4cab-a5fd-87c587503904%7D/new-socket-design-could-improve-prosthesis-fit-comfort?utm_source=maestro&utm_medium=email&utm_campaign=orthotics%20prosthetics%20news
http://www.nupoc.northwestern.edu/docs/research/dod_subischial/20160714_SEB-ASBPoster.pdf
http://www.nupoc.northwestern.edu/docs/research/dod_subischial/20160714_SEB-ASBPoster.pdf
http://www.nupoc.northwestern.edu/docs/research/dod_subischial/Fabricate-px-sockets-poster.pdf
http://www.nupoc.northwestern.edu/docs/research/dod_subischial/Fabricate-px-sockets-poster.pdf

Fatone S, Howell J, Caldwell R, Komolafe O, Stine R. (2013) Role of socket design,
flexibility and suspension in transfemoral sockets during walking (poster). 39th
American Academy of Orthotists and Prosthetists Annual Meeting and Scientific
Symposium, February 20-23, Orlando, FL.

Appendix |

Komolafe O, Caldwell R, Fatone S (2013) Stress analysis of different rigid frame
designs with a flexible transfemoral prosthetic socket. 14th World Congress of the
International Society for Prosthetics and Orthotics, February 4-7, Hyderabad, India.

Appendix C

Fatone S, Wood S, Komolafe O, Caldwell R, Chen W, Sun C, Hansen A. (2013)
Socket/liner interface volume and vacuum pressure decay in persons with
transfemoral amputations. 14th World Congress of the International Society for
Prosthetics and Orthotics, February 4-7, Hyderabad, India.

Appendix O

Fatone S, Wood S, Caldwell R, Chen W, Sun C, Hansen A, Komolafe O. (2013)
Characterization of mechanical and electrical vacuum pumps for use in vacuum-
assisted suspension (poster). 14th World Congress of the International Society for
Prosthetics and Orthotics, February 4-7, Hyderabad, India.

Appendix M

Fatone S, Caldwell R, Komolafe O, Tucker K (2013) Sub-ischial sockets with vacuum
assisted suspension for persons with transfemoral amputation. Instructional Course,
World Congress of the International Society for Prosthetics and Orthotics, February
4-7, Hyderabad, India.

Appendix Z

Komolafe O, Tucker K, Caldwell R, Fatone S (2012) Quantification of transfemoral
prosthetic socket fabrication (poster). Military Health System Research Symposium,
August 13-16, Fort Lauderdale, FL.

Appendix C

Wood S, Caldwell R, Chen W, Sun C, Hansen A, Komolafe O, Fatone S (2012)
Characterization of mechanical and electrical vacuum pumps for use in vacuum-
assisted suspension. 38th American Academy of Orthotists and Prosthetists Annual
Meeting and Scientific Symposium, March 21-24, Atlanta, GA.

Appendix M

Wood S, Caldwell R, Chen W, Sun C, Hansen A, Fatone S (2012) Socket/liner interface
volume and vacuum pressure decay in persons with transfemoral amputations. 38th
American Academy of Orthotists and Prosthetists Annual Meeting and Scientific
Symposium, March 21-24, Atlanta, GA.

Appendix O

Komolafe O, Caldwell R, Tucker K, Sun C, Chen W, Hansen A, Fatone S (2012) Stress
analysis of different rigid frame designs of within a flexible transfemoral prosthetic
socket. 38th American Academy of Orthotists and Prosthetists Annual Meeting and
Scientific Symposium, March 21-24, Atlanta, GA.

Appendix C

Presentations

Fatone S (2016) Flexible sub-ischial vacuum socket for transfemoral amputees.
Korean Orthopedic and Rehabilitation Engineering Center (KOREC) Workshop,
November 7, Incheon, South Korea.

Appendix CC

Fatone S (2016) Flexible sub-ischial vacuum socket for transfemoral amputees. Asian
Prosthetic and Orthotic Scientific Meeting (APOSM), November 4-6, Seoul, South
Korea.

N/A

Caldwell R, Fatone S (2016) Where does the weight go? Effect of interface
components on residual limb weight-bearing tolerance in transfemoral prosthesis
users. Midwest Chapter of the American Academy of Orthotists and Prosthetists,
November 3-5, Rosemont, IL.

N/A
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http://www.nupoc.northwestern.edu/research/projects/lowerlimb/pdfs_dod/IC-CaseStudy-poster.pdf
http://www.nupoc.northwestern.edu/research/projects/lowerlimb/pdfs_dod/IC-CaseStudy-poster.pdf
http://www.nupoc.northwestern.edu/research/projects/lowerlimb/pdfs_dod/DoD-PumpTestPoster.pdf
http://www.nupoc.northwestern.edu/research/projects/lowerlimb/pdfs_dod/DoD-PumpTestPoster.pdf
http://www.nupoc.northwestern.edu/research/projects/lowerlimb/pdfs_dod/Komolafe_DOD_Poster.pdf
http://www.nupoc.northwestern.edu/research/projects/lowerlimb/pdfs_dod/Komolafe_DOD_Poster.pdf
http://www.oandp.org/publications/jop/2012/2012-62.pdf
http://www.oandp.org/publications/jop/2012/2012-62.pdf
http://www.oandp.org/publications/jop/2012/2012-60.pdf
http://www.oandp.org/publications/jop/2012/2012-60.pdf
http://www.oandp.org/publications/jop/2012/2012-54.pdf
http://www.oandp.org/publications/jop/2012/2012-54.pdf
http://www.oandp.org/publications/jop/2012/2012-54.pdf

Fatone S (2016) The Final Frontier: Developments in Transfemoral Sockets. ISPO
European Congress on Prosthetics and Orthotics 2016, October 6-8, Rotterdam, The
Netherlands.

Appendix CC

Fatone S (2016) The Final Frontier: Developments in Transfemoral Sockets. Invited
speaker, NUFSM PM&R/RIC Clinical Research Grand Rounds, July 11, Chicago, IL.

N/A

Brown SE, Russell Esposito E, Ikeda A, Fergason J, Caldwell R, Fatone S, Wilken JM
(2016) Effect of socket design and suspension on walking mechanics. George E. Omer
Jr. Research and Alumni Lectureship. Brooke Army Medical Center, June 16, San
Antonio, TX.

Appendix W

Fatone S, Caldwell R (2016) Socket-related research collaborations at Northwestern
University. Scheck Fair, April 8-9, Lombard, IL.

N/A

Caldwell R and Fatone S (2016) Development of the Northwestern University Flexible
Sub-Ischial Vacuum (NU-FlexSIV) Socket for Persons with Transfemoral Amputation
(poster). 12™" Annual Lewis Landsberg Research Day, April 7, Northwestern
University, Chicago, IL.

Appendix Z

Fatone S (2016) Sub-ischial socket with vacuum assisted suspension for persons with
transfemoral amputation. Danske Bandagister, April 1-2, Nyborg, Denmark.

Appendix CC

Caldwell R (2016) Symposium “Modern Transfemoral Socket Alternatives and
Technologies: The Science behind TFAs.” 42nd American Academy of Orthotists and
Prosthetists Annual Meeting and Scientific Symposium, March 9-11, Orlando, FL.

N/A

Caldwell R, Fatone S (2016) NU-FlexSIV Socket. NUPOC Biennial Symposium for the
German-Speaking Travel Fellows of Initiative ‘93, February 25, Chicago, IL.

N/A

Fatone S, Caldwell R (2015) An introduction to sub ischial sockets with vacuum
assisted suspension. Midwest Chapter of the American Academy of Orthotists and
Prosthetists, May 27-29, Rosemont, IL.

N/A

Fergason J (2014) Managing combat amputees, prosthetic experience. UK
International Society for Prosthetics and Orthotics Annual Scientific Meeting, Royal
College of Physicians, October 3-4, London.

N/A

Fatone S, Caldwell R (2014) Sub-ischial socket with vacuum assisted suspension for
persons with transfemoral amputation. Instructional Course, Canadian Association
for Prosthetics and Orthotics (CAPO) Annual Conference, August 6-9, Halifax, Nova
Scotia, Canada.

N/A

Fatone S, Caldwell R (2014) Sub-ischial socket with vacuum assisted suspension for
persons with transfemoral amputation. Instructional Course, 40th American
Academy of Orthotists and Prosthetists Annual Meeting and Scientific Symposium,
February 26-March 1, Chicago, IL.

Appendix Z

Fatone S (2013) Development of sub-ischial sockets for persons with transfemoral
amputation. Invited Speaker, ISPO Norge Seminar on “Lower Limb Socket Design and
Rehabilitation”, October 22-23, Oslo and Akershus University College, Norway.

Appendix Z

Fatone S (2013) Evaluation of sub-ischial sockets for persons with transfemoral
amputation. Invited Speaker, ISPO Norge Seminar on “Lower Limb Socket Design and
Rehabilitation”, October 22-23, Oslo and Akershus University College, Norway.

Appendix Z

Robillard B, Komolafe O, Caldwell R, Fatone S (2013) Fabricating prosthetic sockets
with rapid prototyping technology (poster). 3" Annual Musculoskeletal Research
Day, Northwestern University, August 27, Chicago, IL.

Appendix F

Caldwell R (2013) Sub-ischial socket technology: transfemoral vacuum concepts and
case studies. 4™ Annual medi Scientific Symposium, June 6-9, Mallorca, Spain.

N/A
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http://www.nupoc.northwestern.edu/docs/research/dod_subischial/20160408_CaldwellPoster.pdf
http://www.nupoc.northwestern.edu/docs/research/dod_subischial/20160408_CaldwellPoster.pdf

Komolafe O, Caldwell R, Fatone S (2013) An analytic approach to assessing
transfemoral socket flexibility. Midwest Chapter of the American Academy of
Orthotists and Prosthetists, May 29-June 1, Lake Geneva, WI.

N/A

Robillard B, Komolafe O, Caldwell R, Fatone S (2013) Design of a process for
fabricating prosthetic sockets with rapid prototyping technology (poster).
InNUvations Applied Research Day, Northwestern University, May 2, Evanston, IL.

Appendix F

Komolafe OA, Caldwell, R, Fatone S (2013) An analytic approach to assessing
transfemoral socket flexibility. Texas Association of Orthotists and Prosthetists
Annual Meeting, April 19-20, Dallas, TX.

N/A

Fatone S, Wood S, Caldwell R, Chen W, Sun C, Hansen A, Komolafe O (2013)
Characterization of mechanical and electrical vacuum pumps for use in vacuum-
assisted suspension (poster). 9th Annual Lewis Landsberg Research Day,
Northwestern University, April 4, Chicago, IL.

Appendix M

Robillard B, Komolafe O, Caldwell R, Fatone S (2013) Design of a process for
fabricating prosthetic sockets with rapid prototyping technology (poster). 9th Annual
Lewis Landsberg Research Day, Northwestern University, April 4, Chicago, IL.

Appendix F

Fatone S (2013) A new socket for persons with above knee amputations. Monthly
Veterans Research Forum, Jesse Brown VA Medical Center, March 7, Chicago, IL.

N/A

Komolafe O, Fatone S (2012) Stress analysis of different transfemoral prosthetic
socket frame designs. Midwest Chapter of the American Academy of Orthotists and
Prosthetists, September 27-29, Lake Geneva, WI.

N/A

Caldwell, R (2012) Sub-ischial socket technology: transfemoral vacuum concepts and
case studies. Midwest Chapter of the American Academy of Orthotists and
Prosthetists, September 27-29, Lake Geneva, WI.

N/A

Fatone S (2012) Sub-ischial prosthetic socket with vacuum-assisted suspension for
persons with transfemoral amputation. Design of Medical Devices Conference, April
10-12, Minneapolis, MN.

N/A

Patents

Caldwell R, Hansen A, Wood S, Chen W, Radcliffe R, Yngve K, Kuhar B, Nelson AJ,
Nickel E. Vacuum Pump Systems for Prosthetic Limbs and Methods of Using the
Same. United States Patent 9,066,822. Issued on June 30, 2015.

Appendix R

Caldwell RJ, Major MJ Vacuum Pump Systems for Prosthetic Limbs and Methods of
Using the Same. Serial No. 62/214,560. Filed September 4, 2015.

N/A

Theses/Dissertations

Brian Robillard, (2014) MS degree in Biomedical Engineering, Northwestern
University, Evanston, IL. Master’s Thesis Title: “Design of a Process for fabricating
Prosthetic Sockets with Additive Manufacturing Technology”

Appendix E

Sean Wood, (2011) BS/MS degree in Mechanical Engineering, Northwestern
University, Evanston IL. Master’s Thesis Title: “Characterization and Design of
Vacuum Pumps for Persons with Transfemoral Amputations.”

Appendix L

Grants Awarded

Department of Defense (#W81XWH-15-1-0708 ) titled, “Functional Performance
Evaluation of the Northwestern University Flexible Sub-Ischial Vacuum (NU-FlexSIV)
Socket for Persons with Transfemoral Amputation”

N/A
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http://appft1.uspto.gov/netacgi/nph-Parser?Sect1=PTO1&Sect2=HITOFF&d=PG01&p=1&u=/netahtml/PTO/srchnum.html&r=1&f=G&l=50&s1=20130096694.PGNR.
http://www.nupoc.northwestern.edu/research/projects/lowerlimb/FunctionalPerfEvalNUFlexSIV.html
http://www.nupoc.northwestern.edu/research/projects/lowerlimb/FunctionalPerfEvalNUFlexSIV.html
http://www.nupoc.northwestern.edu/research/projects/lowerlimb/FunctionalPerfEvalNUFlexSIV.html

Sponsored agreements to hold the NU-FlexSIV Socket Course with:
e Medi, gmbh (Bayreuth, Germany), April 29-30, 2016.

e Ortos A/S (Brgndy, Denmark), October 12-13, 2016. N/A

e Ossur Americas (Orlando, FL), November 18-19, 2016.
Online Webinar
Caldwell R, Fatone S (2014) "Subischial Socket with Vacuum-Assisted Suspension for
Persons with Transfemoral Amputation". Online webinar hosted by the American N/A
Academy of Orthotists and Prosthetists.
Other Related Publications
2016 OTWorld Congress presentation on “Development of the Northwestern
University Flexible Sub-Ischial Vacuum (NU-FlexSIV) Socket for Persons with N/A
Transfemoral Amputation” spotlighted in The O&P Edge “OTWorld Session Sneak
Peeks.”
Fairley M (2016) Expanding Clinical Skills and Knowledge: Rehabilitative Care for N/A
Wounded Warriors Meets Unique Challenges. The O&P Edge, February, 15(2):26-36.
Kahle J and Highsmith JM (2016) The Newest Technology in Transfemoral Socket N/A
Interfaces. InMotion, March/April, 26(2):38-43.
NUPOC Launches the NU-FlexSIV Socket. Industry Review in The O&P Edge, October

N/A

2016:10.
NUPOC Launches the NU-FlexSIV Socket. oandp.com, August 25, 2016. N/A
Advanced O&P Solutions Facebook Page, September 29 2015. N/A
Researchers Showcase Prosthetic Socket Design. Northwestern Research News, N/A
September, 2015;8(1):11.
“Study Examines Comparative Effectiveness of Electric Vacuum Suspension Pumps” N/A
September 20, 2015. oandp.com
Gissal J (2014) Scheck & Siress Prosthetist Ryan Caldwell, CP/L, FAAOP, Contributes N/A
to NUPOC Research. Scheck It Out, February 24, 2014.
Murphy C (2013) Socket Technology and Design: the Future of an Evolving Practice. N/A
O&P Business News, February 2013.
World Congress Highlight, Subischial sockets for persons with transfemoral N/A
amputation. ISPO ANMS eNews, March 2013.
Multi-Media Instructional Manual
Fatone S, Caldwell R (2015) Instructional Manual for NU-FlexSIV Socket.
Northwestern University Prosthetics-Orthotics Center, Chicago IL. ©2015 Stefania N/A
Fatone and Ryan Caldwell. All rights reserved.
Awards Received
Sean Wood received the Mechanical Engineering Undergraduate Innovation and N/A
Research Award for hybrid vacuum pump design in June 2011.
Brian Robillard was awarded 3™ Place at the InNUvations Applied Research Day on
May 2013 for the poster “Design of a process for fabricating prosthetic sockets with N/A
rapid prototyping technology.”
Ryan Caldwell was awarded the 2016 Clinical Creativity Award by the American
Academy of Orthotists and Prosthetists for his contribution to development of the N/A
sub-ischial socket.
Undergraduate Course Work
ME 398 undergraduate design group report: Bennett Kuhar, Al Nelson, Regan Appendix H

Radcliffe, Kevin Yngve.
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http://www.oandp.org/olc/course.asp?course_id=8E117078-AC6F-446C-BE3B-62E1560FCE5D
http://www.oandp.org/olc/course.asp?course_id=8E117078-AC6F-446C-BE3B-62E1560FCE5D
http://www.oandp.com/articles/2016-04_10.asp
http://www.oandp.com/articles/2016-04_10.asp
http://www.oandp.com/articles/2016-02_02.asp
http://www.oandp.com/articles/2016-02_02.asp
http://www.amputee-coalition.org/inmotion_online/inmotion-26-02-web/
http://www.amputee-coalition.org/inmotion_online/inmotion-26-02-web/
http://online.publicationprinters.com/launch.aspx?eid=8f598270-d9b0-4d89-bcaf-5c3020cb93b5
http://www.oandp.com/articles/NEWS_2016-08-25_01.asp
https://www.facebook.com/AOPSolutions/photos/a.462843250481741.1073741828.460835084015891/823255034440559/?type=3&theater
http://www.nupoc.northwestern.edu/docs/research/dod_subischial/ShowcaseNUFlexSIVSocket.pdf
http://www.oandp.com/articles/NEWS_2015-09-20_02.asp
http://www.healio.com/orthotics-prosthetics/prosthetics/news/print/o-and-p-business-news/%7B9954eb7e-5231-400c-a927-ff8fbd0c8532%7D/socket-technology-and-design-future-of-an-evolving-practice
http://www.ispo.org.au/Portals/0/Documents/NonMemberDocs/2013Docs/News/ISPO%20Australia%20-%20eNews%20-%20March%202013.pdf
http://www.ispo.org.au/Portals/0/Documents/NonMemberDocs/2013Docs/News/ISPO%20Australia%20-%20eNews%20-%20March%202013.pdf

CONCLUSIONS

The socket we have developed, which we have dubbed the Northwestern University Flexible Sub-
Ischial Vacuum (NU-FlexSIV) Socket, was successfully taught to 74 Certified Prosthetists and is
slowly gaining implementation in clinical practice. Prosthetists are now able to provide their
patients with transfemoral amputation a new, more comfortable, socket option for every-day
use. Scope of application would be greater with a passive suction socket version of the technique,
which we believe can be accomplished with relatively minor modifications to our current
vacuum-based technique and should be explored further.

REFERENCES

Gerschutz, M. J., M. L. Haynes, D. Nixon and J. M. Colvin (2012). "Strength evaluation of prosthetic
check sockets, copolymer sockets, and definitive laminated sockets." Journal of Rehabilitation
Research and Development 49(3): 405-426.

Komolafe, 0., S. Wood, R. Caldwell, A. Hansen and S. Fatone (2013). "Methods for
Characterization of Mechanical and Electrical Prosthetic Vacuum Pumps" Journal of
Rehabilitation Research and Development 50(8): 1069-1078.

BIBLIOGRAPHY OF ALL PUBLICATIONS AND MEETING ABSTRACTS

See “Reportable Outcomes” for bibliography of all publications and meeting abstracts.

LIST OF PERSONNEL RECEIVING PAY FROM THE RESEARCH EFFORT

(in alphabetical order, payroll only, does not include consultants, subcontractors or human
research subjects)

John Brinkmann Matthew Major

Ryan Caldwell John Michael
Michael Cavanaugh Regan Radcliffe

Wei Chen Brian Robillard
Larissa Conner Christopher Robinson
Stefania Fatone Cheng Sun

Steve Gard Dilip Thaker

William Brett Johnson Lilly Tran

Andrew Hansen Kerice Tucker
Oluseeni Komolafe Sean Wood
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Material Testing Protocols.

Socket Testing Protocols.

Abstracts and Posters Summarizing Task 2.

Accepted Manuscript: Prosthetics and Orthotics International, Part 1 Description of
Technique.

Robillard Master’s Thesis.

Robillard Posters and Abstracts.

WillowWood Socket Evaluation Report.

Copyright Registration for Multi-Media Instructional Manual for NU-FlexSIV Socket.
AAOP 2013 Poster and Abstract.

Accepted Manuscript: Prosthetics and Orthotics International, Part 2 Preliminary
Evaluation.

Accepted Manuscript: Journal of Prosthetics and Orthotics Technical Note.
Wood Master’s Thesis.

Vacuum Pump Evaluations Abstracts and Posters.

Manuscript Published in the Journal of Rehabilitation Research and Development.
Interface Volume Abstracts.

Manuscript Published in the Journal of Prosthetics and Orthotics.

ME 398 Report.

Hybrid Vacuum Pump Patent.

Accepted Abstracts AAOP 2017.

Manuscript Published in Journal of Medical Devices.

Hybrid Pump Tech Alert 2016.

Summary of Results from 3 Subjects Tested at CFI/BAMC.

CFI/BAMC Abstracts and Posters.

Abstract Submitted for ISPO 2017 World Congress.

Accepted Manuscript: Prosthetics and Orthotics International.

Education Material Presented at Conferences and Meetings.

NU-FlexSIV Socket Course Agenda.

Online Forum

2016 Keynote Presentations
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APPENDIX A — MTS TESTING PROTOCOLS




PROTOCOL FOR MTS TESTING

1. Power up system on 413 Master Control Panel — Allow system to idle for 30 mins

2. Connect multimeter leads to 442 controller
a. (Black)o---“meter output™--o(Red)
b. Switch “meter” knob to “DC Error”
c. Zero-out multi-meter reading using “set point” knob
d. Push “interlock reset”
3. On 413 Master Control Panel
a. Push “reset”
b. Push “hydraulic pressure” to turn on hydraulics. Indicator will light on “low”
4. On 442 Controller
a. Adjust “set point” to 5.0, then lock position
b. Select loading option
i. Strain — this toggles for a load controlled test
ii. Stroke — this toggles for a displacement controlled test
c. Open front panel on 442 controller. On back panel, adjust only “Zero” and
“Range” knobs corresponding to selected loading option
i. Set zero load reading and position of cross head
ii. *Set system “range” knob from 100% to 10% of Fullscale — indicator is on
front of 442 controller.
1. maximum voltage out for 100% FS — 10 V
2. maximum system stroke — 5.0”
d. Set“span 1” as % of maximum load or displacement

desired travel
x 1000

max. travel

e. Do not adjust “span 2”
5. On 410 Digital Function Generator
a. “Rate 1" — loading/Ramp time/frequency
b. “Rate 2” — Unloading time
c. Set functions on the right of panel
i. Set loading function — “ramp”, “sine”, etc.
ii. **Invert — Moves cross head up first or down first

6. Press “hydraulic pressure.” Indicator will light on “high”
7. Start test
(Light on 410 DFG indicates a return of the system to zero)
Notes:

*Range” adjusts the voltage scaling of the system. The maximum voltage reading possible from
the system controller is 10 V. Depending on expected maximum loads, or maximum
displacements of a particular test, the user can rescale the system so that 10 V corresponds to
the new maximum value.

** Particular to this system, the crosshead is fixed and stroke is controlled through movement of
the load cell. Therefore, for tensile tests, the load cell moved downwards. It is important to
remember this in the setup.



EXPERIMENT TO DETERMINE THE TENSILE MATERIAL PROPERTIES OF POLYPROPYLENE
PROSTHETIC SOCKET FRAME

Oluseeni Komolafe, PhD.
Northwestern University Prosthetic-Orthotics Center
May 23, 2011

Purpose:

To perform a tensile test on samples of the polypropylene socket frame material and calculate the Modulus of
elasticity, Poisson’s ratio, Yield strength and the Tensile strength. (Satisfies task 2 and 4b of DoD grant
W81XWH-10-1-0744.)

Applicable Testing Standards:
ASTM D638-10: Standard Test Method for Tensile Properties of Plastics
*ASTM D618: Standard Practice for Conditioning Plastics for Testing

Equipment and Materials:

Loading system: Servo-hydraulic loading system (MTS™, Eden Prairie, MN)
Extensometer: Bi-axial extensometer @ >= 20Hertz

Micrometer — Apparatus for measuring width and thickness of test specimen

Designations for Recording Atmospheric Conditions:
1. Conditioning: A/B/C (e.g. Condition 96/23/50)
2. Testing: T-B/C (e.g. T-23/50)
- A —Number in hours of the duration of the conditioning
- B — Conditioning temperature in degrees Celsius
- C — Relative humidity

No. of Specimens: 8

Specimen Exclusion Criteria:
1. Surface gouged / scratched specimen
2. Obvious material inconsistencies upon visual inspection
3. Specimen that fractures outside of gage region

Testing Procedure:
Allow specimen to equilibrate in testing environment for 40 hours**
Measure and record temperature and relative humidity of the test area
Measure and record the width and thickness of specimen middle zone (to the nearest 0.025 mm)
Mark gage length on specimen surface using India ink/permanent marker
Place the specimen in the grips of the testing machine
a. Take care to align the long axis of the specimen and the grips
b. Tighten the grips evenly and firmly to prevent slippage of the specimen during the test
c. Apply a small preload (less than 5 N at 0.1 mm/min) to eliminate any bending in the specimen
Attach the extensometer to the specimen and balance all readings to zero
Set strain rate to 5 mm/min
Start the test
Record the load-extension curve of the specimen
0 Extend specimen to failure (i.e. breakage)

aOkwhPE
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Appendix A: Specimen dimensions
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Specimen Dimensions for Thickness, 7. mm (n.y*
7 (0.28) or under Over 7 10 14 (0.28 to 0.55), incl 4 (0.16) or under
Dimensions (see drawings) Tolerances
Type | Type Il Type il Type V8 Type V&2

W—Watn of namow sectiont - 13 (0.50) 6 (0.25) 19 (0.75) € (0.25) 3.18 (0.125) 0.5 (0.02)8¢
L—Length of narrow section 57 (2.25) 57 (2.25) 57 (2.25) 33 (1.30) 9.53 (0.375) 0.5 (0.02)€
WO—Wiatn overall, min® 19 {0.75) 19 (0.75) 29(1.13) 19 (0.75) +6.4 (+0.25)
WO—wiatn overall, min® 9.53 (0.375) +3.18 ( +0.125)
LO—Lengtn overall, min* 165 (6.5) 183 (7.2) 246 (9.7) 115 (4.5) 635 (2.5) No max (no max)
G—Gage lengtn’ 50 (2.00) 50 (2.00) 50 (2.00) 7.62 (0.300) *0.25 (=0.010)°
G—Gage lengtn’ 25 (1.00) +0.13 (=0.005)
D—Distance between grips 115 (4.5) 135 (5.3) 115 (4.5) 65 (2.5 254 (1.0) +5(x0.2)
R—Radius of filet 76 (3.00) 76 (3.00) 76 (3.00) 14 (0.56) 12.7 (0.5) =1 (x0.04)°
RO—Outer radlus (Type IV) 25 (1.00) *1 (£0.04)

4 Thickness, T, shall be 3.2= 0.4 mm (0.13 = 0.02 In.) for all types of moided specimens, and for other Types | and Il specimens where possibie. If specimens are
machined from sheets or plates, thicknass, 7, may be the thickness of the sheet or plate provided this does not exceed the range stated for the Intended specimen type.
For sheats of nominal thickness greater than 14 mm (0.55 in.) the specimens shall be machined 10 14 * 0.4 mm (0.55 = 0.02 In.) In thickness, 10r use with the Type Il
specimen. For sheets of nominal thickness between 14 and 51 mm (0.55 and 2 In.) approximately equal amounts shall be machined from each surtace. For thicker sheats
both surfaces of the specimen shall be machined, and the location of the specimen with reference to the original thickness of the sheet shall be noted. Tolerances on
thickness less than 14 mm (0.55 In.) shall be those standard for the grade of maternal tested.

8 For the Type IV specimen, the internal width of the narrow section of the dle shall be 6.00 = 0.05 mm (0.250 + 0.002 In.). The dimensions are essentially those of
Die C In Test Methods D412.

€ The Type V specimen shall be machined or die cut to the dimensions shown, or moided In a moid whose cavity nas these dimensions. The dimensions shall be:

W=23.18 = 0.03 mm (0.125 = 0.001 In.),
L=953 = 0.08 mm (0.375 * 0.003 In.),
G=762 = 0.02mm (0.300 + 0.001 In.), and
RA=12.7 = 0.08 mm (0.500 = 0.003 In.).

The other tolerances are those In the table.

2 supporting data on the Introduction of the L specimen of Test Method D1822 as the Type V specimen are avaltable from ASTM Headquarters. Request RR:D20-1038.

€ The wiagth at the center W, shall be +0.00 mm, -0.10 mm ( +0.000 In., -0.004 In.) compared with width W at other parts of the reduced section. Any reduction In W
at the center shall be gradual, equally on each side so that no abrupt changes In dimension result.

¥ For molded specimens, a draft of not over 0.13 mm (0.005 In.) may be aliowed for either Type | or Il specimens 3.2 mm (0.13 In.) In thickness, and this shouid be taken
Into account when caicutating wiath of the specimen. Thus a typical saction of a moided Type | specimen, having the maximum aliowabie draft, could be as follows:

S Overall wigths greater than the minimum Indicated may be desirable for some matenals In order to avold breaking In the grips.

H Overall lengtns greater than the minimum Indicated may be desirabie either to avold breaking In the grips or to satisty special test requirements.

Test marks or initial extensometer span.

“ wnen seif-tightening grips are used. for nighly extensibie polymers, the distance between grips will depend upon the types of grips used and may not be critical If
maintained uniform once chosen. .

(12.83 mm)

0.005 in. max
5 (0.13 mm)

FIG. 1 Tension Test Specimens for Sheet, Plate, and Molded Plastics



APPENDIX B — SOCKET TESTING PROTOCOLS




EXPERIMENTAL PROTOCOL FOR BENCH-TOP SIMULATIONS OF TRANSFEMORAL
SUB-ISCHIAL PROSTHETIC SOCKET LOADING

Oluseeni Komolafe, PhD.
Northwestern University Prosthetic-Orthotics Center
May 23, 2011

Purpose:

To measure the interface stresses between a silicon transfemoral residual limb phantom and a
sub-ischial prosthetic transfemoral socket in a simulated single stance load state. The
experimental stress values are to be used for validation of a finite element model of the
transfemoral sub-ischial prosthetic socket. (Satisfies task 2c of DoD grant W81XWH-10-1-0744)

Equipment and Materials:

¢ Intelligent Prosthetic Endoskeletal Component System (IPECS)
Novel Pliance system
trublu® calibration device
Loading system: Servo-hydraulic loading system (MTS™)
Silicon femoral residual limb
Stopwatch (HR:MM:SS)

Protocol:
Part A: Obtain human subject loading data

1. Calibrate sensors (trublu® calibration device)
2. Attach sensors to the subject’s residual limb (see
figure 1)
Placement
A — Distal lateral
B — Proximal medial
C — Distal anterior
D — Straight distal
E — Posterior/medial/proximal (in range of IT)

3. Outfit subject with liner, socket and IPECS device
4. Perform the following tests while recording loading Figure 1: Sensors attached to a residual

data from IPECS device limb using Tegaderm
Duration Number of Trials
a. Quiet standing (double limb support) 10 seconds (@ | kHz 2
acquisition)
b. Walking at self-selected pace 2 passes on force-plate array 2

Part B: Correlate MTS load cell measurements to IPECS load readings

5. Attach sensors to limb phantom using placements from Part A, step 2
6. Setup the instrumented phantom system and IPECS in the MTS (see figure 2)
7. Configure the MTS for a ‘load controlled,” ramp loading option (i.e. “strain” mode)
8. Apply loads in 10 load unit increments (IPECS weight limit — 275Ibs)
e Monitor IPECS loads. Terminate test at maximum reading from Part A



Figure 2: The limb phantom and socket system setup in the mechanical testing device

¢ Visually inspect limb phantom and socket for damage or excessive slippage.
Terminate immediately
e Confirm sensor pressures (recommended range: 20 — 600 kPa ). Terminate
protocol if maximum pressure exceeds 550 kPa
e Record data in table 2
i. Use linear regression to relate MTS load to IPECS load
ii. Use linear regression to relate MTS displacement to IPECS load
(provides the option for displacement control testing)

MTS IPECS PLIANCE
Time Displacement Load Load Pressure

Part C: Testing

9. Setup MTS for ‘displacement controlled’ loading option
(i.e. “stroke” mode)
10. Activate Pliance system
11. Apply a ‘ramp and hold’ load. Ramp from a ‘zero’ baseline load to maximum IPECS load.
e RAMP - 3 seconds
e HOLD - 8 seconds
e Repeat 3x
12. Unload system



APPENDIX C - ABSTRACTS AND POSTERS SUMMARIZING TASK 2




OA Komolafe1, R Caldwell1, K Tucker1,

Stress Analysis of Different Rigid Frame Designs within a

Flexible Transfemoral Prosthetic Socket
C Sunz, W Chenz, AH Hansen1’3, S Fatone'

'Prosthetics-Orthotics Center and “Mechanical Engineering, Northwestern University; 3Minneapolis VA Health Care System.

INTRODUCTION

Transfemoral sockets were originally constructed from
wood or hard plastic laminates (Radcliffe, 1955). More
recently, thermoplastics and acrylic resins with carbon
fiber or other woven materials have been used (Ng,
2002). Although these materials achieve suitable load
transmission between the residual limb and the
prosthesis, their rigidity prevent the sockets from
dynamically conforming to changes in residual limb
shape and volume during gait (Sanders, 2009).

The ensuing separation (i.e. loss of contact) between
the socket and residual limb leads to a loss of
negative pressure in suction and vacuum sockets and
increase in relative movements (e.g. pistoning) of the
residual limb within the socket. A direct, easily
achievable solution can be obtained by constructing
the socket from a flexible material. However, this
solution is constrained by the minimum socket rigidity
necessary for effective and stable biomechanical load
transfer between the residual limb and the prosthesis.

Our approach to maximizing socket flexibility and
maintaining effective load transfer is to construct a
single walled, flexible socket, reinforced with a rigid
carbon fiber frame (Figure 1). We present results of a
finite element (FE) stress analysis evaluating different
frame designs.

METHOD

Equipment:. Creaform 3-D MegaCapturor digitizer,
Novel Pliance system, MTS load system, iPecs unit.

Procedure: A FE model (Figure 1) of a transfemoral
sub-ischial prosthetic socket is developed by digital
scanning and validated using experimental data
(Figure 2). The FE model is formulated to analytically
evaluate the performance of three unique frame
designs identified with clinical input. The designs are
assessed based on the socket-residual limb interface
stress magnitude and distribution.

Developing the FE model:

bl Flexible sleeve

3 Rigid frame

Figure 1: Anterior view of a sub-ischial socket modeled as a

simplified two-layered system. A) Scanned 3D vertex data of the

socket. B) Solid geometric model. C) FE model is discretized
usina tetrahedral elements.

Experimental validation:

Silicon residual
limb phantom

~ Sub-ischial socket
with vacuum

= suspension

Pressure sensors

Figure 2: Experimental setup to validate FE model. (Left)
Loads are applied to a silicon limb model in a custom made
socket. (Right) Sensors are inserted between the liner and
socket to estimate the normal stress (interface pressure).

RESULTS

Figure 3: Anterior view of FE analysis stress results: (Left)
Totally rigid frame (i.e. no cut-outs) and (Right) a ladle shaped
frame with medial strut.

DISCUSSION & CONCLUSIONS

The FE results showed a non-uniform interface stress
(pressure) distribution that was different for each
socket (Figure 3). The sockets differed in the location
and extent of cut-outs in the rigid frame. Cut-outs in
transfemoral sockets have been used to provide
release areas that accommodate displaced tissues
(Alley, 2011). The results suggest this approach can
be useful to optimize responsive (i.e. flexible) sockets,
capable of conforming to a changing residual limb
while achieving biomechanical load requirements.
Work is ongoing to refine the computational model
and to perform more extensive experimental
validation. Future work will focus on directly extracting
optimal frame designs from the FE analysis.
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Quantification of Transfemoral Prosthetic Socket Fabrication

Oluseeni Komolafe, PhD, Kerice Tucker, Ryan Caldwell, CP, Stefania Fatone, PhD, BPO(Hons)

Northwestern University Prosthetics-Orthotics Center (NUPOC)

NORTHWESTERN UNIVERSITY

¥ FEINBERG

SCHOOL OF MEDICINE

NORTHWESTERN
UNIVERSITY

Background

Prosthetic socket fabrication is typically a specialized process
heavily dependent on the craftsmanship skill of the prosthetist.
Efficient knowledge dissemination and automation of the
fabrication process requires quantification of this process.

Purpose of the Study

To quantify the specialized process of fabricating sockets for highly
active persons with transfemoral amputations (TFA).

A. Quantify clinical (pre- and post) rectifications

B. Quantify the socket (frame) development process

Relevance to Military Medical Care

A General 3
20%

. (Owings, 1998) /

Military

* Prevalence:

(TFA) 31%

(Stansbury, 2008)

e Service persons with amputations
o Generally young and extensively trained
o Have high expectations of their function with prostheses

Introduction

Transfemoral Prosthesis Orientation

*Suspension
*|nterface

*Components

Foot —mm—> Q

Novel Sub-Ischial Transfemoral Socket

/ ‘: »=

* Vacuum assisted suspension

* Lower sub-ischial proximal trimlines

e 4-Stage lamination procedure

 Optimized frame geometry to increase socket flexibility

Methods/Results

Typical Transfemoral Socket Fabrication Process

q Y

........

HEERE T

Assemble Fabricate Socket Check Socket
Components

Observations

* Process is time and resource intensive

 Heavy dependence on clinician experience and craftsmanship

* High variability of quality outcomes

* Process is difficult to quantify and effective instruction typically
requires a one-to-one "apprentice” model

A. Quantifying Clinical (Pre- and Post) Rectifications

B Gray: unmodified shape
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Results: Rectification Patterns
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B. Quantifying the Socket (Frame) Development Process
& R

\ 4

3-D scanned and
CAD model
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Current socket
prototype

Finite Element
Model

Results: Stress Distribution Patterns

Parameterized model geometry and thicknesses

Completely
rigid socket
7
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socket with g
medial strut =
frame

Posterior Medial

Lateral

Anterior

Conclusions

The majority of the rectifications are in the proximal lateral portion
of the cast. Preliminary results demonstrate that different frame
geometries have different effects on the socket stress distribution.
Implications/Applications

* Technology assisted fabrication (CADCAM, rapid prototyping, etc.)

* Facilitates knowledge dissemination of specialized techniques
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AN ANALYTIC APPROACH TO ASSESSING
TRANSFEMORAL SOCKET FLEXIBILITY

OA Komolafe, R Caldwell, S Fatone

Northwestern University Chicago IL

INTRODUCTION
Flexible prosthetic socket systems are generally
thought to contribute positively to residual limb health
and comfort of persons with amputations. Such
systems allow greater accommodation of the socket
walls to muscular contraction, improving circulation,
as well as improving suction suspension due to the
clinging nature of the socket walls (Pritham, 1985).
Early examples of flexible systems include the use of
double wall sockets, with a flexible inner socket joined
to an outer rigid socket (McCollough, 1968) and a
decade later, fenestrated sockets, with supporting
struts formed by windows cut into the rigid socket at
medial, posterior and anterior locations (Volkert,
1982). However, despite continued development of
such flexible socket systems, there remains a need
for formalization of the criteria defining socket
flexibility. Existing working definitions, such as that
articulated by Ossur Kristinsson as "the ability to
deform [the socket] by hand and the resistance to
stretching under the loads it will be subject to,"
although accurate, are not sufficiently nuanced to
allow comparison of dissimilar flexible socket designs.
The goal of this work was to use an analytic process
to provide guidelines for characterization of
transfemoral socket flexibility, incorporating the
following elements:
(1) Identification of regions of the socket that have
distinct functions of clinical significance;
(2) An analytic evaluation of the deformation and
internal socket stresses at these functional
regions using a computational model.

METHOD
Apparatus: 3-D Creaform Megacapturor digitizer,
Abaqus (Dessault Systemes), AMTI forceplates.

Proximal Anterior Medial Posterior

¢

Lateral Distal Loading surface

Figure 2: Selected functional regions on the structural frame
component of a sub-ischial transfemoral socket.

Procedure: (A) Distinct regions of a transfemoral
prosthetic socket with different loading and support
functions were identified through discussion with an
experienced Certified Prosthetist (Fig 1). (B) The
selected regions were evaluated in a previously
described finite element model of a sub-ischial
prosthetic socket (Komolafe et al. 2012). Evaluation
included a global deformation and stress assessment
of the selected "functional regions” (from A above).

Data Analysis: The equivalent (von Mises) stress was
calculated as an average of all elements in the
selected region.

RESULTS
1400 i i i i - +-Proximal region
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Figure 1: Results from computational model of sub-ischial
socket subjected to experimentally measured stance loads.
DISCUSSION/CONCLUSION

Our analysis (Fig 2) confirmed the region of maximum
socket flexibility (indicated by minimum stress values)
for the duration of the stance phase in this sub-ischial
socket design was along the proximal brim. During
loading response and early stance, calculations
indicated low deformation (and high stresses) along
the anterior and medial regions, however, during later
stance; low values of deformation were calculated
along the posterior and lateral regions of the socket.

CLINICAL APPLICATIONS

Characterization of regional socket flexibility for
different loading conditions may benefit the design of
activity specific socket systems.
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Title — Stress Analysis of Different Rigid Frame Designs with a Flexible Transfemoral Prosthetic Socket
Introduction

In vacuum suspension sockets, loss of elevated vacuum pressure is often a result of non-conformation of
the socket material to changes in residual limb shape and volume. Reduced vacuum suspension may
lead to increased relative movements (i.e. pistoning) of the residual limb within the socket. Fabrication of
the socket from a flexible material provides a direct solution; however, to be of practical use, minimum
socket rigidity for stable load transfer between the residual limb and prosthesis must be maintained. To
maximize socket flexibility, we use a fenestrated rigid socket (i.e. frame) embedded within a laminated
polyurethane flexible material. We present results of a finite element (FE) analysis evaluating the effect of
different frame designs on residual limb/socket interface stress distributions.

Methods

Equipment: Creaform 3-D digitizer, Novel pliance system, Instron mechanical testing system

Procedure: A FE model of a transfemoral sub-ischial prosthetic socket is developed and validated. The
model assembly was simplified to the following components: (1) Rigid frame, (2) Flexible polyurethane
layer, (3) Silicone liner and (4) Residual limb. A FE analysis was then performed in Abaqus FEA
(Dassault Systemes).

Results

Qualitative results from the FE analysis showed a non-uniform stress distribution that was different for
each socket. Preliminary results indicate regions of high normal stresses around the proximal brim and
regions of low normal stress values along the lateral wall of the socket. On-going work is focused on
gquantitative assessment of the effect of different frame geometries of various thicknesses on the stress
distribution.

Discussion

The sockets differed only in locations and extent of cut-outs within their rigid frames. Cut-outs in
transfemoral sockets have been used to provide release areas that accommodate displaced tissues. The
results suggest this approach is useful to optimize flexible sockets capable of conforming to changing
residual limbs, while achieving biomechanical load requirements.
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Abstract

Study Design:

Background: Current transfemoral prosthetic sockets restrict function, lack comfort, and cause
residual limb problems. Lower proximal trim lines are an appealing way to address this problem.
Development of a more comfortable and possibly functional subischial socket may contribute to
improving quality of life of persons with transfemoral amputation.

Objectives: FhereforetheThe purpose of this study was to (1) describe the design and
fabrication of a new subischial socket, (2) describe efforts to teach this technique—and-3)

" . cets. . . i thi ele—whi

he third aim ] Lin the Part 2 article..

Methods: Socket development involved defining: subject and liner selection, residual limb
evaluation, casting, positive mold rectification, check socket fitting, definitive socket fabrication,
and troubleshooting of socket fit. Three hands-on workshops to teach the socket were piloted and
attended by 30 certified prosthetists and their patient models.

Results: Patient models responded positively to the comfort, range of motion and stability of the

new socket while prosthetists described the technique as “straight forward, reproducible.

Conclusion: To our knowledge, this is the first attempt to create a teachable subischial socket,

and, while it appears promising, more definitive evaluation is needed.
Word Count: 197

Clinical Relevance:
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Introduction

Current transfemoral (TF) prosthetic sockets often restrict function, lack comfort and
cause residual limb problems. Although designed to enable load transfer during activities (e.g.
walking),' sockets interface with soft tissues that are neither accustomed nor well-suited to the
high pressure and shear loading that occurs during prosthesis use.” Despite high levels of daily
use, lack of socket comfort is the most common complaint of prosthesis users.* Residual limb
skin problems (e.g. cysts, calluses, allergic reactions, bacterial or fungal infections) have been
reported by 25% to 63% of persons with amputation, negatively influencing ability to perform
household tasks, use the prosthesis, function socially, and participate in sports.>*®

Traditionally there have been two basic designs of TF sockets both of which intentionally
interact with the pelvis: the 1950s quadrilateral socket and the 1980s ischial containment socket
(ICS).’ Fundamental to both designs is the proximal “brim” shape: in the quadrilateral socket, a

1011 whereas in the ICS the ischial

horizontal ischial seat supports the ischial tuberosity,
tuberosity and ramus are contained within the socket by higher, more rounded proximal trim
lines creating more oblique supporting forces. Generally, the ICS is narrower in the mediolateral
dimension than the quadrilateral socket, fitting intimately with the ischial ramus and greater

12-14

trochanter, and purportedly locking onto the pelvis for greater stability. Regardless, wearing

either socket significantly reduces hip motion compared to motion without a socket.'>'®
Lowering proximal trim lines of TF sockets is therefore appealing. A recent variant of the

ICS, the Marlo Anatomical Socket (MAS), combines greater containment (i.e. contact) of the

ischial ramus medially with lower anterior and posterior trim lines. The MAS allows increased

hip range of motion compared to either ICS or quadrilateral sockets,'” providing sufficient

control and stability for walking without loss of passive suction suspension.'*** Newer vacuum

URL: http:/mc.manuscriptcentral.com/tpoi Email: tim.bach@ispoint.org
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45  suspension technology using a pump to maintain subatmospheric socket pressure has spurred

11 46  additional reductions in proximal trim lines.” The resulting sockets have been referred to as

13 47  “brimless” or subischial since the proximal trim line is located distal to the ischial tuberosity and
15 48 not intended to interact with the pelvis.**** Subischial sockets with vacuum suspension have the

49  potential to provide not only increased hip range of motion and comfort, but also less pistoning

17
ig 50  between the socket and limb, and better proprioception and tissue health.>*
32 51 The development of a more comfortable and possibly functional subischial socket may

22 52 improve the quality of life of persons with TF amputation. While early reports suggest subischial
24 53 sockets are feasible, no one has yet described a teachable subischial socket technique. Therefore,
26 54 the purpose of this study was to (1) describe the design and fabrication of a new subischial

28 55 | socket, and (2) describe efforts to teach this technique. An accompanying article and{3)

30 56 | illustrates socket use in two subjects—Fhe-firsttwo-atmsarepresentedinthis Part 1 article—while

31 . . 1.3
el b s e e e el
32 57
33
58
34
35 59 Method
36
g; 60  Socket Design/Fabrication
39 e The goal of our subischial socket was to have proximal trim lines that did not impinge on
40

41 62 | the pelvis; to be flexible so that muscles could move comfortably within the socket as they

43 63  contract during activity and splay during sitting; and be held securely to the residual limb by
45 64  compression of an undersized liner and socket as well as vacuum pump suction. An iterative
47 65  reverse engineering approach was used wherein the technique initially developed in clinical
49 66  practice by author RC was further developed by defining a clinical decision-making algorithm

67  for socket casting and rectification and quantifying the rectifications.**>® Socket development
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therefore involved defining: subject and liner selection, residual limb evaluation, casting,
positive mold rectification, check socket fitting, definitive socket fabrication, and
troubleshooting of socket fit.
Teaching Efforts

A series of three, 2-day, hands-on, continuing education workshops to teach the new
socket were piloted. Courses were advertised on the university’s website, oandp-1, and by word
of mouth. Courses were open to attendance by up to 12 certified prosthetists who were required
to register both themselves and a TF amputee patient model. Prosthetists earned 15.5 continuing
education credits from either the American Board for Certification in Prosthetics, Orthotics and
Pedorthics (ABC) or the Board of Certification (BOC). Participants engaged in lectures,
demonstrations and hands-on activities designed to teach how to cast, rectify, fit and align a
subischial check socket. Gait was assessed visually by the whole group using split frame coronal
and sagittal videos of the patient models walking in their regularly used prosthesis and in the

subischial socket. Course feedback was gathered via survey.

Results

Socket Design/Fabrication

Subject and Liner Selection: The Northwestern University Flexible Subischial Vacuum
(NU-FlexSIV) Socket is best suited for experienced, compliant amputees with residual limbs that
are well-healed with well-regulated volume. Contraindications are primarily linked to use of
vacuum suspension (e.g. significant muscle bunching that results in loss of total contact with the
liner, deep longitudinal invaginations that trap or allow air between the limb and liner, allergies

to silicone liners, and non-compliance with clinical care).
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The socket includes a highly compressive, cylindrical, fabric covered silicone liner, a
flexible inner socket, a shorter rigid outer socket and a sealing sleeve that creates the seal needed
to apply vacuum between liner and inner socket (Figure 1). The liner compresses the limb to
create a generic cylindrical shape, stiffening the soft tissues to achieve stability of the socket with
respect to the residual limb. While heavily scarred or bulbous residual limbs may require a
custom liner to ensure a total contact fit, most limbs can be fit with a transtibial off-the-shelf
liner (Figure 2). Transtibial liners are preferred since their non-tapered, cylindrical profile
provides relatively high compression of the softer proximal tissues. When measuring for a liner,
manufacturer instructions are followed, but a liner one size below the manufacturer’s
recommendation should be selected. This ensures limb compression and total contact distally.
Liners that have worked well to date include the RELAX 3C Cushion Liner (medi gmbh,
Bayreuth, Germany) and, when that does not work, the Iceross® Synergy™ Cushion Liner
(Ossur, Reykjavik, Iceland), both of which incorporate fabric on the exterior surface to wick air
from between the liner and socket to maintain suction. If a liner without fabric is used, an air
wick (e.g. a nylon sock) must be used. For our socket, we consider a liner to “work well” if it has
high compressive stiffness, high shear stiffness, high coefficient of friction, and high thermal
conductivity using the definitions provided on the prosthetic liner assistant website
(http://www linerassist.org/).

Residual Limb Evaluation: Before casting, residual limb soft tissue is evaluated with the
patient sitting and classified as either soft (i.e., minimal shape change with contraction) or firm
(i.e., noticeable shape change with contraction). Liners are donned by inverting and rolling as
high on the limb as possible. The excess of the proximal aspect of the liner forms a 50 mm fold

that provides additional compression of the softer proximal tissues. To assess the proximal

URL: http:/mc.manuscriptcentral.com/tpoi Email: tim.bach@ispoint.org



©CoO~NOUITA,WNPE

114

115

116

117

118

119

120

121

122

123

124

125

126

127

128

129

130

131

132

133

134

135

136

Prosthetics & Orthotics International

medio-lateral (ML) width, an ML gauge (i.e., a modified Ritz Stick) is positioned over the folded
liner, parallel to the proximal liner edge, which is approximately level with the perineum. The
medial arm of the ML gauge is held steady against the proximal edge of the liner approximately
at perineal level and the lateral arm moved towards the limb, noting how much compression can
be achieved when pushing sub-trochanterically. Limb shape is evaluated by viewing it anteriorly
and laterally to determine whether the lateral and posterior edges of the residual limb are parallel
to midline of the long axis of the limb or if they angle away from midline of the long axis of the
limb proximally (Figure 3). The limb is classified as symmetrical if the angulation away from
midline of the long axis of the limb is of similar degree for both the lateral and posterior edges
and asymmetrical if one edge angles away from midline of the long axis of the limb more than
the other (Figure 3). Once a positive mold of the residual limb is taken and filled with plaster, a
goal of mold rectification is to make the posterior and lateral edges nearer to parallel to midline
of the long axis of the limb, with amount of plaster removed dependent on symmetrical or
asymmetrical classification. Cross-sectional diagrams (Figure 3) show the relative amount of
plaster removed posteriorly and laterally based on whether the residual limb is considered
symmetrical or asymmetrical.

Casting: The impression is taken with the patient sitting in a chair such that the buttock
of the amputated limb is at the edge of the seat and the residual limb is off the chair, flexed 90°
and slightly abducted. This allows gravity to pre-modify the limb shape, creating a slight rectus
relief, a generous medial flare, and a narrow ML due to posterior soft tissue droop. Slight
residual limb abduction allows the impression medially to extend proximally as close to the
perineum as possible. The liner clad limb is wrapped in clingfilm with a thin cast sock donned

over the top. Fiberglass bandage is wrapped circumferentially without tension over the limb
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beginning proximal-laterally and moving medially over the anterior of the limb, overlapping
each layer by half the bandage width. The folded proximal edge of the liner should be captured
in the impression as it provides the initial, flared proximal socket trim line. The fiberglass over
the distal end of the residual limb is contoured to ensure total contact with the liner clad limb.
For most limbs, the proximal edge of the mold will be perpendicular to the midline of the
residual limb but can be obliquely tapered with a higher lateral trim line for short residual limbs
to increase the surface area in contact with the liner. An anterior midline reference is marked and
the force required to slide the impression off the residual limb noted: an impression that is
difficult to remove from the residual limb requires less reduction of the positive mold than an
impression that slides easily.

Positive Mold Rectification: This technique requires only removal of plaster, rather than
addition, from the positive mold. Magnitude of plaster removal is graded based on the algorithm
shown in Figure 2, with more plaster removed proximally versus distally to ensure the limb seats
completely into the socket. Volume reduction, estimated using circumference measures of the
positive mold taken in one inch increments along the length of the limb, serves to further
compress the soft tissue. The amount of reduction depends on whether the limb soft tissues were
classified as soft or firm and removing the impression from the limb was easy or difficult. Using
a quadrant system marked on the proximal end of the mold (Figure 4), reductions are
concentrated in the lateral and posterior quadrants, with only light smoothing of the medial and
anterior quadrants and distal end. The mold rectification map (Figure 4) depicts the target
pattern, with plaster removed proximal-laterally to decrease the proximal ML diameter to that
which was measured with the ML gauge, and the posterior flattened slightly. Magnitude of

plaster removal is based on whether the limb was classified as symmetrical or asymmetrical: if
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symmetrical, the same amount of plaster is removed from the posterior and lateral quadrants to
achieve target volume reduction; if asymmetrical, more plaster is removed from the quadrant in
which the edge of the limb angled more away from midline.

Check Socket Fitting: An initial PETG (polyethylene terephthalate) diagnostic socket is
fabricated with a hole drilled into the distal end to expel air when the liner clad residual limb is
pushed into the socket. If more than modest resistance is experienced during donning or distal
end contact cannot be achieved until vacuum is applied, it is likely that the user will have trouble
donning the definitive flexible socket as it has a higher coefficient of friction. Once the socket is
donned, the proximal liner is folded over the edge of the socket. A static check fit is conducted to
ensure volume reductions are appropriate and total distal end contact achieved. Initially, check
socket trim lines may be too high resulting in contact with the ischial ramus or tuberosity. This
can be relieved by a combination of trimming and flaring of the socket to gradually lower the
trim line until boney contact with the socket no longer occurs. This may be a slow process as it is
important to keep as much of the limb within the socket as possible to maximize tissue
containment and stiffening, as well as surface area for vacuum suspension.

If initial fit is satisfactory, an attachment plate and barb are adhered to the socket. No
specific socket alignment is required other than what is needed for prosthetic knee function. For
dynamic fitting, the socket is attached to the prosthetic components, including a vacuum pump
(either mechanical or electrical), and donned with the liner folded over the proximal edge of the
socket and sealed to the exterior socket wall with a sealing sleeve. While weight bearing with
vacuum on, the user should feel a general tightness of the socket without any specific pressure

points, especially on the distal end. There should be minimal or no contact with the pelvis during
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weight bearing or hip adduction and extension. Note that minor proximal trim line issues may be
resolved by transitioning to a flexible inner socket.

Check socket fit is successful if a liner-only fit is achieved; there is only slight resistance
seating the limb into the socket upon standing; total contact between the limb and socket is
maintained at all times, specifically at the at the distal end, the lateral proximal trim line in
standing and the anterior proximal trim line in sitting; there is little or no contact between the
socket and pelvis; and there is no excessive flaring of the socket anywhere along the proximal
trim line. Rigid check sockets should be used only for short periods to avoid liner breakdown,
with a second flexible check socket made for extended wear trials. The flexible check socket is
made using Flex EVA (ethyl vinyl acetate, medi gmbh, Bayreuth, Germany) with an outer rigid
socket of PETG reinforced with fiberglass (Figure 5). Flex EVA provides sufficient rigidity to
support the residual limb axially while maintaining flexibility to reduce edge pressures (i.e.,
pressure at the proximal socket trim line between the limb and socket as well as the liner and
socket) and conform to the residual limb in the seated position. Using blister forming the Flex
EVA inner socket can be very thin and light.

Definitive Socket Fabrication: If deemed to fit well, the flexible inner socket used as part
of the second check socket can be re-used as part of the definitive socket by replacing the outer
rigid PETG socket with a definitive, carbon-fiber laminated version (Figure 1). In the definitive
socket, flexible inner socket trim lines are approximately 12 mm distal to the ischial tuberosity
and 25 mm distal to the greater trochanter. The height of the rigid outer socket is subject specific
but should be at least 75 mm below the proximal trim line of the flexible inner socket, allowing
the liner to fold over the proximal trim line of the flexible inner socket and seal with a sleeve that

is secured distally by sandwiching between the rigid outer and flexible inner sockets.
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Troubleshooting Socket Fit: When distal end contact is not achieved, the proximal trim
line should be checked to ensure that it does not contact the pelvis and prevent the limb from
seating into the distal end of the socket. Short-term use of padding or gel spots distally in the
check socket are permissible to achieve total contact until this issue can be corrected in the next
socket iteration. The proximal lateral wall of the socket must remain tightly secure to the residual
limb during walking especially at mid-stance as gapping will cause blistering along the proximal
lateral trim line over time. If gapping occurs, pad the proximal medial wall of the socket to
effectively pull the lateral socket wall tightly into the residual limb. The proximal anterior wall
of the socket must remain tightly secure to the residual limb in sitting as gapping will lead to loss
of suspension. A small amount of gapping anteriorly may occur with the rigid check socket when
sitting: if this gapping is minimal, it will likely resolve when a flexible inner socket material is
used, but if gapping is more than minimal, pad the proximal posterior wall of the socket to
effectively pull the anterior socket wall tightly into the residual limb.

Teaching Efforts

The three courses were attended collectively by 30 certified prosthetists and their patient
models from across North America. For 2/30 sockets a 2™ check socket was made to improve
fitting, in one case as a result of switching liner type. Overall, 28/30 patient models were able to
walk comfortably in the rigid check socket with little visual change in gait when compared to the
patient models’ regularly used socket (Figure 6). Course feedback is summarized in Table 2. The
participants were generally positive about the quality and value of course content, pre-course
planning and communication, and course organization; they indicated that their understanding of

subischial socket and vacuum technology improved after taking the course; and most were
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1

2

3

4

5

6

7

8

9 227  confident that they could fabricate the NU-FlexSIV Socket and anticipated using it in their
10

11 228 clinical practice.

12

13 229

14 Di )

15 230 iscussion

i? 231 To our knowledge, this is the first attempt to create a teachable subischial socket with the
ig 232 potential to be more comfortable without compromising function. The idea that soft tissue

20 533 compression can be used to create stability between the residual limb and socket by stiffening the
22 234  soft tissue and more efficiently transferring force between the underlying skeleton and prosthesis
24 235 ‘ is not new.*¥” However, the degree to which limbs can be compressed and the socket

26 236  successfully donned has increased with availability of more compliant socket materials. Most

28 237  recently, tissue compression and subsequent stiffening has been proposed as the underlying

30 238  principle for the compression and release socket, which applies three or more localized,

31 o . . . .

30 239 ‘ longitudinal areas of high compression to the residual limb.**** By contrast, the NU-FlexSIV

gi 240  Socket provides high global compression via an undersized liner and socket and it is believed
gg 241  that tissue stiffness is further enhanced by use of vacuum, which has been reported to increase

37 242 volume of the residual limb.? It may be that the combination of socket/liner compression
39 243  globally and volume expansion by vacuum, creates better locking of the residual limb within the

41 244  socket than other forms of suspension.

42

43 245 Some clinicians have expressed concerns regarding the potential for increased fall-related
44

45 246  femoral fracture risk while wearing TF sockets with lower trim lines. However, the incidence of
46

47 247 | post-amputation fall-related fracture is very low (2-3%)"7%%* and Gailey et al.*** reported that

49 248  the literature to date does not conclusively support a direct relationship between low bone

249  mineral density and residual limb fractures among people with lower limb amputation.
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Additionally, little is known about the circumstances in which fall-related injuries occur in
people with lower limb amputation, especially community-dwelling individuals, so it is unclear
what effect socket design might have on fracture risk. For inpatients, most falls occur during
unassisted transfers****44 Gonzalez et al.*”*’ reported that the prosthesis was in use at the
time of falling in only 3 of 9 cases studied, while Pauley et al.** reported that only 3.7% of falls
occurred during walking. However, since falls appear to be the leading cause of post-amputation
fracture with the femur and hip being the most common site of fracture in both transtibial and TF

5143
amputeces,

and since there is a three-fold increase in fall risk for persons with TF
amputation***" it would be prudent for future research to assess the relationship between any
socket design and fall-related fracture risk in community-dwelling individuals with TF
amputation.

Survey feedback from our courses was largely positive. Additionally, patient models who
participated in pilot courses responded positively to the comfort, range of motion and stability of
the socket while prosthetists described the technique as “straight forward, reproducible.” Group
review of the split screen videos confirmed that gait was comparable in the NU-FlexSIV Socket
to the regularly used sockets, consistent with more formal evaluation of two subjects. Initial
courses were 2-days long and involved fitting only an initial rigid check socket. Participants
suggested that future courses should include fitting of a second flexible check socket to more
fully grasp how transition to a flexible socket would resolve minor fitting issues and further
improve comfort.

Having prosthetists participate in the course with their own patient and being able to take
home the rigid check socket and liner were intended to incentivize implementation of the

technique in clinical practice. However, it was anticipated that prosthetists would encounter
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294

295

additional questions or issues. To facilitate course participants’ ongoing learning and
troubleshooting, a post-course online forum was created using a free, invitation-only, instant
messaging application (hipchat.com). The forum was intended as a collaborative platform where
early adopters of the NU-FlexSIV Socket could share information/questions regarding their
experiences and exchange advice and troubleshooting tips with each other and the course
instructors. It is believed this type of support will help the NU-FlexSIV Socket gain long-term
traction with these early adopters.

Given the preliminary nature of the research efforts to date, we have been conservative in
suggesting that the NU-FlexSIV Socket is best suited for experienced, compliant amputees with
residual limbs that are well-healed with well-regulated volume. However, during 10 years of
clinical experience with this socket, author RC has successfully fit more complex limbs with
open wounds, scarring, invaginations, heterotrophic ossification, bone spurs, and skin grafts,
suggesting that with experience, broader application may be possible. Overall, this preliminary

work describes a subischial socket technique that appears to be teachable to prosthetists.

Word Count: 44873590 words
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460  Figure Captions

11 461  Figure 1 Left: NU-FlexSIV Socket on limb showing sealing sleeve. Right: Definitive version of
13 462 the NU-FlexSIV Socket fabricated by Advanced O&P Solutions (Hickory Hills IL). Photo

15 463  courtesy of Michael Angelico.

464  Figure 2 Clinical algorithm for NU-FlexSIV Socket. Regarding liner selection, almost all

465  transfemoral limb shapes can be made more cylindrical by fitting an off-the-shelf transtibial

20 466 liner; custom liners are only required when the limb is heavily scarred or bulbous. The manner in
22 467  which the liner is customized should ensure that the liner clad limb shape is cylindrical.

24 468  “Gradated reductions” refer to the reduction of circumferences more proximally than distally.
26 469  For example, for 6-4% reductions, the circumferences in the proximal third of the limb are

28 470  reduced by 6%, the circumferences in the middle third of the limb are reduced by 5%, and the

30 471  circumferences in the lower third of the limb are reduced by 4%. Reprinted with permission of

31 s645

30 472 the authors.

gi 473 Figure 3 Example of a symmetrical residual limb shape wherein the area of the residual limb
gg 474  bounded by the reference line and posterior or lateral edges of the limb are approximately the

37 475  same: this area represents the material to be removed during rectification of the positive model.
39 476  Cross-sectional diagrams show the plaster removed based on whether the residual limb is

41 477  considered symmetrical or asymmetrical.

43 478  Figure 4 Quadrant system and exemplar mold rectification map for NU-FlexSIV Socket. M:

45 479  medial; P: posterior; L: lateral; A: anterior. Color coding on the rectification map indicates depth
47 480  of plaster removed.

49 481  Figure 5 Flexible check socket fabrication: (a) flexible inner socket with Velcro and sealing ring

482  to hold rigid PETG (polyethylene terephthalate) outer socket in place (distal port hole for air not
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shown); (b) outer socket sprayed with alcohol to allow it to be pushed onto inner socket; (c)
lateral and (d) anterior view of flexible inner socket inserted into outer socket and reinforced
with fiberglass tape, black line indicates top of rigid socket; (e) donned socket showing
attachment of barb to distal end of outer socket (vacuum is drawn from between liner and inner
socket through port hole and between inner and outer socket via barb); and (f) mid-stance of gait
with flexible check socket.

Figure 6 Still frame from one of the split-screen videos used to visually assess gait in both

sockets during the courses.
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Table 1 Prosthetist Feedback on NU-FlexSIV Socket Courses

Page 22 of 28

Course 1 (n=6)

Course 2 (n=12)

Course 3 (n=12)

With 5 being the best and 1 being the worst, please indicate rank of

Instruction content, quality, and value on the scale provided.

Scale 1 2 3 4 5 112 |3 4 5 112 (3| 4 5
Content 010 0 O 100 OO0 |17 8310|010/ 01]100
Quality of o|lo|lo|o|wwo]lo|lo|o|25[75]0]0]0]10]9
presentation

Value ofhands-on | | o | o {100l 08|08 |salolo]olol]100
casting

Value ofthands-on1 1 5| o [ 100] 0 | 0|0 |25 75|00 0]|10] 9
rectification

Value of hands-on

check socket fitting 0O|lO0|[O0O|O0]100J]O0|O|O|17|8|0|0]O01]10] 90
Pre-course

understanding of

subischial socket 0[50]|25] 0 | 2518 |8 |25/50] O 0 [10140]|10]| 40
and vacuum

technology

Post-course

understanding of

subischial socket 010 01751251010 8 125167100101 0100
and vacuum

technology

Post-course ability

to fabricate NU- 0|0 |0 |75]/25|10]| 8 |17|25|/50]01|10| 0 |10 80
FlexSIV Socket

fsré““pated"hmcal ololololto0lo]|ol17]8]75|0o]10]/10]30] 50
Pre-course planning | 0 | O | O |25 7510 | 0 | O |17 8 0[O0 ] 0| O0]100
Pre-course olo|o|lol100lolo]|O0|8|92]0|0]|0]|10] 9
communications

On-site organization | 0 | 0 | O |10 90 | O | O | O | O [100] O [ O | O [10] 90

Note: Responses indicated as % of participants who selected that number on the scale. Not all

responses sum to 100% due to unanswered items.
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Left: NU-FlexSIV Socket on limb showing sealing sleeve. Right: Definitive version of the NU-FlexSIV Socket
30 fabricated by Advanced O&P Solutions (Hickory Hills IL). Photo courtesy of Michael Angelico.
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Clinical Algorithm for NU-FlexSIV Socket

Evaluate limb for a liner that will |
Residual limbs that are create a cylindrical non-descript Residual limbs that are

cylindrical, slightly

limb shape : heavily scarred or
bulbous:
Custom liner

tapered, or conical:
Off-The-Shelf liner

Soft Tissue: Firm Tissue:
Minimal shape change Evaluate Limb Tissue Type
with contraction

Don liner a

impr

Miold [ Mold
displacement ‘ displacement ‘
easy 2 tﬂfﬁlcult B
 4-2% gradated |
| reduction |

Benione plaster
‘ equally from both

lateral and

posterior

\

Clinical algorithm for NU-FlexSIV Socket. Regarding liner selection, almost all transfemoral limb shapes can
be made more cylindrical by fitting an off-the-shelf transtibial liner; custom liners are only required when
the limb is heavily scarred or bulbous. The manner in which the liner is customized should ensure that the

liner clad limb shape is cylindrical. “Gradated reductions” refer to the reduction of circumferences more
proximally than distally. For example, for 6-4% reductions, the circumferences in the proximal third of the
limb are reduced by 6%, the circumferences in the middle third of the limb are reduced by 5%, and the
circumferences in the lower third of the limb are reduced by 4%. Reprinted with permission of the authors.>®

124x89mm (300 x 300 DPI)
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Lateral View Anterior View Symmetrical
10 : '
11
12 ; Anterior

Lateral Medial
Posterior
Asvmmetr@

['] Plasterremoved

Reference
- Lateral Edge
Reference

24 Example of a symmetrical residual limb shape wherein the area of the residual limb bounded by the
25 reference line and posterior or lateral edges of the limb are approximately the same: this area represents
26 the material to be removed during rectification of the positive model. Cross-sectional diagrams show the
27 plaster removed based on whether the residual limb is considered symmetrical or asymmetrical.

29 107x54mm (300 x 300 DPI)
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Quadrant system and exemplar mold rectification map for NU-FlexSIV Socket. M: medial; P: posterior; L:
lateral; A: anterior. Color coding on the rectification map indicates depth of plaster removed.

146x51mm (300 x 300 DPI)
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30 Flexible check socket fabrication: (a) flexible inner socket with Velcro and sealing ring to hold rigid PETG

31 (polyethylene terephthalate) outer socket in place (distal port hole for air not shown); (b) outer socket

32 sprayed with alcohol to allow it to be pushed onto inner socket; (c) lateral and (d) anterior view of flexible

33 inner socket inserted into outer socket and reinforced with fiberglass tape, black line indicates top of rigid

34 socket; (e) donned socket showing attachment of barb to distal end of outer socket (vacuum is drawn from

between liner and inner socket through port hole and between inner and outer socket via barb); and (f) mid-
stance of gait with flexible check socket.

37 127x87mm (300 x 300 DPI)
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ABSTRACT

Design of a Process for Fabricating Prosthetic Sockets with Additive Manufacturing

Technology

Brian Joseph Robillard

The conventional process used in prosthetic socket fabrication is a time intensive,
manual technique that depends on the craftsmanship of highly skilled prosthetists and
does not allow for precise control of the resulting socket’s dimension parameters. The
ability to control dimension parameters would allow for gradated transitions between
rigid and flexible regions of the socket, preventing stress concentrations at transition
points and enhancing socket comfort. Additive manufacturing (AM) technology is the
process of building a part by adding material in successive layers. The development of
AM technology as a reliable fabrication technique presents an opportunity to create a
socket with precise dimension parameters. The purpose of this thesis project was to
utilize AM technology to fabricate transfemoral sub-ischial prosthetic sockets with rigid
frames encapsulated by flexible layers while exploring socket designs that gradate the
transitions from rigid to flexible materials.

A fabrication technique was developed that used a Stratasys Fused Deposition Mod-
eler to fabricate flexible transfemoral sockets with a molding approach. The AM sockets
were subjected to structural testing using a modified International Organization for Stan-
dardization (ISO) standard for performance testing of lower limb prosthetic components.
Northwestern University Flexible Sub-ischial Vacuum — NU-FlexSIV — Sockets — flexible
transfemoral sockets developed by Northwestern University and hybrid sockets sockets
fabricated with the conventional technique but using AM materials were also tested,
and the yield strengths and compression points of the three socket types were compared.
It was hypothesized that the NU-FlexSIV Socket would outperform the hybrid and AM
sockets. All tested sockets failed at the distal adapter, with the average yield strength
and compression point greater for the NU-FlexSIV Socket than those of the hybrid and



AM sockets. The AM socket had the lowest yield strength and compression point of the
sockets tested.

Finite element analysis (FEA) of a flexible transfemoral prosthetic socket was used to
explore the effect of a frame with a gradated thickness edge on frame stress levels. It was
hypothesized that a socket with a gradated thickness frame would reduce stress levels on
the frame when compared to a socket with a uniform thickness frame. Von Mises stress
indicated that the gradated thickness frame experienced a greater amount of stress than
the uniform thickness frame. Stress was determined to be a unsubstantial metric by which
to examine comfort and other potential avenues to explore this topic were discussed.
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CHAPTER 1

Introduction

1.1. Overview

The prosthetic socket is the component of a prosthesis that interfaces with the residual
limb and is responsible for the transfer of force from the residual limb to the prosthesis.
Load transfer is most efficient via a rigid interface, thus most prosthetic sockets are
composed of only rigid material. However, a rigid prosthetic socket is uncomfortable for
the user to wear, as it does not conform to fluctuations in shape and volume of the residual
limb (Sanders et al., 2009). Further, transfemoral residual limbs tend to be larger and
more pliant than transtibial residual limbs, making the pathway for load transfer less
direct. The transfemoral prosthetic socket designed by Northwestern University (referred
to as the Northwestern University Flexible Sub-ischial Vacuum — NU-FlexSIV — Socket)
attempted to address these design challenges (Komolafe et al., 2014).

The NU-FlexSIV Socket was conceived by prosthetist Ryan Caldwell and was the basis
for a Department of Defense funded project titled, “Development of Sub-Ischial Prosthetic
Sockets with Assisted-Vacuum Suspension for Highly Active Persons with Transfemoral
Amputations” (Fatone, 2010). The NU-FlexSIV Socket emphasized flexibility by sand-
wiching a rigid frame between layers of flexible material — creating alternating rigid and
flexible regions. The socket design attempted to minimize the amount of rigid material

required to effectively transfer load while maintaining socket durability.
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Though the NU-FlexSIV Socket has proved to be both flexible (Fatone et al., 2013)
and durable (WillowWood, 2012), the conventional process employed to fabricate the NU-
FlexSIV Socket was unable to precisely control the thicknesses of the different layers of
the socket wall. The grant application described this drawback, stating that with the
conventional fabrication process “it is possible to craft a socket that is rigid in some areas
and flexible in other areas, but it is not possible to smoothly transition between the two”
(Fatone, 2010).

Further, the conventional process used in prosthetic socket fabrication is a time inten-
sive, manual technique that depends on the craftsmanship of highly skilled prosthetists.
The ability to control dimension parameters, such as socket thickness, might allow greater
ability to minimize the amount of rigid material used and maximize flexibility, with the
overall goal of improving user comfort.

Additive manufacturing (AM) technology is the process of building a part by adding
material in successive layers. The development of AM technology as a reliable fabrication
technique presented an opportunity to create a socket with precise dimension parameters.
Task 3 of the grant application, titled “Advanced Manufacturing of Sub-ischial Sock-
ets” proposed new fabrication approaches utilizing AM technology to fabricate the NU-
FlexSTV Socket (Fatone, 2010). Specifically, fabrication using multi-shot cavity molding
was proposed. This thesis project includes work focused on Task 3 of the grant, including
Subtask 3a, “Establish criteria and techniques for multi-shot cavity molding;” Subtask
3b, “Develop degassing techniques for liquid resin molding;” and Subtask 3d “Develop

mechanical interlock molding techniques” (Fatone, 2010).
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Hence, the purpose of this thesis was to utilize AM technology to fabricate transfemoral

sub-ischial prosthetic sockets with rigid frames encapsulated by flexible layers and explore

socket designs that gradate the transitions from rigid to flexible materials. The approach

consisted of the following specific aims:

Aim 1:

Aim 2:

1.2. Specific Aims

To develop a process for fabricating sub-ischial prosthetic sockets using AM
technology.

A design process was undertaken that iterated through several mold ap-
proaches and resin pouring processes until a technique was reached that re-
peatedly produced a socket with minimal air pockets and bubbles. Further,
the mold did not leak and was easily demolded. The fabrication technique
developed used a handheld scanner to scan a positive mold of the residual
limb, SolidWorks 2011 (Dassault Systemes SolidWorks Corp., Waltham,
MA) to processes the digital model, a Stratasys Fused Deposition Modeler
400me (Stratasys, Ltd., Edina, MN) to build the mold components, and a

molding technique to fabricate the AM socket.

To compare the mechanical properties of an AM socket, a NU-FlexSIV
Socket, and a hybrid socket.

To gain insight into the mechanical properties of the AM socket, it was
compared to a NU-FlexSIV Socket. The AM socket was also compared

to a hybrid socket (a socket fabricated by a manual technique using AM
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13

socket materials), eliminating material choice as a confounding variable and
allowing a focused examination of the effect of the AM technique on the
socket, fabrication process. Sockets were compared using a modified In-
ternational Organization for Standardization (ISO) standard for structural
testing of lower limb socket components (Gerschutz et al., 2012). Further,
the thickness of each socket was measured to examine the level of control
each process had over thickness during the fabrication process.

We expected the average yield strength and compression point of the AM
sockets to be lower than those of the currently available NU-FlexSIV Sockets
due to the tendency of the AM socket materials to fail when flexed.

To study the effect of prosthetic sockets with gradated frame thicknesses
on stress distributions at the frame.

To assess the clinical applicability of the AM socket, we employed finite
element analysis (FEA) to study the effect of prosthetic socket frame thick-
ness variations on the stress at the frame. Specifically, we calculated stress
distributions on the frames and residual limbs of transfemoral socket mod-
els with frames with uniform thicknesses and frames with gradated edge
thicknesses. Frames with gradated edges were defined by their area and
percent gradation as recommended by a Certified Prosthetist.

We expected the frames with gradated transition regions to experience

stresses lower in magnitude than the frames of uniform thickness.
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1.3. Outline

This thesis is comprised of four chapters: Chapter 1, this introduction; Chapter 2,
a description of the AM process developed and comparison of the static strength and
thickness of the AM socket to that of manually fabricated sockets; Chapter 3, a finite
element analysis of the effect of gradated frame thicknesses on stress distributions on a
transfemoral socket model; and Chapter 4, overall discussion and conclusions.

Included in the Appendices are the following: Appendix A, two reports by Willow-
Wood (Mt. Sterling, OH) a company that designs, manufactures, and tests prosthetic
products — documenting static testing of the fabricated sockets, and one report by Wil-
lowWood combining results from two separate tests; Appendix B, a submitted manuscript
by Komolafe et al. (2014) that describes the FEA used in Chapter 3; Appendix C, docu-
mentation of the iterative design approach used to establish the AM fabrication technique
described in Chapter 2; Appendix D, a collection of more in-depth results from the FEA;
and Appendix E, two posters presented at national conferences on portions of this thesis

project.
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CHAPTER 2

Fabricating Prosthetic Sockets with Additive Manufacturing
Technology

2.1. Introduction

Note: This chapter is a modified version of a manuscript intended for submission to the
Rapid Prototyping Journal.

The prosthetic socket is the component of a prosthesis that interfaces with the residual
limb and facilitates transfer of forces from the residual limb to the prosthesis. Prosthetic
sockets are generally manually fabricated by a trained prosthetist. This manual technique
is time-intensive, wasteful of material, and does not allow for direct control of the resulting
socket’s dimension parameters such as thickness.

Though sockets made of rigid materials are effective at transferring loads at the resid-
ual limb-socket interface, they cannot adapt to changes in the volume and shape of the
residual limb during gait (Sanders et al., 2009). A desirable socket design would empha-
size flexibility while maintaining the necessary rigidity to transfer loads (Lehneis et al.,
1984).

The transfemoral prosthetic socket designed by Northwestern University (referred to
as the Northwestern University Flexible Sub-Ischial Vacuum  NU-FlexSIV ~ Socket)
emphasizes flexibility (Komolafe et al., 2014). Flexibility is achieved during the manual

fabrication process by sandwiching a rigid frame within layers of flexible resin — creating
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selective flexible and rigid regions. Although clinical testing of the NU-FlexSIV Socket
suggested that it was durable (WillowWood, 2012) and comfortable (Fatone et al., 2013)
for the user to wear, the fabrication process remains laborious and reliant on artisan
methods. Further, the flexibility of the socket might be improved by having greater control
of the resulting socket’s dimension parameters. Specifically, control of the thickness of
the rigid frame would present the opportunity to further decrease the amount of rigid
material necessary to fabricate a socket.

In recent years, sporadic efforts have been made to improve upon the manual process
of prosthetic socket fabrication using additive manufacturing (AM) (Faustini et al., 2005;
Herbert et al., 2005; Hsu et al., 2008, 2010; Rogers et al., 2000, 2001, 2008; Sengeh
and Herr, 2013; Tay et al., 2002). AM is a type of automated fabrication process that
builds parts by adding material in successive layers. Previous approaches to fabricating
prosthetic sockets with AM have employed a three-step process wherein a positive mold
of a residual limb is scanned, the scanned image is modified with computer-aided design
(CAD) software, and the socket is fabricated with an AM system (Faustini et al., 2005;
Herbert et al., 2005; Hsu et al., 2008, 2010; Rogers et al., 2000, 2001, 2008; Sengeh and
Herr, 2013; Tay et al., 2002).

While these approaches have focused on fabricating transtibial sockets (Faustini et al.,
2005; Herbert et al., 2005; Hsu et al., 2008, 2010; Rogers et al., 2000, 2001, 2008; Sengeh
and Herr, 2013; Tay et al., 2002), transfemoral sockets present a greater fabrication chal-
lenge due to differences in residual limb geometry. Transfemoral residual limbs tend to
be larger in volume and more pliant than transtibial residual limbs, making force transfer

from the transfemoral residual limb to the socket less direct. Thus, greater attention
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to the placement of rigid regions during transfemoral socket fabrication is necessary to
ensure a successful transfer of force from the socket to the residual limb.

These previous approaches to fabricating transtibial sockets had demonstrated var-
ied success. Many fabricated sockets were post-processed with conventional fabrication
materials to ensure user safety (Herbert et al., 2005; Hsu et al., 2010), while some were
described as either too heavy or too brittle for clinical applications (Hsu et al., 2008;
Sengeh and Herr, 2013). Furthermore, testing of fabricated sockets has involved measur-
ing residual limb-socket interface pressure (Faustini et al., 2005; Hsu et al., 2010; Rogers
et al., 2008, 2001; Sengeh and Herr, 2013), gait analysis (Rogers et al., 2008, 2001, 2000;
Sengeh and Herr, 2013; Tay et al., 2002), and finite element analysis (FEA) (Rogers et al.,
2001; Sengeh and Herr, 2013), preventing similar AM fabrication approaches from being
compared using a common metric.

The purpose of this project was to develop a technique for fabricating flexible trans-
femoral sockets utilizing AM technology. A molding process was introduced to the fabri-
cation process, because it allowed the sockets to be fabricated with a combination of AM
and manual fabrication materials. The rigid frame of the socket was fabricated with AM,
and flexible material was inserted into the mold. The direct fabrication of the rigid frame
allowed for the potential fabrication of a variable thickness rigid frame encapsulated by
a uniform thickness flexible resin. We anticipated the material choices available to AM
systems to be a limiting factor in the study but focused on developing a technique that
could be adapted if more durable materials became available. As a common metric, the
static strength of the sockets was tested using a modified International Organization for

Standardization (ISO) test set-up (Gerschutz et al., 2012).
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The prosthetic sockets manufactured with our AM process (referred to as AM sock-
ets) were compared to sockets made for the same residual limb using (1) standard clinical
methods and materials (referred to as NU-FlexSIV Sockets) and (2) standard clinical
methods but the same materials as used in the AM process (referred to as hybrid sock-
ets). Testing of the hybrid sockets allowed for comparison between the manual and AM

fabrication techniques, eliminating material choice as a confounding variable.

2.2. Methods
2.2.1. Design Overview

The AM fabrication technique described below was developed using an iterative design
process. Appendix C provides a more thorough documentation of this process. The final
fabrication approach involved mold design with CAD software, mold construction with
a fused deposition modeling (FDM) system, and socket fabrication with a mold pouring
process. FDM involves extruding plastic through a liquefying nozzle to build a party layer

by layer. A total of three AM sockets were fabricated for testing.

2.2.2. Mold Design

Sockets were designed using a scan of a positive mold of a transfemoral residual limb
wearing a silicone liner. The scan was imported into SolidWorks 2011 (Dassault Systemes
SolidWorks Corp., Waltham, MA) and used to generate the ensuing mold components
(Figure 2.1).

The imported model was processed in SolidWorks to design the core and cavity seen

in Figures 2.1A and 2.1C. A 3D MegaCapturor white light digitizer (Creaform, Levis,
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Quebec) was used to scan a manually fabricated frame for the same residual limb geometry.
This scan was processed in SolidWorks to design the frame seen in Figure 2.1B. The frame

was designed to have a uniform thickness of 3.5 mm.

Figure 2.1. CAD models of mold components: (A) Core, (B) Frame, (C)
Cavity, and (D) cross section of assembled mold

Mold components were designed to minimize movement during the pouring process
and encourage saturation of the socket. As seen in Figure 2.1A, a proximal base was
added to the core with extruded flanges to prevent rotation of the core inside the cavity.
A hexagonal extrusion was added to the distal end of the cavity as seen in Figure 2.1D.
The extrusion cut into the distal end of the frame prevented rotation of the frame while
maintaining a fixed distance between the core and frame.

The cavity was designed with three material nozzles. The multiple entry ports allowed
for thorough saturation during the pouring process. An overfill port was placed at the
distal end of the cavity to allow air to escape from the mold system and a deliberate

oversaturation of the mold.
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The cavity was designed to fabricate a socket with a uniform wall thickness of 8.5
mm. The uniform socket wall thickness allowed for a simpler pouring technique than a
variable wall thickness would have, while still allowing a variable thickness frame to be

incorporated if desired.

2.2.3. Mold Construction

The SolidWorks models were converted to *.STL files and opened with Insight 8.1
(Stratasys, Ltd., Edina, MN). The parts were sliced at a layer height of 0.254 mm, pack-
aged as a single *.CMB file, and sent to a Stratasys FDM 400mc large bay system (Strata-
sys, Ltd., Edina, MN).

The components were printed using a size T16 tip with PC-ABS material for the core
and frame and ABS-M30 material for the cavity. A size T12 tip with SR-20 support
material was used for all components. All materials were native to the Stratasys system.
Each frame was fabricated in 33 hours, while the core and the cavity were fabricated in
33 and 31 hours, respectively. The support material for all components was dissolved
overnight in a NaOH solution (Stratasys, Ltd., Edina, MN). The fabricated parts can be

seen in Figure 2.2. One core and two cavities were used to fabricate all three AM sockets.
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Figure 2.2. Fabricated components: (A) core, (B) frame, and (C) cavity

2.2.4. Mold Pouring Process

The core and cavity were sprayed with Smooth-On Universal Mold Release (Smooth-
On, Inc., Easton, PA) to ease the demolding process. Two layers of 4-inch Nylon Stock-
inette (Comfort Products, Inc., Croydon, PA) were fitted over the core. The distal end
of the frame was fitted with a titanium 4-hole laminating plate (American Prosthetic
Components, Green Bay, WI) — referred to as the distal adapter — and adhered with
+PLUSeries 60 Second Adhesive (Fabtech Systems, Everett, WA). The frame was placed

over the hexagonal extrusion of the core, two layers of Nylon Stockinette were draped
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over the frame, and the core was placed inside the cavity. The cross section of this mold

setup can be seen in Figures 2.1 and 2.3.

e

RIS

Figure 2.3. Partial cross-sectional schematic of pour setup showing the

insertion of material
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Movement of the core in the vertical direction was minimized by placing four c-clamps
on the base of the mold, two of which can be seen in Figure 2.3. As mentioned, rotation
of the core was prevented by the interlocking flanges on the proximal base. A plastic tube
was placed over the overfill port at the distal end of the inner core to allow a pathway for
trapped air to escape the mold and a deliberate overfilling of the mold.

Urethane Casting Resin 60 Shore A (Fibre Glast Developments Corporation, Brookville,
OH) was prepared by mixing its two components together. The resin was transferred to
three empty caulk gun canisters. With the mold oriented so that the distal end pointed
up, a caulk gun was used to insert material into the mold through the three material
nozzles.

The force created by the caulk gun facilitated insertion of material, while the overfill
port served to minimize the formation of small air bubbles and pockets in the resulting
socket. Material was poured until the caulk guns were empty. The mold cured overnight
and was demolded by hand with the help of a screwdriver. This process was repeated
twice to fabricate a total of three AM sockets for testing. An anterior view of one of the

fabricated AM sockets can be seen in Figure 2.4A.

2.2.5. Fabrication of Sockets for Testing

The AM sockets were tested to failure and the results compared against NU-FlexSIV
Sockets and hybrid sockets, which were fabricated by a Certified Prosthetist. All socket
material lay-ups are summarized in Table 2.1. Three sockets were fabricated using each

fabrication approach, resulting in a total of nine sockets fabricated for testing.
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The NU-FlexSIV Sockets were fabricated with three layers. All stockinettes were sup-
plied by Comfort Products, Inc. (Croydon, PA) unless otherwise noted. The inner layer
consisted of one layer of Dacron Stockinette and two layers of Spectralon Stockinette that
were hand laminated together with Polytol Polyurethane Resin (Otto Bock, Duderstadt,
Germany). The second layer was the rigid frame, which was comprised of one layer of
Carbon Braid (SPT Technology, Inc., Monroe, NC), one layer of Spectralon Stockinette,
one layer of Carbon Braid, a VMP-002-B Standard Mounting Plate (Evolution Industries,
Inc., Orlando, FL) referred to as a distal adapter mounted at the distal portion of the
fabric layup, two layers of SpectraCarb Aralon Stockinette, and two layers of Spectralon
Stockinette, all adhered together with Epox-Acryl resin (Foresee Orthopedic Products,
Oakdale, CA). The third and outer layer of the socket was comprised of two layers of
Spectralon Stockinette and one layer of Dacron Stockinette. The third layer was hand
laminated with Polytol Polyurethane resin over the two inner layers. An anterior view of
one of the fabricated NU-FlexSIV Sockets can be seen in Figure 2.4B. The distal adapter
used in the NU-FlexSIV Socket fabrication was different than the distal adapter used in
both the AM and hybrid sockets.

The hybrid sockets were fabricated with the same materials as the AM socket: two
layers of Nylon Stockinette were draped over a positive mold of the residual limb and
liner, a PC-ABS frame — fabricated using the Stratasys system, fitted with a laminating
plate, and adhered in place with +PLUSeries 60 Second Adhesive — was placed over the
Nylon Stockinette, two more layers of Nylon Stockinette were draped over the frame, and
Fibre Glast 60 Shore A resin was hand laminated over the materials. An anterior view of

one of the fabricated hybrid sockets can be seen in Figure 2.4C.
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Table 2.1. Material layup of fabricated sockets.

Socket Type AM Socket NU-FlexSIV Hybrid Socket
Socket
Number of sockets |3 3 3
fabricated for testing
2 layers Nylon 1 layer Dacron 2 layers Nylon
PC-ABS frame 2 layers Spectralon PC-ABS frame
2 layers Nylon 1 layer Carbon 2 layers Nylon
1 layer Spectralon
Material layup 1 layer Carbon
(from deep to 1 mounting plate
superficial) 2 layers SpectraCarb
Aralon

2 layers Spectralon
2 layers Spectralon
1 layer Dacron

Resin lamination Fibre Glast Polytol Resin Fibre Glast

2.2.6. Testing Procedures

Socket testing was conducted by WillowWood (Mt Sterling, OH) and involved thick-
ness measurements and static strength testing. The NU-FlexSIV Sockets were tested in
November of 2012, and the hybrid and AM sockets were tested in January of 2014. The
thicknesses of the nine sockets were measured at eight different locations on each socket
as seen in Figure 2.5.

Static strength testing was conducted using an ISO 10328 Condition IT A125 level
test set-up shown in Figure 2.6. Though this ISO standard is intended for testing the
performance of lower limb prosthetic components, the standard does not include pros-
thetic sockets. However, WillowWood has experience adapting this standard for testing
prosthetic sockets (Gerschutz et al., 2012). Sockets tested by Gerschutz et al. (2012)

using the ISO standard placed the anterior portions of the sockets in compression and the
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Figure 2.4. Anterior views of (A) AM socket , (B)NU-FlexSIV Socket,
and (C) hybrid socket

Figure 2.5. Locations of thickness measurements from anterior, medial,
posterior, and lateral views

posterior portion of the sockets in tension. We chose to have the anterior portions of the

sockets placed in tension and the posterior portions of the sockets placed in compression.
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This was due clinical observations of NU-FlexSIV Sockets failing when a user overloaded

the posterior portions of the sockets.

Figure 2.6. Socket test setup (WillowWood, 2012)

The sockets were tested with an Interlaken 3300 series test frame with a series 3200
controller (Interlaken Technology Corporation, Chaska, MN). The sockets were attached
to a standard four-hole distal attachment plate and fit with a residual limb model wearing
a liner. A 4.5 kg preload was applied to the sockets then loading was increased at a rate
of 250 N/s until failure (Gerschutz et al., 2012).

Force-deflection curves were generated. Using the curves, the yield strengths were

determined using the 0.2% elongation offset method, and the compression points were
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determined using either a “deformation peak or a plateau change after the initial linear
portion of the curve"(WillowWood, 2012, 2014a). Sockets were compared based on the

thickness measurements, yield strengths, and compression points.

2.3. Results

The test report from WillowWood indicated that all the sockets fit the test model well
with “no visual presence of gapping or non-distal contact” (WillowWood, 2012, 2014a).
This indicated that all of the sockets maintained the original shape of the residual limb
test model during fabrication. Specifically, the AM fabrication technique was able to
maintain the shape of a scanned residual limb test model during processing in Solid Works,
processing in Insight, fabrication with the Stratasys system, and pouring. The thickness
averages and standard deviations of each socket can be seen in Table 2.2 (WillowWood,
2012, 2014a). “AM" referred to an AM socket, “H" referred to a hybrid socket, and “NU"

referred to a NU-FlexSIV Socket. Measurement locations can be seen in Figure 2.5.

Table 2.2. Thickness measurements of sockets

AM1 | AM2 | AM3 | H1 H2 H3 | NU-1 | NU-2 | NU-3
Al 9.1 7.8 8.7 4.0 3.2 2.7 7.85 8.20 7.60
A2 8.0 6.9 7.6 7.1 6.4 7.8 4.40 3.65 4.30
A3 8.0 7.3 7.5 4.1 3.3 2.8 7.85 7.25 6.90
A4 8.5 7.7 8.0 11 10.8 10.5 4.50 3.70 4.30
M1 8.2 8.8 7.9 8.6 7.5 7.7 7.30 6.70 7.90
P1 7.9 8.2 8.5 3.8 3.5 4.0 3.50 4.35 3.70
P2 8.0 8.5 7.6 3.3 3.0 2.8 3.30 4.30 3.20
L1 8.0 6.9 8.0 2.0 4.0 3.9 4.45 5.00 4.35
AVG 8.2 7.8 8.0 5.9 5.2 5.3 5.39 | 5.39 | 5.28
STDEV | 0.41 | 0.71 | 0.43 2.8 2.8 3.0 1.94 | 1.74 | 1.87




29

During static testing of the sockets, all nine of the sockets failed at the distal adapter.
Two of the three AM sockets failed prematurely at the distal adapter when inserting
the model of the residual limb into the sockets. Hence, only seven of the nine sockets
were tested to failure. The yield strengths and compression points of the sockets were
determined from force displacement curves (WillowWood, 2012, 2014b). The curves can
be seen in Figure 2.7, and the summarized results can be seen in Table 2.3.

7000

6000

5000
——H1
‘E‘ 4000 —H2
=
'g —H3
3 3000 —AM2
—NU-1
2000 o NU-2
—NU-3

Displacement (mm)

Figure 2.7. Force-displacement curves generated during static testing
(WillowWood, 2014b)

The NU-FlexSIV Sockets had an average yield strength that was more than four times
that of the hybrid sockets and nearly ten times greater than the AM socket. Likewise,
the average compression point of the NU-FlexSIV Socket was nearly five times that of the

hybrid socket and nearly ten times greater than the AM socket. Further, the NU-FlexSIV



Table 2.3. Static testing measurements for tested sockets

Socket Yield Strength Compression Point
N mm N mm
Average 3787.0 13.00 5033.4 23.61
NU-FlexSIV < 1ov 573.02 0.7053 770.9 6.110
. Average 896.0 11.13 1029.3 11.05
Hybrid Stdev 167.2 5.140 196.30 1,700
AM Socket 2 388.3 3.350 507.70 5.020

Sockets were able to withstand greater loads and undergo greater displacements before
failure. The AM socket that failed at the distal adapter during loading can be seen in

Figure 2.8.

Figure 2.8. Failed distal adapter on tested AM socket
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2.4. Discussion

In this study, flexible transfemoral prosthetic sockets were fabricated with a novel
fabrication technique using AM technology and compared using a static strength test to
sockets fabricated with standard clinical methods and materials, and sockets fabricated

with standard clinical methods using the same materials as in the AM process.

2.4.1. Socket Thickness

A major proposed advantage of fabricating prosthetic sockets with AM technology
was the ability to precisely control dimension parameters, namely thickness of the socket
walls. Our AM technique printed the rigid frame with the Stratasys system, allowing for
exact control of the frame’s geometry. Though a uniform thickness frame was designed
for this study, the AM technique has the potential to fabricate a frame with variable
thickness.

Thickness of the socket wall was dictated by the space between the core and cavity
mold. A uniform wall thickness of 8.5 mm was assigned using SolidWorks, and all three of
the fabricated AM sockets achieved an average thickness within 0.7 mm of this intended
thickness. The low standard deviations of the AM socket thicknesses indicated a low
variability in socket wall thickness, suggesting good control of this dimension parameter.

The standard deviations of the hybrid and NU-FlexSIV Socket thicknesses were greater
than those of the AM sockets. However, this is an unfair comparison, as the manual
fabrication technique deliberately manufactured sockets with uniform frame thickness
but variable flexible wall thickness. In contrast, the AM technique fabricated sockets

with uniform frame thickness and uniform flexible wall thickness. The AM technique was
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designed such that it may be adapted to allow for a variable frame thickness in future
iterations of the technique.

It is unclear if the variable wall thickness of the manually fabricated sockets con-
tributed to the better performance of these sockets in static testing compared to the AM
socket. As mentioned, the AM approach was designed to fabricate a socket with a uniform
frame thickness and a uniform socket wall thickness, while allowing the incorporation of
a variable frame thickness if desired. It may be worth exploring an AM approach that
allows for the fabrication of a frame with both s variable frame thickness and variable wall
thickness. This may require the development of a horizontal molding approach, as the
current vertical mold setup may be unable to be demolded due to interlocking between

the cavity and the variable thickness socket.

2.4.2. Static Testing

While all sockets tested failed at the distal adapter, two of the three AM sockets failed
while being attached to the loading mechanism, before loads were applied. Visual inspec-
tion of these failed sockets indicated that the distal portion of the frame that encapsulated
the adapters of both sockets separated from the rest of the frame. The reasons why the
distal portion of the frame separated are unclear. Although for the AM socket frame
design attachment of the distal adapter was discussed with a Certified Prosthetist, the
attachment of the distal adapter on the frame was not overseen by the prosthetist. This
may have led to poor adherence between the distal portion of the frame and the distal
adapter and could have contributed to the decreased strength of the distal portion of the

socket.
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The ability of one of the AM sockets to withstand testing indicated that the technique
is capable of fabricating sockets that can withstand load, but the premature failure of
two of the sockets indicated that the technique is not currently reliable. Future iterations
of the AM technique should strengthen the distal portion of the frame by thickening the
frame in that region and ensure that a Certified Prosthetist is involved in the attachment
of the adapter.

These large differences in performance between the NU-FlexSIV and other sockets
were likely due to material choice, namely the strength of the NU-FlexSIV Socket’s car-
bon frame compared to the AM socket’s PC-ABS frame. The carbon frame had a flexural
modulus of 4852 MPa (Komolafe et al., 2014). The reported flexural modulus for the
PC-ABS is 1900 MPa (Stratasys, 2014). The greater flexural modulus of the NU-FlexSIV
carbon frame allowed the NU-FlexSIV Socket to withstand a greater load. This was illus-
trated in Figure 2.7, where the NU-FlexSIV Sockets displaced significantly more before
failure than the hybrid and AM sockets. Further, the different distal adapters used in the
NU-FlexSIV Sockets may have contributed to its improved performance.

Gerschutz et al. (2012) tested definitive laminated (DL) transtibial sockets sockets
defined as being laminated by saturating carbon fiber or fiber glass reinforcement materials
with resin  to failure with the ISO 10328 standard. DL sockets were fabricated by nine
facilities and were tested with the anterior portions of the sockets in compression and the
posterior portions in tension. Sockets were evaluated by their compression points. The
average compression points for the sockets, grouped by the facilities in which they were
fabricated ranged from 2791 — 5713 N; the average compression point of the NU-FlexSIV

Socket was 5033.4 N, outperforming the average of six of the nine facilities (Gerschutz
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et al., 2012). The average compression points of the hybrid and AM sockets were 1029.3
N and 507.7 N, respectively, both falling below the range reported for DL sockets.

The passing criteria for ISO 10328 condition II A125 level was 4426 N for brittle
failure and 3421 N for ductile failure, evaluated by compression point and yield strength,
respectively. Gerschutz et al. (2012) classified sockets that deformed before breaking as
ductile failures and sockets that exhibited none or minuscule deformation before breaking
as brittle failures. Four of the nine facilities fabricated sockets that passed the A125 value
for brittle failure. The NU-FlexSIV Sockets were reported to deform before breaking,
indicating a ductile failure. The NU-FlexSIV Socket passed the ISO 10328 standard for
both brittle and ductile failure, while the hybrid sockets and AM sockets failed to meet
either standard. The above average performance of the NU-FlexSIV Sockets compared
to the DL sockets and the ability of the NU-FlexSIV Sockets to pass the ISO standard
indicated that these sockets were the only ones we fabricated that would be durable for

clinical use.

2.4.3. AM Socket Performance

Comparison of the AM and hybrid sockets was intended to allow an assessment of
the two fabrication techniques. While the hybrid sockets outperformed the single AM
socket that was tested to failure, premature failure of two of the AM sockets made it
difficult to determine how the different fabrication techniques contributed to durability of
the sockets.

The attachment of the distal adapter and the hand lamination technique were the

two major differing variables. The distal adapter issue may stem from how the resin
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interacts with the distal portion of the frame. The hand lamination technique used in
the manual fabrication process may have been more successful than the AM approach in
saturating the rigid frame and fabric layups with resin. A pour technique that focuses on
full saturation of the distal portion of the socket — possibly by applying pressure to the
curing resin — may prevent premature failure of the distal adapter.

Variably compliant transtibial sockets fabricated directly from AM material by Rogers
et al. (2008) may be considered the most well developed approach to socket fabrication
currently described in the literature based on FEA rigor, positive feedback from users, and
reduced socket-residual limb interface pressures in sensitive areas (Rogers et al., 2008).
The AM technique described above has the potential to be iterated to achieve similar
benchmarks if a more suitable frame material can be found and user testing can be

conducted to better understand the comfort and performance of the sockets during gait.

2.4.4. Limitations

Our proposed AM technique was limited by the materials available for use with the
Stratasys system. The greater average yield and compression points of the NU-FlexSIV
Sockets compared to the hybrid and AM sockets suggested that the strength of the NU-
FlexSIV carbon frame was unmatched by the strength of the PC-ABS frame.

The decision to create a core and cavity mold allowed for the use of conventional
fabrication materials and AM materials. However, the rigid nature of the core and cavity

limited the space available for the fabric layup and viscous resin.
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ISO 10328 was designed for structural testing of lower-limb prosthetic components.
However, ISO 10328 does not include prosthetic sockets, so it was modified by Willow-
Wood for testing prosthetic sockets. Previously, sockets fabricated with AM technology
have been tested by gait analysis, measuring residual limb-socket interface pressure, FEA,
and subjective user feedback. The lack of formal strength testing has made it difficult to
discern the clinical applicability of sockets fabricated with AM technology. Adoption of
the modified ISO 10328 standard as a metric for testing sockets fabricated with AM tech-
nology would allow for a better understanding of the strength of these sockets and would
allow for sockets fabricated with different techniques to be compared using a common

metric.

2.5. Conclusion

The proposed AM technique demonstrated the feasibility of using FDM technology
to fabricate a transfemoral prosthetic socket. The novel process introduced a molding
technique that was capable of producing a socket with good fit and controlled thickness.
Improved attachment of the distal adapter is needed to improve socket durability.

Testing of the sockets by a modified ISO standard allowed for a common metric to
be used to evaluate the sockets. Though this metric demonstrated the performance gap
between a socket fabricated with AM technology and manually fabricated sockets, the

metric allowed for a fair and quantitative evaluation of socket performance.
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CHAPTER 3

Finite Element Analysis of Prosthetic Socket Models with
Varying Frame Thickness

3.1. Introduction

As discussed in both Chapter 1 and Chapter 2, a desirable prosthetic socket empha-
sizes flexibility (Lehneis et al., 1984). This is achieved by minimizing the amount of
rigid material necessary to transfer load from the residual limb to the prosthesis while
maintaining socket durability.

The conventional manual fabrication process for a transfemoral prosthetic socket does
not allow for precise control of the resulting socket’s dimension parameters. Specifically,
the process by which the NU-FlexSTV Socket is fabricated does not grant the prosthetist
control over the resulting socket’s thickness. This lack of control is two-fold; the prosthetist
is unable to (1) dictate the thickness of the rigid frame when it is formed over a mold
and (2) manage the thickness of the socket when the resin is hand-laminated over socket
components.

Additive manufacturing (AM) technology offers the ability to precisely control a part’s
dimension parameters and has been used to address shortcomings in the manual prosthetic
socket fabrication process. Rogers et al. (2008) developed variably compliant transtibial
prosthetic sockets using selective laser sintering (SLS). SLS is a process by which a part is

built in successive layers by selectively sintering a thermoplastic powder together with a
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high-powered laser. The group sought to increase the compliance of transtibial socket walls
at areas of high contact pressure with the residual limb. They fabricated a socket with
concentric spiral slots at sensitive sites on the socket wall. The spiral slots were reinforced
with a stiffening membrane to control compliance. Contact pressure measurements at the
residual limb-socket interface of users demonstrated a reduction in average and peak
pressures at areas previously defined as having high residual limb-socket contact pressure
in conventionally fabricated sockets.

Sengeh et al. (2013) designed a technique for fabricating variable impedance prosthetic
(VIPr) sockets using magnetic resonance imaging (MRI) and a three-dimensional (3D)
printer. A 3D printer builds a part by binding powdered material with a liquid adhesive
in successive layers. The group used MRI data to “approximate the stiffness of each
location on the residual limb from the distances between the bone and the outside surface
of the skin” (Sengeh and Herr, 2013). Using an inverse linear relationship, the group
was able “to map bone tissue depth to socket material stiffness properties”’(Sengeh and
Herr, 2013). They used an Object Connex 3D printer (Billerica, MA) that was capable
of printing two materials simultaneously in order to fabricate a socket with a “smoothly
varying socket wall impedance”(Sengeh and Herr, 2013). The VIPr socket demonstrated
reduced contact interface pressures in sensitive areas of the socket compared to a manually
fabricated socket.

The previously mentioned Department of Defense funded projected titled “Develop-
ment of Sub-Ischial Prosthetic Sockets with Assisted-Vacuum Suspension for Highly Ac-
tive Persons with Transfemoral Amputations” recognized the role AM technology could

play in fabricating prosthetic sockets (Fatone, 2010). The third specific task of the grant
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was focused on advanced manufacturing of sub-ischial sockets. The ability of AM to
precisely control thickness was discussed in the grant, and the feasibility of using the
Northwestern University Prosthetics-Orthotics Center (NUPOC) in-house FDM system
for prosthetic socket fabrication was discussed in Chapter 2.

This chapter is concerned with the use of AM fabrication techniques to increase the
flexibility of the NU-FlexSIV Socket. Specifically, the challenge of obtaining a smooth
transition between the rigid and flexible areas of the socket, which may increase flexibility
of the socket. The purpose of this project was to study the effect of prosthetic sockets
with gradated thicknesses on stress distributions on the frame. This problem was initially
intended for testing in a motion analysis lab where socket-residual limb interface pressures
could be measured. However, the low sensitivity of the Pliance pressure sensors (Novel,
Munich, Germany) was not suitable for measuring minute pressure differences and led to
the finite element analysis (FEA) approach.

We employed FEA to study the effect of prosthetic socket frame thickness variations
on the stress at the frame. We hypothesized that frames with gradated transition regions

would experience stresses lower in magnitude than frames of uniform thickness.

3.2. Methods

Socket frame designs were processed in SolidWorks 2011 (Dassault Systemes Solid-
Works Corp., Waltham, MA). The FEA was completed with Abaqus 6.10-2 (Dassault
Systemes SolidWorks Corp., Waltham, MA) and was an extension of previous work re-
lated to the same grant investigating the effect of different rigid frame designs on overall

prosthetic socket flexibility (Komolafe et al., 2014). The model setup by Komolafe is
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summarized below, and the entire manuscript can be found in Appendix B. Modifications

made to the model for this project are described in the following.

3.2.1. CAD Work

Scans of a residual limb, a liner, and a manually fabricated rigid frame were taken
using a 3D MegaCapturor white light digitizer (Creaform, Levis, Quebec). This scan was
imported into SolidWorks and modified by Komolafe et al. (2014). The resulting frame

had a thickness of 6 mm and can be seen in Figure 3.1.

Figure 3.1. A uniform thickness frame from posterior, medial, anterior,
and lateral views

The uniform thickness frame shown in Figure 3.1 was modified using the chamfer tool
in SolidWorks. A Certified Prosthetist familiar with the project recommended reducing
the edge thickness of the frame from 6 mm to 0.3 mm over a distance of 20 mm from
the edge. However, due to limitations in SolidWorks, the edge of the outer surface of

the frame was reduced from a thickness of 6 mm to approximately 1 mm. The gradation
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occurred over a distance of 11.5 mm from the edge. The socket with gradated edges can

be seen in Figure 3.2.

_k___—__
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Figure 3.2. A gradated thickness frame from posterior, medial, anterior,
and lateral views

3.2.2. Abaqus Work
3.2.3. Overview

FEA models of a uniform thickness prosthetic socket and a gradated thickness pros-
thetic socket were analyzed. Both models were based on work completed by Komolafe et
al. (2014) and are summarized below. The models were loaded at the distal end with
the ground reaction forces recorded during the stance phase of gait from a single subject.
The simulation was ran and von Mises (VM) stresses were calculated for both models.
The stresses were plotted against the percent of gait, and the levels of VM stress on the

frame and residual limb were compared between the two models.
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3.2.4. Model Setup

The socket modeled in Abaqus was an NU-FlexSIV Socket. This socket was fabricated
with a rigid frame laminated between two layers of flexible material, but it was modeled
as a single flexible layer and a rigid frame. It was assumed that the simplification of the
model to a single flexible layer would have a negligible difference on the results. The full
model consisted of the socket, a residual limb created to fill the inner surface of the flexible
layer of the socket, and a femur inserted into the residual limb. The model was oriented
to “simulate the clinical bench alignment of 5° flexion and 5° adduction” (Komolafe et al.,
2014). The contacting surfaces of the model were mated with tie constraints that ensured
the motions of different model surfaces were equal.

The loads applied to the socket were recorded from gait analysis of a single human
subject. The ground reactions forces in the force-aft (F), medial-lateral (Fy), and vertical
(F,) direction were measured and applied at the distal end of the socket. A boundary
condition was placed at the proximal end of the femur. This served to constrain vertical
translation of the model.

Material properties of the socket were determined from material testing and literature
values and can be found in Appendix B.

First order, 4-node linear tetrahedral elements were used. A more refined mesh was
used on the residual limbs to account for the larger deformations expected within the
residual limb. An anterior view of the models can be seen in Figure 3.3.

VM stresses were output for both of the models. The areas of the models analyzed are
summarized in Table 3.1. The stresses on the gradated and uniform frames were plotted

for the stance phase of gait and compared to assess the hypothesis that gradating the



Figure 3.3. Anterior view in Abaqus of (A) NU-FlexSIV model, (B) uni-
form frame, and (C) gradated frame
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thickness would result in lower stresses on the frames. The stresses at the residual limb

were explored to better understand the effects of the gradated thicknesses at different

levels of the model by dividing the residual limb into seven distinct regions. Data were

processed in MATLAB (MathWorks, Natick, MA).

Table 3.1. Location of FEA on socket models

Socket Components Analyzed

Results Analyzed (location)

Frames

Global stresses

Frames

Local stresses (edge)

Frames and liners

Global stresses

Residual limbs

Global stresses

Residual limbs

Local Stresses (residual limb area covered
by frame edge)

Residual limbs

Stress distributions




44

3.3. Results

The chamfer tool was unable to evenly gradate the edges, resulting in an inconsistent
reduction of material. Further, the 1 mm reduction of material over a distance of 11.5 mm
was the maximum limit of the chamfer tool, preventing the frame from being modified to
the prosthetist recommended level.

The global VM stresses on the frames can be seen in Figure 3.4.
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Figure 3.4. Global VM stress on gradated and uniform frames

As seen in Figure 3.4, for the entire stance phase, the VM stress on the gradated frame

was greater than the stress on the uniform frame.
The local VM stress on the gradated portion of the gradated frame and the corre-

sponding nodes on the uniform frame can be seen in Figure 3.5.
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Figure 3.5. Local VM stress on edge of gradated and uniform frames

The VM stress on the edge of the gradated frame was greater than the VM stress on
the edge of the uniform frame during all of stance. This indicated that the gradated edge
played a role in increasing stress levels on the entire frame. The VM stresses on the areas

of the frames not including the 11.5 mm edge portion can be seen in Figure 3.6.
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Figure 3.6. Local VM stress on gradated and uniform frames without edges

The greater stress on the gradated frame than the uniform frame in non-edge areas
indicated that the reduction of material at the edge served to increase stress on the entire
gradated frame design.

The global stress on the residual limbs can be seen in Figure 3.7a. There was no
discernible difference between the VM stresses on the residual limb or the gradated and
uniform socket models. The stress was two orders of magnitude less than seen on the
frame. The global stress on the residual limbs is plotted again in Figure 3.7b with the
scale of stress seen on the frame.

The barely visible results in Figure 3.7b indicated that substantially lower levels of
stress were being calculated on the residual limb than the frame. The VM stresses on the
residual limbs at the portions of the limbs that were covered by the edges of the frames

can be seen in Figure 3.8.
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As with the global stresses on the residual limbs, the local stresses on the residual
limbs are nearly identical.

The frame was then divided into seven distinct regions, and the stresses at the resid-
ual limbs that interfaced with the edges of those regions were examined. These seven
regions all displayed similar results, namely the stresses were nearly identical with spo-
radic instances of negligible difference between the gradated and uniform thickness frames.
The results for the lateral extension and posterior buttress regions are shown below in
Figures 3.9 and 3.10. Results for the proximal brim, anterior cutout, distal cup, lateral

fenestration, and posterior fenestration can be found in Appendix D.
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Figure 3.9. Local VM stress on residual limb at lateral extension
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Figure 3.10. Local VM stress on residual limbs at posterior buttress

The results for the lateral extension and the posterior buttress demonstrate that there
was no discernable difference between the stresses on the residual limb, either global or
local, between the two socket designs. Figures 3.11 and 3.12 show the stress distributions

on the residual limbs of the two socket designs.
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Figure 3.11. VM stress distributions on uniform thickness socket model
from posterior, medial, anterior, and lateral views
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Figure 3.12. VM stress distributions on gradated thickness socket model
from posterior, medial, anterior, and lateral views

3.4. Discussion and Conclusions

The increased stress on the gradated frame was surprising but explainable. The re-
moval of material from the gradated frame functioned to weaken the frame and caused
the stress to increase in the frame.

The stress results for the global and local frame data indicated that stress on the gra-
dated frame was greater than the stress on the uniform frame and rejected the hypothesis.
Since the gradated frame visibly impacted the model, it was necessary to examine the
stress at the residual limb.

Results at the residual limb indicated that the gradated socket design had a negligible
difference. This may be due to the fact that the residual limb of the uniform frame design
seen in Figure 3.11 has no discernible stress concentrations. However, the VM stresses
calculated at the residual limbs were two orders of magnitude less than on the frames.
This was highlighted by Figure 3.7b, and indicated that the residual limb stress values

may not be significant enough to draw any conclusions. It appeared that a majority of the
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load applied to the socket was dispersed through the rigid frame, resulting in calculated
stress values on the residual limb that had no credibility. Thus the only clear result from
the analysis was that the gradated frames demonstrated increased stress when compared
to uniform frames, leading us to reject our hypothesis.

The question thus shifted from whether or not the gradated frame socket design af-
fected the model to whether or not stress was the best criterion to examine our problem.
In this project, the benefit of reducing rigid socket material is twofold. First, it should
help to increase the flexibility of the socket, and second, it should increase the comfort of
the socket for the user. Stress measurements in this model were not able to indicate an
increase or decrease in socket flexibility or comfort, and the model proved inadequate to
answer this question.

Though VM stress is a valuable criterion when exploring the failure of a system, it may
not have been the best metric to determine the effect of gradated thicknesses on comfort.
The FEA was not designed to test to failure, preventing the models from determining the
maximum VM stresses that the sockets could withstand.

Stress was an ineffective criterion for exploring the impact of the gradated frame de-
signs. Different approaches for testing the hypothesis that gradated edges improve socket
design (either comfort or flexibility) could be (1) measuring the pressure distributions
at the residual limb-socket interface of users wearing gradated and non-gradated sockets,
(2) eliciting socket fit comfort scores from users, (3) or redesigning the FEA approach. A
measurement of pressure distributions in a clinical setting with more robust sensors would
indicate whether the gradated edges relieve pressure at the residual limb-socket interface.

A survey of socket comfort scores would allow for subjective user feedback.
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A redesign of the FEA approach would involve redefining the surface interaction be-
tween the residual limb and socket components, which may improve the validity of the
results at those surfaces. Previous approaches to surface interaction between the residual
limb and the socket have used automated contacts and gap elements. Gap elements are
interface elements introduced between the socket and the residual limb that help to sim-
ulate the friction and slip that occurs at the interaction (Zhang et al., 1995; Zachariah
and Sanders, 2000). Automated contact is similar to what was used in this study and in-
volves modeling the interface as two deformable, non-penetrating surfaces (Zachariah and
Sanders, 2000; Lee et al., 2004; Jia et al., 2004). However, our approach tied the surfaces
together and ensured equal motion at the contacting surfaces, whereas previous groups
who used automated contact incorporated defined coefficients of friction for the residual
limbs and sockets(Zachariah and Sanders, 2000; Lee et al., 2004; Jia et al., 2004). This
allowed for slipping to be modeled between the surfaces. This model could be redesigned
to account for slipping, which may prevent the attenuation of loads at the residual limb-
socket interface and provide better insight on the effect of the gradated frame on the
residual limb.

The results from the FEA of the NU-FlexSIV Socket model led to rejecting our hy-
pothesis that gradated frame thicknesses would experience less stress than uniform frame
thicknesses. The greater stress on the gradated frame was due to the reduction of mate-
rial. The results examined at the residual limb were so low in magnitude that the results
were negligible. Alternate approaches to explore the hypothesis that gradated frames may

improve socket flexibility and comfort have been recommended.
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CHAPTER 4

Discussion

4.1. Overview

This thesis examined the role additive manufacturing (AM) could play in the fabri-
cation of flexible transfemoral prosthetic sockets. The work conducted involved (1) an
iterative design process to develop a process for using a Stratasys Fused Deposition Mod-
eling (FDM) system to fabricate a flexible transfemoral prosthetic socket, and (2) finite
element analysis (FEA) of flexible transfemoral socket models to understand the effect of

gradating socket, frame edge thickness on stress distributions on the frame and residual

limb.

4.2. Significance

The technique designed for fabricating AM sockets was the first developed for the fab-
rication of transfemoral prosthetic sockets. Further, the AM socket fabrication technique
was the first process to deliberately combine AM and manual fabrication materials while
still maintaining control over dimension parameters of both materials.

A modified International Organization for Standardization (ISO) standard for the
structural testing of lower-limb prosthetic components was recommended as a common
metric to test the performance of sockets fabricated with AM technology (Gerschutz et al.,
2012). This common metric would allow for sockets fabricated by different approaches —

either manually or with AM  to be compared by structural testing. Gait analyses, FEA,
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and pressure measurements at the residual limb-socket interface — techniques commonly
used by previous groups — do not allow for objective comparison between techniques.
The FEA of the socket models with uniform and gradated frames calculated VM
stresses on the socket. The stress calculations indicated that stress increased on the
gradated frame geometry and led to speculation of different ways to approach the problem

and better understand how a socket would be affected by a gradated thickness frame.

4.3. Limitations

The major limiting factor of the proposed AM fabrication technique was the materials
available for use with the AM system. The flexural modulus of the NU-FlexSIV carbon
frame was 4852 N, more than 2.5 times greater than the PC-ABS frame (Stratasys, 2014).
The greater flexural modulus of the NU-FlexSIV carbon frame contributed to the better
performance of the socket in static strength testing.

The introduction of a molding technique using AM fabrication allowed for the combi-
nation of AM and manual fabrication materials. However, the molding setup resulted in
viscous polyurethane resin being poured into a thin gap between the core and the cavity.
Unlike the manual fabrication technique in which resin is laminated between a positive
mold of the transfemoral limb and a flexible plastic, the AM technique inserts material
into a space constrained by rigid boundaries. This limited the fabric layup that could be
used with the molding technique. This could be improved by developing a more powerful
technique for material into the mold, allowing for the minimal space in the rigid space to

be overcome.
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Limitations and issues with the FEA approach were discussed in depth in Chapter 3.
The hypothesis that was tested was that flexible transfemoral sockets with gradated rigid
frames would increase flexibility and reduce stress on the residual limb when compared
to sockets with uniform frames. This gradated rigid frame would hopefully lead to an
increase in comfort for the user. Initially, this problem was thought to be best suited
for the gait laboratory where pressure could be measured at the residual limb-socket
interface. However, previous work at the Northwestern University Prosthetics-Orthotics
Center (NUPOC) had dealt with Pliance pressure sensors (Novel, Munich, Germany) and
had found the sensitivity of the sensors to be too low to measure the minute differences
in pressure that would occur at the limb due to the gradated framed thickness. This

shortcoming led to the FEA approach.

4.4. Future Work

The fabrication of NU-FlexSIV or similar sockets with the NUPOC Stratasys FDM
system is limited until Stratasys updates its material choices. The mechanical properties
of four plastics available to the Stratasys system can be seen below in Table 4.1 (Stratasys,

2014; Komolafe et al., 2014).

Table 4.1. Flexural moduli of frame and potential frame materials

Material Flexural Modulus
NU-FlexSIV carbon frame | 4852 MPa
PC-ABS 1900 MPa
ULTEM 9085 2500 MPa
ABS-M30 2300 MPa
PPSF 2200 MPa
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Though PC-ABS was a good material to help display feasiblity, it may be worth
fabricating a frame with ULTEM 9085. The flexural modulus of ULTEM 9085 is more
than 30% great than that of the PC-ABS, but is still just 51% of the flexural modulus of
the NU-FlexSIV carbon frame. An upgrade to the current Stratasys FDM 400 is necessary
to fabricate parts with ULTEM 9085 and should be considered if the AM technique is to
be iterated.

There is potential to pursue the fabrication of NU-FlexSIV Sockets with the use of
other AM systems. A very similar approach to what was designed could be developed
using a selective laser sintering (SLS) machine, much like Rogers et al. (2008) used.
Rogers et al. (2008) used a Sinterstation Vanguard (3D Systems, Rock Hill, SC) with
DuraForm Polyamide. DuraForm Polyamide has a reported flexural modulus of 1387
MPa. Though this is similar to the flexural modulus of the PC-ABS, the demonstrated
success of the transtibial sockets fabricated by Rogers et al. (2008) the sockets were
designed by FEA analysis, worn by users, and analyzed in a gait laboratory — indicates
potential for the material. Although the success they demonstrated with SLS may be due
to the fact that a transtibial socket doesn’t require as much flexibility as a transfemoral
socket.

Sengeh and Herr (2013) demonstrated the feasibility of fabricating transtibial sock-
ets with an Objet Connex (Stratasys, Ltd., Edina, MN) 3D printer. The Northwestern
University Rapid Prototyping Lab houses an Object Connex 350 but was not used due
to lack of accessibility and higher costs associated with outsourcing the fabrication of the
sockets. The system is capable of printing two materials at once and blending the two

materials together. The Objet Connex 350 offers the possibility of (1) directly printing
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the socket or (2) directly printing the frame. Sengeh and Herr (2013) noted the heavy
weight of their resulting transtibial sockets, indicating that the Objet Connex 350 may
best be suited for printing the rigid frame of the NU-FlexSIV Socket. Future research on
this topic should focus on using new materials to fabricate prosthetic flexible sockets in

order to improve the performance of the sockets during structural testing.
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Title: Design of a Process for Fabricating Prosthetic Sockets with Rapid Prototyping
Technology

Summary: The conventional process used in prosthetic socket fabrication is a time intensive,
manual technique that involves saturating reinforced fabric layups (e.g. Aralon™,
SpectraCarb™, cotton, nylon stockinettes and Dacron felt) with resins. The resulting prostheses
have a demonstrated utility for users, but they may be improved by incorporating advanced
manufacturing technigues into the fabrication process. Specifically, in the fabrication of flexible
sockets using strategically designed rigid frames, conventional processes do not allow for
precise control of thickness, nor for a smooth transition between the flexible and rigid layers.
The development of rapid prototyping technology as an efficient fabrication technique has
presented the opportunity to address the limitations of the manual process. With improved
control of the socket dimension parameters (e.g. socket thickness), rapid prototyping has the
ability to create a more comfortable and durable prosthetic socket

Objective: The purpose of this study was to explore feasible processes of fabricating
transfemoral sub-ischial prosthetic sockets with flexible inner sleeves and rigid outer frames
using rapid prototyping technology.

Methods: Computer aided design software (SolidWorks 2011) was used to process a scan of a
transfemoral residual limb clad with a silicone liner. The scan was scaled to 50 percent of its
original size to speed-up fabrication. The liner surface was modified by surface offsetting,
thickening, deleting, and shelling to create a series of molds with inner cores and outer cavities.
The computer models were processed by the rapid prototyping software (Insight 8.1) in .STL
format and sent to a Stratasys 400mc fused deposition modeling system. The slice heights of
the models were either 0.178 mm or 0.254 mm. The molds were filled with Poly PT Flex 60 for
the flexible layer and Smooth-Cast 385 for the rigid frame.

Results: A total of six molds have been fabricated to-date in the Stratasys 400mc system.
Three of the molds are designed so that the cavity will be separated from the core in the
horizontal direction (horizontal approach), and the remaining three of the molds are designed so
that the cavity will be separated from the core in the vertical direction (vertical approach).

Conclusions: The Stratasys 400mc system is capable of producing molds that resemble the
geometry of conventionally fabricated prosthetic sockets. The rapid prototyping mold fabrication
process is easily repeatable, as all models are stored digitally. The pouring of the molds is
ongoing. Future work will include finish the pouring the molds, determining the mechanical
properties of the fabricated sockets, and demonstrating the process on a full-sized socket.
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Fabricating Prosthetic Sockets with Rapid Prototyping Technology
Brian Robillard, BS, Oluseeni Komolafe, PhD, Ryan Caldwell, CP,
Stefania Fatone, PhD, BPO(Hons)

Research Need and Aims

The conventional process used in prosthetic socket fabrication is a time intensive, manual
technique that does not allow for precise control of the resulting socket's dimension parameters.
Control of dimension parameters allows for gradated transitions between the rigid and flexible
regions of sockets, which may prevent stress concentrations at transition points and improve the
health of the residual limb of persons with lower limb amputation. The development of rapid
prototyping technology (RPT) as an efficient fabrication technique presents the opportunity to
create a more comfortable and durable prosthetic socket through improved control of socket
dimension parameters. The purpose of this study was to utilize RPT to fabricate transfemoral
sub-ischial prosthetic sockets with flexible inner sleeves and rigid outer frames. Our approach
comprised of the following specific aims: (1) exploring the feasibility of different approaches to
automated fabrication of prosthetic sockets; (2) developing an efficient automated fabrication
technique for socket fabrication utilizing our in-house Stratasys fused deposition modeler; and
(3) evaluating the sockets fabricated using the Stratasys system to examine the effect of precisely
controlled dimension parameters on socket comfort and residual limb stress distributions. This
presentation focuses on results to date of specific aims 1 and 2.

Preliminary Results and Commercialization
To date, two prosthetic sockets have been fabricated. The approach to fabricating these
molds includes the following steps:

1. Acquire geometry of transfemoral residual limb clad with a silicon liner via Creaform 3D
MegaCapturor
2. Process the geometry in SolidWorks to create models of molds; send to Stratasys using
Insight 8.1
Fabricate the molds in Stratasys; for iterative purposes, molds are scaled to 50 percent
4. Pour the molds under vacuum pressure
a. First pour: flexible sleeve; Second pour: rigid frame

w

Though the resulting sockets mimic the appearance of manually fabricated prosthetic
sockets, the design process needs to be further developed in order to fabricate wearable sockets
that can be introduced to the marketplace. The path to commercialization involves the following
steps: improve mold closure, standardize the pouring process, select more appropriate materials,
automate the computer aided design (CAD) process, fabricate full-scale sockets, and potentially
revise socket design based on results of clinical testing. Once these steps have been completed,
the efficient fabrication of a prosthetic socket will be possible with access to a scanner, CAD
software, rapid prototyping system, and off-the-shelf materials.
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Background

Methods/Results

Prosthetic socket fabrication is a time intensive process heavily
dependent on the craftsmanship skill of the prosthetist. The novel
subischial prosthetic socket requires an improved control over
socket dimensions parameters to maximize flexibility and comfort.

Purpose of the Study

To explore two mold orientation processes for fabricating a
subischial transfemoral prosthetic socket with a flexible inner
sleeve and a rigid outer frame using rapid prototyping technology.

1. Model design with CAD software (SolidWorks 2011)
Horizontal Approach

Introduction

148

Inner core

Separate cavity

horizontally ‘ Outer CaVIty‘

‘ Inner cavity‘

Manual Fabrication of Transfemoral Prosthesis

¢ Drawbacks:
- Time and resource intensive
- Requires expert prosthetist
- Little control of socket dimension
parameters (e.g. thickness)
¢ Fabricated socket:
- Rigid frame sandwiched
between two flexible layers

Flexible
regions

Rigid
regiong

Subischial
prosthetic socket

Vertical Approach
.

Separate cavity

vertically ‘ Outer cawty‘

‘ Inner cavity‘

‘ Inner core ‘

Proposed Solution (Highlighted for Horizontal Approach)
Multi-shot molding process to form a two-layer socket

eﬁ»r‘fﬂr
. & ﬁ

Process:

1. Inner core and inner cavity
form the flexible sleeve

2. Mold is poured

3. Inner cavity is removed;
inner core and sleeve remain

4. Inner core and outer cavity
form the rigid frame

5. Mold is poured

6. Inner core and outer cavity

are removed; socket remains

2. Fabrication in Stratasys Fortus 400mc fused deposition modeler
Horizontal Approach

'y

Inner core Inner cavity

Vertical Approach

Outer cavity

Outer cavity

Inner cavity

Inner core

3. Pour Process
Fabrication of flexible sleeve

o

E \ Dt

Introduce vacuum Mix material* and
pressure to the system insert into mold

*Poly PT Flex 60 for flexible layer; Smooth-Cast 385 for rigid layer

Results: Fabricated sockets

* Rigid material is
heavy and brittle

¢ Leaking issues with
horizontal approach

* Demolding issues with ]
vertical approach -

Flexible
regions

Rigid
regions

‘ Horizontal approach‘ ‘ Vertical approach

Conclusions

The multi-shot molding process designed to fabricate a two-layer
prosthetic socket has a demonstrated feasibility, but the process
needs to be further developed in order to fabricate wearable
sockets. The next steps in the design process include the following:
improve mold closure, standardize pouring process, fabricate full
scale socket, select new materials, and automate CAD process.
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Background

Methods/Results

The conventional process used in prosthetic socket fabrication is a
time intensive, manual technique that does not allow for precise
control of the resulting socket's dimension parameters and
depends on the craftsmanship of highly skilled prosthetists.

Purpose of the Study
To develop a process for fabricating a subischial transfemoral
prosthetic socket with a flexible sleeve and a rigid frame using

rapid prototyping technology.

Introduction

Manual Fabrication of a Transfemoral Prosthetic Socket

 Drawbacks:
- Time and resource intensive
- Requires expert prosthetist
- Little control of socket dimension
parameters (e.g. thickness)
* Socket Design
- Rigid frame sandwiched
between two flexible layers

Flexible

Rigid regions

regions

Subischial

prosthetic socket

Approach Overview

1. Scan of residual limb 2. Design with SolidWorks

*

®

Transfemoral residual limb Core Cavity

4. Fabricated Socket 3. Build components with Stratasys

and pour flexjble material

[ [
1Ll LJ Uy

\ i

Rigid
regions

Flexible transfemoral socket Pour setup

Mold design with CAD software (SolidWorks 2011)

Core
; i S Cavity |\L
-Frame
r ICore
: Cross section of
Cavity
mold setup

Fabrication in Stratasys Fortus 400mc Fused Deposition Modeler
Slice height: 0.25 mm; Build material: PC-ABS

Core

Frame

Cavity

Pour Process
Fabrication of socket with single-shot molding technique

* Flexible material:

- Fibre Glast ﬂ P
Urethane Casting \]_

Resin
* Vacuum pressure:

- Prevents air
bubbles and air
pockets

* Overfill ports:
- Ensure complete
saturation
* Pour time:
- 5 minutes to pour
- Overnight cure

Overfill port

Material nozzle

Results: Fabricated sockets

e Minimal air bubbles
e Minimal air sockets
e Noissues with

dem0|d|ng Flexible
Rigid regions
regions

Conclusions

The single-shot molding process designed to fabricate a two-layer
prosthetic socket has demonstrated feasibility, but the socket’s
clinical applicability remains to be determined. The next steps in
the project include the following: material and failure testing on
the rapid prototyped socket with results compared to a manually
fabricated socket.
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MWillowlDood

15441 Scioto Darby Road

P.0. Box 130

Mt. Sterling, OH 43143 TEST: AK SOCKET EVALUATION
DATE: 11/5/2012

SUBJECT: Evaluate the static strength of AK prosthetic sockets using a modified ISO 10328 Configuration 1l A125
test set-up

TESTING NOTES:
(1) The sockets were arbitrarily labeled NU-1, NU-2 and NU-3.

(2) All three sockets fitted the test model well. No visual presence of gapping or non-distal contact.

(3) Socket measurements were collected prior to testing. Measurements were taken in relatively the same
location on each socket.

Socket ID

NU-1 NU-2 NU-3 General Notes
A1 7.85 8.20 7.60 .
A2 240 365 430 MeasurementsI vtv_ere take in the
A3 =85 =5 5.90 same relative area.
A4 4.50 3.70 4.30
M1 7.30 6.70 7.90
P1 3.50 4.35 3.70
P2 3.30 4.30 3.20
L1 4.45 5.00 4.35

Anterior Medial Posterior Lateral

A4

® Thickness measurementlocations

Figure 1: Thickness Measurements

WillowWood Report: Northwestern 2012.11.01 — AK Socket Study
11/5/2012
Page 1of 6




WillowlDood

15441 Scioto Darby Road

P.0. Box 130

Mt. Sterling, OH 43143 TEST: AK SOCKET EVALUATION
DATE: 11/5/2012

TEST PARAMETERS: The static test was conducted in accordance with ISO 10328 Configuration Il A125 with the
anterior in tension and posterior in compression. The sockets were tested to failure.

Figure 2: Socket set-up

RESULTS: All three sockets failed at the distal adapter location. The distal adapter was pulled out of the socket.
For two of the sockets (NU-2 and NU-3), the distal adapter pulled completely out of the socket.

Figure 3: NU-1 distal adapter failure

WillowWood Report: Northwestern 2012.11.01 — AK Socket Study
11/5/2012
Page 2 of 6



WillowlDood

15441 Scioto Darby Road

P.O. Box 130
Mt. Sterling, OH 43143 TEST: AK SOCKET EVALUATION

DATE: 11/5/2012

Figure 4: NU-2 distal adapter failure

Figure 5: NU-3 distal adapter failure

Even though it is not visible in the video, one of the test technicians commented that the distal posterior area
(close to P1 on the thickness measurements) exhibited a buckling effort. The soft structural material in this area
flexed upon itself. Pictures below indicate the effects upon this area. A slight crease was visible on the exterior
and interior of the socket.

WillowWood Report: Northwestern 2012.11.01 — AK Socket Study
11/5/2012
Page 3 of 6
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15441 Scioto Darby Road

P.0. Box 130

Mt. Sterling, OH 43143 TEST: AK SOCKET EVALUATION
DATE: 11/5/2012

Figure 6: NU-2 Posterior portion after testing

Figure 7: NU-3 Posterior portion after testing

The force deflection curve for all three sockets is provided below. The yield strength and compression point
were determined from the force deflection curves. Yield strength was defined as the location where plastic
deformation occurs (location where the initial linear characteristic portion of the curve deviates). The yield
strength was used in a previous study to evaluate sockets that failed in a ductile mode. The compression point
is either a deformation peak or plateau change after the initial linear portion of the curve. The compression
point was used in a previous study to evaluate sockets that failed in brittle mode. The ISO 10328 Configuration
11 A125 passing criteria for brittle failure is 4426 N and for ductile failure is 3421N. Prosthetic sockets are not
subjected to any standard including ISO 10328. 1ISO 10328 is intended for structural components that would
normally be attached to a socket. Visually, the sockets exhibited some ductile characteristics by deforming prior
to breaking. The force deflection curves for the tested sockets also displayed this slight tendency towards a
ductile failure. The curves illustrated a small deformation after the linear portion of the curve prior to a peak or
plateau change. NU-1 exhibited more of a distinct peak than the other two sockets. The displacement range for
all three sockets were similar to the carbon transtibial sockets tested in another study. Previously tested
transtibial carbon sockets were classified as having brittle failures.

WillowWood Report: Northwestern 2012.11.01 — AK Socket Study
11/5/2012
Page 4 of 6




WillowtlDood

15441 Scioto Darby Road
P.0. Box 130
Mt. Sterling, OH 43143

TEST: AK SOCKET EVALUATION
DATE: 11/5/2012

Static Evaluation

4000 1\

==NU-1 ==NU-2 NU-3
7000
6000
5000 \\

Load (N)

3000 \\\
2000

\ N

0 20 40 60

80

Displacement (mm)

100 120

140

Yield Strength
(Inflection Point)

Compression Point
(Deformation Peak
or Plateau Change)

mm N mm N
NU-1 13.02 4240.93 17.41 5005.49
NU-2 12.28 3978.11 29.62 5817.83
NU-3 13.69 3141.87 23.81 4276.77
Ave 3786.97 Ave 5033.36
Stdev  573.92 Stdev 770.908

Supplementary Information:
Video: Socket 1 video; Socket 2 video; Socket 3 video

Pictures: Socket 1_1 to Socket 1_3; Socket 2_1 to Socket 2_8; Socket 3_1 to Socket 3_8

WillowWood Report: Northwestern 2012.11.01 — AK Socket Study
11/5/2012
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DATE: 11/5/2012
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Role of Socket Design, Flexibility and Suspension

iIn Transfemoral Sockets during Walking
S. Fatone, PhD, BPO(Hons), J. Howell, CPO, R. Caldwell, CPO, O. Komolafe, PhD, R. Stine, MS

Background Procedures Max | Swing
Socket Desian : IC_ISa:t anl_zlaly5|s waskcondL:cted on Zs(ll?gclje ICcilay.t  1989) Lateral Foo.t
b Comte . ot " elen Hayes marker set was used (Kadaba et al. . Comments Trunk | Rotation
schial Containment (IC) sockets encompass the * Subject walked at comfortable self-selected speed in 7 socket Lean ROM
pelvis and hip joint limiting hip range of motion conditions: 4 4
and compromising comfort (Tranberg et al. 2011). 1 p (degrees) (degrees)
With the advent of vacuum-assisted suspension 1. Intact IC socket (a,b); 1 2 Ots of pressure 1.7 15.4 2.6 12.0
(VAS) there has been an increasing interest in 2. 1C socket with lateral proximal 5. Brimless socket with more ;’”_I:T
brimless sockets (Kahle 2002; Fairley 2008; frame removed (c,d); flexible frame (i, j, k, 1); 2 2 ITtI Pressureon 16 156 3.4 12.0
Strachan et al. 2011; Kahle & Highsmith 2011, 2012). 3.1C socket with anterior medial 6.Condition 5 with VAS (e- Still pressure on
frame removed (e,f); pulse, Otto Bock); T bupt ot as bad
Purpose of the Study 4. Brimless socket with rigid 7. Condition 6 with alignment 3. 5 onmenticoff L/ 14:2 4.3 10.7
By systematically altering an IC socket, the purpose of this case frame (g,h): adjustment. 5 _
study was to assess the role socket brim and flexibility have on toeiare tooin
stability, comfort, suspension and gait parameters during walking. >ocket more
comfortable but
4 4 1.7 15.1 4.0 15.5
Methods foot feels too far
back
Subject Socket feels like it
29 vyear old male with a unilateral transfemoral amputation due 5 2 wants to come 1.6 17.9 3.2 12.7
to trauma (height 182cm; weight 83.3kg). off
* Relatively long residual limb (48% of leg length) with firm skin Way better,
tissue. 6 4 rotational 1.7 15.0 3.3 15.7
Apparatus wobble gone
8 camera motion analysis system.(l\/lotion. Analysis Corporation) 2 6 That’s more like 18 163 37 109
* 6 force plates (AMTI) embedded in the middle of a 12m it!
walkway. Results for socket conditions #1 to #7. Bold indicates “best” result
Intervention B | - | for each variable, red indicates the “worst” result. IT = ischial
* An |F socket (m?dlfIEd NU/RIC design) with silicone seal-in Data Analysis tuberosity. SCS = socket comfort score (0 = least comfortable; 10 =
suction >USPENSIOoN ‘j’md one-way valve.. | For each socket condition we recorded: most comfortable).
* Constructed of a rigid carbon frame with posterior U-shaped . Subjective comments
fengstratlon ana 1'5, I?acron strap oyer gl’t’JteaI.reglorT; ang * Socket Comfort Score (Hanspal et al. 2003) Discussion
flexible thermoplastic inner socket with %" flexible brim . . .
cond o th bon f * Walking speed - assessed as an indicator of overall function
) :Xbe,n Ng proxima dob © Ear c]>cn derme. ot oy I * Step width - assessed as an indicator of coronal socket stability * Removing the brim of an IC socket alters gait.
ubject was assessed by a LertiTied Frosthetist as having tota . Maximum lateral trunk lean during prosthetic limb stance -  Although socket comfort score seemed to relate well to the
contact and appropriate containment in the socket. sssessed indicator of coronal blane socket stabilit biomechanical data, other subjective comments did not.
+ Prosthetic ali hanged for conditions 1 to 6 P Y
rosthetic alignment was unchanged for conditions 1 1o ©. . Swing phase foot rotation range of motion - assessed as an * For this subject no one condition clearly provided the greatest
) PfOSthEt'_C components for all test co.ndltlons included a C-leg indicator of socket suspension comfort, fastest speed, smallest step width, least coronal plane
with torsion pylon (Otto Bock) and Highlander foot (Freedom Results trunk motion in prosthetic stance and least transverse plane foot
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INTRODUCTION

Ischial Containment (IC) sockets encompass the pelvis
and hip joint limiting hip range of motion and
compromising comfort (Tranberg et al. 2011). With the
advent of vacuum-assisted suspension (VAS) there has
been an increasing interest in brimless sockets (Kahle
2002; Fairley 2008; Strachan et al. 2011; Kahle &
Highsmith 2011, 2012). The purpose of this case study
was to assess the role the brim and flexibility of the
socket have on stability, comfort, suspension and gait
parameters during walking.

METHOD

Subject. 29 year old male with a unilateral transfemoral
amputation due to trauma (height 182cm; weight
83.3kg). Relatively long residual limb (48% of leg length)
with average to firm skin tissue.

Apparatus: 8 camera motion analysis system (Motion
Analysis Corporation) with 6 force plates (AMTI)
embedded in the middle of a 12m walkway.

An IC socket with modified NU/RIC design, silicone
seal-in suction suspension and one-way valve was used
as the starting point (Fig 1). Socket was constructed of
(1) a rigid carbon frame with posterior U-shaped
fenestration and 1.5” Dacron strap over gluteal region;
and (2) flexible thermoplastic inner socket with %%’
flexible brim extending proximal to the carbon frame.
Subject was assessed by a Certified Prosthetist as
having total contact and appropriate containment in the
socket. Prosthetic alignment was unchanged for
conditions 1 to 6. Prosthetic components for all test
conditions included a C-leg with torsion pylon (Otto
Bock) and Highlander foot (Freedom Innovations).

Figure 1. Viewing angle: Condition 1: (a) posterior Iateral (b)
posterior medial. Condition 2: (c) lateral (d) anterior.
Condition 3: (e) lateral (f) anterior. Condition 4: (g) anterior
(h) superior. Condition 5: (i) anterior (j) medial (k) posterior
() lateral.

Procedures: Gait analysis was conducted on a single
day. Subject walked at a comfortable self-selected
speed in 7 socket conditions: (1) intact IC socket; (2) IC
socket with lateral proximal frame removed; (3) IC
socket with anterior medial frame removed; (4) brimless
socket with rigid frame; (5) brimless socket with more

flexible frame; (6) condition 5 with VAS (e-pulse, Otto
Bock); (7) condition 6 with alignment adjustment.

Data Analysis: We recorded subjective comments,
Socket Comfort Score (0 represents the most
uncomfortable socket fit imaginable and 10 represents
the most comfortable socket fit) (Hanspal et al. 2003),
walking speed, stride width, and maximum lateral trunk
lean in prosthetic stance for each socket condition.

RESULTS

Step | Max Lateral

Socket | SCS Comment Slpeizd Width | Trunk Lean
(m/s)
(cm) (degrees)
# g |Lotsofpressure | 4,4 | 4544 2.6
onlIT
#2 2 lsT“” pressureon | 464 | 15.57 3.4
Sttill pressure on
IT but not as
#3 5 bad, alignmentis | 1.65 | 14.23 4.3
off — toes are too
in
Socket more
#a | 4 |Somiortablebut | 469 | 1513 4.0
oot feels too far
back
Socket feels like
#5 2 it wants to come 1.63 | 17.94 3.2
off
Way better,
#6 4 rotational wobble | 1.71 14.98 3.3
gone
#r | 6 [frersmorelke | 1gs | 463 3.7

Table 1. Results for conditions #1 to #7. Bold indicates
“best” result for each variable, underline indicates the
“worst” result. IT = ischial tuberosity. SCS = socket
comfort score.

DISCUSSION/CONCLUSION

Subjective comments and data did not match exactly.
No one condition clearly provided the greatest comfort,
fastest speed, smallest step width and least coronal
plane trunk motion for this subject. However, removing
the lateral and medial walls affected stability as
suggested by increased lateral trunk lean.

CLINICAL APPLICATIONS
Removing the brim of an IC socket appears to affect gait
if VAS is not used.
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Abstract

Current transfemoral prosthetic sockets are problematic as they restrict function, lack comfort,

and cause residual limb problems. Development of a subischial socket with lower proximal trim

lines is an appealing way to address this problem and may contribute to improving quality of life

of persons with transfemoral amputation. Therefore, the purpose of this study was to (1) describe
the design and fabrication of a new subischial socket, (2) describe efforts to teach this technique,

and (3) illustrate socket use in two subjects. The third aim is presented in this Part 2 article, while

the first two aims are presented in the Part 1 article. Two unilateral transfemoral prosthesis users

participated in preliminary socket evaluations comparing functional performance of the new

subischial socket to ischial containment sockets. Testing included gait analysis, socket comfort

score and performance-based clinical outcome measures (Rapid-Sit-To-Stand, Four-Square-Step-

Test and Agility T-Test). For both subjects, comfort was better in the subischial socket, while

gait and clinical outcomes were generally comparable between sockets. While it-these

evaluations appears-are promising regarding the ability to function in this new socket design,

more definitive evaluation is needed.
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Introduction

Current transfemoral (TF) prosthetic sockets are problematic as they eften-restrict

function, lack comfort and cause residual limb problems. Lack of socket comfort is the most
common complaint of prosthesis users.” >~ Traditionally, there have been two basic designs of
TF sockets both of which intentionally interact with the pelvis: the 1950s quadrilateral socket

and the 1980s ischial containment socket (ICS).” Because of the pelvic interaction, wearing

either socket significantly reduces hip motion compared to motion without a socket.””" > A

recent variant of the ICS, the Marlo Anatomical Socket (MAS), combines greater containment
(i.e. contact) of the ischial ramus medially with lower anterior and posterior trim lines. While the
177

MAS allows increased hip range of motion compared to either ICS or quadrilateral sockets, " it

still requires interaction with the pelvis. Development of a subischial socket with lower proximal

trim lines is an appealing way to address this-these problems and may contribute to improving
quality of life of persons with TF amputation.
Subischial sockets with vacuum suspension have the potential to provide not only

increased hip range of motion and comfort, but also less pistoning between the socket and limb,

8-16

and better proprioception and tissue health.” "' However, the lower trim lines of subischial

sockets challenge conventional understanding of the biomechanics of TF sockets wherein

‘locking onto the pelvis’ is believed to stabilize the socket in the coronal plane. When coronal

plane stability of the socket is poor, the proximal-medial brim impinges on the soft tissues of the

groin and the distal femoral end abducts inside the socket uncomfortably contacting the lateral
H17

wall.” " To minimize this discomfort and reduce the coronal plane hip joint moment, TF

prosthesis users often increase trunk lateral displacement and step width.
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Dillon™"* argued that the ability of any TF socket to provide coronal plane stability may
come from either ischial ramal containment or compression of the proximal medial soft tissue to
increase stiffness. Preliminary research supports the idea that TF sockets without IC rely on soft
tissue compression for coronal plane stability, socket comfort, and functional gait.”="*-A
recent study using the MAS showed that both ischial ramal containment and tissue loading
contribute to socket comfort: with containment tissue loading did not influence socket comfort,
but with no containment the socket was comfortable only when tissue loading was high.*"**
Kahle et al.** reported that gait and balance in a brimless socket were equivalent to an ICS,
without any of the gait adaptations typically associated with coronal plane instability.

The development of a more comfortable and possibly functional subischial socket may

improve the quality of life of persons with TF amputation. While early reports suggest subischial

sockets are feasible, no one has yet deseribed-illustrated functional performance of a teachable

subischial socket technique. Therefore, the purpose of this study was to (1) describe the design
and fabrication of a new subischial socket, (2) describe efforts to teach this technique, and (3)

illustrate socket use in two subjects. The third aim is presented in this article, while the first two

aims are presented in the Part 1 article. In the Part 1 article we described development of a

teachable subischial socket technique, the Northwestern University Flexible Subischial Vacuum

(NU-FlexSIV) Socket.”’

Method
With approval from the Northwestern University Institutional Review Board two
unilateral TF prosthesis users provided informed consent to participate in preliminary socket

evaluation comparing functional performance of the subischial socket and ICS. All data were
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acquired in our motion analysis laboratory equipped with eight cameras (Motion Analysis
Corporation, MAC, Santa Rosa, CA) and six force-plates (Advanced Mechanical Technology,
Inc., Watertown, MA).

Reflective markers were taped to the skin over palpable boney landmarks or prosthetic
equivalents using a modified Helen Hayes marker set.”’*" Specifically, markers were located on
the shoe over the dorsum of the foot (between the 2nd and 3rd metatarsals immediately proximal
to the metatarsal heads) and the heel counter at the same height as the toe marker; on the lateral
malleolus and lateral femoral condyle; on the left and right anterior superior iliac spines (ASIS);
and the L5/sacral interface. An additional marker was placed anteriorly on each thigh and shank.
For consistency, the same experienced person placed all markers. Static trials were also collected
with additional markers placed on the medial malleoli and medial femoral condyles. Medial
markers were removed for dynamic trials.

Data were collected as each subject ambulated in each socket at self-selected normal,
slow and fast walking speeds over level ground until at least three force-plate strikes were
recorded for each foot. EVa RealTime software (MAC, Santa Rosa, CA) was used to determine
the three-dimensional position of each marker relative to the laboratory coordinate system during
each frame of each trial. The raw coordinate data were filtered using a 2nd order Butterworth bi-
directional low pass filter with an effective cutoff frequency of 6 Hz.**** Temporospatial data
and gait events were calculated using OrthoTrak software (MAC, Santa Rosa, CA).

Additional standardized clinical outcome measures included the Socket Comfort Score
(SCS),”* Rapid-Sit-To-Stand (RSTS) test,****** Four-Square-Step-Test (FSST),*** and
Agility T-Test.”****%® For the Socket Comfort Score (SCS)***, subjects were asked, “On a 0-10

scale, if 0 represents the most uncomfortable socket fit you can imagine, and 10 represents the

URL: http:/mc.manuscriptcentral.com/tpoi Email: tim.bach@ispoint.org
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1

2

2 86  most comfortable socket fit, how would you score the comfort of the socket fit of your prosthesis
2 87  at the moment?”

7

g 88 The Rapid Sit-to-Stance (RSTS) test provides a standardized measure of active hip range
12 89 | of motion, lower limb muscle strength, and balance.**** Subjects were asked to rise from a chair
ig 90 | without arm rests five times as fast as possible with their arms folded across their chest.****

14

ig 91 | Subjects performed two trials, with a three minute rest period between trials. "

g 92 The Four Square Step Test (FSST) is a timed measure of dynamic standing stability

%é 93  involving rapid stepping in different directions and obstacle avoidance. A square cross was

gg 94  formed using four sticks laid flat on the floor. The stepping sequence was demonstrated and then
gg 95  one practice trial allowed. Subjects were instructed to “77y to complete the stepping sequence as
26

27 96  fast as possible without touching the sticks. Both feet must make contact with the floor in each

5 4226

97 ‘ square. If possible, face forward during the entire sequence. The test was timed twice and

32 98 the best time taken as the score. A trial was repeated if the subject failed to complete the

24 99  sequence successfully, lost balance, or made contact with a stick.

5

g? 100 The Agility T-Test is typically used by athletes and includes forward, sideway and

38 43:4427.28 . s
~=== Four markers were set out on the floor in the shape of a T. The subject

39 101 ‘ backward running.
41 102  started at the base of the T, sprinted forward to the top of the T and touched the marker, shuffled
44 103 sideway and touched the marker, shuffled sideway in the opposite direction and touched the

46 104  marker at the other end, shuffled back to touch the middle marker, before running backward to
48 105  the initial marker. The trial was not counted if the subject crossed one foot in front of the other
51 106  while shuffling sideway, failed to touch any markers, or failed to face forward throughout the

53 107 test. The best time of three successful trials was used, with a three minute rest period between

108 trials.
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Results

Two subjects participated in preliminary evaluation of socket use (Table 1). For both
subjects the NU-FlexSIV Socket was fabricated by author RC, while the ICS was made for
Subject 1 by a prosthetics instructor and Subject 2 wore his clinically prescribed ICS. For both

subjects, socket comfort was better with the NU-FlexSIV Socket and gait and clinical outcomes

data were generally comparable between sockets. Figure 1 illustrates the gait variables
commonly thought to be affected by coronal plane socket stability”" and proximal trim lines'’”.
While walking speed was slightly faster at self-selected normal and fast speeds for both subjects
with the NU-FlexSIV Socket, step width results were inconsistent, with Subject 1 unchanged but
Subject 2 wider with the NU-FlexSIV Socket. NU-FlexSIV Socket coronal plane stability during
walking was confirmed by lack of change in lateral trunk flexion when compared to ICS. No
consistent changes in sagittal plane hip motion or coronal plane hip moments were observed for

these two subjects.

Discussion

To our knowledge, this is the first attempt to create a teachable subischial socket with the
potential to be more comfortable without compromising function. Gait and clinical outcomes
data suggest improved comfort and comparable function to IC sockets, confirming previous

reports.;“m’ég'M NU-

FlexSIV Socket coronal plane stability during walking was confirmed by both
lack of change in lateral trunk flexion (assessed with gait analysis) and lateral socket gapping at

mid-stance (assessed visually). For self-selected normal walking speed, step width was slightly

less for Subject 1 and within normal limits for Subject 2 for both sockets when compared to

URL: http:/mc.manuscriptcentral.com/tpoi Email: tim.bach@ispoint.org
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1

2

2 132 other unilateral TF amputees (20.7 + 4.4 cm), while self-selected normal walking speed was

5

6 133 | substantially faster than other unilateral TF amputees (0.96 = 0.01 m/s) in both sockets.”*"

7

8 134  Report of initial evaluation of the NU-FlexSIV Socket with a military TF amputee is similarly
9

12 135 | promising.”**"

12 . . . . . . . . . .
13 136 An obvious limitation of this work is the preliminary nature of socket evaluation. Subject
14

15137 1 was not as accustomed to an ICS as Subject 2 and Subject 2 wore different knees with each

18 138  socket. Lack of standardization of socket accommodation may have influenced the results. More
20 139  definitive evaluation in the form of randomized cross-over trials comparing comfort and

22 140  functional performance with the NU-FlexSIV Socket to the ICS in persons with unilateral TF

o5 141 | amputation are needed, and fortunately underway

27 142 | (https://clinicaltrials.gov/ct2/show/NCT02678247 ). Overall, this preliminary work describes a

143  subischial socket technique that appears to be more comfortable for users and results in gait that
32 144  is at least comparable to that of conventional TF sockets with a proximal brim.

34 145

146 | Word Count: 4487-1607 words
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Figure Captions
Figure 1 Selected gait data for Subjects 1 and 2 walking at three self-selected speeds (slow,

normal and fast) in an ischial containment and NU-FlexSIV Socket.
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Table 1 Subject and Prosthesis Characteristics and Temporospatial Data

Subject 1 Subject 2
Age (years) 29 26
Sex Male Male
Height (cm) 181 188
Weight (kg) 88.4 89.6
Amputation Right Transfemoral Left Knee Disarticulation
Cause of Amputation Trauma Tumor
Time Since 9 15
Amputation (years)
.. Very active Very active
Activity Level (construction worker) (athletic trainer)
ICS NU-FlexSIV ICS NU-FlexSIV
C . Custom

Suction one-way Origin liner Suction one- polyurethane
Suspension Ottobock .

valve cPulse way valve liner

Ottobock ePulse

Knee Ottobock C-leg  Ottobock C-leg Ottobock 3R45  Ottobock C-leg
Foot Ottobock Ottobock Ossur Ceterus ~ Ottobock

Highlander Highlander Highlander
Socket Comfort Score
(SCS) 2 10 8 9
Rapid Sit-to-Stand
(RSST)* 11.81 11.66 9.41 10.46
Four-Square-Step-
Test (FSST)* 9.52 10.6 5.47 6.95
Agility T-Test** 26.6 26.81 15.75 13.1

*Able-bodied US service member’s Minimal Detectable Change (MDC): RSTS= 0.27; FSST=0.30***"
#*US service members with transfemoral amputation: 27.7 + 6 s (MDC = 3.74)%*228
NU-FlexSIV: Northwestern University Sub-Ischial Vacuum Socket; ICS: Ischial Containment Socket.
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Introduction: Sweating and moisture build up are caused by the insulative nature of
prosthetic interface materials increasing the temperature of the residual limb. Hence,
heat and sweating in the socket are among the most frequently reported problems that
reduce quality of life for persons with amputation. The purpose of this technical note
was to describe a simple, inexpensive technique for perforating a silicone prosthetic
liner to expel sweat and enhance use of a lower limb prosthesis.

Materials and Methods: A liner holder consisting of a towel and socks layered over a
mandrel to mimic the distal liner shape was made to stabilize the liner during the
perforation process. With the liner placed over the holder such that the exterior surface
was exposed, a perforating roller was used to perforate the distal third of the liner.
When the liner was inverted the holes were visible all the way through to the inner
surface of the liner.

Results: Expulsion of sweat through the perforations was demonstrated by pouring
water into the liner, folding the proximal, open end of the liner to create a seal, and
forcing water droplets to escape the perforations with some resistance. Additional
evidence that water escaped was seen by the wet patches that formed on the exterior
fabric of the liner after active wear. One amputee user described sweat being pumped
out of the liner into the socket and in some cases out of the socket through the air relief
valve of the vacuum pump. Another amputee indicated that the perforations did not
damage the skin and reduced slippage of the liner with respect to the limb.
Conclusions: Initial clinical experience with this technique suggested that expulsion of
sweat occurred and user feedback indicated improved prosthesis use as a result.
Current experience using this technique in clinical practice has been limited to silicone
liners. The long term effect of perforations on liner durability or limb health are not yet
known.
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Technique for Perforating a Prosthetic Liner to Expel Sweat

Abstract

Introduction: Sweating and moisture build up are caused by the insulative nature of prosthetic
interface materials increasing the temperature of the residual limb. Hence, heat and sweating in
the socket are among the most frequently reported problems that reduce quality of life for
persons with amputation. The purpose of this technical note was to describe a simple,
inexpensive technique for perforating a silicone prosthetic liner to expel sweat and enhance use
of a lower limb prosthesis.

Materials and Methods: A liner holder consisting of a towel and socks layered over a mandrel
to mimic the distal liner shape was made to stabilize the liner during the perforation process.
With the liner placed over the holder such that the exterior surface was exposed, a perforating
roller was used to perforate the distal third of the liner. When the liner was inverted the holes
were visible all the way through to the inner surface of the liner.

Results: Expulsion of sweat through the perforations was demonstrated by pouring water into
the liner, folding the proximal, open end of the liner to create a seal, and forcing water droplets
to escape the perforations with some resistance. Additional evidence that water escaped was seen
by the wet patches that formed on the exterior fabric of the liner after active wear. One amputee
user described sweat being pumped out of the liner into the socket and in some cases out of the
socket through the air relief valve of the vacuum pump. Another amputee indicated that the
perforations did not damage the skin and reduced slippage of the liner with respect to the limb.
Conclusions: Initial clinical experience with this technique suggested that expulsion of sweat

occurred and user feedback indicated improved prosthesis use as a result. Current experience
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using this technique in clinical practice has been limited to silicone liners. The long term effect

of perforations on liner durability or limb health are not yet known.
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Introduction

Prosthetic sockets form the interface between the residual limb and the prosthesis and are
important for the transmission of forces and distribution of pressure in persons with amputation'.
Combinations of prosthetic liners, socks, and/or the socket are worn over the residual limb.
However, the insulative nature of prosthetic interface materials®> increases temperature of the
residual limb causing sweating and moisture buildup'>*. Socket wear, activity and a hot climate
increase residual limb temperature®”, with a 1-2°C increase in residual limb skin temperature
potentially causing discomfort. Increased humidity leads to dermatitis and infections®. It also
disrupts suspension forces’ and skin with slight moisture is more susceptible to blisters than wet
or dry skin'’. The most frequently reported problems that reduce quality of life for persons with
amputation are heat and sweating in the socket (72%) and sores and skin irritation from the
socket (62%)!!. These type of residual limb skin problems impede daily prosthesis use, reduce
mobility, and jeopardize the vocational activities of persons with amputation®.

When sweating becomes disruptive of socket suspension and/or causes discomfort,
persons with amputation must stop their activity, remove the socket and wipe down the residual
limb and interface. Options available to persons with amputation to manage issues with sweating
inside the liner or socket include anti-perspirant sprays, Botulinum toxin injections, medication,
electrical stimulation, and surgery. However, these treatments are often not entirely successful.
While a number of temperature regulation and sweat management methods have been explored'*
14 only recently have technologies such as the SmartTemp® Liner from WillowWood (Mt
Sterling, OH) and the Silcare Breathe Liner from Endolite (Basingstoke, Hampshire, UK)
become commercially available. The SmartTemp® Liner is said to regulate heat by incorporating

phase change material that responds to fluctuations in residual limb skin temperature, absorbing
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and storing heat as it builds up and delaying the onset of sweat. Furthermore, by releasing stored
heat as the body cools, the liner is said to stabilize skin temperature to keep the person with
amputation comfortable all day. A recent clinical trial indicated that the SmartTemp® Liner
resulted in significantly reduced mean skin temperature and perspiration during and after
stationary cycling in persons with transtibial amputation compared with a placebo liner'*. The
Silcare Breathe Liner features laser drilled perforations to allow moisture to escape, presumably
resulting in drier skin and a healthier environment for the residual limb

(http://www.silcareliners.com/us/ ). The purpose of this technical note was to describe a simple,

inexpensive technique for perforating any silicone prosthetic liner to expel sweat and enhance

use of a lower limb prosthesis.

Materials and Methods

A liner holder was made to hold the liner during the perforation process (Figure 1A). The
liner holder was made from a mandrel that was covered by a rolled towel and then a series of
socks sufficient in number to form a cylindrical/cone shape, mimicking the distal shape of the
liner to be perforated. The mandrel was approximately 2 cm in diameter and long enough to
accommodate the liner to be perforated. The liner holder ensured that the liner did not move
during the perforation process allowing the perforation tool to be positioned reliably against the
soft surface of the liner. The liners were simply held in place by the liner holder: the aim was to
have total contact between the liner holder and liner without tension on the liner.

A silicone liner was placed over the liner holder with the external surface of the liner
exposed (Figure 1B). A perforating roller typically used to perforate foam padding was then

rolled over the distal end of the liner (e.g. PEL® Perforating Tool, http://cascade-


http://www.silcareliners.com/us/
http://cascade-usadev.com/pelr-perforating-tool.html
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usadev.com/pelr-perforating-tool.html Figure 1C, 1D). The perforating tool was rolled over the

distal third of the liner in the pattern shown in Figure 1E. This particular perforating tool created
consistently sized holes distributed approximately 1cm apart. The distal portion of the liner was
covered with holes but without interrupting the sealing mechanism incorporated into the liner.
When the liner was inverted the holes were visible all the way through to the inner
surface of the liner (Figure 1F). Liner perforations were tested to determine permeability by
pouring water into the liner. The proximal, open end of the liner was sealed by folding it upon
itself, and forcing air/water through the perforations. Water droplets and air escaped through the

small perforations with some resistance (Figure 1G, 1H).

Results and Discussion

Initial clinical experience with this technique suggested that expulsion of sweat occurred
and user feedback indicated improved prosthesis use as a result. Figure 2 demonstrates that sweat
does indeed seep out of the perforations and can be seen as wet patches on the exterior fabric of
the liner after active wear. One amputee user described that liner perforations resulted “in
whatever fluid exists to be pumped out [of the liner] into the socket and in some cases pumped
out of the socket through the air relief valve [of] a dual chamber [vacuum] pump.” Another
amputee user stated, “/ have had no damage to my leg from the holes or any marks either. 1
would NOT go back to wearing the liner without them [holes], before the sweating was so bad |
had to remove the liner and dry it out numerous times a day. Now I wear it all day with minimal
slip, if any.” This technique appears to result in similar expulsion of sweat as is claimed of the

Endolite Silcare Breathe Liner (http://www.silcareliners.com/us/ ).
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An additional potential advantage of liner perforations is that they may help to reduce air
pockets between the liner and skin when used with active vacuum pump systems. For example,
in residual limbs that are oddly shaped and/or hairy, air might be trapped between the limb and
liner when the liner is initially donned and the perforations may allow for that air to escape,
improving the seal between liner and limb. The perforations may also help maintain contact
between the limb and liner when the limb loses volume during the course of a day.

While this technique has been used in clinical practice by the author (RC), experience is
limited to an estimated 40 initial cases, approximately half transfemoral and the rest transtibial,
wherein active vacuum pumps or suction were used. The long term effect of perforations on liner
durability or limb health are not yet known. Caution is required to ensure that one does not make
too many holes and that the holes are not too large. If the holes are too large, use with active
vacuum will likely result in water blisters. Using the perforating tool described will control the
size and distribution of the holes and ensure that they are not too large. If there are too many
holes liner durability may be compromised leading to premature wear of the liner.

While this technique has been successful with silicone liners, it is unclear if it would be
equally successful with thermoplastic elastomer (TPE) or polyurethane liners given that they are
generally less durable materials. Similarly, this technique has not been used with pin-locking
liners, so it is unknown whether it would work well with that system. It is not typically
recommended that patients wash the exterior textile of liners since it is not in contact with the
skin. However, when the liner is perforated, washing both internal and external liner surfaces
should be recommended given that any sweat expelled through the liner may lead to bacterial
buildup on the external, textile covered surface. When cleaning the liner, patients should

routinely push alcohol through the perforations to avoid bacteria build-up. This can be
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accomplished by pouring rubbing alcohol into the liner, folding the proximal edge to create a

seal with the liner, and forcing air/alcohol out of the perforations.

Conclusion

This technical note describes a simple, inexpensive technique for perforating a silicone
prosthetic liner to expel sweat and enhance use of a lower limb prosthesis. Initial clinical
experience with this technique suggested that expulsion of sweat occurred and user feedback

indicated improved prosthesis use as a result.
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Figure Captions

Figure 1 (A) Liner holder consisting of a rolled towel and socks layered over a mandrel to
mimic the distal liner shape. (B) Liner was placed over the liner holder with the exterior surface
visible, ensuring total contact of the liner with the liner holder. (C) Perforating tool. (D) The
perforating tool was rolled over the distal end of the liner. (E) Pattern of perforations overlaid on
actual perforations on the interior surface of the liner. (F) Close up view of perforations on the
interior surface of the liner. (G) To test perforations, liner was filled with water and squeezed.
Circle indicates where a droplet of water can be seen emerging through a perforation. (H) Close

up view of water droplet circled in figure G.

Figure 2 (A) Interior of liner showing perforations. (B) Exterior of fabric covered liner showing
wet patches where sweat was absorbed during active wear. These sweat patches appeared after
approximately five minutes of light jogging indoors in a patient that has reported sweating as a

problem.
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ABSTRACT

CHARACTERIZATION AND DESIGN OF VACUUM PUMPS FOR PERSONS WITH
TRANSFEMORAL AMPUTATIONS

SEAN MICHAEL WOOD

Vacuum assisted suspension has become a widely accepted means of socket suspension in
prosthetics. To improve this relatively new means of suspension more must be known about the
pumps which create and maintain the vacuum and about the socket/liner interface in which the
vacuum is created. The goal of this study is three-fold: to characterize the various vacuum
pumps used for vacuum assisted suspension in lower-limb prosthetics, to use the information
from characterization to determine the average volume to be evacuated for VAS as well as
study the vacuum pressure within the socket/liner interface during activity, and then to use the
knowledge gained in these first two studies to assist in designing a superior vacuum pump. We
characterized 5 vacuum pumps (2 electric, 3 mechanical) by constructing 5 test chambers of
known volume and measuring the rate of evacuation for each chamber with each pump.
Through these studies it is determined that the Ohio Willow Wood LimbLogic VS is 47% more
powerful than the Otto Bock Harmony e-Pulse and that the Otto Bock Harmony P3 was the
most powerful mechanical pump. Using the knowledge gained from the first study the average
socket/liner interface volume was determined to be 6.14 in®. It is also discovered that the rate of
vacuum pressure decay may be dependent upon the vacuum pump used, with the LimbLogic
showing a decay rate 36% faster on average than the e-Pulse. With this knowledge we propose
two different vacuum pump designs. The first of which is a hybrid electric/mechanical pump and
the second is a biomechanical energy harvesting design which converts the energy lost during

swing phase into electrical energy for use in an electric vacuum pump.
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CHAPTER 1: PROBLEM DESCRIPTION AND RESEARCH

OBJECTIVES

The research in this dissertation is motivated by the need to better understand the workings of
vacuum assisted suspension (VAS) systems which have recently become a popular form of
suspension for persons with lower limb amputation. Anecdotal evidence suggests that VAS is
currently the best suspension for use by highly active individuals. The Department of Defense
provided funding for this project in the hope that VAS may allow soldiers with transfemoral
amputations to return to the field at activity levels similar to those before their amputation.
However, much still remains to be learned about the interactions between limb, liner, socket,
and the vacuum pump which creates and maintains the vacuum between socket and liner.
Specifically, there has been little research performed into the functioning of the currently
available pumps on the market or how the vacuum they create between the users socket and

liner is maintained over time and during regular activity. The objective of this research is to:

Show which currently available pumps are most efficient in evacuating the socket/liner
interface

Provide an estimate to the vacuum/liner interface volume

Provide an estimate as to the rate at which vacuum pressure decays over time

Design a pump capable of meeting the needs of military personnel
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1.1 TECHNICAL BACKGROUND

Transfemoral amputation is an amputation of the lower limb through the femur, the bone which
connects the knee and hip joints. This results in the loss of the two major lower limb joints: the
knee and ankle. The loss of the knee joint in particular is a major factor which challenges the
mobility of persons with transfemoral amputations. The current sockets on the market for
amputations of this type encompass the pelvis and hip joint, therefore limiting the range of
motion at the hip joint, compromising comfort. While current prosthetic technologies are
reasonably serviceable for persons with amputation levels distal to the knee and for those
persons with low to moderate functional levels, they provide limited functional restoration for
those with more proximal amputations, especially more highly active individuals (Fatone et al.,

2010).

1.1.1 RESEARCH IMPACT

There were a projected 623,000 persons living with major lower limb amputations (both
transtibial and transfemoral) in the United States alone as of 2006 (Ziegler-Graham et al., 2008).
Vascular disease (such as diabetes) was the cause for a majority of these amputations (54%)
(Ziegler-Graham et al., 2008). As diabetes continues to grow as a problem in the US and
globally, the rates of amputations from vascular disease will also continue to grow, particularly
among the elderly and minority populations (Dillingham et al., 2002). This has led researchers to
project that the number of persons living with major lower-limb amputations will increase to
879,000 by 2020 (Ziegler-Graham et al., 2008). This is relevant to this research since, while the
research was funded by the Department of Defense for the purpose of getting soldiers with
transfemoral amputations back into the field, the results will hopefully be applicable to all

persons with lower limb amputations.



13

Military conflicts in Iraq and Afghanistan have resulted in a large number of military
personnel undergoing lower-limb amputations as well. As of 2006, 132 service persons had
undergone transfemoral amputations alone, largely due to Improvised Explosive Device (IED)
related injuries (Stansbury et al., 2008). Based on the continued rate of casualties and IED
related injuries, this number very likely increased to over 200 by 2011. These service persons
with amputation present challenges that are different from the more typical older amputee with
vascular problems. Individuals who enter the military are generally young and in excellent health
prior to their combat-related injury. Many wounded soldiers wish to return to the level of activity
they enjoyed before their injuries, including active duty. Therefore, they have much higher

expectations of their function after amputation.

1.1.2 A BRIEF HISTORY OF LOWER LIMB SOCKETS AND SUSPENSIONS

There have been precious few changes in socket and suspension technology over the past 50

years. The two most common socket designs are the quadrilateral socket and the ischial

Figure 1: Drawings of the cross-section of A) a quadrilateral socket and B) an ischial
containment socket. Taken from: Michael JW: Instr Course Lect 1990; 39:375.
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containment socket (graphically pictured in Figures
Silicone gel

ger la and 1b), introduced in the 1950s and 1980s

respectively (Schuch et al., 1999). While both
methods have their respective advantages, the main
weight bearing surface in both is the lower part of the
hip bone known as the ischial tuberosity. As anyone
who has sat for extended periods of time on any
hard, flat surface knows, the ischial tuberosity quickly
becomes uncomfortable when forced to bear weight
for any length of time. This can make both the

Figure 2: Shuttle lock suspension system.

quadrilateral and ischial containment sockets slightly

uncomfortable (Stewart and Spiers, 1983; Neumann et al., 2005).

One of the more dated methods of suspension is known as a Silesian belt. This method
is composed of a strap or sleeve that attaches to the proximal end of the prosthesis and
ascends to encircle the patient’s waist. Two more recently developed methods of suspension
are suction suspension and the shuttle lock system (also known as the pin-and-lock system,
figure 2). The suction suspension system works by creating a negative pressure between the
residual limb and the socket during swing phase, which when combined with surface tension,
acts to hold the socket firmly in place (Friel, 2005). The shuttle lock system uses a gel or silicon
liner with a locking pin at the bottom. The liner is rolled over the residual limb and the locking pin
slides into a shuttle lock inside the socket. This method provides a total contact fit and the liner
acts as an interface between the skin and socket, increasing comfort. While both of these
methods provide more secure connections than the Silesian belt, there are still unwanted

changes in pressure on the residual limb, which can compromise skin health. Ulcers,
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epidermoid cysts, and verrucous hyperplasia are all skin conditions that are attributed to

external pressures applied to the residual limb (Lyon et al., 2000).

1.1.3 VACUUM ASSISTED SUSPENSION AND SUB-ISCHIAL SOCKETS

A relatively new form of suspension known as vacuum assisted suspension (a cross section of

this suspension used on a transtibial amputation can be viewed in figure 3) was introduced in

the 1990s (Patterson, 2007). Both vacuum-assisted suspension and suction suspension use a

difference in atmospheric pressure to achieve
suspension. However, where suction systems
use the passive force of the user’s weight to
expel air from the system, vacuum-assisted
suspension uses an active pump to create
negative pressure (relative to atmospheric
pressure) between a liner and socket (Fatone et
al., 2010). These pumps may be mechanical, or
electronic. In both systems, as air is expelled
from the socket, the limb and liner are pulled
toward the socket wall and held in place by the
force of the negative air pressure as the
vacuum is created. With suction suspension
some movement of the residual limb within the
socket remains, but with vacuum-assisted

suspension pistoning is supposedly eliminated

Seal
between
hiner and

sheeve

T
| \ d ? k\__‘_ Scaling
|

- sheewe
I Scaked ar
\ | Liner space
i Il \ (sheath)
: f \ |
! | .4
— .

{1

-

Vacuum
e pamp |
Socket

Figure 3: Cross section of vacuum suspension
system. Note that the sealed air space does not
extend to the thigh. The seal between the top of the
liner and sealing sleeve isolates the limb from the
vacuum.

(Gerschutz, 2010). The socket is held securely to the leg by suction from a vacuum pump,

which makes for a more secure connection between the residual limb and prosthesis.
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The proposed advantages of vacuum assisted suspension are numerous. Researchers
have reported that loss of residual limb volume typically observed after a bout of activity was
reduced with the use of vacuum in trans-tibial amputees (Board et al., 2001). They also reported
that there was significantly more stance phase and step length symmetry, and significantly less
pistoning of the tibia and liner with use of vacuum (Board et al., 2001). A follow-up study
showed that application of vacuum reduced the interface pressure differences between the
stance and swing phases of walking (Beil et al., 2002). The authors suggested that this lower
pressure difference was the mechanism by which limb volume was maintained with vacuum-
assisted suspension. Hence, it appears that vacuum-assisted suspension may improve tissue
health by minimizing the motion between the socket and residual limb that causes tissue
trauma, as well as stabilizing residual limb volume by minimizing the changes in pressure that
drive fluid in and out of the limb. It is thought that these effects promote increased circulation
and hydration of the residual limb, creating an environment that leads to positive changes in
tissue health (Brunelli et al., 2009). That being said, these studies were all performed with
regards to persons with trans-tibial amputations. However, it is believed that these studies
remain more or less valid when discussing persons with transfemoral amputations, which there

have been far fewer studies of this type conducted.

The use of vacuum assisted suspension has allowed prosthetists to lower the trim lines
of the transfemoral socket (Fairley, 2008). This lowering of the trim line below the ischial
tuberosity means that the socket no longer interferes with the hip during movement, and has
become known as a sub-ischial socket. Anecdotal evidence suggests that this can increase
comfort, both while walking and sitting, as well as allow increased range of comfortable motion

of the hip joint.
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A lower trim line means that there is less total contact area between the socket and the
residual limb, limiting the degree to which surface tension can securely hold the prosthesis on
firmly. Additionally, while suction works passively and the socket is held on more or less
securely immediately after being donned, the requirement of an active vacuum pump means
that the users’ mobility may be limited until that vacuum is generated. Little research has been
performed with regards to the speed at which this vacuum is generated or which pumps
evacuate to which levels of vacuum fastest. Additionally, there has been almost no research

performed on the vacuum suspension of highly active individuals. Important questions such as:

How is the vacuum maintained during activity?

How does the vacuum pressure vary during activity?

Have not been studied at all. It is for these reasons that there is special interest regarding

interaction between the vacuum pump and the socket/liner interface.

1.2 TASKS AND ORGANIZATION

Research Task 1 — Characterization of the Vacuum Pumps Currently Available . As
mentioned previously, the vacuum can be provided by either a mechanical or electrical pump.
Prosthetic companies such as Otto Bock (OB, Duderstadt Germany) and Ohio Willow Wood
(OWW, Mt. Sterling, Ohio) provide several pumps specifically designed for use in prostheses. In
order to characterize these pumps, this research focuses on evacuating air from chambers with
known volumes in a series of bench-top tests. These volumes are representative of the air that

needs to be removed from transfemoral sockets just after donning the prosthesis.

Research Task 2 — Study the Socket/Liner Interface and Pump Interaction of Users :The

specific questions this task aims to answer are: What is the volume of the socket/liner interface,
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and, what is the rate at which the vacuum pressure decreases during regular activity? To
explore these questions a number of human subjects are recruited for testing. The first of these
guestions is explored by comparing the time required for evacuation in the human subjects to
those obtained from the chambers of known volumes in the bench-top tests. This comparison
should provide an accurate estimate of the average volume evacuated. The second question is

examined by monitoring the vacuum pressure in the system while the user walks on a treadmill.

Research Task 3 — Suggest Designs for a Vacuum Pump Capable of Meeting the

Military’s Needs : Finally, the knowledge gained from tasks 1 and 2 are used to aid in designing
a superior vacuum pump. While the use of either a mechanical or electrical pump may not
matter much for the average user, this research is focused specifically on the needs of military
personnel. Ideally, a pump used by the military would be purely mechanical, removing the need
to charge or replace batteries, reducing noise, and improving the likelihood of the pump being
serviceable in the field (Fatone et al., 2010). Although there are a number of commercially-
available mechanical pumps, they are infrequently used in transfemoral prostheses as their flow
rate is considered insufficient to quickly evacuate the relatively large air space present in a
transfemoral socket compared to a transtibial socket. For example, the new Harmony® P3 (Otto
Bock) mechanical vacuum pump specifies that up to 50 steps with the prosthesis may be
needed to reach the recommended vacuum of -15 inHg (Otto Bock, Minneapolis MN, P3 User’s
Manual 2009). While the user’s manual does not specify a level of amputation, the P3 is
typically used by persons with trans-tibial amputations. The need for multiple cycles to draw
sufficient vacuum delays the achievement of optimal suspension and coupling. Additionally, the
large amount of vertical space required for commercially available mechanical pumps makes
their use in transfemoral amputations difficult. This is because the amount of space available

between the bottom of the socket and top of the knee is typically quite small. Hopefully, the



knowledge gained in our previous tests will lead us to either choose one of the commercially
available pumps as adequate to fulfill the military’s needs, or to guide us in the design of a

hybrid electric/mechanical pump.
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CHAPTER 2: ELECTRICAL AND MECHANICAL VACUUM PUMP

CHARACTERIZATION

2.1 VAcuuM PumMP SYSTEM BACKGROUND

As mentioned in Chapter 1, vacuum assisted suspension has the potential to increase user
comfort. However, this vacuum can be achieved with a variety of different pumps. There are
currently several different electric and mechanical pumps, specifically designed for use in
prosthetics, available for consumers. There are a variety of reasons why one might choose one
pump over another. One consideration is price: typically the mechanical pumps are a bit more
expensive than the electric pumps. Another is build height: mechanical pumps (and some
electric pumps) must be mounted “in-line” and therefore require there must be enough space
between the residual limb and the knee (in the case of transfemoral amputees) for the pump to

be placed.

The prosthetist may also be motivated by the functionality of the pump. Most mechanical
pumps operate as the user walks. The weight of the user during stance phase compresses a
chamber, expelling air from it. Then, as the user transfers their weight onto the other leg, the
expansion of the chamber pulls air from the socket via a one-way valve. This method of
evacuation requires the user be walking, and they therefore must endure a limited vacuum
assisted suspension for at least some period of time after doffing. The P3 user manual suggests
that a vacuum pressure of 15 inHg should be reached within 50 steps with the prosthetic leg

(Otto Bock, Minneapolis MN, P3 User’s Manual 200&)e electric pumps operate with only

the press of a button. A small Li-ion battery powers a DC motor which rapidly runs a very tiny
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pump. Most electric pumps have control circuitry that monitors the vacuum pressure in the
system and will reactivate the pump when the pressure crosses some threshold value. While
this method allows for evacuation while sitting and does not require walking to maintain the
vacuum, it does require that the user plug the pump into a wall outlet for several hours a day to

recharge the Li-ion battery.

While it is assumed that the electric pumps are capable of evacuating the socket/liner
interface at a faster rate than the mechanical pumps, there has not been any research
performed to explore this. In this chapter we will study the rate of evacuation of several
mechanical and electric vacuum pumps to determine the specific characteristics of each. The
characteristics we determine will then be used in future chapters to both determine the average
volume of the socket/liner interface of users as well as to assist in the development of a new
vacuum pump. We hypothesized that the electric pumps would outperform the mechanical

pumps based on anecdotal information provided by users.

2.2 TEST METHODS

2.2.1 EQUIPMENT, MATERIALS, AND SOFTWARE USED DURING TESTING

Under the guidance of Certified Prosthetist Ryan Caldwell 2 electric pumps and 3 mechanical

pumps were purchased based on their common use in the field. These were the:

Ohio Willow Wood LimbLogic VS (electric)
Otto Bock Harmony e-Pulse (electric)

Otto Bock P2 (mechanical)

Otto Bock P3 (mechanical)

Otto Bock HD (mechanical)
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These are all pictured in Figure 4. In order to characterize these pumps a set of consistent tests

was designed to compare them to one another.

Previous work performed led us to believe that the typical volume evacuated between
the liner and socket in transfemoral amputees was approximately 6 in® (Fatone et al., 2010).
With this in mind 5 chambers were manufactured with PVC tubing and end-caps (Figure 5).
Volumes ranged from roughly 2 to 12 in®, initially determined geometrically. Exact volumes were
later calculated by weighing the empty chambers, then filling each with water and weighing
again. The volume was then calculated

based on the known density of the water.

In order to determine both the
vacuum pressure and the times required to
evacuation, the team purchased the
DigiVac Model 2L760 digital pressure
transducer (with sampling frequency of
1Hz), which was interfaced with a

computer via RS232 connection. A Virtual

Interface was created in National
Instruments’ Labview to record the evacuation profile and export it to Microsoft Excel for

additional data processing. Figure 4: The five vacuum pumps used in bench-top

testing A) Ohio Willow Wood LimbLogic VS, B) Otto
With all of our equipment set up Bock Harmony e-Pulse, C) Otto Bock Harmony P3, and
D) Otto Bock Harmony P2 and HD.

(Figure 5) evacuations were performed
with both electric pumps 5 times on each of the 5 chambers, to over 17 inHg in each test (this

was the pressure threshold at which time measurements were calculated). The electrical pumps
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were later tested an additional 20 times on each chamber to get a more accurate data set and
to ensure that the method of averaging was accurate. Once accuracy was ensured for the
electrical pumps it was deemed unnecessary to do more than the 5 tests with each mechanical
pump based on an insignificant difference (p > .05) between the results of 20 trials vs. those of

5 trials.

2.2.2 VACUUM PUMP TEST PROCEDURE

After the initial data collection it was discovered that some early assumptions that were made

were false, requiring minor adjustments to the data collection process and analysis.

The first assumption to be disproven was that the electric pumps would have the same
performance independent of the charge level of their Li-ion batteries. This was discovered after
inconsistent times were achieved on two consecutive days with the e-Pulse. An easy solution to
this problem would have been to perform all evacuations with the pump plugged in to an AC
power supply to ensure consistency between tests. Unfortunately, the Otto Bock e-Pulse does

not allow the pump to activate while charging (although the OWW LimbLogic does).

In order to characterize the rate at which performance decreases as the battery
discharges, exhaustive testing was performed on each pump. This testing involved evacuating
the 6 in® chamber (as this was thought to be the size typical of the socket/liner interface in a
person with transfemoral amputation) repeatedly, allowing minimal time between each

evacuation until the Li-ion battery was depleted. This test was performed with both pumps.



Figure 5: The test setup used for bench-top
testing with the 5 test canisters in the back,
digital vacuum gauge at front left and e-
Pulse vacuum pump at front right.
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While only 3 individual pumps were tested
in the mechanical testing, the Otto Bock P3 came
equipped with 5 different ‘functional rings’, each for
a different user weight range. The P2 and HD
pumps overcome the issue of user weight variation
by providing an adjustable screw within the pump.
For both pumps testing was performed at 4.5 turns
out, intended for a patient weighing 120 Ibs. This is
equivalent to the weight resistance provided by the

fO functional ring of the P3.

The mechanical pumps were tested using
the same canisters, digital pressure gauge,
Labview Virtual Interface and evacuated to above

the same pressure threshold (17 inHg) as the

electric pumps. The only significant difference was the method of activation. Pump activation

was performed using a fixture provided by Ryan Caldwell. This fixture was a simple lever action

device allowing the mounting of mechanical pumps of various heights and utilizing a lever 12

inches in length to assist in manual activation (Figure 6). Activation was timed using an online

metronome located at http://www.metronomeonline.com/. Timing was set at 50 beats per minute

(bpm), which was determined by informal experimentation to be roughly equivalent to the

number of single leg activations in a quick walk by an able-bodied male of average height.

All tests were performed with an attempt at equivalent force and always over a full stroke

length for the mechanical pumps. To further limit the influence of human actuation of the lever
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on our results, the tester was blinded to the specific
pump being tested as well as the number of strokes
elapsed until after each test was performed. Short
breaks were allowed after each test to ensure that the

testing arm remained ‘fresh’.

It was useful to determine an arbitrary
measurement of each pump’s efficiency for means of
comparison. With the averages of the evacuation times

from each pump (averaged over twenty evacuations for

the electric pumps and over five for the mechanical Figure 6: Mechanical Pump Test
Fixture

pumps), the vacuum pressure to which they were

evacuated, and the precise volumes of each chamber, we were able to calculate a value for the

power of each pump. This value was calculated by:

Volumex re
P=PressurexVolume——— (1) -
Time to E fion

This was converted to a more conventional metric of Watts by converting inHg to Pa and

in® to m® using a total conversion factor of .05544. All tests were performed at 72°F.

2.3 RESULTS oF VACcuuM PumP CHARACTERIZATION

2.3.1 ELECTRIC VACUUM PUMP BATTERY DEPLETION TEST RESULTS
We found that while the e-Pulse’s performance decreased considerably (a time increase of over
7.5%) there was no difference in the times to evacuate for the LimbLogic over the measured

period of battery depletion. We discovered a variation of only 1.5% over all sets of trials and
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A Otto Bock e-Pulse First and Second Half Averages
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Figure 7: Plots of Vacuum Pressure vs. Time for the A) e-Pulse and the B)
LimbLogic
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only 0.8% between the first and last sets.

While analyzing the data collected it was noticed that the evacuation times for the e-
Pulse were broken into two distinct groups: the first 104 trials and the subsequent 75 trials to
complete battery depletion. Trials had nearly the same times to evacuation in their respective
groups (p > .05). It was for this reason that the data was graphed in just two groups. Each
series in Figure 7b represents the average of 25 trials. Simple algebra will show that this means
that 225 trials were performed with the LimbLogic while only 178 were performed with the e-
Pulse. This was because, while the e-Pulse battery was completely depleted after 179
evacuations (the last of which was not included in the averages because its evacuation was
significantly slower), the LimbLogic had just dropped to 2 of 4 bars on the battery meter after
225 trials. While the incompleteness of the LimbLogic data means that there may still be a
breaking point for evacuation time at the lower battery levels, any change in performance would

be insignificant for the number of trials we had planned to perform.

2.3.2 ELECTRICAL AND MECHANICAL PUMP TEST RESULTS

Table 1a and Figure 8 display summaries of the results from the electric pump testing. Our
results show that the LimbLogic consistently outperformed the e-Pulse with an average power
output 47% greater. Figure 8 is a bit misleading as the slope of the LimbLogic is smaller than
that of the e-Pulse. This is due to the fact that the dependent variable is time to evacuation

which should ideally be as small as possible.

Table 1b and Figures 9 and 10 similarly display summaries of the data obtained from
testing of the mechanical pumps. These figures and tables show that the P3 consistently
outperformed the P2 and HD pumps. However, the P3 pump did not perform consistently with

different functional rings attached.
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Table l1la: Electrical Pump Evacuation Time and Power Results

Volume | Evac Press Time to Evac (sec) Power (W)

(in% (inHg) LimbLogic e-Pulse LimbLogic e-Pulse
2.69 17 6.62 9.09 0.38 0.28
4.59 17 9.29 13.83 0.47 0.31
6.46 17 13.48 19.70 0.45 0.31
8.52 17 16.45 24.56 0.49 0.33
12.54 17 23.43 35.09 0.50 0.34
Average 0.46 0.31

Power Difference 47%

Table 1b: Mechanical Pump Power Results

Volume | Evac Press Power (W)

(in°) (inHg) P3fo P3fL P3f2 P3f3 P3f4 P2 HD
2.69 17.00 0.34 0.30 0.28 0.29 0.24 0.13 0.21
4.59 17.00 0.42 0.34 0.34 0.35 0.29 0.15 0.22
6.46 17.00 0.40 0.31 0.33 0.32 0.27 0.14 0.21
8.52 17.00 0.46 0.35 0.34 0.36 0.30 0.15 0.24
12.54 17.00 0.49 0.35 0.37 0.38 0.31 0.15 0.26
Average 0.42 0.33 0.33 0.34 0.28 0.15 0.23

Evac - Evacuation, Press - Pressure
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Figure 8: Summary of evacuation times for electrical pumps as dependent upon the volume they
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Figure 10: Summary of the pump powers calculated for the mechanical pumps.

2.4 DISCUSSION OF RESULTS AND TESTING PROCEDURE

2.4.1 DISCUSSION REGARDING TESTING PROCEDURE AND DATA ANALYSIS

One interesting realization from the endurance testing is with regards to the overall efficiency of
the two electric pumps. The LimbLogic pump contains a 2.04 Wh battery while the e-Pulse
contains a 2.2 Wh pump. Both pumps were brand new when we first began to test them. This
means that less than 10 hours of testing had been performed with each before the endurance
trials occurred. With this knowledge we can assume that both batteries were still true to their
technical specifications. This implies that the LimbLogic is a much more efficient pump than the
e-Pulse as it was able to perform many more (potentially twice as many) evacuations before

depleting its slightly smaller battery. Additional testing in which the current flow and voltage drop
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across the motor is measured would need to be performed in order to determine the efficiencies
of both pumps exactly but our data suggests that the LimbLogic is the more efficient of the two
pumps. These tests also showed that the performance for both pumps was self-consistent over
the first ~100 trials on a chamber volume of 6 in®. From this information we decided that

charging pumps between canisters or subjects would provide enough consistency for our tests.

Another issue we were forced to address during testing was that of pressure
inconsistency stemming from slight variations in atmospheric pressure from day to day and hour
to hour. These were typically quite small (less than 10 torr) but we thought it important to take
them into account in order to get the most accurate information. This was handled by
normalizing the evacuation time by the total change in pressure as opposed to just measuring

the time from start to finish for both the mechanical and electrical trials.

The final procedural adjustment involved the point in time at which evacuation started
versus the intervals at which data was acquired. Due to the way in which the system was set up,
the DAQ system was constantly capturing data, so the point in time at which the pump started
evacuating could fall anywhere between two data capture points. Since the rate of data capture
was nearly 1Hz, there was a large variability in how long after the pump was started that the first
point was captured. We saw evidence of this by a shallower slope at the very start of our
curves, as shown in Figure 11. This issue was resolved by subtracting half of one time step from
the data, time shifting all of the data slightly to the left, and effectively straightening the slope
from the first to second acquisition. This is also shown in Figure 11. The accuracy of this
method was confirmed by increasing the number of trials averaged from 5 to 20 for the electric
pumps. It was found that there was no significant difference (p > .05) between 5 and 20 trials

and so only the 5 were performed with the mechanical pumps.
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Figure 11: Comparisons of the original plots of evacuation time for the electrical
pumps vs. their time shifted plots.

For both the electric and mechanical pumps the “power” values, are the vacuum power outputs
of the pump. In reality what should be measured are the conversion efficiencies of the pumps,
or in other words, their ability to convert electrical/mechanical power into vacuum power.
Unfortunately, there was no ready means of measuring the power input into either pump. For
the electric pumps this would have required measuring the current input and the voltage drop
across the DC motor of the pump as previously mentioned. For the mechanical pumps this
could have been done in a few ways. In the test method used, the power source was a human
being. To measure this power input would require determining the metabolic output of the
pumper and multiplying by the lever (neglecting the frictional losses in the lever system).
Alternatively, if the mechanical pumps were mounted in a pneumatic or motor driven test

structure the mechanical power input could be measured by more conventional means. To
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measure exact efficiency in the electrical pumps a test involving the current through and voltage

drop across the electric pump (as mentioned previously) would need to be performed.

2.4.2 DISCUSSION OF EVACUATION TIMES AND POWERS

The results indicated that the power values for the smaller chamber sizes were notably smaller
than those of the larger sizes. We originally hypothesized that this was due to an acceleration
factor involved in the pumps that became less significant as the size of the chamber increased.
However, the same results were noticed in the mechanical pumps which do not require an
electric motor to speed up. Further experimentation would be needed to prove or dis-prove this
hypothesis or to determine the true cause of this phenomenon. One possible approach would
be to perform the same experiment on both smaller and larger chamber sizes and checking

whether the same pattern continued.

The secondary purpose of the electrical characterization was to be able to determine the
volumes of human subjects’ socket/liner interface with only the knowledge of the pump used
and the evacuation time. As such a relationship between volume evacuated and time to
evacuation for each of the pumps was needed. This was done by plotting these two variables
(time being the dependent variable in this case) and fitting a linear trend line to the data as
shown in Figure 9. The equations of the trend lines can then be used to calculate the exact
volume of a human subjects’ socket/liner interface given the type of pump and the time to

evacuation. These same results were also plotted for the mechanical pumps for comparison.

The one major surprise from mechanical pump testing was the discrepancy in time to
evacuation with the various functional rings. While the f1, f2 and f3 rings performed similarly, the
fO ring and 4 ring were definite outliers, with the fO outperforming the average by 24% and the

f4 underperforming by 18%. One potential explanation for this result may lie in the
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recommended use of the functional rings. It is recommended by the manufacturer that each ring
be pre-compressed, in a specially provided mechanism for 5 minutes prior to use. The f0O ring
was the one installed in the device upon delivery from the manufacturer, while the other rings
were provided separately. It may be that the fO ring received more ‘pre-compression’ than the
other functional rings. This may have served to relax the material more, providing less
resistance to energy input into the system, and subsequently showing more energy output.
However, this does not explain the fact that the f4 ring under-performed. More likely, the f4 ring
had the highest tensile strength as it is intended for persons weighing 190-220 Ibs compared to
100-190 Ibs for the other 4 functional rings. During testing with the lever device, the f4 ring
would have required a higher energy input from the tester to reach full compression and, hence,
performed more poorly than the other pumps. However, if this was the case it would seem
logical to have seen a consistent downward trend in power from the fO ring to the f4 ring, which
was not observed. Finally, it may be possible that the energy required to compress the 4 ring
was above some threshold energy that the tester could comfortably exert, in which case it would

have a lower energy output than the other pumps.

Despite the precautions taken to limit the effect of the human tester on the results,
testing of the mechanical pumps was still subject to tester bias and stroke power variations. In
future tests this limitation could be addressed by constructing a motorized or pneumatic test
fixture to ensure consistency between tests and between individual strokes. This would
eliminate some of the possible sources of error mentioned in the previous paragraph.
Additionally, purchasing 5 brand new functional rings and pre-compressing each for some
arbitrarily large period of time (an hour perhaps) would help negate any differences between the

pre-loading they received prior to delivery.
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Results showed that the P3 mechanical pump was similar in power to both the e-Pulse
and LimbLogic electric pumps. However, this was true only for the method in which it was
tested, i.e. the power output of the user multiplied by the lever system used (ignoring frictional
losses). It would be possible for the mechanical pumps to perform better or worse depending on
the user. This is another major advantage which the electric pumps have over the mechanical

pumps, they are user independent.

2.5 CONCLUSIONS

The results obtained from the bench-top testing of the mechanical and electrical pumps led to
several conclusions. The first is that the electric pumps’ performance appears to be dependent
upon the total charge available in their Li-ion battery. The e-Pulse pump in particular showed a
clear drop in performance once its battery reached a charge slightly less than half of its total
charged (judged based on the number of evacuations it managed after this point). Another
finding was that while, on average, the electrical pumps outperformed the mechanical ones, one
of the mechanical pumps performed slightly better than one of the electrical pumps. Specifically,
the Otto Bock Harmony P3 pump had a power output 3% greater than that of the e-Pulse,
evacuating the 6 in® canister to 17 inHg in just under 16 steps. This was of course, partially due
to the power input provided to activate the mechanical pumps, implying that the mechanical
pumps could either perform better or worse than was found experimentally. Even so, this served
to partially disprove our hypothesis that the electric pumps would consistently outperform the
mechanical ones. Even among the electric pumps there were large discrepancies. The Ohio
Willow Wood LimbLogic VS outperformed the Otto Bock Harmony e-Pulse by nearly 50% on
average. This result, combined with the evidence that it is capable of evacuating the same

chamber significantly more times on a single battery charge, makes it a superior pump. In
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conclusion, we found that the Ohio Willow Wood LimbLogic was the strongest performing pump

but the P3 had the potential to perform nearly as well.
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CHAPTER 3: DETERMINATION OF KEY CHARACTERISTICS IN

THE SOCKET/LINER INTERFACE

3.1 INTRODUCTION

While VAS has been around for over a decade, little is known about the characteristics of the
socket/liner interface in which the vacuum is created. In vacuum assisted suspension, a vacuum
is created between the inner socket wall and the liner worn on the residual limb of the user.
However, the volume of this chamber is unknown. Additionally, the rate at which vacuum leaks
from this chamber has remained largely unexplored. Without information on these user needs, it

is difficult to properly design a vacuum pump capable of meeting them.

This chapter will explore these questions. Specifically, tests have been performed in

order to answer the questions:

What is the volume of the socket/liner interface for transfemoral amputees?
What is the rate at which vacuum pressure decays while a subject is active?

How does walking affect vacuum pressure over time?

The primary goal in answering each of these questions was to further understand the daily and

hourly vacuum pump requirements of active prosthesis users.
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3.2 HUMAN SUBJECT TEST METHODS

3.2.1 PARTICIPANTS

Participants were recruited by Certified Prosthetist Ryan Caldwell from among his patients with
unilateral transfemoral amputation at Suburban Prosthetics & Orthotics, Des Plaines, IL. Mr.
Caldwell identified subjects on the basis of their experience with use of the Otto Bock C-Leg (a
popular microprocessor controlled prosthetic knee) and vacuum assisted suspension. The
significance of user experience with the C-Leg was to not introduce additional variables into the

rate of vacuum decay during activity.

The protocol was approved by the Northwestern University Institutional Review Board
(NU IRB) and the DOD HRPO, and written informed consent was obtained from each person

before participation.

3.2.2 TEST PROCEDURE

Testing was performed in much the same way as bench-top testing in order to determine the
volumes of participants' socket/liner interface. Human subjects were brought in and asked to
stand comfortably while their prosthesis was evacuated ten times, five times with both the Otto
Bock e-Pulse and the Ohio Willow Wood LimbLogic VS (the order in which the pumps were
tested was randomized). During each evacuation the socket/liner interface was evacuated to
just over -17 inHg. The pressure was measured using the same digital vacuum gauge (the
DigiVac Model 2L760) and recorded using the same NI Labview Virtual Interface as were used
during bench-top testing described in Chapter 2. The exact procedure for the first test was
modified slightly after the second participant. This modification involved where exactly

atmospheric pressure was allowed back into the system. The first two subjects broke the
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vacuum seal directly at the socket/liner interface near the socket trim-line. For subjects 3
through 13, air was allowed back into the system by separating the “T” joint from the digital

pressure gauge.

Questions regarding variations in vacuum pressure due to walking were addressed with
a treadmill test. Participants were asked to walk for 10 minutes at a comfortable speed on a
treadmill (Cosmed Sport Treadmill T170). This test was performed with both the electric pumps
(the order in which they were tested was again randomized) and monitored with the same
interface as previously mentioned. After allowing 5 minutes of rest between each test users
were asked if they were willing to perform the same test at a higher walking speed for an
additional 5 minutes with each pump. This test was designed to compare the rates of vacuum

pressure decay at various activity levels for each user.

The treadmill test could only be performed at the facilities available at the Northwestern
University Prosthetics-Orthotics Center, Chicago, IL. As such, only the first 5 participants
performed the treadmill test as they were the only ones willing to make the commute into
Chicago. Participants 6-13 (and the additional test of the first participant) were tested at
Suburban Orthotics & Prosthetics, Des Plaines, IL. All tests were facilitated by Certified

Prosthetist Ryan Caldwell.

One additional test was performed on subject 1. Using the exact same
comfortable standing protocol we tested 4 different socket conditions. Two of the
sockets were made from Polytol, with one slightly larger volume than the other. The
other two sockets were ‘check' sockets, formed from the same mold as their respective

Polytol sockets. A ‘check’ socket is a socket made from Polyethylene Terephthalate
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(PETG) used by prosthetists to evaluate the fit of a socket before making a more

permanent one.

3.3 SOCKET EVACUATION AND TREADMILL TEST RESULTS

Thirteen participants with unilateral transfemoral amputation participated in the study. However,
due to discrepancies in the testing procedure (a change in the location which air was allowed
back into the system) the data from only 12 subjects was used. Information for the subjects

tested can be viewed in Table 2.

Table 2: Test Subject Data

Transfemoral
Characteristic (n=12)
Age 55.6 (14.3)
Sex (M/F) 8/4
Height (cm) 174 (7)
Weight (kg) 82 (25)

Note: Values are Mean + (Standard Deviation)

The change in procedure regarding the location at which air was allowed back into the
system after evacuation was changed primarily out of convenience. Both the tester and the
subjects found it faster and more effective if the vacuum was released from the “T” joint than
forcing the test subject to pull away the tight seal between socket and liner. However, it is
believed that this change in procedure may have affected the results slightly and so the data
from the first two participants was discarded. Fortunately we were able to re-test the first
participant with the modified procedure, leaving us with data from 12 total subjects. There was

also an issue with the socket of the third subject, making the data inconsistent with that of the



other participants so that data was disregarded when calculating the socket/liner interface

volume.

Figure 12 displays the evacuation curves for the human subject trials using the Otto
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Bock Harmony e-Pulse. The times to reach full evacuation and the shapes of the curves varied

widely between users. The summary data for both pumps can be seen in Table 3.

Vacuum Pressure {inHg)

Otto Bock Harmony e-Pulse Human Subject Testing
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Figure 12: Average evacuation times for the e-Pulse the human subjects during comfortable standing

Tabfle 3: Summary ot intérrace voiumes

Avg
Stdev
Max
Min

(n=11).

Socket Volume
Statistics (in®)

e-Pulse LimbLogic
5.97 6.31
2.89 3.00
10.74 11.59
1.29 1.48
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Vacuum pressure was monitored over time for each user while walking on the treadmill. Results
for the first 5 users are shown in Figure 13. Variation in vacuum pressure during the gait cycle

as well as the rate at which the vacuum pressure decayed was determined graphically and is

shown in Table 4.

Treadmill Walk Test (OB)
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Figure 13: Vacuum pressure over time recorded during treadmill testing using the e-Pulse
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Table 4: Treadmill Test Analysis

Gait Cycle Variation (inHg) | Rate of Vacuum Decay (inHg/sec)
Trial oww OB oww OB
1 0.04 0.04 -0.0019 -0.0028
2 1.1* 1.2 -0.0112 -0.0068
3 0.05 0.05 -0.0595* -0.0190*
4 0.08 0.12 -0.0089 -0.0058
5 0.11 0.12 -0.0022 -0.0026
AVG 0.07 0.08 -0.0061 -0.0045

*Indicates values that were omitted from calculation of the average.

3.4 DISCUSSION OF EVACUATION AND TREADMILL RESULTS

One important thing to notice in Figure 12 is the differences in shape between the various user
evacuation curves. Several of the human subjects demonstrated a shallower slope initially,
followed by a rapid increase in vacuum pressure. It was initially hypothesized that this was due
to the rigidity of the chamber being evacuated. The socket material used for a majority of the
subjects tested was fiber reinforced Polytol, a polyurethane-based three-component lamination
resin manufactured by Otto Bock. This is a very flexible material and, as such, is likely to deform
when placed under vacuum pressure. Therefore, the initially shallow plots could have been due
to the socket pulling inward toward the users’ residual limb and liner during evacuation, causing
a change in volume and a minimal change in pressure. Then, with a smaller volume to
evacuate, the vacuum pressure would shoot up at a faster rate than in a rigid chamber. This
effect would be more noticeable in a socket with a larger volume than in a small one due to the

increased radial distance between socket and liner.
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This phonemena was explored further with the additional test performed on subject 1 mentioned
at the end of section 3.2.2. As PETG is a much more rigid material, it should have allowed
minimal deformation and held an approximately constant volume throughout evacuation. The
check socket is then acting like a control group to determine whether the less rigid polytol

socket is deforming under vacuum pressure. The results of this comparison can be seen in

Figure 14.
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Figure 14: Comparison of vacuum pressure during in the Polytol and Check sockets on Subject 1
while standing.

Figure 14 shows a minimal difference between the check and Polytol sockets, demonstrating
that socket material was not the contributing factor. None-the-less, it is clear from the shape of
the "S" curves that, for some of the participants, the energy of the vacuum pump is temporarily

being exerted on something other than decreasing the pressure of the socket/liner interface. It is
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possible that this phenomenon may be due to a change in volume of the socket/liner interface
as the result of the disappearance of air pockets. These air pockets could be the result of the
subject coming slightly unseated from the distal end of the socket when they lose vacuum
pressure. Another potential explanation could be the type of sock or nylon worn by the user.
Different quantities or materials of socks/nylons might affect the rate at which air can escape the
interface and alter the shape of the curve. Additional testing is needed to further explore these
ideas. Such testing would not necessarily need to involve human subjects and could potentially
be done using a silicon residual limb and matching socket. Then, the degree to which the limb
was seated in the socket, as well as the number of sock/nylons, could be altered freely without

the risk of discomfort to a human participant.

We noticed from the first 5 subjects that there was a large discrepancy between them in
terms of the rate at which the vacuum pressure decreased within their sockets. Note that
subject 2 had a large vacuum pressure variation during the gait cycle. For this reason the
averaged results of the gait cycle variation column in Table 4 omit the values from subject 2.
Similarly, subject 3 had a leaky socket, leading to an abnormally high rate of vacuum decay
over time. Subject 3's data was therefore omitted from the averages in the vacuum decay
column of Table 4. Both are considered outliers since they lie greater than 3 standard

deviations from the mean of the other trials.

As only 5 participants performed the treadmill test, the data obtained was limited. Even
so, we can still draw some conclusions. The first two columns of Table 4 show a slight variation
between the two pumps (.08 vs .07 inHg) in terms of average variation in vacuum pressure
during the gait cycle. However, the vacuum gauge used was only accurate to +/- .04 inHg,

which is not high enough to show a clear difference between the pumps. Even with this limited
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accuracy we can assume that there is no difference between the pumps in terms of vacuum
variation during the gait cycle, as we would have expected. Previous work regarding variations
in vacuum pressure during ambulation suggests that the change in pressure may be as high as
+.25 inHg at a vacuum pressure of 20 inHg (Gerschutz et al., 2010). These measurements were
taken using the LimbLogic Communicator System which transmits data wireless from the users
prosthesis. This direct connection to the socket as opposed to the 6 feet of vacuum tubing
connecting the digital vacuum pressure gauge used in this study may account for the

discrepancy in data.

The rate of vacuum decay was determined only over the period near the end of the trial
when the slope was approximately linear. Vacuum decay immediately after evacuation was not
taken into account due to inconsistencies in procedure. In our procedure, each subject’'s socket
was evacuated off the treadmill, and then they were asked to make their way onto the treadmill.
The treadmill was then accelerated until it reached a comfortable level. Because of this, there
was no standardized procedure for the users’ actions immediately after evacuation. The user
may have taken more or less time or steps to make their way comfortably onto the treadmill,
and the rate of acceleration of the treadmill may not have been consistent between tests. This
would have introduced unknowns into the equation and so the slope was only determined near
the end of the test when the slope was approximately linear and assumedly independent from

the subjects early movements.

The rate of vacuum decay, however, showed a clear difference between the two pumps.
Even with the data from subject 3 excluded, the rate of decay for the LimbLogic pump was 36%
higher than that of the e-Pulse. However, the data from subjects 1 and 5 suggested that the

rates were very similar, and even slightly in favor of the LimbLogic. One important factor not
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shown in either Figure 9 or Table 4 is the average pressure difference between the two pumps
at the start of the period over which it was averaged. This value was 0.86 inHg higher for the
LimbLogic VS on average. This higher vacuum pressure in the case of the LimbLogic may have
very well contributed to the greater rate of vacuum decay since the greater differential between
the internal pressure and atmospheric would have created a greater potential for air to leak into
the system. In any case, more subjects need to be tested to come to any firm conclusions over
the dependency of vacuum decay on the vacuum pump equipped. The higher rate walking test

was completed by only two subjects so this data was omitted from the report.

3.5 CONCLUSIONS

The human subject testing performed led to several conclusions. We found that the volume
between the socket and liner (neglecting any tubing or connecting apparatus) was 6.14 in*. This

is, in fact, slightly smaller than the true volume of the 6 in® chamber which was actually 6.46 in®.

One unexpected result was the difference in the evacuation curve shape for various
users. The cause of this discrepancy remains unclear but it is believed that it has something to
do with a slight change in volume within the socket during evacuation. This could possibly be
caused by the user coming slightly unseated from the socket when they lose vacuum pressure
or potentially from some other source of air pockets within the socket. Alternatively, the
difference in slope may be caused by the number or material of the sock/nylon worn by the user

in between the liner and socket.

While the treadmill test was limited in participants, some insights into the functioning of
the vacuum over time were realized. The first realization was that the slight variations in vacuum
pressure during the gait cycle are independent of the vacuum pump used. The second was that

the rate of vacuum decay while walking, may be pump dependent. We found that, when wearing
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the Ohio Willow Wood LimbLogic, the users vacuum depleted 36% faster. Seeing as this result
was determined from only 1 trial on each of the 4 users, this result will need to be confirmed.

The results obtained from this testing can be used to aid in designing a better vacuum pump.
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CHAPTER 4: VACUUM PuUMP DESIGN

4.1 CONNECTION BETWEEN DESIGN AND PREVIOUS RESEARCH

The knowledge gained from bench-top testing, human subject testing, and informal surveying of
the users of prostheses with vacuum assisted suspension (Appendix B) provided the

groundwork for an improved vacuum pump design.

Table 5: Key Observations from Chapters 2 and 3

The OWW LimbLogic is 47% more powerful than the OB e-Pulse

Unlike the OB e-Pulse the performance of the OWW LimbLogic
_appears to be independent of the charge of its Li-ion battery
The OWW LimbLogic is potentially capable of more than 2x as many

Chapter 2 evacuations as the OB e-Pulse even with a similarly sized Li-ion

battery

Electrical
Pumps

Observations The OB P3 mechanical pump performs significantly better on

average than both the OB P2 and HD pumps

Mechanical

PUMPS
The average performance of the OB P3 pump was equal to that of

the OB e-Pulse

The average volume of the socket/liner interface for persons with
transfemoral amputations is 6.14 in3

Chapter 3 Observations | Vacuum pressure variation during ambulation is pump independent

The rate of vacuum decay was found to be 36% faster in the OWW
LimbLogic than in the OB e-Pulse

The results obtained from the bench-top testing of the mechanical and electrical pumps led to
several conclusions, summarized in Table 5. On average the electric pumps outperformed the
mechanical ones. However, the Ohio Willow Wood LimbLogic VS outperformed the Otto Bock

Harmony e-Pulse by nearly 50% on average. Additionally, one of the mechanical pumps
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performed particularly well during bench-top testing. The results obtained for the time to
evacuation for the Otto Bock Harmony P3 pump were, on average, 3% faster than that of the e-
Pulse, evacuating the 6 in® canister to 17 inHg in just under 16 steps. This was of course,
partially due to the power input provided to activate the mechanical pumps, implying that the
mechanical pumps could perform better or worse than was found experimentally. The electrical
pump performances, on the other hand, were independent of the user (in terms of its power
output) which is a desirable characteristic. In general, we found that the LimbLogic was the

strongest performing pump but the P3 had the potential to perform nearly as well.

Our human subject testing suggested that the average volume to be evacuated between
the socket and liner (neglecting any tubing or connecting apparatus) is 6.14 in®. It is important to
note that this is slightly smaller than the true volume of the 6 in® chamber which was actually
6.46 in®. These tests also gave us reason to believe that the rate of vacuum decay in the
prosthesis is higher for the LimbLogic than the e-Pulse. However, this last conclusion is far from
certain and was considered insubstantial when the power outputs and the battery lifetime of the

pumps were taken into consideration.

As this project was funded by the Department of Defense it was desirable to design a
vacuum pump system with the military’s advanced needs in mind. Aside from the reliability and
durability required of military equipment, one need stood out more than any other: the ability to
function when common sources of electricity were not available. This need highly encouraged
the use of a mechanical pump over an electric one. Even so, an electric pump was still desired
for a quick evacuation in the case of an emergency, for users incapable of walking without any
vacuum assisted suspension, or any time in which there is a sudden loss of vacuum pressure.

With the results from our previous research as well as the military’s advanced needs in mind,
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two different design approaches were pursued: a mechanical/electric hybrid pump, and an

energy harvesting electric pump.

4.2 DESIGN OF A HYBRID VACUUM PumMP

A hybrid pump has the advantage of being capable of quickly evacuating the socket using the
electrical system, then maintaining that vacuum through mechanical activation while walking.
Without the need to maintain vacuum pressure the electrical system can go into a sleep mode,
greatly conserving battery life. Our DOD project team recruited the assistance of
undergraduates working on a senior design project to pursue the design problem with fresh

eyes.

4.2.1 UNDERGRADUATE DESIGN WORK

The structure of the undergraduate team’s course was such that the team was required to bring
the challenge through a rigorous design process. This process began by defining a problem

statement which read:

“Our goal is to design a quiet, compact, and unobtrusive vacuum pump with

adjustable pressure and minimal recharging needs that will evacuate the cavity

between a residual limb and socket for military personnel who have suffered

transfemoral amputations.”

The most important step in solving any problem is properly outlining all of the requirements of
the solution. So in addition to the problem statement, exact design specifications were laid out.
As the final product was meant for use by military personnel, many of the design considerations

were directed to fulfilling the needs of the average soldier. The full specifications can be viewed
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in Appendix A but they addressed such issues as performance, power requirements, safety,
ergonomics, geometry, durability, cost, weight, and manufacturing. One of the biggest issues for
this particular problem was geometry. Due to the nature of transfemoral amputations, build
height between the bottom of the socket and the top of the prosthetic knee being used is often
limited. It is this small envelope which restricts the use of currently available mechanical pumps
such as the Otto Bock P3 pump, which require nearly 5 inches of vertical space between the top

of the knee and bottom of the prosthesis.

With these considerations in mind, the team and | visited Certified Prosthetist Ryan
Caldwell at Suburban Prosthetics & Orthotics, Des Plaines, IL to perform user observations. A
full summary of these observations can be viewed in Appendix B. One important realization
from the user interviews performed was that some users are incapable of using purely
mechanical pumps. Conditions such as heterotropic ossification exist which cause the user
extreme pain when walking without vacuum assisted suspension. This makes it impossible for
them to slowly build up vacuum using a mechanical pump and necessitates an electrical one,

which does not require putting pressure on the residual limb before the VAS is fully formed.

These user observations greatly influenced the evaluation of conceptual designs which
was performed using a design decision matrix. After modifying the weights of the various design
specifications to reflect what was learned from the user interviews the team came to the same
solution we had anticipated initially: that a hybrid pump would best solve the problem. The

teams’ final design is pictured in Figure 15a.
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Figure 15: Images of the A) original and B) modified hybrid pump designs.

The specifics of the design were determined through additional engineering analysis. The
geometric envelope was limited to the vertical space taken up by the Ohio Willow Wood
LimbLogic VS, and the diameter of a typical prosthetic socket. It was determined that the space
in front of and above the knee was the least obtrusive to the user so this is where the electrical
components of the design were located. Additionally, the design space was limited towards to
back of the knee to prohibit impedance of
knee flexion. An artistic rendering of the
final prototype in place between a
prosthetic socket and a C-Leg is shown in

Figure 16.

The results from the bench-top

testing described in Chapter 2 were

provided to the team for determination of

Figure 16: An artists’ rendering of the hybrid pump
mounted between a socket and C-Leg.

the exact components to be used in the
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system. These results led the team to propose a combination of the electrical system of the
Ohio Willow Wood Limblogic VS and a functional ring similar to that of the Otto Bock Harmony
P3. Due to the geometric differences between their prototype and the P3, a butterfly shaped
functional ring was proposed. In addition to this, the team performed engineering analysis to
determine the materials to be used and the structural requirements of the design. Based on
these structural and mass considerations it was determined that the best material for the final

design would be Aluminum.

4.2.2 DESIGN MODIFICATION AND RECONSTRUCTION

After the team passed their prototype to me it was determined that some changes needed to be

made in order for the prototype to function as intended.

1 The method of compression for the mechanical system was not stable in the original
formation and with the materials it was designed with. Specifically, the team’s design
used 3 circular and two rectangular guide rails made from aluminum. The triangular
configuration chosen is particularly unstable when dealing with machines similar to dies
(as this one is).

2 Both rails and plates were designed with aluminum, which tends to stick and bind to
itself.

3 The total volume available for the electrical system was not adequate to house the
components of the Ohio Willow Wood LimbLogic VS.

4 There was no means to connect the electrical system and mechanical systems
internally, forcing the team to use external hosing, which was deemed undesirable for

the final design.
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To address these issues we redesigned the prototype as shown in Figure 15b. This redesign
incorporates 4 guide pins as opposed to the 3 used in the original design and places the pins
further apart to increase stability and the total area available for the bladder. The pins are also
precision machined steel, and slide into specially made oillite bushings to insure smooth
movement in only one direction. By making some minor changes to the geometry the total
volume to the electrical system was increased. SolidWorks 3D CAD Software (Concord, MA)
was used to confirm that all components fit properly with. Finally, by combining the top two
plates room was made to run a channel from the electric system, through the top plate, and
directly into the interface between the mechanical system and socket, eliminating the need for

external tubing.

4.3 BIOMECHANICAL ENERGY HARVESTER DESIGN

Previous testing, both bench-top and human subject, has led to the conclusion that electrical
pumps are more desirable than mechanical pumps in terms of their evacuation speed and user
independence. As stated previously, the biggest problem with the electric pumps is there
dependence on a source of electricity. Since the target solution is directed at use by military
personnel, it is not possible to assume that the user of our pump would always have access to
this. With the increased use of portable electronic devices this problem has become common
place. As such, many researchers have looked into methods of harvesting human energy, which
might otherwise be wasted, to charge portable electronic devices. Since an electric vacuum
pump is nothing more than a portable electric device, we investigated the possibility of using
one of these emerging energy harvesting methods to power the pump, negating the need for

regular access to a wall outlet.
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Several means of harvesting biomechanical energy was looked at initially (Yang et al.,
2009; Niu et al., 2004; Niu et al., 2008; Starner and Paradiso, 2005; Paradiso and Starner,
2005; Kuo, 2005; Rome et al., 2005). These included: magnetic, piezoelectric, electrostatic, and
electrical polymers. These possibilities were also considered with several biomechanical
motions, such as foot impact, arm and leg movement, and the up and down motion of the body
during the gait cycle. However, the C-Leg already dissipates considerable energy in its
hydraulically damped knee during flexion and extension, energy that could be converted to
electricity instead of being lost. The advantage to this approach is that by tapping into this
source of energy, the body would not be taxed for additional metabolic energy. Many energy
harvesting methods which use "spent" energy, are actually absorbing energy that would
otherwise be stored in muscles and tendons, forcing the body to consume more metabolic

energy in the long run.

While researching the prior-art, Professor Max Donelan’s research at Simon Frasier
University was discovered (Li et al., 2008). Professor Donelan’s lab has spent the last couple of
years designing an energy harvesting unit to convert the negative work performed on the human
knee joint during swing phase with minimal additional energy provided by the user. A CAD
model of his solution, which uses a clutch, gearbox, and DC motor is pictured in Figure 17. This

appeared to be the perfect solution for our particular problem.
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Figure 17: CAD model of a mechanical to electrical energy harvesting system
(Li et al., 2008).

4.3.1 DETERMINATION OF FEASIBILITY FOR USE BY PWTA

We hypothesize that if the damping in the C-Leg was made minimal through its control circuitry,
it would be possible to slow the movement of the lower leg during swing phase with an energy
harvesting unit similar to that designed by Donelan and his team. This unit would then convert
the mechanical energy exerted in slowing the prosthetic lower leg into electrical energy through
a brushless DC motor.

Special note should be made that the C-Leg and similar microprocessor-controlled
prosthetic knees are capable of variable damping in order to adjust and control the gait cycle
depending on the desired step frequency of the user (Johansson et al., 2005). This solution
would be capable of adjusting the damping during swing phase by controlling the quantity and
frequency of energy harvesting. The methods by which this could be done are addressed later

in this chapter.
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In order to determine the practicality of harvesting energy from lower-limb prostheses,
the amount of energy expended during swing phase by the average C-Leg user as well as the
total number of steps taken per day by the average person with a unilateral transfemoral
amputation had to be determined. Fortunately, researchers at the Northwestern University
Prosthetics-Orthotics Center had recently performed a study on a C-Leg user in their Motion
Analysis Laboratory. While the original purpose of this research was not to study the energy
profile of the knee, the de-identified data was available. The results of this data are shown in

Table 6.

This data led to the belief that even with only 25% of the mechanical energy being
converted to electrical energy it would take less than 2200 total steps each day to fully charge
the Li-ion battery used in the Ohio Willow Wood LimbLogic VS (at 50 steps/minute).
Additionally, anecdotal reports have led to the belief that only half of this battery would need
charging daily, decreasing the necessary walking time to fewer than 1100 steps/day with the

prosthesis.

Table 6: Gait Analysis Results of Energy Expended in C  -Leg During

Swing Phase
Knee Flexion in C-Leg Battery Characteristics
Peak Torque (Nm) 20.31 | Voltage 3.7
Max Velocity (rpm) -84.48 | Amperage (mAh) 550
Energy (mWh/step) 3.74 | Energy (Wh) 2.04
25% Harvest 0.93 | Time To Charge (min) 43.55
Wattage at 50 steps/min 2.80 | Steps to Charge 2177

These data were compared to research previously published with regards to the total energy
expenditure during swing phase in a C-Leg (Johansson et al., 2005). After making additional

calculations with the published data a result of 1.4 mWh/step was obtained, averaged from four
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C-leg users. Even with this reduced energy exertion a user would be able to achieve the

necessary charge with less than 2900 steps/day.

Additional research was performed with regard to the number of steps taken per day by
persons with transfemoral amputations. Data presented in multiple papers (Parker et al., 2010;
Stepien et al., 2007; Hafner et al., 2007) suggests that anywhere from 1763 to 3145 steps are
taken each day with the prosthetic leg alone (10,000 total steps/day are recommended for the
healthy adult population (Schuch et al., 1999)). At the low range estimate of 1.4 mWh/step and
an energy harvester with a mechanical to electrical efficiency of only 25%, 2850 steps are
required each day to charge the Li-ion battery to the necessary level. Considering these
conservative estimates (Donelan’s energy harvester had an efficiency of 56%), this energy

harvesting approach is feasible, particularly in the highly active population.

4.3.2 PRINCIPLES OF DESIGN

The prototype which was constructed (Figure 18) was based upon Professor Donelan's design.
The design included a one-way clutch, an encoder, a gear box, and a brushless DC motor. The
purpose of the clutch and potentiometer was to ensure the harvester only activates during knee
extension and for angular position and velocity measurement, respectively. The kinematics of
the knee are naturally low velocity and high torque, while maximum efficiency of DC motors are
at high velocity and low torque. The gear box was incorporated to perform this conversion in
order to achieve the highest possible efficiency of the DC motor.

The knee joint provides a large amount of power during swing phase. This mechanical

power can be calculated from the product of the knee's angular velocity and torque:

szkaMk (2)
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The energy harvester then amplifies the angular velocity by putting it through a gear box,
producing a lower torque and higher velocity output. This new angular velocity is then the speed

at which the generator spins. The generated voltage is then calculated by the equation:
V=K; X wg (3

Here, Ky is the back electromotive force (EMF) constant of the generator. This value gives the
voltage per unit of rotational velocity and is the inverse of the speed constant of the motor. The
power produced by the generator and the torque it provides in response is then a function of the
generator resistance (Ry) and the external load resistance (R)), in addition to the gearing ratio
(r) and the speed constant. Equations 4-8 show how these values relate to the energy

dissipation, current, torque output, generator efficiency, and total efficiency, respectively.

(4)
®)
(6)

(7)
(8)
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4.3.3 MECHANICAL DESIGN OF THE BIOMECHANICAL ENERGY HARVESTER

The ideal design of the harvester would maximize the power output and total efficiency, and
minimize the mass, all while dynamically controlling the torque output of the system. The key
components responsible for achieving these goals were the gear box and the generator. Here,

losses to friction, the speed constant, and the resistance of the motor were the primary

concerns. The final mechanical design of the harvester can be seen in Figure 18.
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Figure 18: Final prototype of the energy harvester, from left to right:
encoder, clutch housing, gearbox, and DC motor.

Arguably the most important component of the harvester was the DC motor, which would act as
a generator. After performing research on small motor efficiencies and consulting with Professor
Donelan, a motor manufactured by Maxon Motors (Fall River, MA) was selected. This decision
was made primarily on the basis of its light weight, low speed constant, and low terminal
resistance. There is a trade-off between these factors as the speed constant of a motor typically

goes down with increasing weight. The motor selected had a speed constant of 285rpm/V, a

terminal resistance of Ry = 1.03(Q), and a mass of 110g.
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Gear boxes usually have high energy losses due to friction between gear teeth. Typically, the
higher the gearing ratio of the gear box, the higher the frictional losses, which presented another
tradeoff in our design. Unfortunately, the limited budget available for this research prohibited the
purchase of a custom gear box or a high efficiency gear box. As such, an inexpensive plastic
gear box was selected in order to perform a general proof-of-concept. The materials and
mechanical construction of this gear box prevented achieving as high a gear ratio as desired
due to the high torques present at the input to the gear box. This was because the combination
of weak mounting of the gears and the plastic material they were made of caused the teeth to

skip at these high torques. A gearing ratio of 47.1:1 was eventually selected.

The clutch was another potential source of mechanical energy loss. A large one-way
bearing manufactured by Boca Bearing (Delray Beach, FL) was chosen. While the weight and
size of this bearing were prohibitive, it was the only bearing found capable of the high torques
produced at the knee joint. While there are small electric clutches on the market which would
allow for higher torque inputs and variable clutching (allowing us to completely disengage the
energy harvester when desired), these clutches require significant energy inputs. Due to the
minimal amount of energy available for harvesting in the first place, it seemed impractical to

waste energy on an electric clutch.
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Joining all of these components together without allowing any slipping due to high
torques as well as minimizing misalignment which may cause additional friction proved to be
one of the biggest challenges. Figure 19 shows an image of the final prototype with circuit
board. However, this image shows more than just the energy harvester. Also included in this
image are the test bed in which the energy harvester was mounted as well as the control

circuitry responsible for manipulating both the harvester and test bed.

Figure 19: Full view of the final energy harvester prototype, from left to right: Yaskawa
motor, pendulum, energy harvesting unit, and control circuitry.



4.3.4 TEST BED CONSTRUCTION AND

ELECTRICAL DESIGN

The test bed consisted of a drive motor (separate
from the harvesting motor mentioned previously) and
a swinging pendulum to simulate the knee joint and
lower leg, respectively. The motor used to drive the
system was the Yaskawa SGM-02B312 motor (100V,
200W) and works together with the Yaskawa
Servopack (pictured in Figure 20) which acts as a
controller/amplifier. The SGD-02BS works in either
velocity or torque control modes. The value of the
desired velocity or torque can be set by providing a
reference voltage to two pins on the servopack (one

acts as the 0V reference, the other as the velocity
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Figure 20: The Yaskawa SGD-02BS

Servopack.

reference). The servopack then multiplies this voltage by a value set with a detachable operator

to obtain the targeted velocity. This analog voltage reference was provided via two of the pulse

width modulation (PWM) pins available on the NU32v2 (the microprocessor and 