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Abstract: The digitization of the design process of lowerHiprosthetic sockets seems to be necessary. bedgrn
CAD procedures and CAM technologies, it is possiblproduce functional, individual prosthetic aitlat bring many
benefits compared to commonly used methods. Howéwerdisadvantage of using CAD/CAM procedures lmarthe
input costs for production technology and softwdree aim of this research is to propose a low-so#ttion for
individual transtibial socket design and productigiodern methods and technologies like 3D scan@#d) design and
additive manufacturing have been applied. As dtiestranstibial stump positive and custom sodesign methodology
is proposed. In conclusions a total value of aarudranstibial socket design and production wasutaied.

1 Introduction production of prosthetic devices and a fast, namtaoxt and

The current trend in various areas of medicine anjasteless device development process [8]. Howeher,
rehabilitation is the digitization of measurementda disadvantage of using CAD/CAM procedures can be the
production processes using software applicatiomghe input costs for production technology and softwareich
field of prosthetics and orthotics in the SlovakpRelic, can be discouraging for CPOs (certified Prosthetist
however, conventional methods of designing an@rthotist) and O&P (Orthotic and Prosthetic) comipan
manufacturing lower limb prosthesis sockets stiéhvail. ~from lower income countries like Slovakia.

Despite the significant progress in medicine, th@ber of The aim of this research is to present the uséef t
amputations performed has a constantly increasifggely available CAD software Meshmixer (Autodesk.|
tendency, while the number of amputee patientwiimfe  San Francisco, U.S.A.) for the design of individual
is expected to increase from the current numb@be§850 transtibial sockets of lower limb prostheses, whirk
thousand to 3,5-4 million individuals over the nebg Suitable for production through the low-cost FDMigEd
years. Among the most common indications that kead Deposition Modeling) additive manufacturing tectogy.
this rapid increase in planned amputations of tiveet

limbs are diseases such as diabetes mellitus, niche 2 M ethodology

disease of the lower limbs, cancer and amputatiena The design of an individual transtibial socket bé t
result of trauma. The number of amputations due tower limb prosthesis in Meshmixer software corssgdt2
civilizational diseases will continue to increasedo the steps:

aging of the population. Approximately 70-80% of 1. Editing of the obtained 3D scan of the stump and

amputees are older than 50 years, and in 75-8084Asefs, creation of an individual positive.
amputations of the lower limbs are involved [1,2]. 2. Design and creation of a 3D model of the
For these reasons, digitization of the design pooé transtibial socket.

lower limb prosthesis sockets seems to be neceddsing

modern CAD (Computer Aided Design) procedures an@l Editing of the obtained 3D scan of the stump
CAM (Computer Aided Manufacturing) technologiessit and creation of a virtual positive

possible to produce functional, individual prosthetids A low-cost handheld optical 3D scanner Creality CR-
that bring many benefits compared to commonly usegiCAN 01 (Creality 3D Technology Co., Ltd., Shenzhen
methods [3-7]. The main advantages are lower ¢ostse  China) is used to acquire the positives. The reisoiu
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of the device must be sufficient for use in thddfief
prosthetics and orthotics [9-11]. With the helpaoBD
scanner, the topography of the place of interesiained,
in this case it is the area of the stump on thestomb.
Some types of 3D scanners can also record theréextu
(color) of the scanned surface, according to wiaehcan
divide the methodology into:

a. Creation of an individual positive without texture,

b. Creation of an individual positive with texture.

Before the actual scanning, it is advisable to vitep
area of interest with food foil in order to createstump
surface with overall surface compression. If iaiscan
with a 3D scanner capable of recording textureisit
possible to mark the cutting line of the proposmtket and
compression and relieved places on the foil-wragpeahp
with a marker. It is also possible to highlight sitime or
painful areas. These sketches on will be helpfaet@ating
an individual positive.

Correct positioning of the given segment is imputrta
during scanning. The positioning of the subjectaels on
the type of scanned stump. When scanning the toaist , ; ,
stump of the lower limb, it is necessary for tharseed
subject to sit and have the segment of the givab iin
extension. Subsequently, a scan is performed in t
transverse plane of the segment in order to caphee
surface of the residual part of the limb. Emphésialso
placed on the distal end.

The obtained 3D scan of the stump of the residlnd, |
exported in the correct format, is further modifieda
suitable CAD software. This 3D scan model is used ;.
create a virtual positive of the stump on which @®&D
socket of the prosthesis is designed.

Figure 1 Editing of the obtained 3D scan of thergtand
creation of a virtual positive

Creating an individual positive with texture
First of all, it is necessary to remove artifactel a
nnecessary areas of the obtained 3D scan model.
bsequently, the reduction is applied to the gimedel:
1. 3-5% in the transverse plane (XY plane) for the
entire 3D model
2. 5% to the distal end (approx. 5-7 cm long)
longitudinally to the axis of the bone
After the reduction is done, it is necessary toegate
loaded and unloaded places using the sketelpasred
on the 3D models of the scan (Figure 2-1). Negative
extrusion with a value of -3 mm is applied to tbad-
bearing areas and positive extrusion with a vafuelgh
mm for relieved areas (Figure 2-2). It is importdrat the
borders of these places have smooth transitiontheo
undeformed zones of the positive (Figure 2-3). Afte
final inspection and final smoothening of the dstait is
possible to start designing the 3D model of thé&esbc

211 Creating an individual positive without
texture
First of all, it is necessary to remove artifactel a
unnecessary areas of the obtained 3D scan modgiré-i
1-1). Subsequently, the reduction is applied togiven
model:
1. 3-5% in the transverse plane (XY plane) for the
entire 3D model.
2. 5% to the distal end (approx. 5-7 cm long)
longitudinally to the axis of the bone.

1 2 3

After performing the reduction, it is necessary to
generate loadable and relieved places (Figure 1A2).
negative extrusion of -3 mm is applied to genelaael-
bearing areas and a positive extrusion of +1,5 ram i
applied to unloaded areas (Figure 1-3). It is ingodrthat
the borders of these places have smooth transitiotie
undeformed zones of the positive (Figure 1-4). Iyini
is possible to make a superstructure on the dsidalof ~ Figure 2 Creation of a virtual positive from a scabmodel
the positive (Figure 1-5), which is positioned widually with texture
according to the shape of the positive. After thealf
inspection and final smoothening of the details,isit
possible to start designing the 3D model of theksbc
(Figure 1-6).
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2.2 Design and creation of a 3D model of the
transtibial socket
Design of an individual transtibial socket can bede
by 2 methods, according to the method of virtuadifpee
creation. These methods are:
1. Design and creation of a 3D model of a transtibial
socket from a positive without texture.

2. Design and creation of a 3D model of a transtibial
socket from a positive with texture.
221 Design and creation of a 3D model of a

transtibial socket from a positive without
texture
The process of creating a transtibial CAD sockanfr
a positive without texture (Figure 3) consists aftéps:

1. Sketch of the cutting line of the socket and
marking of the inner surface of the socket.
Formation of the inner surface of the socket
(extraction of the obtained inner surface of the
socket from the virtual positive by a distance of 0
mm).

Creation of a 3D model of the socket anc
separation of the 3D model of the socket from th
positive (displacement of the obtained surface &
a value of +3 mm).

Creating a hole for the valve (inner diameter o
the hole = 10 mm, outer diameter of the hole = 1
mm).

5. Surface smoothing and final inspection.

2.

Figure 3 3D model of the transtibial socket (1 enfrview, 2 —
rear view, 3 — side view, 4 — side view withoutitpes

222

Design and creation of a 3D model of a
transtibial socket from a positive with texture
The process of creating a transtibial CAD sockanfr

a positive with texture (Figure 4) consists of &pst

1. Sketch of the cutting line of the socket and
marking of the inner surface of the socket
according to the sketch on the positive.
Formation of the inner surface of the socket
(extraction of the obtained inner surface of the
socket from the virtual positive by a distance of 0
mm).

Creation of a 3D model of the socket and
separation of the 3D model of the socket from the
positive (displacement of the obtained surface by
a value of +3 mm).

Creating a hole for the valve (inner diameter of
the hole = 10 mm, outer diameter of the hole = 13
mm).

Surface smoothing and final inspection.

I
9

Figure 4 The process of creating a transtibial Cédazket from
a positive with texture

2.

1

2.3 Additive manufacturing of a transtibial CAD
socket

The preparation of CAD models for additive
manufacturing consists in uploading the model te th
software intended for setting individual parametr8D
printing. The choice of software depends on thetiagd
manufacturing technology used. Since prosthetiketsc
are designed for production using FDM technology,
suitable software for setting printing parametess for
example, freely available PrusaSlicer (Prusa Rebkear
Prague, Czech Republic).

In the first step, it is necessary to choose tipe tyf
printer used for the production of the 3D modek th
printing accuracy setting, the type of filamentdiger the
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production of the object and the density of thenfjl of the Correct positioning of models on the 3D printer's
object being produced. After establishing theseicbasvirtual work platform is very important in terms finting
conditions, it is necessary to import a 3D modéb ithe  efficiency and output quality. Depending on howrtiedel
software interface. After importing the model, & i is positioned, the support structure is generatatl the
necessary to check and possibly overwrite the priorientation of the layers is also determined. Ftioat point
settings. These can be set manually, or preseiva@ft of view, itis important to position the socket nebdo that
parameters for the given material can be seledfbéd. no support structures are created on the contefeices of
printing parameters change depending on the mhterthe models. Support structures can affect the tyuaflithe
used. surface in these places, which can deform the sbiaibe

After choosing the printer, filament and printingcontact surface and thus negatively affect the alver
parameters, it is necessary to correctly positten 3D quality of the model. However, the orientation ot
model of the prosthetic socket. This type of moidel layering is important in terms of the strength goadlity of
oriented in a way that the axis of the model ippadicular the model's surface. Since the possibility of baggkmust
to the working platform of the printer (Figure 5). still be taken into account between the individagérs, it
is important to position the aids in such a way tiracks
do not appear on the aid after the action of eatdiorces
(mainly bending). Layering also affects the locaiface
quality of the models. Since with FDM 3D printinidpe
accuracy is higher in the X and Y axes, the surtddbe
model is more accurate on surfaces oriented hae#igno
the work platform.

When positioning the prosthetic socket model, it is
important to orient the model so that the axishefinodel
is perpendicular to the working platform of thenpeir. In
that case, no supporting structures will be gerdrah the
inner surface of the socket, and due to the ottientaf the
layering, the contact surface will be of betterliyaSince
in the additive manufacturing of the prosthetickstdt is
important that the surface quality is the greatestthe
. : inner surface, it is important to position the mioske that
3 _ReSUItS and dlscgsson ) . its distal end is in corF:tact with ’?he working ptath and

Since the data acquired while 3D scanning is used e gocket walls are oriented perpendicular tonitthis
de3|g_n prosthetic dewcg; it is ideal to scarhe_tltbwest way, no Support structure is generated on the isadace
possible frequency (minimum 3 fps) to avoid randomt the socket. With this positioning, due to théeotation
errors during scanning and to reduce the amouda@®  ihe |ayers, there will be no weak spots for beggthus
acquired. The disadvantage is that these scanmers fBreventing the occurrence of cracks.

connected to the PC with cables. Therefore, it iS A yo1a] value of a transtibial CAD socket has been
recc_)mmended to have free s_pace_around the scanpeg ulated, since the goal was to propose a low-cos
subject for movement and manipulation of the scarlhe | vion for custom transtibial socket design and

is advisable to perform a scan of the area oféstesn the |\ ~tion using modern approaches. A total of 7

1st attempt, which removes the random surfaGgyiiqual transtibial sockets have been designgdhie
deform_atlon of the 3D mo_del dur!n_g subsequent mergi proposed CAD socket design methodology. Data réugurd

of multiple scans. For beginners, itis not recomde® 10,6 naterial and time consumption of designing and
interrupt the scan (by pausing) in order to avoshmal o0 facturing these CAD sockets have been used to
merging of the scans in the software, where thesscauld 5 icylate and average value of a single transti®iaD

be misaligned. . o . socket (Table 1).

The parameters set in the individual transtibialDCA  1ha value of a 3D scan is around 50 euros for t.hou
socke.t design methc_)dology is stated base_d on _tmﬁile the 3D scanning process of the lower limbsdoet
e)|<per::=_nce r?f CPOs in COP, s.ro. con;panydl_n KS'C xceed this length. Work with data, adjustment hef t
Slovakia. These parameters can vary depending ®n {)a| positive and the design of the transtilsatket can
specific subject, for which the socket is beinggiesd for.  p . o\ ajuated as a CAD modeling service, the vafue o

The indiyidual positive of the transtibial Iowemli_) which is usually in the range of 30-40 euros parh@he
stump creation methodology can be used not Oryba@SIS  jegign of the transtibial socket using the proposed

for CAD socket design, but also for stump positive,ahqgology can be created in 1 hour, in a comigita
production using CNC (Computerized Numerical CAtro .ose in 2 hours.

milling machines. Using this technology it is psito From this evaluation we can state that the vale3
combine modern and traditional way of socket prédac .5 and CAD design of a transtibial socket casebet

ST

Figure 5 Correct positioning of the 3D model of #ueket on
the work platform of the FDM printer
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Table 1 Individual transtibial socket material atishe
consumption by FDM production

Socket | Material Material |Time of production arthroscopic applications.
weight [g]| lenght [m] [hh:mm]

S1 20€.5¢ 69.27 23:3¢ References
Sz 42C.97 14114 52:3¢ [1] University of Salford, Manchester, Limbless Statist
S 29€.2¢ 99.33 35:2¢ Annual Report: Example (No Data), [Onling],
S4 23¢.8¢8 80.43 28:4: Available: https://shop.salford.ac.uk/product-
SE 234.2C 78.52 28:21 catalogue/university-goods-and-services/limbless-
SE 331.5€ 111.17 43:5( statistics/limbless-statistics-annual-report-exam-
S7 | 27c.68 93.77 35:17 data [18 Jul 2023], 2023.

Averagd 289.59 96.23 35:23 [2] Narodné  centrum  zdravotnickych  informacii,

Statistické vystupy, [Online], Available:

The approximate value of the material needed for Nttps://www.nczisk.sk/Statisticke_vystupy/Pagesidef
transtibial socket production using FDM technoldgy ult.aspx [18 Jul 2023], 2023. (Original in Slovak)
6.50 euros when using PETG (Polyethylene terepitthal [3] PATHAK, V.K., NAYAK, C., SINGH, AK,
glycol) material and 8 euros when using PLA (Pdiita CHAUDHARY, H.: A virtual reverse engineering
acid) material. To this value, it is necessarydo the value methodology for accuracy control of transtibial
of the preparation of the 3D printer, which is natiy3.50 prosthetic  socket, Biomedical ~ Engineering:
euros per hour. Preparation can take 1-2 hours.(max Applications, Basis and Communicatioh®l. 28, No.
euros). 05, p. 1650037, 2016.

The final value is calculated by adding the maximum _ https:/doi.org/10.4015/s101623721650037x
determined value of the CAD design to the averadeev [4] NICKEL, E.A.: Strength testing of definitive traitsal

by selected type of production using selected rzdser
(Table 2).

Table 2 Total value of a transtibial CAD socket nifactured
using FDM technology

[5]

Technology- | Design | Manufacturing  Total
Materia [euro] [euro] [eurQ]
FDM-PLA 12C 15.0C 135.00
FDM-PETC 12C 13.5C 133.50

[6]
4 Conclusions

From the statistical point of view the digitizatiohthe
design process of lower limb prosthesis socketmsde
be necessary. Using low-cost 3D scanning and CAMCA
technology it is possible to design and producéviddal
transtibial sockets. As a result, a transtibiahgiypositive
and custom CAD socket design methodology is prapose
From the calculation that has been made we canatatal
value of a transtibial CAD socket design and prdidac (8]
using low-cost CAD/CAM solutions. This value is
important for CPOs or O&P companies for considering
using the proposed methodology in their practice.
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