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INTRODUCTION 
The objective of this project is to develop a highly flexible sub-ischial prosthetic socket with assisted-vacuum 

suspension for highly active persons with transfemoral amputation. We are focused on developing prosthetic 

socket technology that will enhance user activity by maintaining residual limb volume; improving active range 

of motion of the hip; improving coupling between the limb and socket; and increasing comfort during sitting, 

standing, walking, and running in highly active transfemoral prosthesis users. The Specific Aims of this project 

are to: A1. 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 for sub-ischial socket design. Human performance is 

being evaluated at the Center for the Intrepid, Brooke Army Medical Center. For Aims 1 and 2, we used 

engineering analysis and an advanced manufacturing approach to improve the socket and liner. For Aim 3, we 

identified options for vacuum pumps, characterized commercially available vacuum pumps, and designed a 

hybrid mechanical/electrical pump for persons with transfemoral amputation. Supplemental funding allowed us 

to construct a working prototype of the hybrid pump for further testing. For Aim 4, highly active persons with 

unilateral transfemoral amputation are being recruited to evaluate system performance and provide important 

feedback on the design. For Aim 5 we developed education materials based on quantification of the socket 

rectification and fabrication process. This project provides an improved prosthetic socket technology for the 

clinical care of highly active military service persons with transfemoral amputation. Increased comfort, hip 

range of motion and coupling between the residual limb and prosthesis will result in increased functional 

performance of individuals with combat-related transfemoral amputations. Furthermore, improvements in 

socket comfort and coupling would benefit all persons with transfemoral amputation, regardless of their activity 

level.  

 

BODY: PROJECT PROGRESS 
What follows is a description of the work conducted during Year 4 of our project. Our progress 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). Overall, we have completed the 

tasks in Aims 1, 2 and 5, completed the original and supplemental tasks in Aim 3, and are working on the tasks 

in Aim 4. We will execute the dissemination plan developed as part of Task 12d and complete Aim 4 during the 

second year extension without funds. Publications are underway. 
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Task 1 Initial preparatory activities 

 
 

1a Convene initial project meeting:  This task is complete.  

 

1b Prepare and submit IRB application:  This task is complete.  

 

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 

 
 
Task 2a Reverse engineer hand-fabricated socket to build 3D CAD model and FE model:  This task is 

complete.  

 

Task 2b Perform mechanical simulations on hand-fabricated 3D model:  This task is complete.  
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Task 2c Develop a simple, parametric 3D CAD model using “ladle-frame” design:  This task is complete.  

 

Task 2d Perform mechanical analyses:  This task is complete. A manuscript describing our FE analysis has 

been submitted for publication to the Journal of Rehabilitation Research and Development (See Appendix A for 

abstract of this manuscript). 

 

Task 2e Develop 3D CAD rectification techniques for semi-automated design of “ladle-frame” socket from 

digitized limb shape:  This task is completed. Summarized below with Task 11e. 

 

Task 3 Advanced manufacturing of sub-ischial sockets 
During Year 4, Northwestern University biomedical engineering graduate student, Brian Robillard, passed his 

Master’s thesis in June 2014 (a copy of the thesis can be found in Appendix B). As part of that work a single 

shot molding technique was developed that successfully fabricated three transfemoral sockets. These sockets 

– referred to as advanced manufacturing (AM) sockets – were comprised of a rigid frame fabricated from a 

Stratasys 400mc fused deposition modeler that was sandwiched between a nylon fabric layup and urethane 

resin. The sockets demonstrated success in controlling thickness and maintaining the shape of the original 

residual limb geometry. Additionally, the modified ISO 10328 standard was used to test the static strength of 

the sockets and was recommended as a metric for testing sockets to allow for sockets fabricated with different 

techniques to be compared using a common, standardized metric. The three sockets we fabricated were 

tested to failure and compared to NU-FlexSIV Sockets and hybrid sockets – sockets fabricated with AM 

materials but with a conventional technique. The AM sockets failed at lower forces than the AM and hybrid 

sockets. Examination of the failed sockets suggested that this was due to (1) an insufficient fabric layup at the 

very distal portion of the socket, and (2) a sharp transition between the body of the rigid frame and the distal 

portion that encapsulated the distal adapter. This process and results of testing were described in a manuscript 

submitted for publication to the Journal of Rapid Prototyping (See Appendix C for abstract of this manuscript). 

 

Finite Element Analysis was used to explore the potential influence of design changes on AM socket failure, 

namely the design of the distal portion of the frame. A simplified model of the socket was created that 

examined the effect of uniform load on only the distal portion of the rigid frame. Two new frame designs were 

tested. The first slightly smoothed the transition between the body of the frame and the distal portion that 

contained the distal adapter, and the second completely blended the transition between the body of the frame 

and the distal portion that contained the distal adapter. Results of the simulation demonstrated that the new 

frame designs, when subjected to forces that caused the original frame design to fail, experienced significantly 

less stress. Future attempts at fabricating AM sockets should adopt the new design of the distal end in order to 

increase the fracture strength of the sockets. A more detailed summary can be found in Appendix D. 
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Task 3a Establish criteria and techniques for multi-shot cavity molds:  This task is complete.  

 

Task 3b Develop degassing techniques for liquid resin molding:  This task is complete.  

 

Task 3c Develop proximal brim vacuum seal:  This task is complete.  

 

Task 3d Develop mechanical interlock molding techniques:  This task is complete.  

 

Task 4 Mechanical bench testing of sockets and liners 

 
 

Task 4a Perform peel tests of bond strength:  This task is complete. 
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Task 4b Perform socket strength and deflection tests:  This task is complete.  

 

Task 4c Perform indentor tests of elastomers:  This task is complete. 

 

Task 4d Perform sitting durability tests:  This task is complete.  

 

Task 4e Perform cyclic evacuation tests:  This task is complete.  

 

Task 5 Solicit feedback from human subjects 

 
 

Task 5a Perform subject fittings with advance manufactured sockets. Assess results and obtain feedback from 

subjects:  The originally planned portion of this task is complete and additional work is in progress. With the 

discontinuation of Polytol, we have explored different options for definitive socket fabrication. Various 

polyurethane and silicone resins have been tested in fabrication to try to re-create the somewhat unique 

properties of Polytol. Both the silicone and urethane casting resins provide similar properties to the Polytol 

lamination but have their own challenges. The polyurethane resins we have utilized have been very sensitive 

to moisture and the type of barriers used in fabrication such as polyvinyl acetate (PVA) bags. The polyurethane 

has a tendency to stick to the PVA resulting in an inconsistent finish. The silicone resin does not stick to PVA 

but has a thicker consistency, which makes it more difficult to impregnate the fibers during lamination. Despite 

these issues, both resins may be viable options with some fine tuning of the fabrication process.   

 

A second option is the use of a flexible inner material and a rigid outer laminated socket which is more typical 

of the frame type transfemoral sockets used clinically. A newly introduced material by Medi (Bayreuth, 

Germany) allows for a different approach to this type of fabrication. MediFlex EVA is a material that seems to 

provide 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 this material can be 

fabricated with a thinner and lighter profile than the other laminated flexible materials we have tried. We have 

been able to construct a frame with lower proximal trim lines using this material while allowing the liner to 

reflect over the edge and seal with a sleeve that is mounted between the rigid and flexible components. Test 

Subject #1 is in the process of being fitted with this socket design for further testing. 
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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 

 
 
Task 6a Evaluate time needed for vacuum pumps to evacuate known volumes (bench test):  This task is 

complete.  

 

Task 6b Evaluate time needed to evacuate sockets of transfemoral prosthesis users:  This task is complete 

and preparation of publications is underway. We have collected and analyzed data from 18 subjects with 

unilateral transfemoral amputation. Figure 1 shows that for standing the OttoBock Harmony ePulse takes 

significantly longer to evacuate the socket to 17inHg (p=0.004), with the WillowWood LimbLogic VS having a 

faster evacuation rate (p=0.001). A publication based on the standing and walking data is being prepared.  

 

Task 6c Compare results of 6a and 6b:  This task is complete. In vivo results in Task 6b are comparable to 

results from Task 6a: 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). 
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Task 7 Characterization of mechanical and electrical pumps 

 
 

Task 7a Survey and collect all mechanical and electric pumps for use in lower limb prostheses:  This task is 

complete. 

 

Task 7b Characterize pumps based on cycles and time to pull specific vacuum levels:  This task is complete. 

 

Task 7c Publish a journal article on the characterization of the mechanical pumps:  This task is complete. A 

manuscript was published in the Journal of Rehabilitation Research and Development (Appendix E).  

 

 
Figure 1 Evacuation time and rate for two commercial prosthetic vacuum pumps during quiet standing in 
persons with transfemoral amputation (n=18). 
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Task 8 Finalize vacuum pump design 

 
This task is complete.  

 

Aim 3 Supplemental Tasks 
Supplemental Task 1 Build three hybrid vacuum pumps. 

 
 
Supplemental Task 1a Create detailed 3D CAD drawings for all constituent parts and molds:  This task is 

complete.  
 
Supplemental Task 1b Prototype and machine all constituent pump parts and molds:  This task is complete.   

 

Supplemental Task 1c Injection mold bladders:  This task is complete.  

 

Supplemental Task 1d Assemble electrical pumps:  This task is complete.  

 

Supplemental Task 1e Assemble prototype hybrid pumps:  This task is complete.  
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Supplemental Task 2 Performance testing of three hybrid vacuum pumps. 

 
 

Supplemental Task 2a Evaluate time needed for vacuum pumps to evacuate known volumes (bench test):  
This task is complete.  

 

Supplemental Task 2b Evaluate time needed to evacuate sockets of transfemoral prosthesis users:  This task 

is complete. Modifications to the hybrid pump to address asymmetrical compression were completed (Figure 

2A) and tested with walking simulators. 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 is acting to restrict overall motion, but 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 hence, stiffer (Figure 2B) to restrict off-axis motion of the posts 

and limit piston binding. This iteration was tested with walking simulators and bench testing. For this third 

 
Figure 2 Second (A) and third (B) iterations of hybrid pump. 
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iteration, it is apparent that off-axis motion has been limited and binding has been reduced. Results from the 

first walking test revealed that vacuum reached 11 inHg, which is 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 to slight 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.  

 

To date, data has been collected from 4 persons 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 (Figure 3A). 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 (Figure 3B). 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 (23 minutes of total walking). 
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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 the bladder is beneficial, a complete 

compression is required for the pump to 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 (Figure 4). 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.  

 

 

 
Figure 3 Vacuum level during walking with the LimbLogic (A) and hybrid pumps (B). 

A B

 
Figure 4 (A) Vacuum level during treadmill walking with the Hybrid pump and simulator boots. (B) Vacuum 
level during treadmill walking of a single above-knee prosthesis user with the WillowWood LimbLogic VS 
and Hybrid pump. 
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Supplemental Task 2c Compare results of Supplemental Tasks 2a and 2b to previous results from Tasks 6a 

and 6b:  This task is complete.  

 

Supplemental Task 3 Finalize vacuum pump design. 

 
 

Supplemental Task 3a Iterate/refine final pump design based on performance testing:  This task is complete. 

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. 

 

Supplemental Task 3b Prepare and submit presentations/publication on hybrid pump design and performance 

results:  This task is complete. A technical note describing the pump design and operational feasibility was 

submitted to Medical Engineering Physics (See Appendix F for abstract of this manuscript). 

 
Aim 4 Evaluate system performance with transfemoral prosthesis users 
Work on Aim 4 will continue during the extension without funding. 

 
Task 9 Conduct performance evaluation with human subjects 

 
 

Task 9a Transfer socket casting and rectification skills/knowledge:  This task is complete.  
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Task 9b Recruit and test human subjects:  This task is in progress. Data collection is underway. Completion of 

this task at the Center for the Intrepid/Brooke Army Medical Center was more difficult than anticipated due to 

unanticipated complications scheduling subjects over the duration of the study protocol. To date, 5 subjects 

have been recruited for the study. Subject 1 has changed limb volume considerably since the initial casting and 

new sockets are currently under construction. Subject 2 has completed testing. Subject 3 has completed 

testing in his sub-ischial socket and is expected to complete follow-up testing within the next month. Subject 4 

withdrew from the study due to unanticipated relocation. Subject 5 has completed baseline testing in his ischial 

containment socket and is currently participating in his accommodation time with the sub-ischial socket. Two 

additional subjects have been identified to meet the final count of six and will be consented upon receipt of the 

no cost extension. The research staff at the Center for the Intrepid at Brooke Army Medical Center have 

requested Institutional Review Board approval to add additional subjects to the protocol to reach the intended 

number of six subjects.  

 

Preliminary comments by subjects suggest that they preferred the sub-ischial to their ischial containment 

socket. One common theme was the ability to sit without the socket beneath the ischium. Data from the first 

subject to complete the full testing protocol (Figure 5) showed that the sub-ischial socket resulted in 10° 

greater active peak hip flexion, 13° greater active peak hip extension and 9° more hip abduction; sit-to-stand 

time improved by almost 2 seconds; hip range of motion increased 20.6°; T-Test performance improved by 4 

seconds (16%). Across 5 walking trials, hip range of motion increased 12.5° ± 1.2° with the sub-ischial socket 

and the hip was able to achieve extension during walking. An abstract reporting preliminary results of this 

testing has been submitted for presentation at the American Academy of Orthotists and Prosthetists 2015 

Annual Meeting (Appendix G). 

 

Task 9c Publish results if appropriate:  Delayed until end of extension without funding.  

 

 
Figure 5 Performance data from first subject to complete testing.  
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Aim 5 Develop education materials for sub-ischial socket design 
Task 10 Develop a quantification tool for socket rectifications 

 
 

Task 10a Develop computer program to quantify socket rectifications:  This task is complete.  

 

Task 10b Develop shape registration scheme:  This task is complete. 

 

Task 10c Test program accuracy:  This task is complete. Based on the digitization of 30 cast pairs, a template 

for use in CAD rectification has been created using ShapeMaker software. This template was shared with 

Advanced O & P Solutions, the owners of ShapeMaker for further evaluation. 

 

Task 11 Quantify rectifications for multiple amputees 

 
 

Task 11a Develop limb type categorization scheme and inclusion criteria:  This task is complete. 

 

Task 11b Obtain range of negative casts:  This task is complete. We collected 34 pairs of casts.  
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Task 11c Digitize casts:  The task is complete. 30 pairs of casts have been digitized using the process 

described in Tasks 10a and 10b.  

 

Task 11d Assess digitized shapes:  This task is complete.  

 

Task 11e Generate representative 3D models:  This task is complete. A paper describing quantification of 

rectifications for our subischial socket was submitted to Prosthetics and Orthotics International (See Appendix 

H for abstract of this manuscript).  

 

Task 12 Create education materials 

 
 

Task 12a Consult with NUPOC on the design/creation of education material:  This task is complete.  

 

Task 12b Develop education material:  This task is complete. Instructional manual ready for submission to the 

Northwestern University Innovation and New Ventures Office (INVO) for registration of copyright. 

 

Task 12c Solicit feedback on education material from prosthetists:  This task is complete.  

 

Task 12d Develop plan for dissemination of education material:  This task is in progress. Pilot instructional 

courses have been presented at the International Society for Prosthetics and Orthotics (ISPO) World Congress 

in February 2013, ISPO Norway Seminar in October 2013, American Academy of Orthotists and Prosthetists 

Annual Meeting in February 2014, and the Canadian Association of Prosthetics and Orthotics Annual Meeting 

in August 2014. According to an article in the April 2014 issue of The O&P Edge, “The Academy Celebrates 40 

Years,” our presentation “Subischial Socket with Vacuum Assisted Suspension for Persons with Transfemoral 

Amputation” was among the most popular. As a result we were invited to present a webinar which was 
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broadcast live on August 26, 2014, and also archived on the American Academy of Orthotists and Prosthetists 

Paul E. Leimkuehler Online Learning Center 

(http://www.oandp.org/olc/course_video.asp?frmCourseId=8E117078-AC6F-446C-BE3B-62E1560FCE5D). 

The webinar was well-received by the 47 registered participants. Feedback from participants included:  

“I’d like to congratulate you…for your thoughtful presentation…it was refreshing to see a balanced and 

well-evidenced presentation...The fact that you’ve developed a socket technique that improves comfort 

for people living with transfemoral amputation, without detriment in function or gait, is a great 

contribution.” 

“Excellent information.  Excellent format.  Superb presentation.” 

“I was struck by just how clearly you presented the rationale for the project and talked through the 

outcomes data you had. It was very easy to digest and the key messages really sang out.” 

 

Work on Task 12d will continue during the extension without funding where we will execute the dissemination 

plan we have developed. 

 

Task 13 Final project meeting 

 
 

Task 13a Convene final project meeting:  Delayed until end of extension without funding. 

 

KEY RESEARCH ACCOMPLISHMENTS 
• Socket performance has been characterized (Aims 1-3). 

• Multiple hybrid pump designs have been completed (Aim 3).  

• Instructional materials and a continuing education course have been created (Aim 5).  

• Template for use in CAD rectification has been created (Aim 5). 

• Began disseminating our research through publications and presentations. 
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CONCLUSIONS 
The socket we have developed is a flexible sub-ischial transfemoral prosthetic socket, which we have dubbed 

the Northwestern University Flexible Sub-Ischial Vacuum (NU-FlexSIV) Socket. While we lost our preferred 

flexible material for definitive socket fabrication, multiple other options have been explored and appear to be 

viable substitutes. Now that socket performance has been characterized (Aims 1-3) and instructional materials 

created (Aim 5), dissemination is needed. Hence, we plan to train Certified Prosthetists to cast, fit, and 

fabricate this custom socket for their transfemoral amputee patients. Like all prosthetic sockets, the NU-

FlexSIV Socket must be custom made for individual patients following a typical manual fabrication process of 

patient evaluation, casting the residual limb, rectifying the positive model, fabricating the check socket, and 

fitting and dynamically aligning the socket. This manual process can only be conveyed through in person, 

hands-on education. We believe that such courses will be well attended based on initial enthusiasm for the 

topic generated by our presentations throughout this past year.  
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Figure 1: SolidWorks image of distal portion of frame 

Summary of FEA work 
Brian Robillard 
May 3, 2014 
 
Goal: To explore alternate designs of the distal portion of the PC-ABS frame that can withstand 
greater stresses. 
 
Problem: Consistent with static proof tests of other prosthetic sockets [1] NU-FlexSIV sockets 
tested to date all failed at the very distal portion of the socket where it interfaces with the distal 
adapter [2]. Clinical use of NU-FlexSIV sockets fabricated using standard manual processes has 
demonstrated their ability to withstand daily use without frequent failures. NU-FlexSIV sockets 
manufactured using additive manufacturing techniques failed at lower loads than those 
manufactured using manual processes. This difference in strength was attributed to differences in 
the extent of fabric layup in the distal portion of the socket. The AM sockets lacked a thorough 
fabric layup at the distal portion of the sockets, causing the AM sockets to fail at the sharp 
transition between the body of the frame and portion of the frame that encapsulated the distal 
adapter. This transition point is illustrated in Figure 1. 

 
 

 
Approach: Use Abaqus to explore the effect of modified distal geometries on the stress levels 
experienced by the distal portions of the sockets. The frame was simplified to only include the 
distal portion. 
 
Model setup: 
Three separate distal frame designs were examined in Abaqus. They are as follows: 
 
 
 
 
 
 
 
 



1. Frame design used in WillowWood static strength testing. Referred to as “WillowWood.” 

 
Figure 2: Distal portion of frame used for WillowWood testing 

 
 
2. Frame design where the very distal portion is blended. Referred to as “blended.” 

 
Figure 3: Distal portion of blended frame design 

 
3. Frame design with uniform distal portion. Referred to as “uniform.” 

 
Figure 4: Distal portion of uniform frame design 

 
Material setup: 
The frames were made of PC-ABS. The following material properties of PC-ABS were 
determined experimentally during a flexural test of 5 specimens: 
Young’s Modulus: 1774.861858 
Poisson’s ratio: 0.06 



The plastic region of deformation was input from data acquired from static proof testing and 
illustrated in Figure 5. 
 

 
 

Figure 5: Stress-strain curve from PC-ABS flexural testing 

 
Load: A uniform load of 250 N/s was applied to the model. This was done to replicate the load 
rate of the WillowWood testing [3]. Further, the top of the model was rotated 5° towards the 
posterior portion of the socket in order to replicate the WillowWood testing set up of pre-flexion 
[3]. The first model that was loaded was the WillowWood frame design shown in Figure 2. It 
was loaded until the fracture point was reached. These same loads were then applied to each of 
the other designs (Figures 3 and 4). Each of the parts were loaded for the same amount of time.  
 
Results: 
The stress and strain experienced by the nodes were averaged at every time increment and 
plotted for each distal frame design. The plotted results can be seen in Figure 6. The von Mises 
stresses for the three distal frame designs are visualized in Figure 7. The model views are, from 
left to right, anterior, lateral, posterior, and medial. 
 



 
Figure 6: Stress-strain curves for distal frame designs 
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Figure 7: von Mises stress experienced by distal frame 
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Discussion and Conclusion:  
The results demonstrated that the stresses experienced by the blended and uniform design distal 
frames were lower than the stresses experienced by the WillowWood frame. The region of 
elastic deformation appears to be extended for the blended and uniform frames, suggesting that 
the eventual fracture point of the designs may occur at a larger stress than the WillowWood 
frame. Further, Figure 7 clearly demonstrates an alleviation of stresses in the blended and 
uniform frames compared to the WillowWood frame. The large stresses experienced in the 
WillowWood frame at the transition from the body of the frame to the portion of the frame that 
encapsulates the distal adapter are non existent in the blended and uniform frames. The results 
indicated that the added support on the distal portion of the frames decreased the stresses 
experienced by the frame across time. Though a thorough failure analysis was not undertaken, 
these results suggested that improvementscan be made to the design of the distal portion of the 
frame in order to improve performance. 
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Abstract—Despite increasingly widespread adoption of vac-
uum-assisted suspension systems in prosthetic clinical prac-
tices, there remain gaps in the body of scientific knowledge 
guiding clinicians’ choices of existing products. In this study, 
we identified important pump-performance metrics and devel-
oped techniques to objectively characterize the evacuation per-
formance of prosthetic vacuum pumps. The sensitivity of the 
proposed techniques was assessed by characterizing the evacu-
ation performance of two electrical (Harmony e-Pulse [Ottob-
ock; Duderstadt, Germany] and LimbLogic VS [Ohio Willow 
Wood; Mt. Sterling, Ohio]) and three mechanical (Harmony 
P2, Harmony HD, and Harmony P3 [Ottobock]) prosthetic 
pumps in bench-top testing. Five fixed volume chambers rang-
ing from 33 cm3 (2 in.3) to 197 cm3 (12 in.3) were used to rep-
resent different air volume spaces between a prosthetic socket 
and a liner-clad residual limb. All measurements were obtained 
at a vacuum gauge pressure of 57.6 kPa (17 inHg). The pro-
posed techniques demonstrated sensitivity to the different elec-
trical and mechanical pumps and, to a lesser degree, to the 
different setting adjustments of each pump. The sensitivity was 
less pronounced for the mechanical pumps, and future 
improvements for testing of mechanical vacuum pumps were 
proposed. Overall, this study successfully offers techniques 
feasible as standards for assessing the evacuation performance 
of prosthetic vacuum pump devices.

Key words: electrical prosthetic pump, elevated vacuum, 
mechanical prosthetic pump, negative pressure, prosthetic 
pump, prosthetic pump performance, prosthetic vacuum, 
socket evacuation, vacuum assisted suspension, vacuum pump.

INTRODUCTION

Prosthetic suspension refers to the mechanism by 
which the prosthetic socket is secured onto the residual 
limb of a person with an amputation, with poor suspension 
resulting in relative motion between the prosthetic socket 
and residual limb [1]. Vacuum-assisted suspension (VAS) 
of prosthetic sockets uses electrical or mechanical pumps 
to create a negative pressure differential, relative to the 
atmospheric pressure, between the interior of a prosthetic 
socket and the surface of a liner-clad residual limb. Since 
VAS was introduced and adopted in the late 1990s, inves-
tigations of VAS have focused on lower-limb prosthetic 
applications and the effects of vacuum on residual-limb 
volume [2–5], socket suspension [2], socket fit and inter-
face pressures [6–7], gait kinematics, and residual-limb 
health [8–9]. These studies suggested VAS improves the 

Abbreviations: ISO = International Organization for Stan-
dardization, Li-Ion = lithium-ion, VAS = vacuum-assisted sus-
pension.
*Address all correspondence to Stefania Fatone, PhD, BPO 
(Hons); Northwestern University Prosthetics-Orthotics Center, 
680 N Lake Shore Dr, Suite 1100, Chicago, IL 60611; 312-503-
5717; fax: 312-503-5760. Email: s-fatone@northwestern.edu
http://dx.doi.org/10.1682/JRRD.2012.11.0204
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limb health of prosthesis users by minimizing trauma-
inducing relative motion between the socket and residual 
limb, as well as by promoting tissue hydration, evidenced 
by reduction in fluctuations in residual-limb volume.

The high numbers of reports in related professional 
journals [10–11], as well as in prosthetic trade magazines 
[12–13], suggest an increasingly widespread use of VAS in 
prosthetic clinical practice, as well as a concomitant 
increase in the number of commercially available pumps 
for achieving VAS in prosthetic socket systems. However, 
other than manufacturer specifications, we have no knowl-
edge of any guidelines in the way of standardized pump 
performance characterization that may assist clinicians’ 
decision-making. This is in contrast to the large number of 
characterization studies on other commercially available 
prosthetic devices and components, such as prosthetic feet 
[14–15], shock absorbing pylons [16–17], prosthetic knees 
[18–19], liners, and interface materials [20–22].

Hence, the purpose of this study was to develop tech-
niques to characterize the performance of prosthetic vac-
uum pumps. Important performance metrics considered 
included the pumps’ evacuation rates to specific vacuum 
levels and maximum evacuation capabilities based on 
repeated evacuation of leakage-free containers. The 
approach described in this article represents a first step 
toward understanding vacuum pump characteristics in 
chambers with known leakage (a more clinically relevant 
scenario). The sensitivity of the proposed techniques was 
assessed by characterizing the evacuation performance of 
several commercially available electrical and mechanical 
pumps.

METHODS

Equipment
Based on input from a certified prosthetist (author 

RC) regarding the level of use in prosthetic practice, two 
electrical (Harmony e-Pulse [Ottobock; Duderstadt, Ger-
many] and LimbLogic VS [Ohio WillowWood; Mt. Ster-
ling, Ohio]) and three mechanical (Harmony P2, Harmony 
HD, and Harmony P3 [Ottobock]) prosthetic pumps 
(Table 1) were purchased and their evacuation perfor-
mance evaluated. In both electrical pumps, a lithium-ion 
(Li-Ion) battery powered a direct current motor, which ran 
a small capacity pump. Microprocessor circuitry within 
the pump monitored the vacuum pressure in the prosthetic 
socket system and reactivated the pump if the vacuum 
pressure level decreased below a prescribed threshold.

The three mechanical pumps were designed to be 
installed in-line with the prostheses and engaged the 
weight of the user to generate vacuum pressure through 
two distinctly different activation mechanisms. The two 
“piston-actuated” mechanical pumps (Harmony P2 and 
Harmony HD) pulled air from the socket to the pump 
chamber during stance phase on the prosthetic limb while 
walking (i.e., when the prosthesis was loaded). The pumps 
could be configured for different user weights through 
adjustments of the tension of an elastomer rod within the 
pumps (Table 2). Conversely, the “compressible bladder” 
mechanical pump (Harmony P3) pulled air from the socket 
to the pump bladder during swing phase of the prosthetic 
limb while 

Pump Description
Electrical
Harmony e-Pulse (Ottobock) • 2.20 Wh nominal battery energy.

• 61 kPa (18 inHg) maximum negative pressure level.
LimbLogic VS (Ohio WillowWood) • 2.04 Wh nominal battery energy.

• 68 kPa (20 inHg) maximum negative pressure level.
Mechanical
Harmony P2 (Ottobock) • Patient weights of 50–100 kg (110–220 lb).

• Vacuum capability of 51–85 kPa (15–25 inHg).
Harmony HD (Ottobock) • Patient weights of 100–150 kg (220–330 lb).

• Vacuum capability of 51–85 kPa (15–25 inHg).
Harmony P3 (Ottobock) • Patient weights of 45–100 kg (100–220 lb).

• Functional rings denoted 0–4 in order of increasing resistance to compression.
• Vacuum capability of 51–85 kPa (15–25 inHg).

walking (i.e., when the prosthesis was 

Table 1.
Description of vacuum pumps tested.
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Setting
Number of Turns out 

(counterclockwise) from
Fully Inserted Position*

Harmony P2 Harmony HD Harmony P3
Corresponding Patient Weight

(lb/kg)
Functional

Ring
(n)

Body Weight
(kg)

Load
(lb)

1† 4.5 120/50 220/100 0 45–50 100–110
2 4.0 140/60 240/110 1 50–60 110–130
3 3.5 160/70 260/120 2 60–73 130–160
4† 3.0 180/80 280/130 3 73–86 160–190
5 2.5 200/90 300/140 4 86–100 190–200
6† 2.0 220/100 320/150 — — —

unloaded). In this case, the pump was configured for dif-
ferent user weights using bladders of varying resistance to 
compression (i.e., functional rings denoted “0” to “4” in 
order of increasing resistance in Table 2). In both mecha-
nisms, air was pushed out from the pump chamber during 
the alternate phase of walking, i.e., during swing phase for 
the piston-actuated pumps and during stance phase for the 
compressible bladder pump.

For the purpose of this study, a well-fitted subischial 
prosthetic check socket was fabricated for an average-
sized male subject with a transfemoral amputation. The 
air volume space between the inner surface of the doffed 
check socket and an appropriately sized liner was esti-
mated at 98 cm3 (6 in.3) based on a linear interpolation of 
the relationship from a previous characterization of the 
evacuation time of the LimbLogic VS pump using known 
volumes. Scaling about this reference, five fixed-volume 
chambers were manufactured from PVC (polyvinyl chlo-
ride) tubing and end-caps (ranging from 33 cm3 [2 in.3] 
to 197 cm3 [12 in.3]). These chambers were used during 
evacuation testing of the prosthetic pumps to simulate 
varying air volume spaces of transfemoral sockets, 
although the range of volumes, in particular the smaller 
volumes, may also be relevant to transtibial sockets. 
Exact volumes of the chambers were calculated by divid-
ing the weight of the mass of water required to fill the 
chambers by the density of water.

A servo-hydraulic materials testing system (8800 
Controller, Instron; Norwood, Massachusetts) was used 
to apply periodic vertical loads, representative of a pros-
thesis user’s weight during walking, to the mechanical 
pumps. For both electrical and mechanical pump sys-
tems, vacuum pressure measurements were acquired 

using a digital vacuum pressure gauge (model 2L760, 
DigiVac; Matawan, New Jersey) with a detection resolu-
tion of 0.27 kPa (0.08 inHg). The gauge was customized 
to a full scale output of 5 V at atmospheric pressure of the 
testing environment. Prior to each testing session, the 
gauge was calibrated for a maximum vacuum gauge mea-
surement of –84.7 kPa (25 inHg) relative to the atmo-
spheric pressure. For simplicity, the negative sign on the 
vacuum pressure levels will be omitted in the remainder 
of this report.

Experimental Procedures

Electrical Pump Testing
The setup for the performance testing of the two elec-

trical pumps consisted of connecting each pump to one of 
the five fixed-volume chambers using airflow tubing 
(Figure 1). The pump was activated and the vacuum 
pressure within the connected chamber was monitored 
and recorded. After evacuation to a specified vacuum 
level, the airflow tubing was disconnected to return the 
chamber to the baseline pressure. This process was 
repeated for five trials of each electrical pump and cham-
ber combination.

Preliminary assessment of the out-of-box capabilities 
of the two electrical pumps in this study indicated the 
maximum vacuum pressure level common to both pumps 
was 57.6 kPa (17 inHg). Consequently, for each chamber, 
the “evacuation time” of both electrical pumps was 
defined as the total time from initial pump activation 
(start-time) to achieving a vacuum pressure of 57.6 kPa 
(17 inHg) in that chamber (end-time).

Table 2.
Weight settings for mechanical pumps.

*Manufacturer instructions: To adjust settings, locate blue cup inside pump shaft, screw in completely using 3/8” Allen wrench. Set elastomer rod by backing out 
blue cup completely to release pressure on rod, then turning clockwise by suggested number of turns.
†Settings used for benchtop testing. Settings 1, 4, and 6 were weight settings assessed in study.
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The discovery of 

Figure 1. 
Schematic of experimental test setup for electrical and mechanical pumps showing fixed volume chambers, digital pressure gauge, 
and servo-hydraulic materials testing system. Volumes of five PVC chambers used for testing from left to right are (A) 205 cm3

(12.54 in.3), (B) 140 cm3 (8.52 in.3), (C) 106 cm3 (6.46 in.3), (D) 75 cm3 (4.59 in.3), and (E) 44 cm3 (2.69 in.3). Inserts show fixture 
attachment within materials testing machine for (a) Harmony P2, (b) Harmony HD, and (c) Harmony P3. Bottom right insert is dis-
placement loading profile for mechanical pump tests.

inconsistent evacuation times for 
the electrical pumps over consecutive days suggested the 
performance of the pumps was dependent on level of bat-
tery charge. Accounting for this dependency by perform-
ing all evacuations with the pumps connected to an 
alternating current power supply was not possible 
because the Harmony e-Pulse pump was unable to be 
simultaneously activated and charged. Instead, a series of 
exhaustive tests (i.e., testing each pump to complete bat-
tery charge depletion) was performed to quantify the 
dependence of both pumps’ evacuation performance on 
battery discharge. The exhaustive testing for each pump 
involved evacuating the 106 cm3 (6.46 in.3) chamber 
repeatedly to 57.6 kPa (17 inHg), allowing only time to 
return the chamber to the baseline atmospheric pressure 
between each evacuation trial, until the Li-Ion battery of 
the pump was depleted.

Mechanical Pump Testing
The performance of the two piston-actuated mechan-

ical pumps (Harmony P2 and Harmony HD) was 

assessed at three different settings of manufacturer-
prescribed elastomer rod tension adjustments, while the 
performance of the compressible bladder mechanical 
pump (Harmony P3) was assessed for the five weight-
rated functional rings (Table 2). Prior to testing, each 
functional ring was “precompressed” for 15 min using a 
compression tool provided by the manufacturer and was 
allowed to equilibrate to the testing temperature and 
humidity environment for a minimum of 24 h before test-
ing. To simulate the in vivo compressive cyclic loads 
exerted on the pumps during walking, the pumps were 
loaded using the hydraulic piston ram of the material test-
ing system. Airflow tubing was used to connect the 
installed pumps to the fixed volume chambers and the 
digital vacuum pressure gauge (Figure 1).

The piston ram was configured to compress the two 
piston-actuated pumps by 7 mm, at a cyclic loading rate 
of 23 mm/s and the compressible bladder pump by 5 mm 
at the same cyclic loading rate. These values represent 
the manufacturer’s displacement recommendations for 
optimal pump performance [23] and an approximate 
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prosthetic-limb cadence of 100 steps/min, with a 50:50 
proportion of single- and double-limb stance support. 
The numbers of loading-unloading cycles applied to each 
mechanical pump were determined from pilot data and 
identified as the number of cycles at which continued 
activation of the pumps created a negligible increase in 
vacuum pressure. Consistently for all pump weight set-
tings and chamber combinations, three trials of 200 load-
ing-unloading cycles were applied to the piston actuated 
pumps and three trials of 300 loading-unloading cycles 
applied to the compressible bladder pump.

Data Analysis and Calculations
The vacuum pressure data generated by the mechani-

cal pumps exhibited a step-like profile, increasing as the 
pumps were loaded and staying approximately constant 
upon removal of load. The data were resampled to isolate 
the vacuum pressure value at the start of the loading-
unloading cycle, effectively reducing the data to a single 
data point per cycle. Unlike the electrical pumps, where 
the maximum vacuum pressures were controlled by 
microprocessor circuitry, the maximum vacuum pres-
sures generated by the mechanical pumps were poten-
tially dependent on the number of cyclic activations of 
the pumps. In an attempt to address this dependence, a 
theoretical maximum vacuum capacity was calculated 
and reported for each mechanical pump. This calculation 
involved a linear extrapolation of the terminal region of 
the asymptotic trending vacuum pressure data to three 
times the total testing duration of that trial. For all electri-
cal and mechanical pump trials, the evacuation times to a 
vacuum pressure of 57.6 kPa (17 inHg) were measured 
and averaged over the number of repeated trials for all 
pump, setting, and chamber combinations.

RESULTS

Electrical Pump Testing
Exhaustive testing of the electrical pumps demon-

strated the Harmony e-Pulse had a total of 178 evacua-
tions before complete battery depletion, with a 14 percent 
increase in time to evacuate to 57.6 kPa (17 inHg) over 
the entire course of the test (Figure 2(a)). We noted a dis-
tinct change in the time to evacuate between the first 104 
trials and the subsequent 74 trials (Figure 2(b)), with 
consistent evacuation times within each group of trials 
(standard deviation of 0.40 and 

Figure 2. 
Electrical pump battery depletion test results. (a) Plot of vac-
uum pressure vs time for two grouped evacuation trials of Har-
mony e-Pulse and single group evacuation trial of LimbLogic 
VS. (b) Boxplot indicating substantially lower median activation 
time for LimbLogic VS compared with both groups of data from 
Harmony e-Pulse.

0.54, respectively). By 

comparison, the LimbLogic VS achieved a total of 225 
evacuations using only half a full battery charge (as indi-
cated by the pump battery meter) before exhaustive test-
ing was terminated. There was a 2.4 percent total 
increase in evacuation time to 57.6 kPa (17 inHg) over 
the course of the test.

The average time to evacuate all five chambers to 
57.6 kPa (17 inHg) for the LimbLogic VS was 11.57 s, 
while the Harmony e-Pulse required 18.04 s (56% more 
time) to evacuate the same chambers (Table 3). For both 
electrical pumps, linear equations were able to describe 
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Chamber Volume
(cm3/in.3)

Time to Evacuate (s)
LimbLogic VS Harmony e-Pulse

205/12.54 20.16 31.56
140/8.52 13.38 21.32
106/6.46 11.28 17.37
75/4.59 7.95 12.06
44/2.69 5.10 7.86
Mean ± Standard Deviation 11.57 ± 5.74 18.04 ± 9.13

most of the variability in the evacuation times as a func-
tion of the five chamber volumes (R2 > 0.99) (Figure 3). 
The best-fit lines of evacuation times plotted against 
chamber volume showed the LimbLogic

Figure 3.
Electrical pump results showing average evacuation time vs 
exact chamber volumes. Evacuation times of Harmony e-Pulse 
(superior line, TeP) are consistently higher than evacuation 
times of LimbLogic VS (inferior line, TLL).

 VS had a 
smaller slope compared to the Harmony e-Pulse despite 
having a similar y-intercept.

Mechanical Pump Testing
Across the three manufacturer-prescribed elastomer 

rod tension settings and for the same chamber volumes at 
those settings, neither the Harmony P2 nor the Harmony 
HD pumps showed substantial differences in their evacu-
ation times to 57.6 kPa (17 inHg), the number of activa-

tion cycles required, or their theoretical maximum 
vacuum capacity (Table 4). The Harmony P3 pump 
showed a consistent trend of increasing evacuation times 
to 57.6 kPa (17 inHg), increasing number of activations 
required, and a decreasing theoretical maximum vacuum 
capacity with increasing resistance to compression (i.e., 
functional rings denoted “0” to “4”).

A comparison of the maximum forces exerted by the 
hydraulic piston ram during application of the pro-
grammed compressive displacement to the Harmony P2 
and Harmony HD pumps showed no sensitivity to the 
chamber volume within the three elastomer rod settings. 
However, across the three settings, there were clear dif-
ferences, generally trending, with the exception of results 
of setting 1 of the Harmony P2 pump, to increasing max-
imum force with increasing resistance to compression of 
the elastomer rod (Figure 4). The Harmony P3 pump 
performed with less consistency within and across the 
different resistances to compression.

DISCUSSION

The purpose of this study was to develop techniques 
to characterize the performance of vacuum pumps 
intended for clinical application within prostheses. Such 
characterizations offer insights to guide clinician selec-
tion of devices and components. To assess the sensitivity 
of the proposed techniques, several commercially avail-
able vacuum pumps were characterized in a series of 
benchtop tests.

Electrical Pump Battery Depletion Testing
Results of the exhaustive battery testing indicated a 

slight increase in evacuation time of sequential trials, 
suggesting a dependence of pump performance on total 
battery charge. The substantially higher number of total 
evacuations of the LimbLogic VS pump than the Har-
mony e-Pulse was likely because of the quality of the bat-
tery and other components of the pumps. In spite of this 
dependence, both pumps performed consistently for the 
first 100 evacuation trials of the 106 cm3 (6.46 in.3) 
chamber volume.

Electrical Pump Testing
Selection of 57.6 kPa (17 inHg) as a standard vacuum 

pressure level for measuring evacuation time was based on 
a preliminary assessment that determined the maximum 

Table 3.
Electrical pump results. Standard evacuation pressure level was set at 
57.6 kPa (17 inHg).
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Measure Harmony P2 (Settings) Harmony HD (Settings) Harmony P3 (Functional Rings)
1 4 6 1 4 6 0 1 2 3 4

Time to Evacuate to 57.6 kPa
(17 inHg) (s)

42.72 42.59 42.71 42.47 43.31 43.06 39.50 41.78 53.31 62.12 79.17

Number of Cycles to 57.6 kPa
(17 inHg) (units)

26 25 25 26 25 25 25 27 34 39 50

Maximum Vacuum Gauge Pressure
(kPa/inHg)

80.39/
23.74

89.43/
26.41

89.43/
26.41

88.93/
26.26

88.38/
26.10

88.69/
26.19

75.11/
22.18

70.40/
20.79

67.90/
20.05

65.15/
19.24

63.16/
18.65

vacuum pressure level common to both electrical pumps. 
The LimbLogic VS consistently outperformed the Har-
mony e-Pulse in time to evacuate each chamber, averaging 
56 percent less time to achieve a vacuum level of 57.6 kPa 
(17 inHg) (Figure 3). For both pumps, linear equations 
were able to describe most of the variability in evacuation 
times as a function of the different chamber volumes. 
Despite having similar y-intercepts, the LimbLogic VS 
had a smaller slope than the Harmony e-Pulse pump, sug-
gesting a higher base functional performance because 
increases in volumes resulted in smaller increases in evac-
uation time.

Mechanical Pump Testing
Our decision to adopt a benchtop approach to charac-

terize the performance of the mechanical pumps allowed 
precise control of the loading variables. The pumps were 
actuated by the servo-hydraulic materials testing system 
using a displacement control paradigm. The amount of 
compression of the pumps, the cyclic loading rate, and 
the total number of loading-unloading cycles were deter-
mined prior to initiation of the test.

At the three weight settings tested for the Harmony 
P2 and Harmony HD pumps, there were no differences in 
pump performance within, as well as across, both pumps 
(Table 4, Figure 4). This misleading finding suggested 
the different elastomer rod tension adjustments had no 
effect on pump performance. Correct interpretation 
required consideration of the control paradigm used for 
loading of the mechanical pumps. Under a displacement 
control paradigm, the testing system adjusted the force 
applied at each weight setting to achieve prescribed dis-
placements. We expected the applied force to increase 
with increasing resistance (i.e., setting 1 < 4 < 6) for both 
pumps. The results (Figure 4), with the inexplicable 
exception of the Harmony P2 pump at setting 1, followed 
these trends and demonstrated sensitivity of the pump 
performance to the different settings.

As previously described, the Harmony P3 pump used 
compressible bladders (functional rings) to pull air from 
the socket and generate vacuum pressure. With increas-
ing resistance of the functional rings (from ring 0 to 4), 
the time and number of cyclic activations required to 
achieve 57.6 kPa (17 inHg) for each chamber also 
increased. Conversely, the theoretical maximum vacuum 
capacity was reduced. These results suggested the mech-
anism used to increase resistance was increased wall 
thickness of the bladders, effectively reducing the total 
volume of the bladders. Hence, with the stiffer bladders, 
the amount of air moved by the pump per activation cycle 
was reduced.

The testing of the mechanical pumps could be 
improved by use of machines for International Organiza-
tion for Standardization (ISO) 22675 testing (ISO; 
Geneva, Switzerland) [24]. ISO 22675 testing machines 
are designed to test prosthetic feet in a heel-to-toe load-
ing fashion that simulates walking. These machines also 
use force control to mimic the ground reaction forces 
during walking. Mechanical pumps could be placed in 
line with pylons and feet within these testing machines to 
obtain more realistic results. Manufacturers of mechani-
cal vacuum pumps for use in prostheses could use similar 
metrics as described in this article, but with improved 
loading from ISO 22675 machines.

There were several practical limitations that curtailed 
the scope and generalizability of our findings. First, a sin-
gle pump of each type was used to assess the techniques 
presented in this report. Findings from such a sample are 
not generalizable to all pumps of the same type, and a 
number of precautions were taken to mitigate potential 
errors introduced by the use of single samples. Both elec-
trical pumps had less than 10 h of use, primarily usage 
for preliminary evaluation at commencement of our test-
ing. Similarly, the three mechanical pumps were exposed 
to very limited use at the start of data collection. Brand 
new functional rings were purchased for the Harmony P3 

Table 4.
Mechanical pump results.
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Figure 4.
Mechanical pump results showing (top plots) time to evacuate chambers to 57.6 kPa (17 inHg) for pump settings (x-axis) and (bottom 
plots) maximum force exerted by testing system for each chamber evacuated: (a) Harmony HD, (b) Harmony P2, and (c) Harmony P3.

pump and were precompressed according to manufac-
turer recommendations. These precautions allowed the 
reasonable assumption that all pumps, batteries, and 
components remained true to their original technical 
specifications.

Second, the estimate of air volume space between the 
prosthetic socket’s inner surface and the outer surface of 
the liner-clad residual limb was calculated from an aver-
age-sized male with a transfemoral amputation. To 
include a range of air volume spaces in our analysis, we 
used this estimate as a scaling reference for several fixed 
volume canisters, including smaller volumes that are 
likely relevant to air volume spaces found in transtibial 
prosthetic sockets.

Third, the ideal setup for the electrical and mechani-
cal prosthetic vacuum pumps characterization would 
have simulated a gradual loss of vacuum gauge pressure 
(i.e., leakage), providing a more realistic representation 
of the everyday usage of prosthetic vacuum pumps. This 
would be of particular significance for the electrical 
pump battery depletion testing since the primary power 
mode of electrical pumps within minimally leaking 
socket systems would conceivably be a “stand-by” moni-
toring mode. In this mode, the electrical motor is deacti-

vated and battery power supply is limited to essential 
pump tasks for monitoring the vacuum gauge pressure 
within the socket system. An electrical pump with more 
efficient battery consumption in the stand-by monitoring 
mode may be capable of a higher number of overall evac-
uations for the same air space volumes and socket leak-
age rates. Our decision to assess pump performance 
based on repeated, complete loss of vacuum gauge pres-
sure (i.e., full depletion) was due to the difficulty of 
developing a standard characterization of typical leakage. 
Repeated full depletion represents an unlikely worst case 
scenario and should be considered in the interpretation of 
performance findings determined using the proposed 
techniques.

Finally, although only one end of the two piston-
actuated pumps was directly attached to the testing system 
(Figure 1(a) and (b)), both ends of the compressible blad-
der pump were directly attached to the testing system for 
the entire actuation cycle (Figure 1(c)). The difference in 
setup was due to the inability of the Harmony P3 pump to 
return to its original, uncompressed height after the loading 
(i.e., pump compression) phase of the actuation cycle. With 
increasing number of actuation cycles, the pump height 
gradually decreased until all evacuation functioning ceased 
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because of a fully compressed bladder, i.e., a “bottoming 
out” of the bladder. Attaching both ends to the testing sys-
tem introduced a forcible, as opposed to a passive, restora-
tion to the original bladder pump height during the 
unloading phase of the actuation cycle. Care was taken to 
ensure the compressible bladder pump was returned only to 
its uncompressed height, with negligible off-axial forces 
applied to the bladder while unloading. For these reasons, 
we expect the Harmony P3 pump to experience a bottom-
ing out effect in clinical use and the actual performance, 
particularly regarding the maximum vacuum capacity, to be 
worse than our results suggest.

The proposed techniques offer objective assessments 
necessary for potential performance characterization guide-
lines of prosthetic vacuum pumps. They demonstrated sen-
sitivity to the different commercially available electrical 
and mechanical pumps characterized in this study, and to a 
lesser degree, the pump settings. Overall, this study offers 
techniques feasible for general adoption as standards for 
assessing the evacuation performance of electrically con-
trolled and mechanical prosthetic vacuum pumps.

CONCLUSIONS

There are presently no performance guidelines to 
assist clinicians when selecting from among existing 
prosthetic vacuum pumps. If adopted by the prosthetics 
community, the proposed techniques will provide testing 
guidelines and standard performance metrics for pros-
thetic pumps that can enhance clinicians’ ability to make 
informed choices for patients using VAS.
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INTRODUCTION 
Persons with transfemoral amputation (TFA) 
represent approximately 20% of all persons with 
amputation in the general population (Owings et al. 
1998) but the proportion of service members with 
transfemoral amputations is higher than the general 
population (31%) (Stansbury et al. 2008). These 
individuals are typically young, with excellent 
premorbid health and many wish to return to 
premorbid activity levels and have higher functional 
expectations (Pasquina et al. 2006) than the older, 
dysvascular amputee. Improvements in prosthetic 
componentry, including socket design and 
suspension, have critical impact on the functional 
abilities of individuals with TFA. Traditional designs 
include ischial containment sockets which limit hip 
range of motion and function (Tranberg et al. 2011). 
New sub-ischial designs, which incorporate vacuum 
suspension to maintain the socket-limb interface, may 
improve hip range of motion and overall function. 

METHOD 
The Brooke Army Medical Center Institutional Review 
Board approved this study and informed consent was 
obtained from subjects prior to participation. Six male 
service members between the ages of 18 and 45 with 
unilateral TFA and residual limb lengths of at least 4 
inches are undergoing assessment in two socket and 
suspension designs: (1) Ischial containment sockets 
with cushioned gel liners and (2) Sub-ischial sockets 
with active vacuum suspension. All subjects wore the 
X3 knee (Ottobock, Duderstadt, Germany), an 
energy-storage-and-return foot and were given a 
minimum of 6 weeks accommodation time in each 
socket condition. 

Testing took place in the ischial containment socket 
followed by the sub-ischial socket. Subjects 
underwent a series of range of motion, performance, 
and biomechanical tests. A 26-camera motion capture 
system (120 Hz, Motion Analysis Corp., Santa Rosa, 
CA) tracked trajectories of 57 markers secured to 
anatomical landmarks and body segments. 
Specifically, thigh and pelvic segments were tracked 
during active hip range of motion in the sagittal and 
frontal planes, a 5-time sit-to-stand test and at 
standardized walking speed. A T-test, which 
incorporates speed and agility with forward and 
backward running and side shuffling, was recorded for 
time. 

Marker data were tracked and exported to Visual3D 
(C-Motion Inc., Bethesda, MD) for further analysis. 
Hip joint angles were calculated during the range of 
motion, performance task and 5 walking trials.  

RESULTS 
Thus far all subjects indicated that they preferred the 
sub-ischial to their ischial containment socket. One 
common theme was the ability to sit without the 
socket beneath the ischium.  

Data from the first subject to complete the full testing 
protocol showed that the sub-ischial socket resulted in 
10° greater active peak hip flexion, 13° greater active 
peak hip extension and 9° more hip abduction; sit-to-
stand time improved by almost 2 seconds; hip range 
of motion increased 20.6°; T-test performance 
improved by 4 seconds (16%). Across 5 walking trials, 
hip range of motion increased 12.5° ± 1.2° with the 
sub-ischial socket and the hip was able to achieve 
extension during walking (Figure 1). 

 
DISCUSSION & CONCLUSIONS 
Speed, agility, and hip range of motion were expected 
to improve when subjects wore the sub-ischial socket 
with vacuum suspension due to the lower proximal 
trim lines. The inclusion of additional subjects will 
determine if greater hip range of motion during 
walking may improve overall walking ability and 
potentially lessen the need for gait compensations. 
High patient satisfaction with the sub-ischial socket 
supports further investigation of this new socket 
design. 

CLINICAL APPLICATIONS 
Sub-ischial sockets with active vacuum suspension 
are emerging as viable options for active individuals 
with TFA. 
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Mold design with CAD software (SolidWorks 2011) 

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

Manual Fabrication of a Transfemoral Prosthetic Socket

Pour Process
Fabrication of socket with single-shot molding technique

Results: Fabricated sockets

Fabricating Prosthetic Sockets with Rapid Prototyping Technology
Brian Robillard, BS, Oluseeni Komolafe, PhD, Ryan Caldwell, CP, Stefania Fatone, PhD, BPO(Hons) 
Northwestern University Prosthetics-Orthotics Center (NUPOC)

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.

Introduction

Approach Overview

Background

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.

Methods/Results

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.

Conclusions

Funding Acknowledgement
Award #W81XWH-10-1-0744
The U.S. Army Medical Research Acquisition Activity, 820 Chandler 
Street, Fort Detrick MD 21702-5014 is the awarding and 
administering acquisition office. The content of this presentation 
does not necessarily reflect the position or the policy of the 
Government, and no official endorsement should be inferred.

• 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

Subischial 
prosthetic socket

• Flexible material:
- Fibre Glast
Urethane Casting   
Resin

• Vacuum pressure:
- Prevents air  
bubbles and air     
pockets

• Overfill ports: 
- Ensure complete   

saturation
• Pour time:

- 5 minutes to pour
- Overnight cure

1. Scan of residual limb 2. Design with SolidWorks

3. Build components with Stratasys
and pour flexible material

4. Fabricated Socket

Core Frame CavityTransfemoral residual limb

Pour setupFlexible transfemoral socket

Core

Cavity

Frame

Cross section of 
mold setup

Core Frame Cavity

Rigid 
regions

Flexible
regions

Frame
Core

Cavity • Minimal air bubbles
• Minimal air sockets
• No issues with 

demolding
Rigid 

regions

Flexible
regions

Rigid 
regions

Flexible
regions

Material nozzle

Vacuum

Overfill port

Biomedical Engineering



Coauthors 
  
Caldwell RJ, Komolafe OA, Fatone, S 
   
Title: 150 characters 
  
Clinical outcomes using a new subischial socket with vacuum assisted suspension: the NU-FlexSIV 
   
Summary: 300 characters 
  
The interface between socket and residual limb is crucial to the overall success of the prosthesis user.  Improved 
technology in liners and active vacuum systems allows prosthetists to lower transfemoral socket trim lines 
without compromising clinical outcomes. 
   
Introduction: 1000 characters 
  
There are two basic designs of prosthetic sockets for persons with a transfemoral amputation in use today both 
of which intentionally interact with the pelvis. Lowering the proximal trim line of a transfemoral socket is 
appealing because the proximal brim contributes to discomfort during sitting and limits hip range of motion. 
However, lower trim lines challenge conventional understanding of the biomechanics of transfemoral sockets, 
especially regarding coronal plane stability. A subischial socket has been proposed with proximal trim lines 
located distal to the ischial tuberosity and not intended to interact with the pelvis. Working in concert with 
vacuum assisted suspension, the Northwestern University Flexible SubIschial Vacuum (NU-FlexSIV) socket 
was designed to allow greater range of motion, increased comfort, and uncompromised control for the 
transfemoral prosthesis user.  Socket design is described and case studies are presented to illustrate clinical 
outcomes.  
   
Methods: 1000 characters 
  
The NU-FlexSIV socket system was developed iteratively over many clinical fittings and then reverse 
engineered to improve understanding of function.  The current design consists of an undersized flexible single-
wall socket with an embedded frame, an undersized silicone liner reflected over the proximal socket edge and a 
sealing sleeve.  The undersized socket and liner compress the limb, stiffening the soft tissue.  This stiffening is 
thought to decrease relative motion of the residual limb within the socket.  The embedded frame allows 
force transmission between the residual limb and prosthesis while maximizing overall socket flexibility.  The 
impression is taken over the silicone liner with the patient seated with the limb flexed and abducted to 
allow gravity to pre-modify the tissues.  Rectifications specific to this socket design are made to the positive 
model to ensure comfort and coupling in sitting and standing. 
   
Results: 1500 characters 
  
Approximately 100 clinical fittings have been conducted with this socket technology. Examples of clinical case 
studies will be presented demonstrating application of the NU-FlexSIV socket system.  Cases with varying limb 
tissue types; limb lengths and skin conditions will be presented.  Videos of subjects will be used to demonstrate 
symmetrical and uncompromised gait comparing subischial and ischial containment sockets.  Improvements 
in limb health and tissue quality after use of the NU-FlexSIV socket system will be highlighted.    
    
Conclusion: 1000 characters 
We have developed a new socket for use by persons with transfemoral amputation that appears to provide 
improved comfort without loss of function.  Clinically we have observed no detriments to gait compared to 
conventional sockets, tissue issues have improved, and an increase in subjects overall activity levels.   


