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Abstract

The objective of this research was to use computer-aided design software and a tabletop 3-D
additive manufacturing system to design and fabricate custom plastic inserts for trans-tibial
prosthesis users. Shape quality of inserts was tested right after they were inserted into participant’s
test sockets and again after four weeks of wear. Inserts remained properly positioned and intact
throughout testing. Right after insertion the inserts caused the socket to be slightly under-sized, by
a mean of 0.11 mm, approximately 55% of the thickness of a nylon sheath. After four weeks of
wear the under-sizing was less, averaging 0.03 mm, approximately 15% of the thickness of a nylon
sheath. Thus the inserts settled into the sockets over time. If existing prosthetic design software
packages were enhanced to conduct insert design and to automatically generate fabrication files
for manufacturing, then computer manufactured inserts may offer advantages over traditional
methods in terms of speed of fabrication, ease of design, modification, and record keeping.

INTRODUCTION

Computer aided socket design and manufacturing (CAD/CAM) was introduced to
prosthetics in the 1980’s [1,2]. CAD/CAM has matured over the past 30 years into a
complete fabrication technology. It is used regularly by approximately 24% of prosthetists to
make sockets for people with limb loss [3]. Using a digitized shape of the residual limb as a
starting point, the prosthetist designs the socket shape, implementing software specific for
prosthetic socket design. Once the shape file is created, a socket is fabricated by carving a
positive model and then thermoforming a socket or by using a direct fabrication technique
[4]. Compared with traditional socket design and fabrication methods, CAD/CAM offers
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advantages in terms of speed of fabrication, ease of design modification, and record keeping

[5].

The purpose of this research was to extend CAD/CAM to the design and manufacturing of
stiff socket inserts. Socket inserts are typically used to modify instead of replace sockets.
CAD/CAM of inserts may offer advantages over traditional insert design and fabrication
methods, similar to how they do so with prosthetic sockets. As a first step towards this
objective, we present methods for design and fabrication of computer-manufactured plastic
inserts. Results testing shape accuracy and performance on people with trans-tibial limb loss
are presented.

METHODS

Inserts were fabricated in three steps. First, the socket to receive the insert was digitized and
a computer 3-dimensional (3-D) surface generated. This surface was the insert external
shape. Then computer aided design software was used to design the insert internal shape and
to generate a solid model. A solid model was necessary so as to use 3-D additive
manufacturing technology for fabrication. The insert was fabricated in three pieces that
interlocked together and fit within the prosthetic socket.

Creating the insert external surface shape

The insert external surface was designed to match the existing socket internal surface. To
shape the insert, first the internal socket shape to receive the insert was measured.

Scan internal socket shape—To digitize the inside socket surface, we used a high-
quality industry digitizer (FaroArm Platinum, FARO Technologies, Lake Mary, Florida)
mounted within a custom frame and base (FIGURE 1). A 6.00mm diameter scanning tip was
used for all sockets in the present study. The base held a standard pyramid adaptor so that a
socket could be firmly secured with its longitudinal axis oriented vertically. Data acquisition
software provided with the scanner (Geomagic, Design X, 3D Systems, Rock Hill, South
Carolina) was implemented. The manufacturer also provided a calibration jig that we
attached to the frame. Calibration was performed before each use.

We scanned points on the inside of the socket at the brim and at the distal end, and fit a
spline to each set of points so as to establish the upper and lower contours of the socket
(FIGURE 2a) (Scanner Accuracy was set to 0.02mm). With the scanner in a point cloud
acquisition mode, we then sequentially scanned patch regions of the socket until the
complete socket shape between the brim and bottom surface was digitized (FIGURE 2b).

The collected data was visually inspected to identify and remove any outlier points that were
not near the surface formed by the cloud (e.g., from the scanner arm skipping out of the
socket at the proximal edge). If there were large holes of no data points in a region then
additional scanning in that region was conducted.

Create mesh—Once the shape was visually acceptable on the computer screen, the
Construct Mesh function in the software was used to create an adaptive spherical covering
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over the point cloud. Each sphere contained one or more of the original points and generated
a single new auxiliary point based on the mesh density and relative location of the
neighboring points. When every original point was encompassed within a sphere, auxiliary
points within three intersecting spheres were connected to create a face. Redundant faces
were removed, creating an entire mesh [6](FIGURE 2c).

Additional scanning was conducted if there were large holes, and the surface was re-meshed.
The Rewrap function in the software was executed which used adaptive basis functions to
create a new point structure [7]. User input values for mesh edge lengths, capture accuracy,
overall smoothing factor, and mesh density in high curvature areas were included in the
algorithm.

Because the scanner recorded the position of the center of the ball at the end of the probe,
not the outer surface where the ball contacted the socket, we offset the data outward a
distance the radius of the ball (6.0 mm) to create the true socket surface.

Create 3-D surface—The mesh was converted to a 3-D surface so that a solid model
could be generated. To do this step, we drew axial splines (FIGURE 2d) and perimeter
splines (FIGURE 2e) onto the mesh so that the socket was defined as a collection of 4-sided
sections. A boundary fit command was executed which created a series of fitted closed
contours from the mesh.

Design insert

Uniform thickness insert—With the external shape of the insert defined as a 3-D
surface, we projected inward normals to create a second surface, the internal shape of the
insert, as well as two other surfaces, the proximal edge and the distal edge. If an insert was
to be of uniform thickness, these manipulations were easily executed using the software. The
four surfaces were grouped together to create a solid model (FIGURE 2f) that was then
converted to STL format in preparation for fabrication.

Non-uniform thickness insert—To design a non-uniform insert, the shape was
imported into a commercial prosthetics software package (e.g., TracerCAD, Willow Wood,
Mt. Sterling, Ohio), modified, and then exporting back into the software described above.

Insert separated into three sections—To allow large inserts to be fabricated, to
minimize use of support material (Support 705, Stratasys, Eden Prairie, Minnesota) during
3-D additive fabrication, and to simplify placing the insert into the socket, we split the insert
into three sections as illustrated in FIGURE 3a, using Inventor software (Autodesk, San
Rafael, California). The boundary between the anterior insert pieces was selected to align
with the tibial crest. The other two boundaries were positioned posterior-laterally and
posterior-medially so that the posterior insert section was the posterior aspect of the socket.
The three sections were prepared so that there was an approximately 0.60mm gap between
adjacent edges. This gap was necessary to ensure the sections did not overlap when
positioned within the socket. The insert proximal edges were skived to avoid sharp edges at
the brim that might damage the prosthetic liner. Interlocking tabs were formed midway
down the lengths of the sections so that they locked together properly when positioned
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within the socket (FIGURE 3b). An STL file was created for each of the three sections in
preparation for fabrication.

Fabricate insert & place in socket

The insert sections were fabricated using a tabletop additive fabrication system (Objet30
Pro, Stratasys, Eden Prairie, Minnesota). This system created a solid object from an STL file
by adding polymer and supporting casting material in successive layers. Inserts up to a
length of 30 cm could be fabricated. A rigid opaque polymer (\VeroBlue RGD840, Stratasys)
was used to make the inserts. We selected this polymer because it was hard and durable with
acceptable mechanical properties (similar to Delrin® (DuPont, Wilmington, Delaware)). We
printed inserts with a Gloss Finish setting on the inside surface to improve smoothness and
durability. To position the inserts within the socket, we applied two-sided laminating tape
(SpeedTape, FastCap, Ferndale, Washington) to the backside edges of each insert section
(FIGURE 4a). The three sections were then assembled into the socket (FIGURE 4b,c).

Testing of shape quality

To test shape quality of the insert, we compared the internal shape of the insert installed
within the prosthetic socket with the original digital shape file. The insert internal shape was
measured using the same industrial digitizer as described above.

We aligned the insert and digital shapes for comparison using a technique we developed
previously to compare shapes [8,9]. The technique used a combination of minimizing the
volume difference and maximizing the shape similarity and was specifically formulated for
use in prosthetics. The entire surface below the level of the trimlines was included in the
analysis.

After the shapes were aligned, we calculated the volume in between the two shapes and
expressed the result as a percentage of the digital shape volume below the trimlines. We also
calculated the following: percentage of points on the insert within 1.00mm of the digital
surface; minimum radial error; maximum radial error; mean radial error; and standard
deviation of the mean radial error.

As described below we conducted similar testing after the inserts were worn by prosthesis
users for 4 weeks.

Amputee Participant Use Testing

We conducted amputee participant testing to evaluate shape quality after field use. The basis
for this testing was that we suspected inserts settled into the socket over time and we sought
to determine to what degree that affected shape quality.

Participants—Institutional review board approval and informed consent were obtained
before study procedures were initiated. Volunteers were considered for inclusion if they had
a trans-tibial amputation more than 12 months prior and were at a Medicare Functional
Classification Level (MFCL) of K-2 or higher (at least a limited community-level
ambulator). Participants were required to use a prosthetic limb for an average of at least 4
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hours per day, determined by self-report. Participants were not included if they were
currently experiencing skin breakdown on their residual limb.

The participant’s socket fit was evaluated by the research prosthetist. If the fit was deemed
acceptable for regular clinical use, sock thickness was measured using a custom instrument
[10]. If sock thickness was less than 1.8mm (approximately the thickness of a new 5-ply
sock under weight-bearing) then the participant was continued in the study, and a new socket
and insert were created. The new socket was 1.8mm larger than the participant’s regular
socket so as to accommodate the insert’s 1.8mm thickness. Thus we made the test prosthesis
with insert the same shape as the participant’s regular prosthesis.

Socket and insert fabrication—The high-quality industry digitizer mounted within
the custom frame and base described above (FIGURE 1) was used to digitize the
participant’s socket. After the shape was collected, we used computer design software to
project the surface radially outward 1.8mm and create the internal surface of the socket to be
fabricated. That shape was then sent to a central fabrication facility to fabricate a foam
positive. We used the foam positive to make a carbon-fiber laminated socket, using a
vacuum infusion process on a low-viscosity acrylic epoxy resin (EAR1, ACSYS Orthopedic,
Vista, California). Sockets were constructed with inner and outer layers of 45 degree braided
carbon fiber with 12,000 filaments per tow (W56L600B30, A&P Technology Inc.,
Cincinnati, Ohio) and an inner core of four layers of nyglass (NyGlass Stockinette, Rx
Textiles, Monroe, North Carolina).

An insert of thickness 1.8mm was designed and fabricated for the new socket using the
procedures described above. The participant returned to the laboratory so that their regular
shank and foot could be switched to the new socket and the prosthesis test fitted. Because we
maintained alignment during the socket fabrication process, the prosthesis did not need to be
realigned.

Testing Protocol—~Participants wore the sockets with inserts for a period of 4 weeks.
After 4 weeks of use of the test prosthesis, the participant returned to the laboratory, the test
socket was removed, and the participant’s regular socket was put back on the prosthesis. We
carefully looked for flaws in the adhesive at the junctions of the insert pieces. Photographs
were taken to document insert condition. The inside shape of the socket with insert was
digitized using procedures described above.

Data Analysis—We aligned the 4-week inserts and digital shapes for comparison using
the same methods as described above. We calculated the same analysis variables as for the
new insert to digital shape comparisons.

RESULTS

Once the researcher became proficient using the digitizer software, the total time required to
scan the prosthesis user’s socket and design the insert was approximately 100 minutes.
Approximately 40 of the 100 minutes were required for scanning, and 60 minutes for
computer design. Each of the three insert sections of a socket took between 6 and 13 hours
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to fabricate, depending upon size. It took less than 10 minutes to apply the adhesive tape and
place the inserts within the socket.

Uniform thickness inserts of 1.8mm thickness were tested by five participants.
Characteristics of the five participants are listed in TABLE 1. The mass of polymer used for
the all three sections of each insert ranged from 94 kg to 147 kg, with a mean of 121 (£25)

kg.

Sockets with inserts measured right after insertion into the socket were consistently
undersized compared with the designed insert (TABLE 2). The mean volume difference
between the fabricated insert and the designed insert was —0.38%. Mean radial error was
-0.11mm. The distribution of shape difference was reasonably uniform over the surface
(FIGURE 5a).

No wear problems were evident during visual inspection of the inserts after regular use. No
flaws in the adhesive at the junctions of the inserts were seen. None of the participants
experienced injury wearing the sockets with inserts.

After 4 weeks of wear, sockets with inserts more closely matched the designed insert than
when measured right after fabrication and installation (TABLE 3). Mean volume differences
were —0.09% and mean radial error was —0.03mm. The distribution of shape difference was
reasonably uniform over the surface (FIGURE 6b).

DISCUSSION

In this study we demonstrated that high shape-quality computer manufactured plastic inserts
can be manufactured for trans-tibial prosthesis users. They are an alternative to traditional
insert fabrication that may offer advantages in clinical care. The versatility of CAD/CAM
allows insert design to be easily modified or duplicated. Insert shape changes can be
digitally tracked over time to monitor limb maturation.

The mechanical strength of printed polymers is less than that of prosthetic socket materials.
Woven carbon fiber has a flexural strength of approximately 900 MPa [11], while 3-D
printed materials have strengths of 40 to 120 MPa (according to manufacturer supplied
data). However, because the prosthetic socket mechanically supported the insert, in our
application the relatively low strength of the insert was not a complication.

As expected, insert shape quality improved after being worn by the amputee participant.
With regular use the inserts settled into the sockets to be more flush against the inside socket
surfaces and thus better matched the designed insert shapes. The mean decrease of 0.38% of
the socket volume (-0.11mm mean radial error) for the newly placed insert vs. the designed
insert shape corresponded roughly to approximately 55% of the thickness of a nylon sheath,
or changing from a 6-ply to a 5-ply Soft Sock (SX) (Knit-Rite). The mean difference for the
fabricated insert worn for 4 weeks compared with the designed insert shape of —0.09% of
the socket volume (—0.03mm mean radial error) is approximately 15% of the thickness of a
nylon sheath. These errors are small compared to computer socket manufacturing errors
made using current CAD/CAM techniques. In a study evaluating computer manufactured
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sockets made by central fabrication facilities, only 3 of 33 sockets had mean radial errors
within a range of —0.03mm to +0.03mm. Twenty-two of the 33 sockets had mean radial
errors outside the range of —0.11mm to +0.11mm.

A next step towards implementing custom plastic inserts for use in clinical practice is to

evaluate performance and clinical outcome over the long term. Do custom plastic inserts
provide comparable or enhanced fit, comfort, and tissue health compared with traditional
methods?

Design and fabrication time and cost must be reduced from that demonstrated here to bring
the technology to clinical practice. Tabletop 3-D additive fabrication systems are relatively
low cost to purchase and operate compared to socket fabrication systems and costs are
expected to decrease in upcoming years. Thus rather than using out-of-house central
fabrication, as is often done for computer manufactured sockets, practitioners may be able to
place additive fabrication printers within their clinics to manufacture inserts. Further, insert
fabrication is simplified for a practitioner already using computer socket manufacturing
software to make the original socket since scanning of the original socket shape is
unnecessary. The shape data is already available. Insert design requires only the
practitioner’s computer and the tabletop 3-D fabrication system.

For custom plastic inserts to be effectively used in clinical practice, prosthetics design
software would need to be enhanced from its present state to include solid model generation
and manipulation as described in the Methods section of this paper. Current software
packages make only surfaces, not 3-D models. Software needs to be designed so that the
prosthetist easily proceeds through insert design and fabrication. The 100 minutes required
here for scanning and design could be substantially reduced through software that automated
the measurement and design processes described in the Methods section.

In addition to their potential clinical use to enhance socket design and fit, custom plastic
inserts should have immediate research application in investigations testing the impact of
socket shape changes and related variables on fit metrics, e.g. interface stresses, comfort,
limb volume, and gait features. Inserts would simply be swapped out to effect socket shape
changes, a methodology that is easier, faster, and more cost-effective than making multiple
test sockets for each participant.

CONCLUSION

A method to design and fabricate custom plastic inserts for trans-tibial amputee prosthetic
sockets was demonstrated. Insert shape was highly accurate and improved with wear as the
inserts settled into the prosthetic sockets. After four weeks of use, inserts for the five
participants tested here averaged less than a 0.09% absolute value volume difference
(0.03mm mean radial error) compared with the designed shape.
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Highlights
. A technique is described for computer manufacturing solid, plastic, socket
inserts.
. Inserts settled into the sockets over time the prosthesis was worn.
. Fabrication quality after 4 weeks of use averaged less than 0.03 mm radial
error.
. Incorporating insert design into prosthetic software packages may be useful.
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FIGURE 1.
Custom frame and base used for socket digitization
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(b)

Figure 2a

Figure 2b

FIGURE 2a-f. Socket digitization and model formation

(a) Splines at the socket proximal and distal end. (b) Scanned patch regions of the socket.
Each patch is a different color. (c) Holes in the scanned socket surface resulting from the
digitization process. The holes illustrated are minor; additional scanning does not need to be
performed for this socket. (d) Top-view of the socket illustrating axial splines. (e) Socket
defined as a collection of 4-sided sections. (f) Solid model of a uniform thickness insert
ready for fabrication.
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(b)

FIGURE 3a,b. Sectioning an insert for fabrication
(a) The insert was sectioned such that one boundary was at the tibial crest and the others

posterior laterally and posterior medially. (b) Interlocking tabs were designed so that the
inserts locked together when placed within the prosthetic socket.
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FIGURE 4a-c. Insert placed within prosthetic socket
(a) Two-sided laminating tape was applied to the proximal and distal edges of each insert

piece. (b) Insert pieces were placed in the socket, one at a time. (c) Insert pieces interlocked
once in place.
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Figure 5b

FIGURE 5a,b. Shape differences between inserts and digital surfaces
(a) Measured right after insertion into the socket. (b) Measured after four weeks of wear.

Scales are in mm.
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