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Abstract: The socket is the most important, patient-specific element of a prosthesis. Convention-

ally, the process of making a custom socket involves manually rectifying a plaster model of the

residual limb. This process is time-consuming and often inconsistent among prosthetists because

it is based on implicit knowledge. Hence, the aim of this work was to describe a novel process

of generating a prosthetist-specific, digital “global” template and to illustrate that it can be auto-

matically applied to rectify the shape of a transtibial residual limb. The process involved (1) the

acquisition of a “training” dataset of unrectified and rectified positive models through manual data

collection and digital 3D scanning, and (2) the unsupervised learning of the prosthetist’s rectifications

by an artificial intelligence (AI) algorithm. The assessment of the process involved (1) evaluating

whether the rectification rule learned by the AI was consistent with the prosthetist’s expectations, and

(2) evaluating the template feasibility by applying the AI rectification process to a new residual limb

and comparing the results to the prosthetist’s manual rectification for the same residual limb. The

results suggest that the AI-rectified positive was consistent with the approach described by the pros-

thetist, with only small radial and angle errors and similar dimensions (volume and cross-sectional

perimeters) as the hand-rectified positive. This study provides a proof-of-concept of the ability to

integrate an AI algorithm into the fabrication process for transtibial prosthetic sockets. Once refined,

this approach may provide a time-saving tool for prosthetists by automatically implementing typical

rectifications and providing a good starting socket fit for individuals with amputation.

Keywords: prosthetic socket; amputation; artificial intelligence; digital rectification; transtibial;

CAD-CAM

1. Introduction

The socket is the most important, patient-specific element of a lower-limb prosthesis
because it is the customized interface between the residual limb of a person with amputation
and the mass-produced prosthetic components, e.g., the foot, joints, and interconnecting
modules [1–3]. Prosthetists begin socket construction with the “casting phase”, aiming to
obtain an “impression” or “negative model” of the residual limb. This negative model is
later transformed into a positive “raw” model (often made of plaster), also referred to as the
“unrectified positive” (UP). Prosthetists then shape the UP by either adding or removing

Prosthesis 2024, 6, 1149–1169. https://doi.org/10.3390/prosthesis6050083 https://www.mdpi.com/journal/prosthesis

https://doi.org/10.3390/prosthesis6050083
https://doi.org/10.3390/prosthesis6050083
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/prosthesis
https://www.mdpi.com
https://orcid.org/0000-0002-1301-4757
https://orcid.org/0009-0004-1142-9037
https://orcid.org/0000-0002-5802-035X
https://doi.org/10.3390/prosthesis6050083
https://www.mdpi.com/journal/prosthesis
https://www.mdpi.com/article/10.3390/prosthesis6050083?type=check_update&version=1


Prosthesis 2024, 6 1150

material depending on the specific anatomical region. This process is typically referred to
as “rectification” and the resultant model is referred to as the “rectified positive” (RP) [4–9].
The socket is then fabricated using the RP, either by vacuum-forming a thermoplastic,
composite material lamination or by 3D printing, and then assessed on the patient while
standing and walking. During this last phase, the socket volume and shape are fine-tuned,
typically through a set of limited changes, to ensure the socket is comfortable. A well-fitting
socket preserves the integrity and health of soft tissues and allows for the reliable and
effective control of the prosthesis during daily life activities [2,3].

Over the years, prosthetists have developed different casting and rectification tech-
niques to reach these clinical goals reliably and efficiently, adjusting to improved knowledge
of socket design, innovations in socket materials and interface components (e.g., liners
and suspension systems), and socket fabrication technologies [2,7,10–16]. Unfortunately,
the overall process is often inconsistent among prosthetists because it is based on implicit
knowledge determined by personal experience, skills, and opinions [4,6]. Also, it is difficult
to quantify and communicate the rectifications implemented on any single positive model,
hindering the sharing of techniques between prosthetists [6].

Since the 1980s, prosthesis manufacturing has moved toward the digitization of
processes [9,17]. Firstly, scanning techniques were introduced to acquire the socket/lower-
limb/positive model shapes in mesh format, and then computer-aided design (CAD)
software was adopted to perform rectifications digitally [18–26]. The ability to store, view,
and modify meshes in a virtual environment brought benefits, including (1) the repeatability
and documentation of production steps, (2) reduced physical storage space, (3) reduced
fabrication time [9,27], (4) reduced exposure of prosthetists to irritant physical agents
(e.g., water [28] and plaster [29]) and biomechanical factors (e.g., lifting heavy objects and
changing postures) [30], (5) the introduction of templates to record and repeat an ordered set
of CAD operations [6], and (6) the ability to communicate (teach) rectification approaches [7].
For this last benefit, “rectification color maps” (RCMs) consisting of a 3D mesh of a residual
limb are typically generated to visually describe different rectification methods [31–36].
Visual inspection of RCMs has demonstrated utility as a teaching aid [7,31,37,38], for
comparing rectification methods, and when implementing new templates for computer-
aided design–computer-aided manufacturing (CAD-CAM) [7,31]. However, RCMs are
usually reported for a pre-identified representative person with amputation rather than
representing a well-defined, statistical mean rectification over a pool of subjects.

Despite this limitation, the availability of templates for different socket designs has
allowed prosthetists to semi-automatically perform, in a digital environment, the typical
rectifications performed on a UP to obtain the respective RP. However, templates (macro- or
customized libraries) as available in commercial software such as Canfit (Vorum, Vancouver,
BC, Canada), BioShape (BioSculptor, Hialeah, FL, USA), Fitflow (Rodin4D, Nouvelle-
Aquitaine, France), ORTEN (Proteor, Dijon, France), or OMEGA (WillowWood, Mt. Sterling,
OH, USA), rely on operator input to adapt the template to the specific patient’s residual
limb dimensions. In particular, they require prosthetists to manually identify the location
of the desired rectification over each anatomical region and to scale the extent of the
rectification in each region. Moreover, each “region” is independent from the other, and
their relationships remain unknown. Furthermore, current templates are based on explicit
knowledge and do not capture the implicit rectification strategies that specific prosthetists
apply. Overall, it is not currently possible using commercially available software to apply
templates to perform rectifications automatically and globally over the entire residual limb
of a new patient. Overcoming these limitations may reduce the rectification time and make
it possible to apply the templates of highly skilled prosthetists in resource-limited areas
without sufficiently skilled prosthetists. The time saved on newly automated processes may
be spent by the prosthetist interacting with the patient to better understand their needs and
improving the socket shape and volume during static and dynamic fitting.

This work aims to address these gaps by describing an original experimental and
digital process to generate and use prosthetist-specific “global” templates to predict the
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shape of a first-attempt patient-specific socket. To illustrate the potential of this approach,
an example application is reported using a dataset of information extracted from the
manufacturing process of fifteen total surface-bearing sockets for subjects with transtibial
amputation taken from a larger clinical trial [39].

2. Materials and Methods

2.1. Digital Process to Generate a Prosthetist-Specific “Global” Template

The process to generate a prosthetist-specific “global” template involved (1) the ac-
quisition of a “training” dataset of UPs and RPs through (a) manual data collection and
(b) digital 3D scanning, and (2) the unsupervised learning of the rectifications by an artificial
intelligence (AI) algorithm.

(1a) Manual data collection of training dataset

The first phase of the process consisted of manually fabricating UPs and RPs for a pool
of individuals with amputation. Since the objective of this study was to build a prosthetist-
specific “global” template, the same prosthetist performed the casting and rectification
procedures for all individuals.

The manual procedure started with the identification of landmarks (LMs) on the par-
ticipant’s liner–clad residual limb using LMs identified by the consensus of all prosthetists
involved in the larger clinical trial [39]. The LMs were based on those typically identified by
prosthetists during the routine hand-casting of residual limbs (Figure 1). The identification
of LMs (step 1, Figure 2) was crucial for creating reference points for the later spatial
registration of the scans and for tracking shape changes. Next, a transparent film (e.g., cling
wrap) was wrapped over the liner and the LMs were marked on the film with a felt-tip
pen (step 2, Figure 2). Wet plaster bandages were then wrapped around the participant’s
residual limb and, while the plaster was curing, the prosthetist manually applied pressure
to obtain a “negative” model with the initial shape of the intended socket design (step 3,
Figure 2). During casting, the ink markings of the LMs were transferred from the film to
the inside of the negative model.
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Once the negative model was removed from the participant’s residual limb, a 15 cm
extension made of plaster bandages was added proximally (step 4, Figure 2). To transfer
the LMs between the negative and positive model, polyurethane circular markers (2 mm
thick with a 6 mm diameter) were glued with a hot glue gun to the inner surface of the
negative model corresponding to the ink markings (step 5, Figure 2). To later ensure the
spatial registration of the scans, an additional twenty polyurethane markers were randomly
placed and glued to the inner surface of the proximal extension. The negative model
was then filled with liquid plaster to obtain the UP (step 6, Figure 2). Once the liquid
plaster hardened, the plaster bandages were removed, resulting in a UP with indentations
corresponding to the LMs originally identified on the participant’s residual limb.

At the study commencement, the prosthetist provided a written description of their
rectification approach for what they described as a total surface-bearing socket (reported in
words and graphical illustration in Figure 3). The prosthetist rectified the UP, removing
and adding plaster from specific anatomical regions in accordance with the intended socket
design, but leaving untouched the proximal extension (step 7, Figure 1).

(1b) Digital 3D scanning of training dataset

The next phase of the process consisted of digitally scanning the UP and RP pairs ob-
tained during the manual data collection. In this study, the EinScan Pro 2X Plus structured
light scanner coupled with the high-definition accessory was used (Shining3D, Hangzhou,
China). This scanner is reported by the manufacturer to have a volumetric accuracy in
the VDI/VDE 2634 Standards [40] of less than 0.05 mm. Additionally, this scanner was
previously reported to be accurate, repeatable, and reproducible for quantitative shape
analysis in the evaluations of residual limb models [41]. During scanning, each plaster
model (UP or RP) was placed on a rotating turntable and the scanner was held stationary
by an operator while pointing at the surface of the rotating model. Each UP-RP pair was
linked by virtue of having LMs in the proximal extension that remained unchanged during



Prosthesis 2024, 6 1153

the rectification process. This was fundamentally important for the spatial registration of
the meshes, as they represent common reference points on separate scans.
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2.2. Unsupervised Learning of the Rectifications by an Artificial Intelligence (AI) Algorithm

The UP-RP pairs of the meshes for each participant were then digitally processed
to build a “global template”. Digital processing was performed using custom Python
software (version 3.8) that takes advantage of MeshLab [42] (MeshLab_64bit_fp v2020.07)
and VTK libraries [43] (version 9.0.0) as computational geometry engines, with Qt [44]
(PyQt5 version 5.14.2) to support the graphical user interface [41].

Template calculation involved the ten steps illustrated in Figure 4. First, it was necessary
to identify and label the location of each LM on the UP-RP mesh pairs (step 1, Figure 4). For
each LM, labeling required associating the marker label with the relative vertex identifier (ID)
of the mesh. The proximal extension labels were arbitrarily established, and the same labels
were used for the corresponding proximal extension landmarks on the UP-RP mesh pairs.

Next, the UP meshes were aligned in the global coordinate system using LMs (e.g., the
mid-patellar tendon (MPT), the popliteal fossa (PF), the distal end of the residual limb (A),
and the anterior distal end of the tibia (FAT)) that correspond to certain axes and planes
(step 2, Figure 4) using an alignment procedure reported in Appendix A.

Next, the RPs were spatially registered to their respective UPs (step 3, Figure 4).
First, a rigid approach was used based on Singular Value Decomposition (SVD) [45] using
homologous markers (i.e., markers related to the same geometrical point, identified on
the UP and transferred on the RP). Then, to further improve the registration, the iterative
closest point (ICP) algorithm [46] was applied only to the proximal extension vertices given
that they were identical on the UP-RP pairs [41].

Next, the proximal extensions of both the UP and RP meshes were removed with 3D
mesh editing software (Geomagic version 1.0.0.34, Morrisville, NC, USA) (step 4, Figure 4)
and the indentations in the UP scans, created by the glued physical markers, were closed.
Both the UP and RP meshes were smoothed to avoid any duplicated and unreferenced
faces or vertices (step 5, Figure 4). Since smoothing changed the mesh topology, and
consequently the vertex IDs, it was necessary to project the LMs from the pre-smoothed
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mesh to the post-smoothed mesh and to associate the LM labels to the new vertex IDs
(step 6, Figure 4). Next, it was necessary to ensure that all of the meshes had the same
laterality. Consequently, all of the right-limb UPs and RPs were mirrored to obtain a dataset
comprising of only left-limb meshes (step 7, Figure 4).
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Then, the LMs labeled in step 1 were projected from each UP to the respective RP to
digitally identify the anatomical LMs that were no longer physically visible on the RP after
the rectification process (step 8, Figure 4).

Next, a pre-defined “Reference Mesh”, characterized by a homogeneous topology, was
“morphed” onto the UP meshes and each of these morphed meshes were in turn morphed
onto the corresponding RP mesh (step 9, Figure 4) using the Radial Basis Function method
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(RBF-Morph, Rome, Italy). The outputs of this procedure were two meshes characterized
by the same topology (vertices and faces), the Reference Mesh, and the shape of the “target”
meshes, i.e., the UP and RP, respectively [47]. Further technical details about the creation of
the Reference Mesh and morphing step are reported in Appendix A.

Finally, for each UP-RP pair, displacement vectors between homologous vertices
were assessed (step 10, Figure 4). An unsupervised artificial intelligence (AI) algorithm,
specifically Principal Component Analysis (PCA), was applied to all of these vectors using
the approach described by Dickinson et al. [34]. This algorithm was able to extract the
average displacement, referred to in the following as the average displacement matrix
(ADM), and to learn and cluster the “modes of variation”, i.e., the synergistic changes the
prosthetist applies when adapting their typical rectifications to a specific patient.

3. Proof-of-Concept Assessment

The assessment of the process to generate a prosthetist-specific “global” template was
divided into two steps. The first step evaluated whether the rectification rule learned by
the AI was plausible and consistent with clinician expectations. The second step evaluated
the feasibility of the template by applying the AI rectification process to a new participant
and comparing the results of the AI rectification to the prosthetist’s manual rectification of
the same participant.

3.1. Assessment of the Rectification Rule Learned by the AI

Fourteen participants with transtibial amputation were included for this part of the study
(Table 1), along with a prosthetist with over 25 years of experience fabricating custom sockets
for this level of amputation. Casts from these participants were used to train the AI algorithm.

Table 1. Characteristics of the participants in the dataset (taken from the following clinical trial:

NCT04141748). Participants 1–14 were used in the training dataset to create the AI algorithm that was

then applied to Participant 15. ID: identifier; M: male; F: female; BMI: body mass index; R: right; L: left.

Participant
ID

Sex
(M/F)

Age
(years)

Mass
(kg)

Height
(cm)

BMI Race Ethnicity
Side
(R/L)

Etiology
Residual

Limb Length
(cm)

Residual Limb
Tissue Type

Training
dataset

1 M 41 84 175 27.4 White
Hispanic
or Latino

R Congenital 12.5 Firm

2 M 33 86 180 26.5 White
Hispanic
or Latino

L Trauma 15.3 Firm

3 M 23 60 180 18.5 White
Hispanic
or Latino

L Trauma 21.0 Medium

4 M 34 87 168 30.8 White
Hispanic
or Latino

L Trauma 17.0 Soft

5 F 64 76 178 24.0 White
Hispanic
or Latino

L Trauma 15.0 Medium

6 M 57 61 165 22.4 White
Hispanic
or Latino

R Trauma 23.5 Medium

7 M 37 55 174 18.2 White
Hispanic
or Latino

R Trauma 11.5 Medium

8 M 62 83 182 25.1 White
Hispanic
or Latino

L Trauma 15.0 Medium

9 M 63 88 175 28.7 White
Hispanic
or Latino

L Trauma 12.5 Medium

10 M 40 74 170 25.6 White
Hispanic
or Latino

L Trauma 23.2 Firm

11 M 48 97 185 28.3 White
Hispanic
or Latino

L Congenital 12.5 Firm

12 M 37 74 180 22.8 White
Hispanic
or Latino

L Trauma 18.2 Soft

13 M 58 76 165 27.9 White
Hispanic
or Latino

L Trauma 16.0 Firm

14 M 56 99 178 31.2 White
Hispanic
or Latino

L Trauma 20.0 Medium
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Table 1. Cont.

Participant
ID

Sex
(M/F)

Age
(years)

Mass
(kg)

Height
(cm)

BMI Race Ethnicity
Side
(R/L)

Etiology
Residual

Limb Length
(cm)

Residual Limb
Tissue Type

Average
(1−14)

M (93%)
F (7%)

47 79 175 25.5
White
(100%)

Hispanic
or Latino
(100%)

L (79%)
R (21%)

Trauma (86%)
Congenital

(14%)
16.7

Firm (36%)
Medium (50%)

Soft (14%)

15 M 62 94 187 26.9 White
Hispanic
or Latino

L Trauma 14.0 Firm

From the UPs of the participants obtained after step 9 (i.e., after morphing with the
reference shape), we computed an average UP mesh using the PCA approach described
in Steer et al. [35]. Then, the ADM was applied to this average UP to obtain an average
Digital-RP mesh. A distance color map was built between the UP and the Digital-RP
average meshes to qualitatively check whether the rectification rule learned by the AI
was consistent with the prosthetist’s written description of their rectification approach
(see Figure 3). Moreover, to understand the synergistic changes the prosthetist applied
to adapt each individual rectification from the typical rectification approach to a specific
patient, the modes of variation learned by the AI were numbered and ranked based on
the variance they explained. Then, the effect of each mode was visually inspected by the
prosthetist, who varied the weighting factor of the mode from −3 to 3 (standard deviations),
and by generating a new Digital-RP mesh, reflecting the combined effect of the ADM and
the mode.

3.2. Application of the Prosthetist-Specific “Global” Template to a “New” Participant

To digitally rectify the UP of a new subject with the average AI-learned rule, the
UP must be pre-processed and morphed with the Reference Mesh (steps 1–9 in previous
section), and then the ADM applied, setting to zero the weighting factors for the modes of
variation. To illustrate this process, the ADM obtained from 14 participants with transtibial
amputation was applied to the UP morphed mesh of a 15th participant not included in the
ADM calculation (Figure 5). The application of the ADM changes the position of each vertex
of the mesh according to its respective mean displacement vector, obtaining a “Digital-RP”
for participant 15.
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generate the RP (represented by dotted line).
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To assess the feasibility of the ADM prediction, the Digital-RP was compared to the
scan of the participants’ manual RP fabricated by the prosthetist (herein “Hand-RP”) using
three strategies based on the currently available, albeit limited, literature.

First, differences between the two meshes were qualitatively illustrated by means of
color maps, representing the Radial Errors (REs) and Angle Errors (AEs), using previously
described approaches [41,48–50]. The RE map depicts the distance between the meshes in
the relative orientation of the surface of the meshes, i.e., shape changes. For instance, two
meshes that are scaled one relative to the other, but which preserve parallel shapes, will
show null differences in the AE map but differences in the RE map. On the contrary, almost
overlapping meshes that present intersecting surfaces will show limited differences in the
RE map and large differences in the AE map.

Second, we took advantage of the results provided by Dickinson et al. [49], who
reported the repeatability of the RP handcrafted by a prosthetist when casting the same
individual twice. We assumed that the Digital-RP in our study was plausible if it was
within the limits of the within-prosthetist repeatability reported by Dickinson et al. [49],
since the ADM prediction equated to a repeated cast by the same prosthetist on the same
participant. Specifically, Dickinson et al. [49] described prosthetist repeatability using
three outcome measures. The first measure was the absolute value of the RE (defined by
Dickinson et al. [49] as the “absolute surface height”), reporting that it should be within
3.6 mm ± 1.96 × SD (SD = 0.81) when computed for 95% of the vertices of the mesh [49].
When considering only the vertices between the distal end and the MPT height, the absolute
RE should be 2.87 mm ± 1.96 × SD (SD = 0.44) [49]. The second was the minimum
detectable change (MDC) for cross-sectional perimeters (clinically referred to by prosthetists
as circumferences) up to the MPT level, with a value of 3.53% [49]. The third measure
was the MDC of the volume from the distal end to the MPT cross-section, with a value of
3.47% [49].

Finally, from the data reported by Fernie et al. [51] and Lilja et al. [52], we can state
that, given a residual limb with a fixed volume and a well-fit socket, if this socket has a
volume variation between −2.5% and 5%, the socket is still considered to fit well. Therefore,
we assumed that the Digital-RP was plausible if the volume variation compared to the
prosthetist Hand-RP was within this range.

4. Results

4.1. Assessment of the Rectification Rule Learned by the AI

Figure 6 illustrates the rectification technique learned by the AI. The typical rectifica-
tions performed by the prosthetist are described through a distance color map. This figure
also shows the first four modes of variation identified by the AI algorithm in the order of
explained variance. The variance profile is relatively flat, making it necessary to consider
up to the ninth mode of variation to explain 90% of the total variance. These modes embed
the specific rectifications created by the prosthetist to adapt the “average” rectifications
to the individual characteristics of a new participant. For this particular prosthetist, the
first mode was related to the distal end of the RP. The algorithm generated an average
lengthening of the distal end of the digital model of 10 mm. This is consistent with the
prosthetist’s description of their rectification approach, which included the lengthening the
distal end of the positive model by approximately 15 mm. The second mode was related to
the creation of posterior flares to accommodate the flexor tendons when the knee flexes.
For the remaining modes of variation, the rectifications appear related to the creation of
reliefs (unloaded areas) for distal bony prominences or painful spots (e.g., neuromas). For
example, the third mode was associated with a relief over the distal end of the fibula and
the fourth mode was related to a relief over the anterior distal end of the tibia. Together,
the first four modes explained 64% of the total variance.
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blue was associated with material increase, and white was associated with no change. (B) Plot of

the variance explained by each mode of variation and the corresponding qualitative description of

the rectifications included in each of the first four modes of variation. Black arrows indicate location,
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4.2. Application of the Prosthetist-Specific “Global” Template to a “New” Participant

In Figure 7, color maps representing the absolute RE between the “Hand-RP” (hand-
crafted by the prosthetist) and the “Digital-RP” (obtained with the algorithm) are illustrated
along with boxplots of the distribution of the absolute RE for both the full surface and
the surface between the most distal end of the residual limb (A) and the MPT. Absolute
RE comparisons between the Hand- and Digital-RPs demonstrated the variability that
fell within the previously reported [49] within-prosthetist repeatability ranges for the
rectification of the positive models. Statistical indices, specifically the Mean RE (MRE),
Median RE (MedRE), and Interquartile Range of the RE (IQR RE), are reported in the tables
incorporated in Figure 7.
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In Figure 8, the differences between the Hand- and Digital-RPs are further highlighted
by color maps of the AE, and boxplots illustrate the AE distributions for the full surface and
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for the surface between the most distal end of the residual limb (A) and the MPT. Statistical
indices, specifically the Mean AE (MAE), Median AE (MedAE), and Interquartile Range of
the AE (IQR AE), are reported in the tables incorporated in Figure 8. Mean and Median
AEs were smaller than 4◦.
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In Figure 9, dimensional comparisons (radius and perimeters) between the Hand- and
Digital-RPs for six equidistant cross-sections between the most distal end of the residual
limb (A) and the MPT are illustrated. Percent differences in cross-sectional perimeters fell
within the MDC reported by Dickinson et al. [49].
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Finally, the percent volumetric difference for the volume enclosed between the most
distal end of the residual limb (A) and the MPT between the meshes of the Hand- and
Digital-RPs was calculated to be 0.65%. This volume difference was substantially less than
the range of volume difference reported to affect the socket fit (−2.5% to 5%) [51,52].

5. Discussion

The aim of this work was to describe a novel process to generate a prosthetist-specific
“global” template and to illustrate that it can be automatically applied to rectify the shape
of the residual limb of a person with transtibial amputation. Our illustration suggests
that the Digital-RP was (1) consistent with the description provided by the prosthetist of
their approach to rectification, (2) had small differences in the RE and AE, and (3) had
similar dimensions as the Hand-RP for the same participant, which were within the range
of repeatability reported by Dickinson et al. [49].

Our proposal generates a global template in the form of a rule learned by an unsuper-
vised AI algorithm, i.e., a set of PCA-derived matrices defining an average rectification,
interpreted as the “typical” rectification approach of a single prosthetist, and a set of “modes
of variation”, i.e., the synergistic changes applied by the prosthetist when adapting their
typical rectifications to a specific individual. The advantage of learning the synergistic
changes is that the Digital-RP can account for the independent rectification of critical
anatomical areas that occur in the Hand-RP, linking them and making explicit a missing
piece of knowledge that, in our experience, prosthetists typically do not verbalize. This is a
novel feature of our algorithm that may contribute to improving the education of novice
prosthetists and patient care.

Once established, the global template can be applied to a new individual using the
following two basic approaches: simply apply the average rectification (fully automated
approach) or the prosthetist decides which modes of variation to apply and to what scale
by knowing that their maximum weight is limited from −3 to 3 (standard deviations),
where more extreme values correspond to more unusual changes (the semi-automated
approach). Ultimately, the global template is an AI-assisted manufacturing tool and the
final rectification produced by the algorithm (even when using the fully automated ap-
proach) must be approved by a prosthetist. It is possible that, for prosthetists, receiving
feedback regarding their approach as learned by the AI algorithm may lead to a deeper
understanding and better verbalization of their own approach to rectification. In our vision
of clinical implementation, the global template would support the prosthetist in limiting
time spent on the fabrication of the socket in favor of the time spent with patients, thereby
understanding their clinical presentation and functional goals and troubleshooting pros-
thesis issues. In resource-limited settings and isolated communities, the availability of
global templates based on experienced prosthetists who are recognized for their expertise
in creating well-fitting sockets can support novice clinical professionals to improve patient
outcomes. Finally, a Digital-RP can be easily used in the process of creating a customized
socket using CAM solutions (e.g., 3D-printed sockets).

Before any global template can be implemented in clinical practice, it is important
to establish its clinical validity. Our evaluation of clinical validity was limited to a proof-
of-concept using a dataset of individuals with transtibial amputation. While we believe
that our approach has merit and could also be relatively easily applied to individuals with
transfemoral amputation, further studies are needed to support clinical application. Unfor-
tunately, our ability to validate the AI algorithm was limited by the paucity of literature
defining quantitative metrics for the rectification process. Using the available evidence, we
identified a novel set of outcomes that we hope will be useful in further development.

We are aware of only a single study [49] reporting the within-prosthetist rectification
repeatability in terms of the absolute RE and MDC for cross-sectional perimeters and
residual limb volumes. Our results for the absolute RE comparisons between Hand- and
Digital-RPs suggest that the variability introduced by the AI algorithm falls within the
reported range of within-prosthetist repeatability [49] (Figure 7B). Similarly, our results
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for the percent difference in cross-sectional perimeters are within the MDC range [49]
(Figure 9B). While it is positive that our results did not exceed the ranges reported by
Dickinson et al. [49], it may not be an entirely fair comparison. It should be noted that
Dickinson et al. [49] assessed patella tendon-bearing sockets, while, in our study, the
prosthetist’s rectifications were intended to create a total surface-bearing socket which, by
design, requires rectifications of a smaller magnitude.

When considering the color maps for the RE and AE, most differences occurred at
the distal end of the residual limb and the proximal posterior flares, which are consistent
with the regions reported by Dickinson et al. [49] to have the greatest “surface height”
deviation between casts within-prosthetist. In practical terms, mismatches in these regions
will not result in a critical failure of the socket fit, as they may be easily addressed on a
thermoformable diagnostic socket during the fitting process by heating and modifying
these socket regions by hand or adding a distal pad.

Similarly, a limited number of studies [51–55] have been published reporting the
acceptability of sockets using changes in volume. These studies indicate that a −2.5% to 5%
change in residual limb volume does not disrupt the socket fit. Our results for the volume
encompassed between the distal end of the residual limb and the MPT were within the
“good fit” range of −2.5% to 5% [51,52]. Overall, we believe that the AI predictions are
plausible, within the limits of the prosthetist’s own repeatability, and within the limits of
an acceptable socket fit if the hand cast itself resulted in an acceptable fit.

It should be noted that we asked all of the prosthetists involved in the larger clinical
study [39] to use the rectification method they were most confident with, and all of them
preferred to manually modify the plaster positive molds. This leads us to question whether
the rectification software currently available is sufficient in meeting the needs of all pros-
thetists. If this is the case, a new category of software may help prosthetists in the digital
production of sockets.

The limitations of the proposed process used to generate the algorithm include the
use of 15 physical LMs. Their identification and application within the physical mold can
be time-consuming. Future research should explore the minimum marker set required to
achieve the suitable spatial registration of the meshes and the morphing of the reference
mesh. The proposed process is also reliant on the availability of a good quality structured
light 3D scanner and digital processing procedures. Datasets with poor quality will result
in the poor training of the AI algorithm. This initial proof-of-concept was limited to the
training of the AI on a dataset of 14 subjects that did not consider the socket comfort
ultimately experienced by the participants when using sockets made from the Hand-RP. To
better assess the potential of the AI algorithm to generate well-fitting initial sockets, it will
be necessary to use training datasets with more participants that include data only from
sockets deemed comfortable by participants for everyday use. It is possible that, to achieve
this, additional participant characteristics may need to be included as part of training the
AI algorithm, e.g., participant age, soft-tissue consistency, the expected activity level, etc.

6. Conclusions

This study provides a proof-of-concept of the integration of an AI algorithm in the
fabrication process of transtibial prosthetic sockets. We illustrated that the algorithm can
learn the typical rectifications performed by a prosthetist during the manual rectification of
a UP mold to obtain the respective RP mold. Fundamental to the success of the process was
the implementation of a novel step-by-step dataset acquisition and processing procedure
coupled with a “morphing” phase that ensured the UP-RP pairs had the same topology.
Once refined, this approach may provide a useful time-saving tool for prosthetists, auto-
matically implementing typical rectifications, and provide a good starting socket fit for
individuals with amputation. Finally, the creation of templates based on the rectification
techniques of highly skilled prosthetists could provide a valuable tool in areas lacking
sufficient prosthetists.
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Abbreviations

3D three dimensional

A distal end of the residual limb

ADM average displacement matrix

AF distal fibula

AEs angle errors

AI artificial intelligence

CAD computer-aided design

CAD-CAM computer-aided design–computer-aided manufacturing

Digital-RP digital-rectified positive

FAT anterior distal tibia

Hand-RP hand-rectified positive

HF head of the fibula

ICP iterative closest point algorithm

ID identifier

IQR interquartile range

LC lateral condyle
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LM landmark

MAE mean angle error

MAT medial distal tibia

MedAE median angle error

MC medial condyle

MCT medial condyle of the tibia

MDC minimal detectable change

MPT mid-patella tendon

MRE mean radial error

MedRE median radial error

PAD one-third of the P-A distance—distal

PAP one-third of the P-A distance—proximal

PCA principal component analysis

PF popliteal fossa

RCMs rectification color maps

REs radial errors

RP rectified positive

SD standard deviation

SVD singular value decomposition

SS below semitendinosus/semimembranosus at knee flexion of 90◦

TT tibial tuberosity

UP unrectified positive

Appendix A

This appendix provides further details regarding the mesh procedures described in
the “Materials and Methods” section of the manuscript.

Mesh Alignment Procedure in Global Coordinate System

The alignment procedure used in the manuscript is based on the location of four
landmarks, which are necessary to identify the axes and planes. The important landmarks
for this purpose are the mid-patellar tendon (MPT), the popliteal fossa (PF), the most distal
end of the residual limb (A), and the anterior distal end of the tibia (FAT). The alignment of
each unrectified positive scan was performed as follows:

1. Identify the anatomic z-axis (zanat) passing through A and the midpoint between the
MPT and PF;

2. Cut the mesh with a plane passing through the MPT, perpendicular to zanat, since
only the distal part of the UP is necessary to perform the alignment;

3. Identify a temporary y-axis (ytemp) by tracing the normal to the plane passing through
the FAT, MPT, PF, and A;

4. Define the x-axis so as to be perpendicular to both the z-axis and y-temp, as follows:

x =

ytemp × zanat

||zanat · x||

5. Finally, determine the definitive y-axis so as to be perpendicular to z and x-axis,
as follows:

y =

zanat × x

||zanat · x||

As an additional step, automatic alignment results can be adjusted by the prosthetist
based on their knowledge of the patient-specific anatomical condition and body posture.

Reference Mesh Generation

The Reference Mesh is characterized by a homogeneous topology and by a morphology
that is representative of an average transtibial residual limb shape. To build this mesh, the
unrectified positives (UPs) were pre-processed as described in Figure 3 (of the manuscript)
up to step 8. Then, one of the UPs from the dataset was used as a “Temporary Reference”
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to morph the other UPs. For this purpose, the 13th participant of the dataset was used,
because their residual limb shape was considered by the investigators to be intermediate
with respect to the others in the dataset (Figure A1). Then, morphed UPs, characterized by
the same topology as the Temporary Reference, were used to obtain the mean shape of the
dataset, evaluating the position of each vertex as the average position of the homologous
vertices in each morphed UP. The average shape was then smoothed and re-meshed to
obtain a more homogeneously distributed topology (Figure A2). Finally, landmarks (LMs)
were projected from the mesh before to the mesh after re-meshing to associate each LM to
its new vertex identifier (ID).

Prosthesis 2024, 6, FOR PEER REVIEW 21 
 

 

and re-meshed to obtain a more homogeneously distributed topology (Figure A2). Finally, 
landmarks (LMs) were projected from the mesh before to the mesh after re-meshing to 
associate each LM to its new vertex identifier (ID). 

 
Figure A1. (A) Landmark labeling and mesh representation of the Temporary Reference used during 
morphing to obtain the final Reference Mesh; (B) Landmark labeling and mesh representation of 
the Reference Mesh used to perform morphing during the pre-processing of meshes used to build 
a rectification color map. LC: lateral condyle; MPT: mid-patellar tendon; TT: transtibial; AF: distal 
end of the fibula; A: most distal end of the residual limb. 

Morphing Procedure 
The morphing procedure is a fundamental step in mesh pre-processing for the appli-

cation of the AI algorithm described in the manuscript. This operation aims to obtain 
meshes with a homogeneous topology, specifically the same vertices and faces of a Refer-
ence Mesh. The morphing procedure was implemented through the Radial Basis Function 
(RBF) method [47] (RBF-Morph, Rome, Italy). 

In this study, the procedure to morph the Reference Mesh onto a target mesh was 
divided into the following two phases (Figure A2): 
 First phase: the LMs and vertices of the Reference Mesh were overlapped to the re-

spective homologous vertices of the target mesh, leading to a first approach between 
these two meshes.  

 Second phase: an iterative closest point (ICP) optimization process was used to fit the 
topology of the reference mesh onto the shape of the target using RBF.  

Figure A1. (A) Landmark labeling and mesh representation of the Temporary Reference used during

morphing to obtain the final Reference Mesh; (B) Landmark labeling and mesh representation of

the Reference Mesh used to perform morphing during the pre-processing of meshes used to build a

rectification color map. LC: lateral condyle; MPT: mid-patellar tendon; TT: transtibial; AF: distal end

of the fibula; A: most distal end of the residual limb.

Morphing Procedure

The morphing procedure is a fundamental step in mesh pre-processing for the applica-
tion of the AI algorithm described in the manuscript. This operation aims to obtain meshes
with a homogeneous topology, specifically the same vertices and faces of a Reference
Mesh. The morphing procedure was implemented through the Radial Basis Function (RBF)
method [47] (RBF-Morph, Rome, Italy).

In this study, the procedure to morph the Reference Mesh onto a target mesh was
divided into the following two phases (Figure A2):

• First phase: the LMs and vertices of the Reference Mesh were overlapped to the
respective homologous vertices of the target mesh, leading to a first approach between
these two meshes.

• Second phase: an iterative closest point (ICP) optimization process was used to fit the
topology of the reference mesh onto the shape of the target using RBF.
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The output of this two-step procedure was a mesh characterized by the same topology
(vertices and faces) as the Reference Mesh, but with the shape of the “target” mesh.

For the purposes of this study, pairs of unrectified (UP) and rectified (RP) positives
of the same participant were morphed to later assess the displacement vectors between
homologous vertices. To effectively map the differences/displacements between these
coupled meshes, first the Reference Mesh was morphed onto the UP mesh, and then
the UP mesh was in turn morphed onto the respective RP mesh (Figure A3). This way,
homologous vertices were mapped as far as possible in correspondence with the anatomical
areas between the UP and RP meshes.
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