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Abstract

Introduction Digital technologies used for lower limb amputation patients wearing prostheses are mostly experimental due to the
complexity involved in model development of the stump socket. The objective was to develop a technique for additive manufacturing
of lower limb prosthetic sockets to minimize negative results using a three-dimensional model of a prosthetic socket and considering
anatomy and functionality of the stump. Methods The review included 20 lower limb amputees who were assigned to 3 groups
depending on the method of stump scanning. Results The results of prosthetics were evaluated with the stump scanned naked (n = 9),
covered with a silicone cloth (n=6) and with the use of embedded components (n = 5). The results of clinical and instrumental
examination showed the advantage of the scanning method offered. The symmetry index for the time of foot roll-over was 0.55 * 0.14
in the first group, 0.63 * 0.07 in the second group, and 0.85 * 0.04 in the third group. Discussion The best results of prosthetics in
third group were associated with the most favorable load distribution in the receiving cavity of the prosthetic socket due to embedded
components. In these cases, processing the digital model was simplified with no need to unload bone prominences. With scanning of a
naked stump, processing a digital model was complicated and required professional skills. This solution had the potential to prevent any
sort of direct physical contact to avoid inadequate modeling of the computer model of the prosthetic socket. The use of a silicone liner
allowed reducing the pressure on the bone prominences. With a sharply skeletonized stump, the elastic properties of the liner were not
enough and could cause injury to the tissues. Conclusions The findings suggested that improved quality of prosthetics was dependent
on the technique used to scan the stump. The use of pre-installed embedded components allowed for effective load distribution in the
prosthetic socket and created favorable conditions for prosthetic use.
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INTRODUCTION

Broad-scale development of digitalization of the stump, computer processing of an electron geometric

different aspects of human life is also reflected in
medicine, namely, in prosthetics for people with
amputated limbs. The advantage of the technology
includes the automated work of a prosthetist reducing
the role of the human factor in the manufacturing of
prosthetic and orthopaedic products. The first attempts
to formalize the process of manufacturing the stump
sockets were made in the middle of the last century. An
example of this was a sleeve of maximum readiness
that could be offered for a particular patient from
a standard range [1]. However, the technology had
no wide applications due to the high variability of
the anatomical features of the amputated limb and
unavailability of tailored sockets for the transtibial
stump. Additive technologies using 3D printing were
helpful in the solution of the problem [2, 3]. Prosthetic
socket is the most important component of a prosthesis.
The final result of prosthetics depends on the quality of
the manufacture.

With an adequately fabricated socket, the result
of prosthetics will be positive, regardless of the
functionality of the prosthetic modules. This principle
also applies to additive technologies [4]. The process
of manufacturing stump sockets using additive
technologies includes the following steps: scanning of

model (EGM), printing of a receiving sleeve with a 3D
printer [5-7]. Scanning of the stump and processing of
a digital model of the amputated limb are most critical
steps in the chain [8].

Despite the deceptive simplicity of the process, this
type of prosthetics has not been introduced into mass
production at prosthetic and orthopaedic enterprises and
is mostly experimental. The descriptions are not included
in the technical information published by the leading
manufacturers of prosthetic and orthopaedic products,
such as OTTO-BOKK, Blechtford, Ossyur. The
technology is also unavailable in the national standards
of the Russian Federation [9—11]. The complexity
of computer correction of EGM using the available
software [12] can be one of the reasons for the slow
introduction of additive technologies into the prosthetic
practice and leads to insufficient correspondence of its
parameters to the anatomical and functional features of
the amputated limb.

The aim of our work was to develop a methodology
that would increase the percentage of positive results with
the use of digital technologies in the prosthetic patients
after transtibial amputation, and create conditions for the
introduction into the large-scale prosthetic and orthotic
supply system.
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MATERIAL AND METHODS

The review was based on the results of prostheses
used for 20 amputees who were supplied with therapeutic
and training prostheses manufactured through additive
manufacturing technologies. The study involved
patients aged 18 to 74 years with no defects and diseases
of the stumps that prevent prosthetics. There were 16
male and 4 female patients. The inclusion criterion was
the presence of unilateral amputation at the level of
the upper and middle third of the tibia. The exclusion
criteria were cases with tibial stump that required
surgical or conservative treatment for prosthesis.
Written consent was obtained from all patients for
experimental prosthesis and using instrumental and
clinical examination.

The study was performed in accordance with the
ethical standards of the Declaration of Helsinki of
the World Medical Association "Ethical principles
for conducting scientific medical research involving
humans" as amended in 2000, "Rules of Clinical
Practice in the Russian Federation", approved by Order
of the Ministry of Health of the Russian Federation
dated June 19, 2003 No. 266. The study received a
favourable opinion from the relevant research ethics
committee approved by the Ethics Committee at the
Federal State Budgetary Institution Federal Research
Center named after N.I. G.A. Albrecht, the Ministry
of Labor of Russia. The tasks included development
of medical and technical requirements for receiving
sleeves of tibia prostheses, testing various methods for
scanning a stump, improvement of the scanning methods
and subsequent processing of an electronic model of
the tibial stump, 3D print of the sleeves performing
experimental prostheses.

We had formulated medical and technical
requirements for stumps manufactured with additive
technology including:

— the use of the principle of full-contact prosthesis
with the distal portion of the stump being borne with
the weight;

— the load in the receiving sleeve to be distributed
mainly to areas that are most adapted to the weight
including patellar tendon, the medial tibial condyle, the
lateral surfaces of the stump towards the tibia and fibula,
and the towards the buttend of the stump with a short
tibial stump;

— bone protrusions including the fibular head, Gerdy
tubercle, tibia crest and the bone saw should be free
from the load;

— the inner surface of the sleeve should be smooth,
without constrictions and folds providing a good contact
for the stump tissues and the wall of the stump sockets
matching volumetric dimensions of the stump.

The manufacturing process of the receiving sleeve
included scanning of the stump, digital processing of
an electronic model, modeling of the size and shape of
an individual module, orientation of the adjustment and
connection device (ACD) relative to the biomechanical
axis of the lower limb, 3D print of the receiving
sleeve. Scanning was produced with the Structure
Sensor Pro scanner [13]. Scan processing and sleeve
modeling were performed using Meshmixer [14],
Rodin4D [15], Autodesk Fusion 360 [16] software.
Idea Maker program was used for preparation for
3D print [17]. A Raige3DPro2Plus 3D printer with a
PETG (polyethylene terephthalate glycol) filament
was used for printing [18]. Considering that the stump
scanning was the most important stage for prosthesis
manufacturing various options were employed.
Patients were divided into three groups depending
on the scanning method used. Patients of the first
group (n =9) had a bare stump scanned, scanning for
patients of the second group (n=6) was produced
with a silicone cover on. Scanning for patients of the
third group (n = 5) was performed with the technology
offered using individually manufactured embedded
components. The preparation of the tibial stump
for scanning was identical for the three groups. The
patient was seated on a chair with the stump slightly
bent at the knee joint. The flexion angle was dependent
on the length of the stump and measured 25° with a
short stump, 15° with a stump in the middle third and
10° with a long stump. The operator scanned the stump
from all sides, so that the entire surface of the stump
was enclosed by the scanner lens. Since the shape
of the stump scan was significantly different from
the sleeve shape, correction of the EGM model was
produced with the above software. The most complex
adjustment was produced for patients of the first group
and included unloading of the stump areas that were
not adapted to pressure and transferring them to areas
capable of receiving it.

The method of digital processing of receiving
sleeves was as follows. Successful modeling of the
tibia socket required a high-quality 3D scan of the
stump that reflected all the anatomical features of the
stump and embraced the entire surface [19, 20]. The
EGM modeling algorithm with the digital method
was similar to the modeling of a gypsum positive
using traditional methods. Tibial condyles, fibula
head, the tibial crest and tuberosity, the bone saw, in
particular, were moulded using the CADS (computer-
aided design system) Rodin4D, especially in the area
of (Fig. 1). The EGM model was corrected according
to the parameters mentioned in Table 1.
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o« &b Patellar tendon 2mm

« 1l Basic tools

o @ Ind2mm

o« &b Fibular head 2 mm

o« &b Saw site 2 mm

o« &b Tibial crest 3 mm

o« &b Lateral aspect of the stump 1 mm
o« @b Medial aspect of the stump 1 mm
v ‘ Medial supracondyle 2 mm

o« &b Lateral supracondyle 2 mm

o @ Posterior wall 2 mm

o« l Complete smoothing

Fig. 1 Algorithm of operations and model with modification
zones

Table 1
Simulation parameters of the electron-geometric model
Patellar tendon, mm -2.2
Stump areas | Medial tibial condyle, mm -2.0
to be loaded | _ateral stump surfaces, |lateral | -1.0
mm: medial | -1.0
Stump Fibular head, mm +2.6
areas to be | Tibial crest, mm +3.1
unloaded Saw site, mm +3.5

An additional 3.5 cm on average was included
in the EGM for lengthening the receiving sleeve to
allow a contact-support element (CSE) to be placed
under the stump (Fig. 2). This space was used later
for the installation of CSE that could be manufactured
individually from foamed polyethylene, silicone or
being commercially available.

Distto piane B 155ma} Cistto plane B 17Cmm

LERRH
AP m, 15men) [+ Crmm, + AP : 681 (53mm, 15mm) (Omm, 0%}
AL 128mm (Omvm, 0%) ML 128mm Oree

Gir: 324mm (+0m, 0%) Cir:32

Fig. 2 EGM of the receiving sleeve of the tibia, view from the
medial surface: (a) distance from the distal plane to the point
measuring 155 mm; (b) distance from the distal plane to the
point measuring 170 mm

Patients of the second group had the stump scanned
with a silicone cover on, according to the method

described above. The proximal edge of the sleeve was
marked only when processing the EGM. The areas of
the stump that required unloading were not modeled
with the silicone layer of the sheath ensuring uniform
distribution of the load over the entire surface of the
stump, and thickened distal part of the sheath made
provided the end support of the stump.

Our original technique of scanning the tibial
stump was used for patients of the third group with
pre-fabricated CSE and cushion pads to provide a
socket corresponding to the anatomical and functional
features of the truncated limb. The technology was
based on the principles of full-contact prosthesis that
were commonly used in the manufacture of tibial
prostheses at the G.A. Albrecht Centre [21]. The
technology included the production of an individual
CFU and cushion pads made of foamed materials
(foamed polyethylene, polyurethane). The purpose of
a tailored CSE was to:

— provide partial support on the end of the stump for
even distribution of the load on the proximal surface of
the stump;

—reduce piston-like movements of the stump in the
receiving cavity;

— prevent venous stasis in the distal part of the stump
that could occur due to clamping of the saphenous veins
with excessive load on the sleeve wall,

—increase the contact surface between the wall of
the sleeve and the surface of the stump that provided
feedback in the human-prosthesis system for confident
control of the prosthesis.

The purpose of the cushion pads was to create a
softened contact of the bone protrusions with the wall
of the sleeve to prevent injury to the soft tissues. The
manufacturing technology of CSE was as follows. A
cone-shaped blank was cut out 5-6 cm using a sheet of
foamed polyethylene or polyurethane 20 mm thick larger
than the diameter of the stump. The blank was heated
in a heating cabinet at a temperature of 120-130 °C for
10—15 minutes. At the next stage, the workpieces heated
in a heating cabinet were placed on the end of the stump,
and the assistant pulled on a nylon cover from above.
The workpiece was tightly crimped according to the
shape of the distal part of the stump by the hands of
a technician who performed the modeling of the CFE
until the workpiece was completely cooled. The CSE
produced in this way was cut circularly along the upper
edge within its irregularities and defects formed during
the molding. Then, the side walls were cut with a knife
and processed on a cone-polishing machine until they
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became thinner to smoothly transit to the distal part of
the stump.

Cushioning pads cut out of a sheet of foam material
4-5 mm thick were used to unload bone protrusions
(the fibular head, the tibial crest at the site of the bone
saw). Gaskets were heated in a heating cabinet at a
temperature of 120° and blocked along the stump.
Before scanning, the FOE was placed under the end
of the stump, the pads were mounted over the bone
protrusions. A thin nylon or silicone cover was pulled
on top, which the patient hold taut. It was necessary
to ensure that the pads did not move from the bone
protrusions, and the CFU was a continuation of the
patient's stump (Fig. 3).

[ToapeccopuBaromHe
NPOKTAJKH

KO3

Fig. 3 Positioning of the stump before scanning

The use of prefabricated CSEs and cushion pads
allowed for an EGM to look at the unloading zones with

no need to model these zones. This greatly simplified
the process of digital processing of the model and
eliminated possible errors that could lead to a negative
result. The formation of the proximal edge of the
receiving sleeve was performed according to generally
accepted principles [22-23] and was common for all
groups during EGM processing [22-23].

Sleeves with a gripping patella of the PTS type
(Prothese-Tibiale-Supracondylienne), with a cut-out
patella of the PTB type (Patellar-Tendon-Bearing) or
KBM (Kondylen-Bettung-Miinster) are commonly
used for manufacturing tibial prostheses. The shape of
the proximal part of the receiving sleeve depends on the
length of the stump. A sleeve with a PTS type kneecap
grip can be used for a short tibial stump after amputation
at the level of the proximal metaepiphysis providing
reliable fixation of the limb in the socket.

Sleeves without capturing the patella of the PTB or
KBM type can be used for a tibial stump in the middle third
and below. Movements in the knee joint are not limited
with these designs. A silicone knee pad is additionally used
to fix the prosthesis to the leg. The results of prosthetics
were evaluated using clinical and instrumental methods
in accordance with GOST R 53871-2021 “Methods
for assessing the rehabilitation effectiveness of lower
limb prosthesis” [24]. Duration of prosthetic use, pain,
appearance of abrasions, namin, and hemodynamic
disturbances in the truncated limb were evaluated during
physical examination. The instrumentation examination
was performed using the DiaCled-M hardware-software
complex [25] which was used to record the temporal
characteristics of the step, the time of the rolling over the
foot of the prosthetic and preserved limb. The obtained
data were processed using the SPSS Statistics 28 program.
The nonparametric Mann-Whitney U-test was used for
small independent samples. Differences between samples
were considered statistically significant at p < 0.05.

RESULTS

Clinical assessment of the results of prosthetics
was performed using the following principle. Patients
with poor outcomes experienced pain in the stump,
discomfort when walking. Physical examination showed
hyperemia of the skin at the sites of excessive load and
venous stasis in the distal stump. They could walk for at
least 15-20 min. Patients with fair outcomes had slight
or no pain. No trophic disorders were noted in the tissues
of the stump. They could use the prosthesis for 1-3
hours per day. Patients with a good result had no pain,
discomfort at the gait and trophic disorders. Walking

time was not limited. The results with experimental
prostheses are presented in Table 2.

As can be seen from the presented data, the number of
fair and poor results was approximately the same in the
first group. Poor results in the first group of patients were
caused by insufficient conformity of the socket to the
anatomical shape of the stump that resulted in abrasions,
creases, discomfort and limited time for using the
prosthesis. The outcomes in the second group of patients
were more positive and were associated with the use of a
silicone cover providing less pressure in the problematic
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areas due to damping. The patients had greater comfort
of prosthesis use preventing the occurrence of trophic
changes on the limb. The best results were observed in
the third group of patients whose stumps were scanned
using the method we offered with a pre-installed CSE
and cushions. In this case, minimal correction of the
EGM was required that resulted in reduced percentage
of inadequate manipulations in the socket modeling and
allowed effective unloading of the stump areas that were
not adapted to the load. Clinical findings were confirmed
by the results of instrumentation examination that are
presented in Table 3.

Patients whose stump was scanned with pre-installed
CSE and spring elements showed a significantly better
result as compared to the first group of naked stump
scan (Mann-Whitney U-test 35, p < 0.05). There were
also statistically significant differences between the

third and second groups (Mann-Whitney U-test 13,
p <0.05). The highest symmetry factor (0.85 & 0.04)
was observed in patients of the third group that
indicated absence of discomfort at the gait and a higher
quality of prosthesis.

There is a clinical instance of an 18-year-old patient
Z. diagnosed with a stump of the left tibia in the lower
third. He had never used a prosthesis. A therapeutic
and training leg prosthesis was manufactured using
additive technology. The prosthesis with the PTB
socket had full contact with CSE, without a silicone
cover unloading bone protrusions having attachment
with silicone knee pad. He learned to walk using
the prosthesis (Fig. 4) and could ambulate without
additional support on discharge.

The result of the instrumentation examination of
patient Z. is shown in Figure 5.

Table 2
Results of prosthetics with experimental prostheses
Scanning technique Poor (n) Fair (n) Good (n)
First group, naked stump scan 4 5 —
The second group, scanning with a silicone cover - 3 3
Third group, scanning with pre-installed CSEs u cushions — — 5
Table 3

The results of the instrumentation estimation using the HSC "DiaSled-M" (data are presented as M + Sd, where M is the
mean value, Sd is the standard deviation, n is the number of patients)

Roll phase, sec. (values are average for the group)
Group prosthetic leg intact leg Symmetry factor
First group, naked stump scan (n = 9) 0.5+0.16 0.9+0.12 0.55+0.14
The second group, scanning with a 07 +0.08 114013 063 +0.07
silicone cover (n = 6) ) ) ‘ ' ' )
Third group, scanning with pre-
installed CSEs u cushions (n =5) 0.6+0.08 0.7+0.09 0.85+0.04

Fig. 4 Patient Z. using an experimental therapeutic
and training prosthesis (a), an electron-geometric
model of a receiving sleeve (b)

499
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Right leg

Fig. 5 Diagram of the integrated loads on the legs of patient Z. at the gait measured with the HSC "DiaSled-M"

The graphic structure are significantly similar for
both legs that indicated a symmetrical gait and absence
of pain in the truncated limb with use of the prosthesis.

The rollover time from heel to toe was 0.6 sec. in the
amputated limb and 0.7 sec. in the normal limb. The
symmetry coefficient was 0.85.

DISCUSSION

The sleeve is the most important part of the prosthesis
to ensure adaptation to the shape of the amputated
extremity of individuals with lower-limb amputation.
The main objective of the study was to develop an
additive technology for manufacturing a stump receiver
with the shape that would most fully correspond to the
anatomical and functional features of the amputated
limb. Manufacturing of the stump socket included three
stages: scanning of the amputated limb, creation of
an EGM, modeling of the initial model using software
(CAD) and being consistent with the anatomical and
functional features of the stump, printing a receiving
sleeve with a 3D printer. Scanning and processing of the
EGM of the receiving sleeve were most crucial in the
process aimed at unloading of the stump areas that were
not adapted to pressure and transferring them to load-
tolerant areas. The process was similar to the processing
of a positive plaster cast in the traditional fabrication
approach for prostheses [26-28]. From our point of
view, the main disadvantage of the technique was the
lack of direct contact between the prosthetist and the
patient. It was difficult to identify and adequately model
the corresponding parts of the stump with EGM. Some
authors [29] suggest combining EGM with a tomogram

of an amputated limb to improve the quality of modeling.
The technique can improve EGM processing but is
difficult to be used with inaccessible tomography and the
presence of radiation exposure. The most common stump
scanning is performed with a silicone sheath on [30-32].

Elastic properties of the cover are helpful for
reduced pressure on problematic areas. However, the
damping properties of the silicone sheath can be limited
with a sharply skeletal stump and lead to tissue injury
with the wall of the receiving sleeve in the distal parts,
in particular. The price of silicone covers is quite high
that leads to a significant increase in the cost of the
entire prosthesis.

The method offered for scanning transtibial stump
with pre-installed embedded elements can be considered
as one of the options for obtaining EGM. The technique
allowed us to significantly simplify the process of EGM
formation with no need for digital modeling of the distal
part of the stump and areas of bone prominences. The
availability of an individually manufactured CSE made
of foam materials can simplify the process of regulating
the load on the distal stump and prevent the occurrence
of pathological conditions associated with irrational
prosthesis.

CONCLUSION

1. The result of prosthesis after lower limb
amputation using additive technologies largely depends
on the method of scanning of the amputated limb.

2. The technique offered for scanning the transtibial
stump with pre-installed embedded elements could
simplify the subsequent computer processing of EGM

and improve the quality of prosthesis by forming a

receiving cavity of the prosthesis in accordance with
the anatomical and functional features of the amputated
limb.

3. The technology of additive manufacturing of
stump receivers can be used for primary prosthesis
after transtibial amputation in inpatient and outpatient
settings.

Genij ortopedii. 2022. Vol. 28, no. 4



Original Article

REFERENCES

1. Zabelin L.P. Protez goleni [Leg prosthesis]. Author’s license no. 501758 SSSR, A 61 F 1/08, 1974. (in Russian)

2. Prikhodko A.A., Vinogradov K.A., Vakhrushev K.A. Mery po razvitiilu meditsinskikh additivnykh tekhnologii v Rossiiskoi
Federatsii [Measures for the development of medical additive technologies in the Russian Federation]. Meditsinskie Tekhnologii.
otsenka i vybor, 2019, no. 2 (36), pp. 10-15. (in Russian) DOI: 10.31556/2219-0678.2019.36.2.010-015.

3. Shkrum A.S., Katasonova G.R. Tendentsii primeneniia additivnykh tekhnologii v razlichnykh predmetnykh oblastiakh i v
meditsinskoi sfere [Trends in the use of additive technologies in various subject areas and in the medical field]. Uralskii Meditsinskii
Zhurnal, 2020, no. 5 (188), pp. 216-220. (in Russian) DOI: 10.25694/URM1J.2020.05.38.

4. Wang Y., Tan Q., Pu F.,, Boone D., Zhang M. A Review of the Application of Additive Manufacturing in Prosthetic and Orthotic
Clinics from a Biomechanical Perspective. Engineering, 202, vol. 6, no. 11, pp. 1258-1266. DOI: 10.1016/j.eng.2020.07.019.

5. Paterno L., Ibrahimi M., Gruppioni E., Menciassi A., Ricotti L. Sockets for Limb Prostheses: A Review of Existing Technologies
and Open Challenges. [EEE Trans. Biomed. Eng., 2018, vol. 65, no. 9, pp. 1996-2010. DOI: 10.1109/TBME.2017.2775100.

6. Vitali A., Regazzoni D., Rizzi C., Colombo G. Design and Additive Manufacturing of Lower Limb Prosthetic Socket. ASME 2017
International Mechanical Engineering Congress and Exposition, 2017, vol. 11. DOI: 10.1115/IMECE2017-71494.

7. Campbell L., Lau A., Pousett B., Janzen E., Raschke S.U. How infill percentage affects the ultimate strength of 3D-printed transtibial
sockets during initial contact. Can. Prosthet. Orthot. J., 2018, vol. 1, no. 2. DOI: 10.33137/cpoj.v1i2.30843.

8. Soh AK., Soh C.K., Lau W.S. Method for the design and analysis of a non-linear anisotropic lower limb prosthetic socket. J.
Biomed. Eng., 1990, vol. 12, no. 6, pp. 470-476. DOI: 10.1016/0141-5425(90)90056-s.

9. GOST R ISO 13405-1-2018. Protezirovanie i ortopediia. Klassifikatsiia i opisanie uzlov protezov. Chast 1. Klassifikatsiia uzlov
protezov [State Standard R ISO 13405-1-2018. Prosthetics and orthopedics. Classification and description of prosthesis nodes. Part
1. Classification of prosthesis nodes]. Moscow, Standarinform, 2018, 3 p. (in Russian)

10.GOST R 53869-2021. Protezy nizhnikh konechnostei. Tekhnicheskie trebovaniia [State Standard R 53869-2021. Lower limb
prostheses. Technical requirements]. Moscow, Standarinform, 2021, 10 p. (in Russian)

11.GOST R 51191-2019. Uzly protezov nizhnikh konechnostei. Tekhnicheskie trebovaniia i metody ispytanii [State Standard R 51191-
2019. Nodes of lower limb prostheses. Technical requirements and test methods]. Moscow, Standartinform, 2019, 8 p. (in Russian)

12.Faustini M.C., Neptune R.R., Crawford R.H., Rogers W.E., Bosker G. An experimental and theoretical framework for manufacturing
prosthetic sockets for transtibial amputees. /[EEE Trans. Neural Syst. Rehabil. Eng., 2006, vol. 14, no. 3, pp. 304-310. DOI: 10.1109/
TNSRE.2006.881570.

13.Structure Sensor Pro. Available at: https://structure.io/structure-sensor-pro (accessed 19.08.2021).

14.Meshmixer. Available at: https://www.meshmixer.com (accessed 19.08.2021).

15.Rodin4D. Available at: https://www.rodin4dd.com/en/ (accessed 19.08.2021).

16.Autodesk Fusion 360. Available at: https://www.autodesk.com/products/fusion-360/overview (accessed 19.08.2021).

17.1dea Maker. Available at: https://www.raise3d.com/ideamaker/ (accessed 19.08.2021).

18.Dielectric Manufacturing. Available at: https://dielectricmfg.com/knowledge-base/petg/ (accessed 19.08.2021).

19.Lilja M., Johansson S., Oberg T. Relaxed versus activated stump muscles during casting for trans-tibial prostheses. Prosthet. Orthot.
Int., vol. 23, no. 1, pp. 13-20. DOI: 10.3109/03093649909071606.

20.Cagle J.C., Reinhall P.G., Allyn K.J., McLean J., Hinrichs P., Hafner B.J., Sanders J.E. A finite element model to assess transtibial
prosthetic sockets with elastomeric liners. Med. Biol. Eng. Comput., 2018, vol. 56, no. 7, pp. 1227-1240. DOI: 10.1007/s11517-
017-1758-z.

21.Shcherbina K.K., Iankovskii V.M., Susliaev V.G., Zamilatskii Iu.l., Andrievskaia A.O., Zhdanov Iu.l., Sokurov A.V., Ermolenko
T.V.; Ponomarenko G.N., editor. [zgotovienie lechebno-trenirovochnogo proteza goleni s polnokontaktnoi priemnoi gilzoi: ucheb.
posobie [Production of a therapeutic and training prosthesis of the lower leg with a full-contact receiving sleeve: study guide]. SPb.,
TSIATSAN, 2019, 31 p. (in Russian)

22.Susliaev V.G., Shcherbina K.K., Smirnova L.M., Sokurov A.V., Ermolenko T.V. Novaia meditsinskaia tekhnologiia protezirovaniia
i fizicheskoi reabilitatsii posle amputatsii nizhnei konechnosti [New medical technology for prosthetics and physical rehabilitation
after lower limb amputation]. Vestnik meditsinskogo instituta "REAVIZ": Reabilitatsiia, vrach i zdorove, 2019, no. 2 (38), pp. 121-
129. (in Russian)

23.Baumgartner R., Botta P. Amputatsiia i protezirovanie nizhnikh konechnostei. Perevod s nemetskogo [ Amputation and prosthetics
of the lower limbs. Transl. from German]. Moscow, Meditsina, 2002, 486 p. (in Russian)

24.GOST 53871-2021. Metody otsenki reabilitatsionnoi effektivnosti protezirovaniia nizhnikh konechnostei [State Standard 53871-
2021. Methods for assessing the rehabilitation effectiveness of lower limb prosthetics]. Moscow, Standartinform, 2021, 12 p. (in
Russian)

25.DiaSled-M — apparatno-programmnyi kompleks dlia registratsii, otobrazheniia i obrabotki informatsii o dinamike raspredeleniia
davleniia mezhdu stopoi i opornoi poverkhnostiu [A hardware-software complex for recording, displaying and processing
information about the dynamics of pressure distribution between the foot and the supporting surface]. (in Russian) Available at:
http://www.diaserv.ru/ (accessed 18.10.2021).

26.Hsu L.H., Huang G.F., Lu C.T., Lai C.W., Chen Y.M., Yu I.C., Shih H.S. The Application of Rapid Prototyping for the Design and
Manufacturing of Transtibial Prosthetic Socket. Materials Science Forum (MSF), 2008, vol. 594, pp. 273-280. DOI: 10.4028/www.
scientific.net/msf.594.273.

27.Tay F.E.H., Manna M.A., Liu L.X. A CASD/CASM method for prosthetic socket fabrication using the FDM technology. Rapid
Prototyp. J., 2002, vol. 8, no. 4, pp. 258-262. DOI: 10.1108/13552540210441175.

28.Isozaki K., Hosoda M., Masuda T., Morita S. CAD/CAM evaluation of the fit of transtibial sockets for transtibial amputation

501 Genij ortopedii. 2022. Vol. 28, no. 4



Original Article

stumps. J. Med. Dent. Sci., 2006, vol. 53, no. 1, pp. 51-56.

29.Gubbala G.R., Inala R. Design and development of patient-specific prosthetic socket for lower limb amputation. Material Science,
Engineering and Applications, 2021, vol. 1, no. 2, pp. 32-42. DOI: 10.21595/msea.2021.22012.

30.Shuxian Z., Wanhua Z., Bingheng L. 3D reconstruction of the structure of a residual limb for customising the design of a prosthetic
socket. Med. Eng. Phys., 2005, vol. 27, no. 1, pp. 67-74. DOI: 10.1016/j.medengphy.2004.08.015.

31.Chen R.K., Yu-anJin, Wensman J., Shih A. Additive manufacturing of custom orthoses and prostheses — A review. Additive
Manufacturing, 2016, vol. 12, part A, pp. 77-89. DOI: 10.1016/j.addma.2016.04.002.

32.Rovick J.S., Chan R.B., Van Vorhis R., Childress D.S. Computer-aided manufacturing in prosthetics: various possibilities using
industrial equipment. Proceedings of the 7" World Congress of the International Society for Prosthetics and Orthotics (ISPO). IL,
Chicago, 1992, pp. 24.

The article was submitted 18.08.2021; approved after reviewing 28.02.2022; accepted for publication 21.06.2022.

Information about the authors:

1. Vladimir M. Yankovsky — Ph.D., yankovsky.vladimir@yandex.ru;
2. Marina V. Chernikova — chernikovamarinavl@gmail.com;

3. Alina D. Kuzicheva — kuzichevaao@center-albreht.ru;

4. Elizaveta V. Fogt — fogtlisbet] 1 @yandex.ru.

Genij ortopedii. 2022. Vol. 28, no. 4 502



