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Background: Transtibial prosthetic sockets are often grouped into patella tendon
bearing (PTB) or total surface bearing (TSB) designs, but many variations in
rectifications are used to apply these principles to an individual’s personalised
socket. Prosthetists currently have little objective evidence to assist them as
they make design choices.
Aims: To compare rectifications made by experienced prosthetists across a
range of patient demographics and limb shapes to improve understanding of
socket design strategies.
Methodology: 163 residual limb surface scans and corresponding CAD/CAM
sockets were analysed for 134 randomly selected individuals in a UK
prosthetics service. This included 142 PTB and 21 TSB designs. The limb and
socket scans were compared to determine the location and size of
rectifications. Rectifications were compiled for PTB and TSB designs, and
associations between different rectification sizes were assessed using a variety
of methods including linear regression, kernel density estimation (KDE) and a
Naïve Bayes (NB) classification.
Results: Differences in design features were apparent between PTB and TSB
sockets, notably for paratibial carves, gross volume reduction and distal end
elongation. However, socket designs varied across a spectrum, with most
showing a hybrid of the PTB and TSB principles. Pairwise correlations were
observed between the size of some rectifications (e.g., paratibial carves; fibular
head build and gross volume reduction). Conversely, the patellar tendon carve
depth was not associated significantly with any other rectification, indicating
its relative design insensitivity. The Naïve Bayes classifier produced design
patterns consistent with expert clinician practice. For example, subtle local
rectifications were associated with a large volume reduction (i.e., a TSB-like
design), whereas more substantial local rectifications (i.e., a PTB-like design)
were associated with a low volume reduction.
Clinical implications: This study demonstrates how we might learn from design
records to support education and enhance evidence-based socket design. The
method could be used to predict design features for newly presenting patients,
based on categorisations of their limb shape and other demographics, implemented
alongside expert clinical judgement as smart CAD/CAM design templates.
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1counts which add up to less than the total indicate a missing metadata

point. For example there was no record of sex for one person, reason for

limb absence for one person, or time since amputation for 3 people
1 Introduction

There are numerous approaches to designing a prosthetic

socket to provide a functional body-prosthesis coupling, which

transmits tolerable loading to the residual limb during weight-

bearing activities. Transtibial prosthetic sockets, for the most

common major amputation level, are often grouped by design

philosophy. The patella tendon bearing (PTB) approach includes

local rectifications to preferentially load relatively tolerant tissues

and offload vulnerable sites (1). By contrast, total surface bearing

(TSB) sockets are intended to deliver more uniform load

distribution and avoid high pressure gradients (2). However,

factors like residual limb shape, size, tissue tolerance and desired

activity level vary significantly across the heterogeneous

population of people with lower limb amputation. In addition,

environmental and economic factors need consideration in order

to create a comfortable and functional socket, alongside both

patient and clinician preference (3).

The International Society for Prosthetics & Orthotics (ISPO)

has declared the development of evidence-based socket design to

improve fit as a primary objective, in response to calls from

prosthetists (4). However, there is limited objective evidence to

assist them with design choices for different situations, and often

rely on an iterative design process until the prosthesis user finds

the limb comfortable (3). The foundational US Veterans’ Affairs

Automated Fabrication of Mobility Aids (AFMA) project

included analysis of rectification practice (5), and enhanced

resolution 3D scan data has led to further such insights recently

at the transtibial (6, 7), transfemoral (8) and transradial levels

(9). However, but there remains a specific knowledge gap in data

to guide the choice of size or combination of individual socket

rectification features for a given prosthesis user (10).

There are some clinical indications to support the overall PTB-

TSB choice. PTB sockets are generally indicated for longer, more

bulbous shaped limbs, and this design principle is commonly used

in earlier in prosthetic rehabilitation, especially for people with

residual limb pain or oedema (11). TSB sockets are preferred for

more mature, stable residual limbs without oedema or excessive soft

tissue (12, 13), and are often used for more active individuals,

combined with elastomeric liners (14). The PTB rectification

pattern design depends on prosthetist judgement and skill, typically

achieved through a hands-on plaster method. TSB sockets are also

produced by hands-on methods, or by “hands-off” shape capture

under hydrostatic pressure, although local shape modification may

still be required (15). In practice, inspection of population design

data indicates that prosthetists may create hybrid sockets with a

spectrum of PTB and TSB features employed to differing degrees

(6). However, the relationship between rectification variables

remains unclear. Both PTB and TSB sockets can also be produced

in the Computer Aided Design and Manufacture (CAD/CAM)

approach, and digital design records from CAD/CAM practice

present an opportunity to learn from experts.

There is established precedent for these concepts. The use of

rectification mapping to describe and communicate socket design

was published in 1989 (16), and beside free-hand CAD/CAM,

the description of databases of “primitive”, “reference” or
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“template” sockets with standard rectifications to inform

computer aided socket design also dates back to the 1980s

(17–21). In the context of much larger adoption of CAD/CAM

technologies with higher spatial resolution 3D scans, and

evolving principles of socket design, the present study aims to

use data-driven methods to conduct an updated study of

transtibial socket designs prescribed to a cohort of individuals

with lower-limb amputation. This will be achieved by

investigating the choice and size of rectifications used by

experienced prosthetists, and the combinations of rectification

choices they use across a range of design strategies.
2 Materials and methods

This was an observational cohort study of transtibial socket

design, with approval granted by the University of Southampton

ethics and research governance office (ERGO, ref.53279A1). In

total 163 sockets, designed in Omega (WillowWood, Ohio, USA)

and prescribed to 134 individuals (36F:97M)1 were sampled at

random from UK clinical service, through a single multi-centre

provider (Table 1). The sockets were fitted between November

2018 and November 2022, and the analysed data represented

their design prior to any manual adjustment upon fitting. The

individuals’ demographics and pre-assessed activity level (K-

Level) and a post-fitting socket comfort score (SCS) were

provided. The researchers were blinded to these data during limb

and socket shape data processing, described below.

Two surface meshes were obtained for each participant,

representing a 3D scan of the residuum and the corresponding

mould design file shape used to produce the socket (Figures 1A,B).

The residuum and rectified socket scan pairs were aligned using the

ampscan open source toolbox (22), first coarsely using a calculated

principal axis and manually-picked mid patella and distal tibia

landmarks, and then more precisely using an automatic, iterative

closest point (ICP) process operating on the anterior, sub-patellar

portion of the shape. Finally all aligned pairs were inspected by two

experienced observers (AD, JS) and small manual adjustments were

made where necessary. The shapes were then registered to one-

another using ampscan to describe each socket’s design as a

rectification map (Figure 1C). Clusters of scan mesh vertices

representing individual rectifications were identified manually by

two experienced observers (AD, JS) (Figure 1D), and within each

cluster the rectification “size” was obtained, as the depth of carve or

height of build-up from limb to socket surfaces (Figure 1E). The

98th percentile deviation across the vertices in each rectification

cluster was used instead of the maximum, to avoid any noise

arising from individual vertices. This method was used to describe

“design features” of local rectifications at the patellar tendon (PT,
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carve), fibula head (FH, build), medial and lateral paratibial areas

(MP, LP, carves), the tibial crest (TC, build), distal end elongation

(DE, build), and between the lateral and medial supracondylar

regions (LMC, carves). Further, a gross socket sizing design variable

was calculated as the volume reduction (VR) by finding the mean

of cross-sectional area differences between the limb and socket at

10 sections between the mid-patella tendon and distal end of the tibia.

The rectification data were analysed in three stages:

• To characterise the study population and ensure representativeness

and coverage, exploratory data analysis inspected the distribution

of sex, age, reason for amputation, time since amputation, socket

comfort score (SCS) and K-Levels, and prescribed socket design.

The population’s age distribution was normally distributed so

parametric descriptive statistics were used (mean and standard

deviation, s.d.). The time since amputation was not normally

distributed, and so the median and range were reported.

• To understand general socket design trends, the sizes of PT, FH,

LP, MP, TC, DE, SC, and VR rectifications were analysed.

Differences in the extent to which the rectifications were used

in sockets designed using PTB and TSB approaches was

compared using the non-parametric Mann-Whitney U-Test

(rectification size distributions were not normally distributed).

Bonferroni post hoc correction to reduce the risk of Type-I

errors arising from multiple comparisons.

Finally, associations between the separate rectifications’ sizes

were assessed, to inspect more subtle trends in expert

prosthetists’ rectification strategy (Figure 1F):

• First, to evaluate simple correlation between the sizes of pairs of

rectifications, Spearman Rank regression was calculated. This

method can detect linear correlations but cannot rule out more

complex non-linear associations and is highly influenced by

outliers. Therefore:

• The probabilistic methods Kernel Density Estimation (KDE) and

Gaussian Naïve Bayes classification (23) were applied to further

investigate the diversity and frequency of different design

approaches, and search for causal relationships between

rectifications. These analytical methods estimated the probability

of a prosthetist’s choice of one rectification size following a prior

decision of another rectification size. This enabled interrogation

of the expert prosthetist’s training datasets to find the

probabilities of selecting, for example, a low, medium, or high

build at the Fibular Head given a high carve at the Patellar

Tendon. These categories were identified by splitting the fitted

KDE function at the 33rd and 67th percentiles.

3 Results

3.1 Exploratory data analysis

Exploratory Data Analysis revealed differences in

demographics, activity assessment and socket comfort across the

population (Table 1). The studied socket designs were prescribed

to a population with a widely distributed age (n = 134, mean 58.6
Frontiers in Rehabilitation Sciences 04
years, range 19.6–94.1 years), and were delivered over a range of

times since amputation or limb absence (n = 163, median 1.2

years, range 0.14–70.3 years). The sockets were prescribed for a

range of reasons for limb absence, which included dysvascularity

(39%), trauma (29%) and infection (16%). Twenty-one were

designed to a TSB principle (13%), 7 as PTB supracondylar

sockets (4%) and the rest were “standard” PTBs. The dataset was

sparse for people with congenital limb absence (3 individuals),

people aged over 80 years (6 individuals), and only included adults.

Compared to the whole cohort, people with amputations due to

trauma were observed to have higher activity (mean K level 2.7 vs.

2.4), were longer post-amputation (median 4.6 years vs. 1.2 years),

and more likely to use TSB sockets (14/47, 30% vs. 21/163, 13%).

People with dysvascularity-related amputations were older (mean 65

years vs. 58 years), had lower activity than the population averages

(mean K level 1.9), and had their amputations more recently

(median 0.9 years). TSBs were prescribed to people with longer-

established amputations than PTBs (median 10.5 years vs. 0.8 years).
3.2 Descriptive statistical analysis of expert
socket design practice by rectification

Several design features were used across sockets described during

design as PTB or TSB (Figure 2). Local rectifications were typically

larger in PTB sockets than TSBs, and this difference was statistically

significant for the DE elongation build (p < 0.05), LP carve (p <

0.001) and approached significance for MP carve (p = 0.076).

Conversely, the gross volume reduction (VR) was significantly

larger for TSBs (p < 0.05). However, a considerable overlap was

observed between all rectification distributions, and notably the PT

carve and FH build rectification sizes were similar across both groups.

The training dataset was observed to contain sockets that were

clearly recognisable as PTB or TSB designs, and others which

appeared to contain more hybrid features (Figure 3). Therefore,

instead of analysing the socket population in discrete groups,

design was evaluated using rectification sizes as continuous variables.

Multiple linear correlation (Table 2) revealed several associations

between the sizes of rectification pairs. There was a significant positive

correlation between LP and MP rectifications (ρ = 0.66, p < 0.001),

which are features that are often performed together. Moderate

negative correlations were observed between the off-loading build at

the tibial crest (TC) and both MP and LP paratibial carves (ρ =

−0.40, p < 0.001 and ρ =−0.35, p < 0.001, respectively), features

which are often performed together and are more pronounced in

nominally PTB sockets. A significant positive correlation was

observed between the off-loading build at the fibular head (FH)

and the gross volume reduction (VR), (ρ = 0.38, p < 0.001). This is

also expected: a build is used to offload the FH bony prominence

in PTB sockets whereas a line-to-line fit is preserved here in TSB

sockets, which typically use greater VR to achieve more uniform

load transfer. Weaker negative correlations were also observed

between builds at the distal end elongation (DE) and at the fibular

head (FH) (ρ =−0.32, p < 0.001). However, the patellar tendon (PT)

rectification depth did not correlate significantly with any other

rectification, indicating its relative design independence.
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FIGURE 1

Data processing from 3D scan of limb and CAD/CAM socket design, extracted rectification design feature locations and sizes, expressed as design
variables, and categorised.

Dickinson et al. 10.3389/fresc.2024.1354069
3.3 Probabilistic analysis of socket design
practice

The raw dataset carve and build rectification sizes were split into

low-, mid- and high-sized categories with limits at the population

33rd and 67th percentiles. These were further reduced to exemplar

single values of low- middle- and high-sized rectifications at the

10th, 50th and 90th percentiles (Table 3).

Simple associations existed for some rectification pairs, for

example a strong correspondence between the size of medial and
Frontiers in Rehabilitation Sciences 05
lateral paratibial carves (Figure 4 top). This was evidenced by a

strong linear correlation, and a low probability from the KDE and

NB analyses that a high medial paratibial carve would be used in

combination with a low lateral paratibial carve, and vice versa (<10%).

Other rectification pairs were not associated. In particular, the

choice of patellar tendon carve depth did not strongly influence any

other rectification choice, which was evidenced by weak

correlations and similar probabilities in the KDE and NB

analyses (minimum 23% and maximum 41%, where random

choice between sizes is 33%; Figure 4 middle).
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FIGURE 2

Distributions of rectification sizes for sockets described as PTB and TSB designs. “Build” denotes material is added, and “Carve” denotes material is
removed.

FIGURE 3

Example socket designs to PTB and TSB intent, plotted on the residual limb shape. Some training dataset designs had clear PTB or TSB intent, and
others lay on a hybrid spectrum between PTB and TSB. Colour key indicates rectification design map in mm. Positive (red) represents carve, and
negative (blue) represents build-up.

Dickinson et al. 10.3389/fresc.2024.1354069
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TABLE 2 Spearman rank correlations (ρ) between rectification groups.

PT MP LP FH DE VR TC LMC
PT –

MP 0.18 –

LP 0.18 0.66** –

FH 0.11 −0.17 −0.26** –

DE −0.15 0.05 0.11 −0.32** –

VR −0.17 −0.13 −0.25** 0.38** −0.19 –

TC 0.10 −0.40** −0.35** 0.37** −0.18 0.21 –

LMC −0.20 0.16 −0.07 0.01 −0.09 0.22 −0.14 –

*denotes significance at p < 0.05, **at p < 0.001. Positive correlations occur where both rectifications are builds or carves, and negative where one is a build and the other is

a carve.

Dickinson et al. 10.3389/fresc.2024.1354069
However, the associations between some rectification pairs

were more complex, and distinctly different clinical strategies

were apparent, notably for the gross volume reduction which is

often one of the first rectification choices made during the design

process. Following the choice of gross volume reduction to apply,

clinicians made different choices of whether to elongate the distal

end to accommodate displaced soft tissue (Figure 4 bottom). For

example, in the case of a low volume reduction, there was some

causal link to the choice of distal end elongation (low 44% vs.

high 28%), which may reflect a choice to offload the distal tip.

However, for a high volume reduction, the causal link was much

stronger (low 15% vs. high 50%), supporting the requirement of

more space at the distal end to accommodate the soft tissues

when they are highly compressed.

Finally, to demonstrate an example use case of these insights

from expert clinical practice, the Naïve Bayes classifier was used

to create example socket designs with the highest probability to

result from an initial clinical decision of a high or low volume

reduction. The resulting rectifications were superimposed upon

the mean residual limb shape from the training population of 3D

scans [Figure 5 (6),]. For sockets with a low degree of volume

reduction, prosthetists were most likely to use more pronounced

carves at the patellar tendon and paratibials, a high FH offload, a

mid-sized tibial crest offload and a mid-to-low distal end

elongation, collectively representing more PTB-like design

features (Figure 5 top). Conversely, for sockets with a high

volume reduction, prosthetists used small carves at the patellar

tendon, paratibials and tibial crest, a closer-fitting FH profile, and
TABLE 3 Categorised rectification sizes extracted from the KDE function
fitted to the training dataset of 163 socket designs.

Category

Rectification Low
(10th %le)

Mid
(50th %le)

High
(90th %le)

Patellar Tendon, mm (carve) 4.1 5.8 7.4

Fibular Head, mm (build) 1.0 2.1 3.8

Medial Paratibial, mm (carve) 1.9 3.2 4.7

Lateral Paratibial, mm (carve) 2.1 3.6 5.1

Tibial Crest, mm (build) 1.4 2.7 4.4

Distal End, mm (build) 1.5 5.8 10

Lateral-Medial
Condyles, mm

(carve) 3.0 5.5 9.3

Volume Reduction, % 1.5 4.3 9.9
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a large distal end elongation, features commonly used together in

more TSB-like sockets, along with lateral-medial carves above the

knee condyles (Figure 5 bottom).
4 Discussion

This study set out to enhance our objective understanding of

prosthetic socket design. We assessed the spectrum of transtibial

socket features in a randomly sampled UK population, by identifying

and measuring the selection and size of rectifications used by

experienced prosthetists, and associations between these choices.

The study presents quantitative data that express how CAD/

CAM sockets designed by expert prosthetists to PTB and TSB

approaches do not form clearly separate groups, but lie on a

spectrum. Local rectifications were typically smaller, and the

volume reduction was typically larger for the TSB group

compared to the PTB group. However, across the study

population there was considerable overlap between all rectification

sizes for PTB and TSB designs, which supports the biomechanical

theory that rectifications work together, and therefore associations

between chosen rectification sizes were inspected.

Strong linear correlations were observed between the sizes of

rectifications which typically feature in combination, in PTB

designs. The PT carve depth was not associated with any other

rectification, indicating its relative design insensitivity. Similarly,

supracondylar carves varied independently from all rectifications,

consistent with these being more “optional” design features,

consistent with their role in suspension rather than the transfer

of stance loads. It was also noteworthy that despite finding no

simple correlation between elongation at the residuum’s distal

end and volume reduction, the variables were associated. For

example, a large volume reduction was rarely used without an

associated distal elongation to accommodate the displaced soft

tissue. Such logical but more complex associations between

rectification sizes were not detected by linear regression but were

revealed by applying probabilistic approaches.

Rectification practice insights like these might be used in

combination with variables of residuum size and shape extracted

from a new limb scan, to identify the most likely combination of

rectifications that prosthetists have used to design sockets for

similar cases in the past. The resulting rectifications could be

presented to prosthetists as “templates”, to support at the
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FIGURE 4

Three methods of assessing association between the sizes of three example pairs of rectifications. First, a scatter plot (left) of rectification sizes shows
common combinations of rectification sizes, where each point represents one of the 163 training sockets. Both variables are continuous. The
probability of combinations calculated by Kernel Density Estimation (KDE) is superimposed as a colour map. Circles represent nominally PTB
sockets, and crosses are nominally TSB sockets. Three slices through the dataset are then used (centre) to define low, medium and high values of
one rectification. For these categories, the corresponding probability density function of the other rectification is plotted. Finally, the Gaussian
Naïve Bayes (NB) classifier is used to show the probability that a prosthetist would choose combinations of low, medium and high sizes of each
rectification having previously chosen the size of another rectification (right). Results are shown for a highly associated pair (LP and MP, top), an
un-associated pair (PT and TC, middle) and a pair which contains different association options (DE and VC, bottom).
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beginning of their design process, incorporating the understanding

of the interdependence of these local design decisions. There are

considerable evidence, economic, operational and mindset factors

involved in implementing digital technologies in prosthetics
Frontiers in Rehabilitation Sciences 08
clinic workflows (24), and many considerations for socket design

beyond a person’s residual limb size and shape. For this reason,

we would never recommend that such analysis of past

rectifications is used to automate socket design, and an expert
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FIGURE 5

By pre-defining the size of volume reduction across the socket, the Naïve Bayes classifier was used to provide probabilities of the clinician choice of
size of the other rectifications across the training dataset. With 3 categories, a probability of 33.3% would represent no preference. This shows clear
groups of more PTB-biased socket design associated with a decision to perform low volume reduction (top row) and more TSB-biased features
associated with a large-sized volume reduction (bottom row). In rectification map, red represents a carve or volume reduction in the socket
design, blue represents build, and white is a close match to the limb shape.
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prosthetist should always remain responsible; they know their

client best. The rationale is the same as in CAD/CAM, where a

3D surface scan alone will not identify highly person-specific

sites of sensitivity or vulnerable tissue such as wounds, scars,

grafts and bony prominences or heterotopic ossification. Such

cases may explain the outliers visible in Figure 4 (left). Although

the great majority of sockets had less than 10% volume reduction

and less than 10 mm distal end elongation, the presence of

outliers illustrates and reinforces the importance of expert clinical

intervention, to meet individual needs for sockets with design

features lying outside the normal size range.

Beyond direct residuum-based factors influencing socket design

choices, prosthetists will include practical, service-delivery and

usability considerations. The cost of current PTB and TSB options

is reported to be equivalent in the short term, with PTB costing

40% less initially but requiring a greater number of clinic visits

with their associated time and travel costs, over three times as

long, to achieve equivalent clinical performance (25). Part of

the cost, function and comfort benefits of TSB sockets may be

attributed to corresponding vacuum assisted suspension and silicone

or elastomer liners, although these are reported to produce more

perspiration and require manual skill in donning, which may

be more difficult for older individuals and people with impaired

manual dexterity (26).

The study uses a retrospective analysis of sockets from 3D

scanned residual limb surface and CAD/CAM socket design data

alone. As mentioned above, prosthetists also consider soft tissue

composition and sensitive or vulnerable sites in their design, based

on palpation, but this information was unavailable for the present

study. The study’s training data also considered only CAD/CAM

PTB and TSB sockets, and different findings might be obtained if

sockets produced using conventional plaster-based processes were
Frontiers in Rehabilitation Sciences 09
digitised and studied by the same methods. Furthermore, the

study also does not provide information on the negative effects of

poor design, or undesirable rectification choices, because all

sockets included in the training population were relatively

comfortable; 80% of the population had an SCS > 7. Other

rectification features may also be relevant beyond the size or depth

used in this study, such as the rectification zone area, shape and

location, but were not considered in this study.

Furthermore, though this study employs a larger population

than previously published modelling and socket analysis studies,

its generalisability is inevitably limited. The study’s exploratory

data analysis revealed trends which agreed with previously

published research, and the use of PTB and TSB approaches

matched clinical guidelines. Comfort level trends agreed with

clinical assessments for conventional PTB and hydrocast TSB

sockets (higher for PTB, and increasing with time since

amputation) (27), and trends in TSB socket users indicated higher

activity and higher satisfaction amongst young, active users (28,

29). The exploratory data analysis also showed some heterogeneity

in sex, age and reason for amputation which was representative of

the UK NHS population (30), but there may be preference for

design to different styles in different locations. External validity

beyond the present setting may also be limited because other

patient groups in different ecogeographic groupings or ethnicities

will present different anatomic, pathology and surgical variations,

which may require different clinical management. Prosthetists

might use the presented methods to perform detailed analysis of

their own prior practice or for similar patients seen by colleagues

or peers in a practice or region (19), or as in the current exemplar

dataset this method might be used to investigate trends across a

broader population. The presented methods are built upon open-

source software tools and can be applied to other historic design
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records, but the results should not in isolation be interpreted as

recommendations for clinical practice. Finally, while the study was

designed to provide detailed observational descriptions of socket

design, it does not provide a direct mechanistic explanation of

these designs’ load transfer. The results are best interpreted in

conjunction with mechanical and clinical tests which attempt to

understand these mechanisms (31, 32) and link them to clinical

effectiveness in terms of function and quality of life (3, 11, 33),

towards the study’s stated aim of enhancing our community’s

evidence-based support for socket design.
5 Conclusion and clinical implications

This study set out to derive objective understanding from

population-based socket design records, towards supporting

clinicians to reduce the iterative socket design in prosthetic

limb provision. Sockets were shown to vary in a spectrum,

instead of separate clusters of more pure PTB or TSB

approaches, so future clinical studies should look at the design

paradigm with continuous variables instead of discrete groups.

This understanding might be implemented clinically in the

form of initial modified geometry, or as a list of modification

sizes which could be applied in a predefined workflow in

conventional CAD/CAM software, or in CAD/CAM templates.

As described previously, such templates should be selected

and adapted to the patient by certified prosthetists (5, 6, 8,

18, 19, 21), and as suggested by Boone et al. in the ShapeMaker

system (19) they could also be updated, learning from a

prosthetist’s individual technique, or data might continue to be

pooled for more general insights. Such templates would not

substitute clinical training but might free the prosthetist to

focus more of their time on the higher value-added, patient-

facing part of their practice.

Ultimately the intention of this paper’s methodology is to provide

a tool for prosthetists to understand their range of decision making

and learn more about alternative methods to achieve the same

result. Knowledge derived using these methods may also enhance

how clinicians share best practice for complex cases, and how less

experienced prosthetists and trainees learn from analysing the work

of highly skilled prosthetists. The results also provide insights to

support engineers in conducting physical testing and biomechanical

simulations that represent real-world clinical practice.
Data availability statement

The data analyzed in this study is subject to the following

licenses/restrictions: Raw datasets analysed during the study are

part of individuals’ healthcare data. Ethical approval was granted

for the study to access them under Secondary Data Analysis, but

the raw data cannot be made publicly available for reasons of

individual privacy. Processed data behind the figures is however

made publicly available. The dataset supporting the conclusions

of this article is available in the University of Southampton

repository, https://doi.org/10.5258/SOTON/D2896.
Frontiers in Rehabilitation Sciences 10
Ethics statement

The study was conducted according to the guidelines of the

Declaration of Helsinki, and approved by the Institutional Ethics

Committee of University of Southampton (protocol code ERGO

53279 on 11th November 2019). Patient consent was waived due

to the study’s retrospective, anonymised analysis of data collected

under routine clinical practice, structured as a service

development audit. This approach was supported by a committee

chair from the UK National Research Ethics Service (NRES).
Author contributions

ASD: Conceptualization, Data curation, Formal Analysis, Funding

acquisition, Investigation, Methodology, Project administration,

Visualization, Writing – original draft. JWS: Conceptualization,

Data curation, Formal Analysis, Funding acquisition, Investigation,

Methodology, Project administration, Software, Visualization,

Writing – original draft. CR: Formal Analysis, Investigation,

Methodology, Software, Visualization, Writing – review & editing.

LED: Investigation, Writing – original draft. FMM: Data curation,

Writing – review & editing. JLB: Data curation, Writing – review &

editing. DH: Data curation, Validation, Writing – review & editing.

JB: Data curation, Validation, Writing – review & editing. ZT: Data

curation, Validation, Writing – review & editing. PRW:

Conceptualization, Funding acquisition, Writing – review & editing.
Funding

The author(s) declare financial support was received for the

research, authorship, and/or publication of this article.

This study was funded by the Royal Academy of Engineering

(RAEng), grant numbers RF/130 and EF1819\8\24, the

Engineering and Physical Sciences Research Council (EPSRC)/

National Institute for Health Research (NIHR) Global Challenges

Research Fund, grant number EP/R014213/1, Innovate UK, grant

10014827, and The Alan Turing Institute, grant EP/N510129/1.
Acknowledgments

We acknowledge kind support from Caroline Ward of Opcare
Ltd., data previously collected by Emily Pearson of Opcare Ltd.,
advice from Prof James Batchelor from the University of
Southampton, and support from the University of Southampton’s
Institute for Life Sciences.
Conflict of interest

ASD, JLB, CR, JWS and PRW are co-founders and/or

employees and/or shareholders of Radii Devices Ltd., and DH, JB

and ZT are employees of Opcare Ltd. However, the authors

declare that the research was conducted in the absence of any
frontiersin.org

https://doi.org/10.5258/SOTON/D2896
https://doi.org/10.3389/fresc.2024.1354069
https://www.frontiersin.org/journals/rehabilitation-sciences
https://www.frontiersin.org/


Dickinson et al. 10.3389/fresc.2024.1354069
commercial or financial relationships that could be construed as a

potential conflict of interest, and the research does not involve any

products. The funders had no role in the design of the study; in the

collection, analyses, or interpretation of data; in the writing of the

manuscript, or in the decision to publish the results.

The remaining authors declare that the research was conducted

in the absence of any commercial or financial relationships that

could be construed as a potential conflict of interest.
Frontiers in Rehabilitation Sciences 11
Publisher’s note

All claims expressed in this article are solely those of the

authors and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed

or endorsed by the publisher.
References
1. Foort J. The patellar-tendon-bearing prosthesis for below-knee amputees, a review
of technique and criteria. Artif Limbs. (1965) 13(1):4–13.

2. Staats TB, Lundt J. The UCLA total surface bearing suction below-knee
prosthesis. Clin Prosthetics Orthot. (1987) 11(3):118–30.

3. Safari R. Lower limb prosthetic interfaces: clinical and technological advancement
and potential future direction. Prosthet Orthot Int. (2020) 44(6):384–401. doi: 10.1177/
0309364620969226

4. International Society for Prosthetics and Orthotics. ISPO Biennium Report 2017–
2019. Brussels. (2019).

5. Houston VL, Burgess EM, Childress DS, Lehneis HR, Mason CP, Garbarini MA,
et al. Automated fabrication of mobility aids (AFMA): below-knee CASD/CAM
testing and evaluation program results. J Rehabil Res Dev. (1992) 29(4):78–124.
doi: 10.1682/JRRD.1992.10.0078

6. Dickinson A, Diment L, Morris R, Pearson E, Hannett D, Steer J. Characterising
residual limb morphology and prosthetic socket design based on expert clinician
practice. Prosthesis. (2021) 3(4):280–99. doi: 10.3390/prosthesis3040027

7. Nagarajan YR, Farukh F, Silberschmidt V V, Kandan K, Singh AK, Mukul P.
Shape analysis of prosthetic socket rectification procedure for transtibial amputees.
Prosthesis. (2024) 6:157–74. doi: 10.3390/prosthesis6010013

8. Fatone S, Johnson WB, Tran L, Tucker K, Mowrer C, Caldwell R. Quantification
of rectifications for the Northwestern University flexible sub-ischial vacuum socket.
Prosthet Orthot Int. 2017;41(3):251–7. doi: 10.1177/0309364616684165

9. Ngan C, Pendse V, Sivasambu H, Ouellette E, Ready N, Andrysek J. Preliminary
characterization of rectification for transradial prosthetic sockets. Sci Rep. (2024)
14:5759. doi: 10.1038/s41598-024-56333-6

10. Oldfrey BM, Morgado Ramirez DZ, Miodownik M, Wassall M, Ramstrand N,
Wong M, et al. A scoping review of digital fabrication techniques applied to
prosthetics and orthotics: part 1 of 2—prosthetics. Prosthet Orthot Int. (2024).
doi: 10.1097/PXR.0000000000000351. [Epub ahead of print].

11. Laing S, Lee PV, Goh JC. Engineering a trans-tibial prosthetic socket for the
lower limb amputee. Ann Acad Med Singapore. (2011) 40(5):252–9. doi: 10.47102/
annals-acadmedsg.V40N5p252

12. Yigiter K, Şener G, Bayar K. Comparison of the effects of patellar tendon
bearing and total surface bearing sockets on prosthetic fitting and rehabilitation.
Prosthet Orthot Int. (2002) 26(3):206–12. doi: 10.1080/03093640208726649

13. Hachisuka K, Dozono K, Ogata H, Ohmine S, Shitama H, Shinkoda K. Total surface
bearing below-knee prosthesis: advantages, disadvantages, and clinical implications. Arch
Phys Med Rehabil. (1998) 79(7):783–9. doi: 10.1016/S0003-9993(98)90356-2

14. Stevens PM, Depalma RR, Wurdeman SR. Transtibial socket design, interface,
and suspension: a clinical practice guideline. J Prosthetics Orthot. (2019) 31
(3):172–8. doi: 10.1097/JPO.0000000000000219

15. Suyi Yang E, Aslani N, McGarry A. Influences and trends of various shape-
capture methods on outcomes in trans-tibial prosthetics: a systematic review.
Prosthet Orthot Int. (2019) 43(5):540–55. doi: 10.1177/0309364619865424

16. Sidles JA, Boone D, Harlan J, Burgess E. Rectification maps: a new method for
describing residual limb and socket shapes. J Prosthetics Orthotics. (1989) 1(3):149–53.
doi: 10.1097/00008526-198904000-00009

17. Dean D, Saunders CG. A software package for design and manufacture of
prosthetic sockets for transtibial amputees. IEEE Trans Biomed Eng. (1985) 32
(4):257–62. doi: 10.1109/TBME.1985.325445
18. Torres-Moreno R, Foort J, Morrison JB, Saunders CG. A reference shape library
for computer aided socket design in above-knee prostheses. Prosthet Orthot Int. (1989)
13:130–9. doi: 10.3109/03093648909079421

19. Boone DA, Harlan JS, Burgess EM. Automated fabrication of mobility aids:
review of the AFMA process and VA/Seattle ShapeMaker software design. J Rehab.
(1994) 31(1):42–9.

20. Lemaire ED, Johnson F. A quantitative method for comparing and evaluating
manual prosthetic socket modifications. IEEE Trans Rehabil Eng. (1996) 4(4):303–9.
doi: 10.1109/86.547931

21. Lemaire ED, Bexiga P, Johnson F, Solomonidis SE, Paul JP. Validation of a
quantitative method for defining CAD/CAM socket modifications. Prosthet Orthot
Int. (1999) 23:30–44. doi: 10.3109/03093649909071608

22. Steer J, Stocks O, Parsons J, Worsley P. Dickinson A. Ampscan: a lightweight
python package for shape analysis of prosthetics and orthotics. J Open Source Softw.
(2020) 5(48):2060. doi: 10.21105/joss.02060

23. Pedregosa F, Varoquaux G, Gramfort A, Michel V, Thirion B, Grisel O, et al.
Scikit-learn: machine learning in python. J Mach Learn Res. (2011) 12:2825–30.

24. Ngan CC, Sivasambu H, Kelland K, Ramdial S, Andrysek J. Understanding the
adoption of digital workflows in orthotic & prosthetic practice from practitioner
perspectives: a qualitative descriptive study. Prosthet Orthot Int. (2022) 46(3):282–9.
doi: 10.1097/PXR.0000000000000107

25. Highsmith MJ, Kahle JT, Lewandowski A, Klenow TD, Orriola JJ, Miro RM,
et al. Economic evaluations of interventions for transtibial amputees: a scoping
review of comparative studies. Technol Innov. (2016) 18(2–3):85–98. doi: 10.21300/
18.2-3.2016.85

26. Gholizadeh H, Lemaire ED, Eshraghi A. The evidence-base for elevated vacuum
in lower limb prosthetics: literature review and professional feedback. Clin Biomech.
(2016) 37:108–16. doi: 10.1016/j.clinbiomech.2016.06.005

27. Manucharian SR. An investigation of comfort level trend differences between
the hands-on patellar tendon bearing and hands-off hydrocast transtibial
prosthetic sockets. J Prosthetics Orthot. (2011) 23(3):124–40. doi: 10.1097/JPO.
0b013e3182248bf2

28. Safari MR, Meier MR. Systematic review of effects of current transtibial
prosthetic socket designs—part 1: qualitative outcomes. J Rehabil Res Dev. (2015)
52:491–508. doi: 10.1682/JRRD.2014.08.0183

29. Safari MR, Meier MR. Systematic review of effects of current transtibial
prosthetic socket designs—part 2: quantitative outcomes. J Rehabil Res Dev. (2015)
52:509–26. doi: 10.1682/JRRD.2014.08.0184

30. Twiste M. Limbless Statistics Annual Report: 2011/2012. Manchester. (2015).

31. Mak AFT, Zhang M, Boone DA. State-of-the-art research in lower-limb
prosthetic biomechanics-socket interface: a review. J Rehabil Res Dev. (2001) 38
(2):161–73.

32. Rankin K, Steer J, Paton J, Mavrogordato M, Marter A, Worsley P, et al.
Developing an analogue residual limb for comparative DVC analysis of transtibial
prosthetic socket designs. Materials (Basel). (2020) 13(18):1–15. doi: 10.3390/
ma13183955

33. Anderst W, Fiedler G, Onishi K, McKernan G, Gale T, Paulus P. Within-
subject effects of standardized prosthetic socket modifications on physical
function and patient-reported outcomes. Trials. (2022) 23(1):1–19. doi: 10.1186/
s13063-022-06205-z
frontiersin.org

https://doi.org/10.1177/0309364620969226
https://doi.org/10.1177/0309364620969226
https://doi.org/10.1682/JRRD.1992.10.0078
https://doi.org/10.3390/prosthesis3040027
https://doi.org/10.3390/prosthesis6010013
https://doi.org/10.1177/0309364616684165
https://doi.org/10.1038/s41598-024-56333-6
https://doi.org/10.1097/PXR.0000000000000351
https://doi.org/10.47102/annals-acadmedsg.V40N5p252
https://doi.org/10.47102/annals-acadmedsg.V40N5p252
https://doi.org/10.1080/03093640208726649
https://doi.org/10.1016/S0003-9993(98)90356-2
https://doi.org/10.1097/JPO.0000000000000219
https://doi.org/10.1177/0309364619865424
https://doi.org/10.1097/00008526-198904000-00009
https://doi.org/10.1109/TBME.1985.325445
https://doi.org/10.3109/03093648909079421
https://doi.org/10.1109/86.547931
https://doi.org/10.3109/03093649909071608
https://doi.org/10.21105/joss.02060
https://doi.org/10.1097/PXR.0000000000000107
https://doi.org/10.21300/18.2-3.2016.85
https://doi.org/10.21300/18.2-3.2016.85
https://doi.org/10.1016/j.clinbiomech.2016.06.005
https://doi.org/10.1097/JPO.0b013e3182248bf2
https://doi.org/10.1097/JPO.0b013e3182248bf2
https://doi.org/10.1682/JRRD.2014.08.0183
https://doi.org/10.1682/JRRD.2014.08.0184
https://doi.org/10.3390/ma13183955
https://doi.org/10.3390/ma13183955
https://doi.org/10.1186/s13063-022-06205-z
https://doi.org/10.1186/s13063-022-06205-z
https://doi.org/10.3389/fresc.2024.1354069
https://www.frontiersin.org/journals/rehabilitation-sciences
https://www.frontiersin.org/

	Insights into the spectrum of transtibial prosthetic socket design from expert clinicians and their digital records
	Introduction
	Materials and methods
	Results
	Exploratory data analysis
	Descriptive statistical analysis of expert socket design practice by rectification
	Probabilistic analysis of socket design practice

	Discussion
	Conclusion and clinical implications
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher's note
	References


