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Abstract 

Background:  Transfemoral amputees experience a complex host of physical, psychological, and social challenges, 
compounded by the functional limitations of current transfemoral prostheses. However, the specific relationships 
between human factors and prosthesis design and performance characteristics have not yet been adequately investi-
gated. The present study aims to address this knowledge gap.

Methods:  A comprehensive single-cohort survey of 114 unilateral transfemoral amputees addressed a broad range 
of demographic and clinical characteristics, functional autonomy, satisfaction and attitudes towards their current 
prostheses, and design priorities for an ideal transfemoral prosthesis, including the possibility of active assistance 
from a robotic knee unit. The survey was custom-developed based on several standard questionnaires used to assess 
motor abilities and autonomy in activities of daily living, prosthesis satisfaction, and quality of life in lower-limb ampu-
tees. Survey data were analyzed to compare the experience (including autonomy and satisfaction) and design priori-
ties of users of transfemoral prostheses with versus without microprocessor-controlled knee units (MPKs and NMPKs, 
respectively), with a subsequent analyses of cross-category correlation, principal component analysis (PCA), cost-
sensitivity segmentation, and unsupervised K-means clustering applied within the most cost-sensitive participants, to 
identify functional groupings of users with respect to their design priorities.

Results:  The cohort featured predominantly younger (< 50 years) traumatic male amputees with respect to the 
general transfemoral amputee population, with pronounced differences in age distribution and amputation etiology 
(traumatic vs. non-traumatic) between MPK and NMPK groups. These differences were further reflected in user experi-
ence, with MPK users reporting significantly greater overall functional autonomy, satisfaction, and sense of prosthe-
sis ownership than those with NMPKs, in conjunction with a decreased incidence of instability and falls. Across all 

© The Author(s) 2021. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which 
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the 
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or 
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line 
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory 
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this 
licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/. The Creative Commons Public Domain Dedication waiver (http://​creat​iveco​
mmons.​org/​publi​cdoma​in/​zero/1.​0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.

Open Access

*Correspondence:  z.mckinney@ieee.org
†Chiara Fanciullacci and Zach McKinney contributed equally to the 
authorship of this manuscript
†Angelo Davalli, Rinaldo Sacchetti, Simona Crea, Nicola Vitiello and 
Emanuele Gruppioni contributed equally to the conception and scientific 
supervision of this study and the authorship of this manuscript
1 The BioRobotics Institute, Scuola Superiore Sant’Anna (Pisa), Viale 
Rinaldo Piaggio 34, 56025 Pontedera, Pisa, Italy
Full list of author information is available at the end of the article

http://orcid.org/0000-0001-7336-9050
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s12984-021-00944-x&domain=pdf


Page 2 of 25Fanciullacci et al. Journal of NeuroEngineering and Rehabilitation          (2021) 18:168 

Background
Limb loss imposes numerous physical, psychological, and 
social challenges on the individual, with a heavy impact 
on global health and quality of life, thus demanding the 
development of new strategies for managing daily life and 
dealing with changes in social relationships [1]. Among 
the approximately 40 million individuals with limb 
amputations worldwide [2], about 36 million (90%) are 
lower-limb amputees [3], of whom an estimated 26% are 
transfemoral amputees (TFAs) [4], for whom this host of 
challenges is compounded by the lack of a natural knee 
joint relative to trans-tibial (below-knee) amputees.

In this context, the prosthesis plays an essential role 
both in re-establishing functional autonomy and in sub-
stituting the lost limb as part of the individual’s body 
schema. While advances in prosthetic technology over 
the past decades have greatly increased the availability 
of powered prosthetic ankles [5, 6] and microprocessor-
controlled knee units [7–9] for lower-limb amputees, 
there is presently just one commercially available knee 
unit [10] providing positive power (as opposed to merely 
modulating the joint impedance, i.e. stiffness), the adop-
tion of which remains low due to the balance between 
weight, cost, usability, and functional benefit that it offers 
for most TFAs. Accordingly, TFAs continue to experience 
a host of mobility impairments and diminished quality of 
life [11, 12], while achieving lower satisfaction with their 
prostheses than trans-tibial amputees [13]. In particular, 
TFAs as a group exhibit significantly reduced gait speed, 
symmetry, and energetic efficiency, while experienc-
ing greater postural instability and risk of falls [14–18]. 
The ability to maintain stable gait becomes especially 
impaired on inclined and uneven terrain [19]. While the 
use of prostheses with microprocessor-controlled knee 
units (MPKs) has been found to improve overall meas-
ures of gait stability and efficiency, functional balance, 

fall risk, and satisfaction [17, 20–22], conventional MPKs 
have difficulty recognizing and adapting to different 
gait speeds, inclines, stairs and other irregular terrain 
encountered in the community environment, which 
remain a formidable challenge for TFAs.

Despite the well-recognized importance of psychoso-
cial outcomes such as functional independence (auton-
omy) and overall quality of life [23], a majority of research 
and development efforts on advanced transfemoral pros-
theses (TFPs) to date has focused on improving specific 
technical parameters such as velocity, torque, or power 
output [3, 24], on clinical measures such as gait quality 
and functional balance (tied to risk of falls) [20, 21], or on 
the user’s performance of functional tasks with the pros-
thesis [25–27]. While several studies have investigated 
user perceptions specific to single prosthesis character-
istics such as cosmetic design [28] or the donning and 
doffing procedure [29], the precise relationships between 
TFP design features, functionality, and psychosocial out-
comes remain insufficiently understood—and thus insuf-
ficiently accounted for in the TFP design process.

In this vein, Beckerle and colleagues [30] have pro-
posed a detailed human-centered approach to lower-limb 
prosthesis design, with specific attention to the case of 
TFPs, emphasizing the need for equal consideration of 
human and technical factors. Moreover, a recent review 
has consolidated current knowledge on user priorities, 
design requirements, and clinical guidelines for upper-
limb prosthesis selection and prescription, highlighting a 
widespread prioritization of comfort, natural appearance, 
and functional aspects such as the performance of activi-
ties of daily living, (ADL—especially eating and dressing) 
and the desire for sensory feedback [31]. While these 
findings likely reflect several universal prosthesis user 
needs such as comfort and functionality in ADLs, they 
cannot be globally generalized to lower-limb prostheses, 

participants, the leading functional priorities for an ideal transfemoral prosthesis were overall stability, adaptability to 
variable walking velocity, and lifestyle-related functionality, while the highest-prioritized general characteristics were 
reliability, comfort, and weight, with highly variable prioritization of cost according to reimbursement status. PCA and 
user clustering analyses revealed the possibility for functionally relevant groupings of prosthesis features and users, 
based on their differential prioritization of these features—with implications towards prosthesis design tradeoffs.

Conclusions:  This study’s findings support the understanding that when appropriately prescribed according to 
patient characteristics and needs in the context of a proactive rehabilitation program, advanced transfemoral prosthe-
ses promote patient mobility, autonomy, and overall health. Survey data indicate overall stability, modularity, and ver-
satility as key design priorities for the continued development of transfemoral prosthesis technology. Finally, observed 
associations between prosthesis type, user experience, and attitudes concerning prosthesis ownership suggest both 
that prosthesis characteristics influence device acceptance and functional outcomes, and that psychosocial factors 
should be specifically and proactively addressed during the rehabilitation process.

Keywords:  Transfemoral amputation, Lower-limb prostheses, Powered prosthesis, User-centered design, Human 
factors, Rehabilitation
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given the differing roles of the upper and lower limbs in 
various ADLs and social interactions. Meanwhile, such a 
comprehensive synthesis has not been achieved specifi-
cally for TFPs.

The goal of the present study was to address this knowl-
edge gap by illuminating the interplay between human 
and technical factors for TFP users, via a comprehen-
sive survey of TFP user experience, functional capabili-
ties, and design priorities. In particular, the study aimed 
(i) to characterize TFP users and their subjective expe-
rience of current commercial TFPs, and (ii) to identify 
user design priorities with respect to new generations of 
active robotic TFPs that may offer greater functionality, 
usability, and overall user appeal relative to current com-
mercial prostheses.

Methods
This study was based on an extensive survey of unilateral 
transfemoral amputees with the objective to characterize 
their subjective experience with their primary prostheses 
and their priorities regarding the features and functions 
of an ideal prosthesis, including a positively powered 
robotic knee unit. The survey format was chosen to 
achieve as large a sample as possible, via both in-person 
administration and online distribution throughout the 
affiliated clinical networks and patient groups. The ques-
tionnaire was custom-designed in collaboration between 
the Centro Protesi INAIL (Vigorso di Budrio, Italy), Scu-
ola Superiore Sant’Anna (Pisa, Italy), the ISTUD Health-
care Area Research (Milan, Italy) and the Istituto Italiano 
di Tecnologia (Genoa, Italy). All study procedures, 
including subject recruitment and written informed con-
sent were pre-approved by the designated ethics commit-
tee for the study sites, in conformance with all pertinent 
institutional protocols and the Declaration of Helsinki.

Questionnaire
This study’s custom questionnaire (Table  1) was devel-
oped based on standard questionnaires assessing motor 
ability, function in activities of daily living (ADLs), pros-
thesis satisfaction, and quality of life in amputees, includ-
ing the Trinity Amputation and Prosthesis Experience 
Scales-Revised (TAPES) [32], Questionnaire for Persons 
with a Transfemoral Amputation (Q-TFA) [33], Orthotics 
and Prosthetics Users’ Survey (OPUS) [34, 35], and Pros-
thesis Evaluation Questionnaire (PEQ) [36]. The ques-
tionnaire was administered in Italian (native language 
for all subjects) at a single time point (no follow-up) in 
one of two ways: i) via in-person interview by a physical 
therapist, at the Centro Protesi INAIL (Budrio, Italy) and 
the IRCCS Fondazione Don Gnocchi (Milan, Italy), or ii) 
via online self-administration.

Summarized in Table  1, the questionnaire consisted 
of 70 items, addressing four main thematic areas: user 
characteristics (clinical and demographic), perceived 
functional abilities and independence with the current 
prosthesis, user satisfaction and psychosocial experi-
ence, and priorities for an ideal prosthesis. User pri-
orities for an ideal prosthesis were divided into four 
sub-categories, namely the general characteristics (Pr-
GC), the limb interface socket (Pr-S), the mobility-related 
functionality(Pr-Fn), and the activities that would benefit 
from receiving active (i.e. positively powered) assistance 
(Pr-AA).Across all sections, survey items comprised a 
mix of question types, including multiple choice, Lik-
ert scale (1–6), rank ordering (1–10), and free written 
response.

Study population: eligibility and inclusion
Subject eligibility was defined to include adult (age 
18–79) unilateral TFAs, recruited from the patient pop-
ulations at the participating rehab centers, as well as via 
online recruitment through their affiliated patient sup-
port networks on social media. Of surveys completed, 
selective response omissions were allowed, according to 
the user’s judgement of applicability to their case, while 
surveys with large blocks or whole sections of missing 
responses were omitted.

Statistical analyses
Numeric survey data were summarized using quantita-
tive descriptive statistics appropriate to each data type 
(continuous, categorical, ordinal), with ordinal data 
reported as median (inter-quartile range, IQR). In the 
case of design priority ranking data, missing responses 
were imputed a value of 10 (lowest rank order) for the 
purposes of clustering analysis, based on the interpre-
tation that unrated factors were deemed insufficiently 
important to significantly influence the user’s choice of 
prosthesis or experience.

Based on the study objective of informing the design of 
an advanced robotic TFP, participants were grouped for 
analysis according to primary prosthesis type: those with 
electronic (i.e. microprocessor-controlled) knee units 
(MPKs), and those with purely mechanical (i.e. non-
microprocessor-controlled) knees (NMPKs), including 
hydraulic knees. The use of MPKs was selected as the key 
variable of interest because MPKs represent the current 
state of the art among widely adopted TFP technology 
and have demonstrated significant differences in func-
tional performance relative to other prosthesis types [20]. 
To assess for statistically significant differences between 
MPK and NMPK users, the non-parametric Mann Whit-
ney U-test (α = 0.05) was applied for all continuous and 
ordinal variables, with the magnitude of between-group 
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differences quantified using the common language (CL) 
effect size (f ) [37]. The CL effect size describes the prob-
ability that in a random pair of samples taken one-from-
each-group, the sample from a given group would have a 
larger value than that taken from the other. Thus, f val-
ues closer to 1 and to 0 (respectively) describe a greater 
effect size, while f = 0.5 describes a null effect size [38]. 
Between-group similarity was assessed using the Pearson 
chi-squared test for binary categorical variables (gen-
der, amputation etiology: traumatic vs. non-traumatic), 
and using the Kolmogorov–Smirnov test to compare 
response distributions for ordinal variables (employment 
status, subjective prosthesis acceptance).

To address observed and potential demographic differ-
ences between groups in terms of overall health and life-
style, autonomy data analysis was further stratified into 
traumatic and non-traumatic amputation sub-groups, as 
this etiological distinction was considered to provide the 
most reliable proxy indicator of overall health among the 
available variables, and to co-vary with other potential 
confounds such as age. Spearman rank correlations anal-
ysis was conducted to evaluate the relationship between 
various aspects of user experience, including prosthesis 
utilization (hours/day), autonomy, and different domains 
of satisfaction (aesthetics, functionality, and general 
characteristics). Given the wide variance in prioritiza-
tion of cost, this correlation analysis was extended as well 
to a post-hoc sub-analysis assessing Spearman correla-
tions between cost sensitivity (i.e. prioritization), income 
tier, and prosthesis payer, coded in ordinal fashion cor-
responding to the level of financial assistance: entirely 
individual (0); shared—national healthcare service with 
individual contribution (1); national healthcare service 
alone (2); INAIL (3). All quantitative data analysis was 
conducted using Excel, SPSS, and MATLAB software.

Answers to the free response questions “for me, my 
prosthesis is…” and “what were the causes of your fall(s) 
[as applicable]?” were analyzed qualitatively using the 
thematic analysis technique described by Braun and 
Clarke [39], which provides a theoretically flexible 
approach to analyze qualitative data for key descriptive 
information concerning the guiding research questions. 
Using this technique, recurring terms and concepts were 
used to synthesize thematic categories related to user 
perceptions of their prostheses and their functional abili-
ties, and each response was then semantically classified 
to one of the identified themes.

Cost sensitivity analysis and user segmentation (clustering 
of priorities)
Given the real-world role of cost in constraining both the 
design and selection of TFPs, the variation in user pri-
orities as a function of cost sensitivity was explored. To 

clarify the relationship between cost sensitivity and other 
user priorities, users across both NMPK and MPK groups 
were segmented into tiers based on their prioritization of 
cost: high (rank 1–3), medium (4–6), or low (7–10), and 
distributions of priorities were visually compared across 
Pr-GC, Pr-Fn, and Pr-AA categories. To further distin-
guish user priorities among the most cost-sensitive users, 
a post-hoc clustering analysis was performed via unsu-
pervised K-Means clustering within the user segment 
rating cost among their top 3 Pr-GC priorities.

As a noise reduction measure to facilitate a cleaner 
segmentation of TFP users in each category, the dimen-
sionality of raw survey data was first reduced using prin-
cipal component analysis, via transformation into the 
minimum number of dimensions (d85) capturing at least 
85% of total variance. PCA for rank order data was per-
formed via MATLAB function pcacov, using Spearman 
rank order correlations, with a rank of 10 (‘not impor-
tant’) imputed to all missing data points. Data were then 
reverse-transformed back into the original n-dimensional 
space, and clustering was then performed on transformed 
data using a non-hierarchical K-Means clustering algo-
rithm (executed in MATLAB) for K = 3 clusters, with 100 
random initializations per instance (k) and iteration run 
until convergence. As indicated for the standard K-Means 
algorithm, the net cost function for each segmentation 
was computed as the root-mean-square (RMS) distance 
from each n-dimensional data point to its respective 
cluster centroid [40]. Finally, to identify specific priori-
ties that differed significantly across the three cost sensi-
tivity tiers, Kruskal–Wallis tests were applied across the 
tiers, individually for each priority in the Pr-GC, Pr-Fn, 
and Pr-AA categories.  For priorities exhibiting signifi-
cant overall differences, post-hoc. Mann-Whitney U tests 
were conducted to identify pair-wise significant differ-
ences between cost sensitivity tiers.

Results
Demographic and clinical characteristics
A total of 114 correctly completed questionnaires were 
obtained from unilateral TFA participants from the 189 
surveys administered (based on available recruitment 
capacity) during the period of February-April, 2018, with 
75 excluded for incompleteness or failure to meet inclu-
sion criteria (e.g. trans-tibial amputees). Summarized in 
Table 2, the final subject sample comprised mostly males 
(77.2%), with a median (IQR) age of 50 (15) years and 
unilateral amputations occurring at a median (IQR) age 
of 30 (22.5) years, corresponding to median (IQR) 16.5 
(26.3) years since amputation. Among all subjects, 26.3% 
of amputation cases were semi-acute (≤ 2 yr), 8.8% recent 
(2-5  yr), and 64.9% chronic (> 5  yr). Those using MPKs 
and NMPKs (respectively) as their primary prostheses 
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were comparable in age and time between amputation 
and receipt of the first prosthesis, though statistically 
significant between-group differences were noted in 
amputation etiology (traumatic amputations were more 
prevalent), gender (males were more prevalent), age at 
the time of amputation (older for NMPK), and time since 
amputation (longer for MPK).

Table 3 Summarizes the data on subject income, occu-
pation, employment status, impact of amputation on 
work ability. Overall, there were no statistically signifi-
cant differences between MPK and NMPK users in any 
of these work or income-related categories, despite the 
observed greater percentages of MPK users in physical 
occupations prior to amputation (81.6%MPK vs. 65.7% 
NMPK, p = 0.08) and the lower percentage of MPK users 
performing the same occupation following amputation 
(38.1% NMPK vs. 23.1% MPK, p = 0.095). Accordingly, 
there was no significant between-group difference in the 
reported impact of amputation on vocational ability.

For further reference regarding how additional pros-
thesis components (foot, socket, liner) may influence 
user experience or priorities, the main types and features 
of these components among participants are summarized 
in Table 4.

User experience & satisfaction
Functional capabilities & independence
Independent Prosthesis Usage (Table  5). Reported pros-
thesis utilization was high across all participants, with a 

median (IQR) usage frequency of 7(0) days per week in 
both groups, and with MPK users indicating significantly 
greater daily use of the prosthesis. This difference varied 
by context, with both groups reporting comparably high 
usage at work/school, but MPK users reporting greater 
usage at home and in recreational settings. MPK users 
also noted significantly greater involvement in the pros-
thesis selection process.

Autonomy. Perceived autonomy for various ADLs is 
depicted in Fig. 1, with the consistent trend of MPK users 
rating themselves as more autonomous than NMPK 
users for all tasks. These differences were statistically 
significant for all tasks except for stair ascent, with the 
strongest effect sizes (f (f ~ 0.74–0.79) in the kinemati-
cally specific tasks of stair descent, gait on inclines/
declines, and sit-stand transitions. By contrast, more 
general and varied ADLs such as housework, free time 
management, and negotiation of public spaces exhibited 
mild-to-moderate effect sizes in the range of f ~ 0.60–
0.70. While a majority of MPK users rated themselves as 
fully autonomous in all tasks (median(IQR) 5(0)) except 
for stair ascent (median(IQR) 3(4)), NMPK autonomy 
ratings varied more widely by task, with predominantly 
non-autonomous ratings (median score ≤ 3 of 6) in the 
tasks of stair ascent, descent, and ramp walking. Notably, 
a majority of TFP users in both groups reported full func-
tional autonomy in the tasks of dressing, bathing, driving 
a car, and schedule management.

Table 2  Clinical demographics of study cohort, by group

* Reported p-values for significant differences in distribution between NMPK and MPK user groups, using Pearson chi-squared test for categorial parameters (gender, 
etiology) and from Mann–Whitney U-test for all others. Significant differences highlighted in bold. **Subtotals less than 100% are due to individual missing responses

Variable Overall (N = 114) NMPK (n = 45)
n (%)**

MPK (n = 69) p*

Amputation etiology

 Traumatic 90 (78.9%) 27 (60%) 63 (91.3%)  < 0.001
 Non-traumatic (NT) 24 (21.1%) 18 (40%) 6 (8.7%)

  NT—dysvascular (diabetic) 7 (6.1%) 6 (13.3%) 1 (1.4%)

  NT—cancer 8 (7.0%) 5 (11.1%) 3 (4.3%)

  NT—congenital deformities 3 (2.6%) 2 (4.4%) 1 (1.4%)

  NT—surgical complications & infections 
(secondary)

6 (5.3%) 4 (8.9%) 2 (4.4%)

Gender

 Men 88 (77.2%) 30 (66.7%) 58 (84.1%) 0.011
 Women 22 (19.3%) 14 (31.1%) 8 (11.6%)

Med (IQR)

Age (a) 50 (15) 51 (22) 49.5 (13) 0.610

Age at amputation (a) 30 (22.5) 39 (31.5) 29 (21) 0.001
Time since amputation (a) 16.5 (26.3) 4.5 (19) 19.5 (26.8)  < 0.001
Time from amputation to 1st TFP (mo.s) 6 (5) 6 (5.25) 6 (4) 0.760
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Table 3  Work and income

* P values computed using chi-squared test for binary questions, 2-sample Kolmogorov–Smirnov test for categorial variables, and Mann–Whitney U test for ordinal 
variables

Overall NMPK MPK p*

Employment status

 Stable Employment 60 20 40  > 0.999

 Part-time Employment 5 2 3

 In search of work 9 3 6

 Don’t work 12 7 5

 Student 3 1 2

 Retired 22 11 11

 Homemaker 2 1 1

 Total 114 45 68

Physical occupation (prior)?

 Y 72 23 49 0.0800

 N 23 12 11

Same occupation as before amputation?

 Y 31 16 15 0.0945

 N 76 26 50

Negative influence of amputation on work 
ability (1–4)

3(3) 3(3) 3(3) 0.9834

Med (IQR)

Annual income 1 (1) 1 (1) 1 (2)

 Decline to specify 32 6 26 0.6407

  < 18,000€ 43 21 22

 18,000–36,000 € 20 10 10

 36,000–70,000 € 12 6 6

 70,000–100,000 € 7 2 5

  > 100.000 € 0 0 0

Table 4  Transfemoral prosthesis (TFP) characteristics, by group

Characteristic Overall (N = 114) NMPKs (n = 45; 40%) MPKs (n = 69; 60%)

Prosthetic foot type

 SACH 8 (7%) 6 (13.3%) 2 (2.9%)

 Articulated (Single or Multi-Axis) 15 (13.2%) 7 (15.6%) 8 (11.6%)

 Carbon fiber 71 (62.3%) 22 (48.9%) 49 (71%)

 Missing/other 20 (17.5%) 10 (22.2%) 10 (14.5%)

Socket support system

 Ischial support 68 (59.6%) 23 (51.1%) 45 (65.2%)

 Ischial containment 35 (30.7%) 15 (33.3%) 20 (29%)

 Missing/other 9 (9.7%) 7 (15.6%) 4 (5.7%)

Socket structure frame

 Entirely rigid 38 (33.3%) 19 (42.2%) 19 (27.5%)

 Windows (semi flexible) 71 (62.3%) 21 (46.7%) 50 (72.5%)

 Missing/other 5 (4.4%) 5 (11.1%) 0

Liner

 Yes 61 (53.5%) 22 (48.9%) 39 (56.5%)

 No 48 (42.1%) 19 (42.2%) 29 (42%)

 Missing 5 (4.4%) 4 (8.9%) 1 (1.4%)
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Concerning amputation etiology, stratified analy-
ses within the traumatic and non-traumatic ampu-
tee sub-groups found the differences between MPK 
and NMPK users to remain evident for a majority of 
ADLs (Table 6), though the set of tasks remaining sig-
nificantly different varied somewhat by etiology. Tasks 
with significantly greater MPK autonomy in both eti-
ologies included stair descent, incline/decline gait, sit-
stand transitions, bathing, and attending public places. 
For all ADL, the MPK vs. NMPK effect sizes were nota-
bly stronger within the non-traumatic sub-group, with f 
values greater than 0.75 for all significant differences, as 

compared to the moderate effects (f ~ 0.6–0.75) among 
traumatic amputees.

Falls 72% of the whole group (80% NMPK vs. 67% 
MPK) reported at least one fall within the past year, 
with stair descent and steep ramp descent cited as the 
most frequent situational causes of instability (Table 7). 
Steep ramp ascent and gradual slope descent were also 
cited as common causes of instability by both groups. 
While not reaching significance (p = 0.059), the great-
est-magnitude difference in the attribution of insta-
bility between groups was for other (miscellaneous) 
causes, cited by more MPK (19%) than NMPK users 

Table 5  Utilization of current prosthesis

a Values on Likert Scale from 1 (low) to 6 (high) involvement/satisfaction. bLikert values of 1–5 describing frequency of use. cAll statistical comparisons performed via 
Mann–Whitney U Test (p), with common language effect size (f)

Variable Overall (N = 114) NMPK (n = 45) MPK (n = 69) pc fc

Median (IQR)

Involvement in prosthesis 
selectiona

5 (3.5) 4 (3) 6 (1)  < 0.001 0.814

Prosthesis utilization

 Days per week 7 (0) 7 (0) 7 (0)  < 0.001 0.616

 Hours per day 14 (6) 10 (7) 15 (2)  < 0.001 0.783

Frequency of Prosthesis Use, by contextb

 At work 5 (0) 5 (2) 5 (0)  < 0.001 0.655

 At home 5 (2) 3 (3.5) 5 (1)  < 0.001 0.783

 Free time 5 (1) 4 (3) 5 (0)  < 0.001 0.717

Table 6  Autonomy in ADL—stratified by amputation etiology

a Values reported on Likert scale from 1 (fully dependent, not autonomous) to 5 (fully autonomous); Reported separately for traumatic (Tr) and non-traumatic (NT) 
amputees with and without microprocessor-controlled knees (MPKs), respectively
b Aggregate autonomy computed as the median (IQR) of each subject’s median autonomy across all constituent ADL
c All statistical comparisons conducted using Mann–Whitney U test, reported with common language effect size (f ). Significant differences highlighted in bold

“Overall, to what extent do you feel independent in performing the following activities?”

Activity NMPKTr (n = 26) MPKTr (n = 61) pc fc NMPKNT (n = 17) MPKNT (n = 6) pc fc

Mediana (IQR) Mediana (IQR)

Stair ascending 3 (3) 4 (4) 0.4769 0.547 1 (1.25) 2.5 (3) 0.1293 0.691

Stair descending 3 (3) 5 (1) 0.0006 0.723 1 (1.25) 5 (1) 0.0007 0.941
Ramp walking 4 (2) 5 (1) 0.0007 0.719 2 (2) 5 (1) 0.0030 0.912
Sit-to-stand/Stand-to-sit 4 (2) 5 (0) 0.0022 0.674 3 (2) 5 (0) 0.0081 0.870
Bathing 5 (1) 5 (0) 0.0171 0.610 3.5 (3) 5 (0) 0.0431 0.776
Dressing 5 (1) 5 (0) 0.0719 0.579 4 (2) 5 (0) 0.0273 0.794
Housework 4 (2) 5 (1) 0.0192 0.637 3 (3) 5 (2) 0.0734 0.750

Driving a car 5 (0) 5 (0) 0.4775 0.531 1 (2) 5 (0) 0.0242 0.800
Work/study schedule adherence 5 (0.5) 5 (0) 0.8230 0.512 3 (4) 4.5 (1) 0.1108 0.731

Management of free time 5 (2) 5 (0.5) 0.0299 0.621 3 (1.75) 4 (2) 0.2113 0.678

Attending public places 5 (1) 5 (0) 0.0362 0.610 3 (3) 5 (0) 0.0112 0.857
Aggregateb 5 (1) 5 (0) 0.0156 0.628 3 (2) 5 (1) 0.0047 0.892
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(3%). Based on their attributions of specific recent falls 
in free responses, NMPK users most commonly cited 
the aforementioned environmental factors associated 
with instability, while MPK users commonly attributed 
falls to personal errors and controllable factors such as 
“distraction” (n = 6), “tripping” (n = 4), as well as (n = 1) 
attribution to “rapid transitional movements”.

Prosthesis satisfaction & psychosocial experience
Satisfaction with the current prosthesis is summarized in 
Table 8 for the four categories of prosthesis functionality, 
comfort, aesthetics, and general characteristics & main-
tenance, with MPK users reporting significantly greater 

global satisfaction in all categories, as well as for a major-
ity of specific ADL. Stair ascent stood out as the task 
with lowest prosthesis satisfaction (median (IQR): 3 (2)) 
among MPK users, exhibiting no significant difference 
relative to NMPK users. To provide a better idea of prior-
ity ranking distribution across groups, the full response 
distributions regarding ADL-specific prosthesis func-
tionality are depicted in Fig. 2.

Table  9 reports the Spearman correlations (and cor-
responding p values) between daily prosthesis usage 
(hours/day), overall (aggregate) autonomy, and aggre-
gate satisfaction ratings for, the comfort, aesthetics, 
functionality, and general characteristics sub-categories. 

Med (IQR)
NMPK MPK _p_ _f_

2(3) 3 (4) 0.025 0.377
1 (3) 5 (1) < 0.001 0.208
3 (2) 5 (1) < 0.001 0.213
4 (3) 5 (0) < 0.001 0.259

5 (1.75) 5 (0) < 0.001 0.322
5 (1) 5 (0) < 0.001 0.334

4 (2) 5 (1) < 0.001 0.298

5 (3.25) 5 (0) 0.001 0.349

5 (2) 5 (0.5) 0.044 0.401

4 (2) 5 (1) < 0.001 0.310

4 (2.5) 5 (0) < 0.001 0.306
Aggregate*:

4 (2.75) 5 (0) <0.001 0.264

b)a)
0

Fig. 1  Autonomy in Activities of Daily Living (ADL): Distribution of Likert scale responses, ranging from “completely autonomous” (5) to “completely 
non-autonomous [fully dependent]” (1) for each task in a) MPK and b) NMPK users. Significance (p) and common language effect size (f ) reported 
for Mann–Whitney U Test (α = 0.05). *: Aggregate autonomy computed as the median (IQR) of each subject’s median autonomy across all 
constituent ADL

Table 7  Falls and situational causes of instability

Significant differences highlighted in bold

Variable Overall (N = 114) (%) NMPK (n = 45) (%) MPK (n = 69) (%) Chi2 p

Falls within the past year

 Yes 82 (72) 36 (80) 46 (67) 2.736 0.098

 No 29 (25) 8 (18) 21 (30)

 Missing 3 (3) 1 (2) 2 (3)

Situations of perceived of instability (‘select all that apply’)

 Stair ascent 8 (7) 5 (8) 3 (5) 1.909 0.167

 Stair descent 26 (22) 14 (23) 12 (21) 2.912 0.088

 Ramp ascent (steep) 16 (13) 10 (16) 6 (10) 4.130 0.042
Ramp descent (steep) 28 (24) 14 (23) 14 (24) 1.721 0.190

Slope ascent (gradual) 7 (6) 4 (7) 3 (5) 0.975 0.324

Slope descent (gradual) 12 (10) 7 (11) 5 (9) 1.997 0.158

Sitting down 4 (3) 2 (3) 2 (3) 0.192 0.661

Standing up 5 (4) 3 (5) 2 (3) 0.922 0.337

Other 13 (11) 2 (3) 11 (19) 3.564 0.059
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Table 8  Satisfaction with the current prosthesis

* Aggregate median (IQR) values for each category computed as the median and IQR of each subject’s median satisfaction across constituent questions. Statistical 
significance (p) computed using Mann–Whitney U test, with common language effect size (f ). Significant differences highlighted in bold

Variable Overall NMPK MPK p f
Median (IQR)*

Satisfaction rating

Comfort* 5.0 (2) 4.0 (1) 5.0 (1)  < 0.001 0.696
  Donning and doffing 5.0 (2) 4.0 (2.25) 5.0 (1) 0.008 0.642
  Weight 4.0 (2) 4.0 (2) 4.0 (1) 0.081 0.585

  Noisiness 6.0 (1) 5.0 (2) 6.0 (1)  < 0.001 0.678
Aesthetic aspects* 5.0 (2) 4.0 (1.5) 5.0 (1.5)  < 0.001 0.694

  General appearance 5.0 (2) 4.0 (2) 5.0 (2)  < 0.001 0.684
  Size/dimensions relative to body 5.0 (2) 4.0 (2) 5.0 (2) 0.002 0.679

Functionality* 4.5 (1.5) 4.0 (2.25) 5.0 (1.5)  < 0.001 0.792
  Gait 5.0 (2) 5.0 (1) 5.0 (1)  < 0.001 0.752
  Gait on irregular surfaces 4.0 (2) 4.0 (2) 5.0 (2)  < 0.001 0.747
  Stair ascent 3.0 (2) 3.0 (2) 3 (2.25) 0.675 0.528

  Stair Descent 5.0 (3) 3.0 (3) 5.0 (2)  < 0.001 0.771
  Stand-to-sit transitions 4.0 (3) 4.0 (2) 5.0 (2) 0.004 0.665
  Sit-to-stand transitions 4.0 (2) 4.0 (2) 5.0 (2) 0.015 0.642
  Ascent of gradual incline (ramp) 4.0 (2) 4.0 (1.75) 5.0 (2.25)  < 0.001 0.713
  Descent of gradual decline (ramp) 5.0 (2) 4.0 (3) 5.0 (1)  < 0.001 0.782
  Ascent of steep incline (ramp) 3.0 (2) 3.0 (2.75) 4.0 (3) 0.001 0.667
  Descent of steep decline (ramp) 4.0 (3) 3.0 (3) 5.0 (2)  < 0.001 0.806
  Getting in and out of automobile 4.5 (2) 4.0 (3) 5.0 (3) 0.906 0.638

  Maneuvering in tight spaces 4.0 (3) 3.0 (2) 4.5 (2) 0.681 0.695

 General Characteristics & Maintenance* 5.0 (2) 5.0 (1.0) 5.5 (1) 0.003 0.665
  Cleanability 5.0 (2) 4.0 (2) 6.0 (1) 0.002 0.671
  Robustness 5.0 (2) 5.0 (1.5) 5.0 (1) 0.018 0.627
  Water Resistance 3.0 (4) 3.0 (4) 3.0 (4) 0.353 0.524

  Reliability 5.0 (2) 5.0 (2) 5.0 (1) 0.012 0.617
  Battery autonomy 5.0 (2) N/A 5.0 (2) N/A N/A

  Battery charging time 6.0 (1) N/A 6.0 (1) N/A N/A

Satisfaction w Function - NMPK Satisfaction w Function - MPK

b)a)
Fig. 2  Satisfaction with Prosthesis Functionality in ADL in A) all MPK and B) all NMPK users (traumatic + non-traumatic). Likert scale responses range 
from “completely satisfied” (6) to “completely dissatisfied” (1). Corresponding summary data reported in Table 8
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While all between-category correlations were significant, 
those with the greatest (albeit only moderate) magni-
tude (rho ~ 0.5) were noted between autonomy and sat-
isfaction with both prosthesis function (rho = 0.434) and 
general characteristics (0.556), respectively. Comparably 
strong correlations were also noted between all respec-
tive sub-categories of prosthesis satisfaction. While hours 
of daily prosthesis use exhibited significant positive cor-
relations with median aggregate autonomy (rho = 0.277, 
p = 0.004) and all categories of prosthesis satisfaction, 
the magnitudes of these correlations were comparatively 
weak.

Subjective Prosthesis Acceptance & Body Integra-
tion Thematic analysis of free responses to the question 
“what is the prosthesis for you?” revealed 3 semantic cat-
egories: “tool”, describing the TFP as a means to obtain a 
functional result; “part of me”, describing it as a natural-
istic part of the body; and “obstacle/noise”, as an impedi-
ment to daily life. Across all subjects, approximately 
half (51% overall; 49% MPK; 53% NMPK) described the 
TFP as a “tool”, 38% as “part of me”, and only 6% as an 
obstacle. To evaluate between-group differences in sub-
jective acceptance and body integration, an ad-hoc Kol-
mogorov–Smirnov analysis was applied by interpreting 
responses as an ordinal variable representing the distri-
bution of the sentiment of prosthesis acceptance/integra-
tion across these 3 semantic categories (“obstacle” = low; 
“tool” = medium; “part of me” = high). This analysis did 
not reveal a significant overall between-group difference 
in subjective prosthesis integration (p = 0.320), despite 
the notable differences in proportions of MPK ver-
sus NMPK users (46.2% vs. 30.2%) characterizing their 

prostheses as “part of me” and as obstacle/noise (1.5% 
MPK vs. 14.0% NMPK) – likely due to similar portions 
describing their prostheses as a tool (52.3% NMPK vs. 
55.8% NMPK). 4% of MPK and 5% of NMPK subjects 
(respectively) did not complete this question item.

Design priorities for an ideal transfemoral prosthesis (TFP)
User priority rankings for the features and functions of 
an ideal TFP are summarized in Fig. 3 for all four design 
categories evaluated by the questionnaire. For general 
prosthesis characteristics (Pr-GC), reliability, comfort, 
and prosthesis weight scored as the highest-ranked 
items for both the NMPK and MPK groups, with cost 
ranking fourth. Slight yet significant differences in pri-
orities between groups across all categories included the 
higher prioritization of overall stability by NMPK users 
(p = 0.048, f = 0.609), while MPK users gave significantly 
higher priority to gait on uneven terrain (p = 0.040, 
f = 0.625), battery life (p = 0.001, f = 0.787), water resist-
ance (p = 0.014, f = 0.653), active cooling (p = 0.018, 
f = 0.509) and active assistance while ascending stairs 
(p = 0.004, f = 0.678) and inclines (p = 0.015; f = 0.650).

Regarding functional mobility (Pr-Fn), overall prosthe-
sis stability was the highest-rated priority for the whole 
sample (including a majority of NMPK users ranking it 
in the first position), with lifestyle-related functionality 
ranking second (Fig.  3). Gait speed adaptability ranked 
as the third-highest priority for both groups, while MPK 
users expressed a higher preference towards walking on 
uneven terrain. Concerning contexts for active assistance 
from the prosthesis (Pr-AA), moments of instability were 
ranked highest by both groups, though no task earned an 

Table 9  Rank correlations between daily usage (hours/day), aggregate autonomy, and aggregate prosthesis satisfaction (by category)

Spearman rank correlations and p values for categories of daily prosthesis usage (hours/day), plus median autonomy (Auton.), and satisfaction with comfort, aesthetic 
aspects (Aesth.), mobility-related functionality (function), and general characteristics (Gen Char)

Daily usage Auton Sat-comfort Sat-aesth. Sat-function Sat-Gen char
rho

Daily use 1.00 0.277 0.221 0.208 0.258 0.154

Auton 0.277 1.00 0.234 0.362 0.434 0.556

Comfort 0.221 0.234 1.00 0.491 0.489 0.503

Aesthetics 0.208 0.362 0.491 1.00 0.455 0.491

Function 0.258 0.434 0.489 0.455 1.00 0.465

Gen Char 0.154 0.556 0.503 0.491 0.465 1.00

p

Daily use 1.00 0.004 0.025 0.036 0.009 0.123

Auton 0.004 1.00 0.018 0.0002  < 0.0001  < 0.0001

Comfort 0.025 0.0178 1.00  < 0.0001  < 0.0001  < 0.0001

Aesthetics 0.036 0.0002  < 0.0001 1.00  < 0.0001  < 0.0001

Function 0.009  < 0.0001  < 0.0001  < 0.0001 1.00  < 0.0001

Gen Char 0.1232  < 0.0001  < 0.0001  < 0.0001  < 0.0001 1.00
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mRO of 1 due to high individual variability. Regarding 
the prosthetic socket (Pr-S), both groups prioritized (1) 
socket adaptability to the residuum shape and volume, 
(2) the use of breathable materials, and (3) variable socket 
stiffness, differing only regarding an active cooling sys-
tem, ranked slightly higher by MPK users.

Principal component analysis, user segmentation, and cost 
sensitivity sub‑analysis
As a first step to understanding how TFP users might 
best be distinguished and grouped based on their design 
priorities, Principal Component Analysis conducted sep-
arately in the areas of Pr-GC, Pr-Fn, and Pr-AA yielded 
the primary principal components (PCs) summarized in 
Table 10. Overall, there was a moderately high degree of 
dimensional reduction possible in these categories, with 
the first four PCs capturing upward of 64% of total sam-
ple variance within each category (64.4% Pr-GC; 76.8% 
Pr-Fn; 68.0% Pr-AA). Moreover, the combinations of 
dominant variable weights within each PC, which rep-
resent salient positive and negative correlations between 
user priorities, were found to consist of functionally rel-
evant groupings of variables that allow the interpretation 
of PCs as aggregate higher-order measures of user priori-
ties (Table 10). A complete listing of PC loadings is pro-
vided in Additional file 1: Tables S1–S3.

To visualize differences in user priorities as a function 
of sensitivity to cost, Fig.  4 depicts all users in the PC 
dimensions 1–3, segmented into 3 tiers based on their 
cost priority ranking: high (1–3), medium (4–6), and low 
(7–10). To conceptualize how a given user’s position in 
PC-space represents their design priorities, it is impor-
tant to note that for a given PC, higher values of the PC 
denote higher values (i.e. lower prioritization) of posi-
tively weighted variables (Table 10) and lower values (i.e. 
higher prioritization) of negatively weighted variables. 
Apart from the clear distinction between cost sensitivity 
clusters in the Pr-GC-PC3 dimension (Fig. 4a) due to the 
dominant weighting of cost priority in this PC, there are 
no visibly discernible differences in overall distribution 
of user priorities as a function of cost sensitivity at the 
principal component level. Nevertheless, Kruskal–Wallis 
tests for inter-cost-tier differences in individual priori-
ties revealed significant differences for (p < 0.05) for the 
device characteristics of weight, noise, cleanability, and 
transportability, as visualized by the box plots in Fig.  5. 
There were no such significant cost-based differences in 
Pr-Fn or Pr-AA. Regarding the role of income in deter-
mining cost sensitivity, correlation analysis found no 
significant correlation between income tier and prioriti-
zation of cost (rho = 0.085; p = 0.44), whereas cost prior-
itization exhibited a weak yet significant correlation with 

the degree of financial assistance, based on prosthesis 
payer type (rho = 0.392; p = 0.0003).

To further investigate potential groupings among the 
most cost-sensitive subjects, targeted K Means cluster-
ing of users in the most cost-sensitive tier yielded three 
visually distinct, minimally overlapping user clusters 
in Pr-GC, Pr-Fn, and Pr-AA categories, as displayed 
in Fig.  6. The relative locations and separation of these 
clusters in PC-3 space can be understood in terms of the 
dominant variable weightings (both positive and nega-
tive) in each cluster, as described above with respect to 
Fig.  4. For example, among cost-sensitive users in the 
Pr-GC category, Cluster 1 is distinguished from Cluster 
3 primarily by lower values in the Pr-GC-PC1 dimen-
sion (Fig.  6a), which represents a trend towards higher 
prioritization (lower priority number) for aesthetic 
aspects and noisiness, in exchange for lower battery 
performance and transportability. Meanwhile, Cluster 
1 in Pr-Fn is characterized by higher ratings in Pr-Fn-
PC1, representing a tendency towards higher valuation 
for gait on inclines and declines, with less emphasis on 
speed of functioning, stair descent, and lifestyle-related 
functionality.

Discussion
The current study data provide a transverse characteriza-
tion of transfemoral prosthesis (TFP) users, their experi-
ence and satisfaction with their current prostheses, and 
their priorities for an ideal prosthesis, from which we can 
draw numerous insights pertinent to the user-centered 
design of technologically-advanced TFPs.

User characteristics
The present study cohort presented a range of ages, limb 
loss etiologies, occupations, employment statuses, and 
income levels (Tables 2 and 3), reflecting the diversity of 
the TFA population. A salient feature of the subject sam-
ple was the predominance (78.9%) of traumatic causes 
of amputation, differing markedly from the estimated 
16.4% of TFA among total lower-limb amputations [4]. 
In addition to potential differences in the prevalence of 
transfemoral vs. below-knee cases among traumatic vs. 
non-traumatic amputations, this predominance of trau-
matic and male amputees likely represents a recruitment 
bias at the primary survey administration site, the INAIL 
Prosthetic Center—a rehabilitation center for patients 
with work-related disabilities—an effect reported in 
previous studies with a predominance of TFAs [28]. 
Moreover, the significantly greater portion of traumatic 
amputations among MPK relative to NMPK users is 
likely indicative of differential prosthesis selection based 
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on overall patient health and activity level (presumably 
higher among traumatic cases due to younger age and 
lower prevalence of systemic co-morbidities).

Given the difference in amputation etiology distribu-
tion between the MPK and NMPK groups, the observed 

differences in age at amputation and time since ampu-
tation may be partially attributable to the contrasting 
clinical circumstances and pre-amputation lifestyles 
commonly associated with traumatic vs. non-traumatic 
(typically dysvascular) amputations. Whereas traumatic 

Pr-Fn median rank (IQR) p f
Variable All NMPK MPK
Stability 1(2.75) 1(1.25) 2(3) 0.048 0.609

Lifestyle function 3(3.25) 3(2.25) 2.5(3.75) 0.590 0.544
Gait speed adapt. 4(3) 4(4) 3(3) 0.179 0.582
Uneven terrain 4(3) 5(3) 4(4) 0.040 0.625

Stair ascent 5(3) 4(3) 5(4) 0.875 0.510
Incline/Decline 5(3) 6(4) 5(3) 0.770 0.517
Work function 5(4) 5(5) 5(4.5) 0.081 0.608
Function speed 6(5) 6(4) 6(5) 0.073 0.548
Stair descent 6(4) 5(3.75) 7.5(3.5) 0.582 0.654

Running 6(4) 7(3.50) 6(4) 0.349 0.559

Pr-AA median rank (IQR) p f
Variable All NMPK MPK

Moments of 
instability 3(4) 2(3.5) 3(4) 0.165 0.583

Stair ascent 3.5(4) 5(3) 3(4) 0.004 0.678
Incline 4(4) 5(3) 3(3) 0.015 0.650

Fast gait 4(4) 6(6.25) 4(3) 0.151 0.590
Decline 5(3) 5(3) 5(3) 0.250 0.572

Sit-to-Stand 5(7) 3(7) 7(6) 0.295 0.565
Stair descent 6(4) 5(3.25) 6(4) 0.194 0.582

Natural speed gait 7(5) 7(4) 7(6) 0.670 0.526
Stand-to-Sit 8(3) 7(5.25) 8(3) 0.449 0.548
Slow Gait 8(5) 8(5) 7(5) 0.457 0.547

Pr-GC median rank (IQR) p f
Variable All NMPK MPK

Reliability 2(1) 2(2) 1(1) 0.098 0.591
Comfort 2(2) 2(2) 2(2) 0.730 0.519
Weight 3(2) 3(2) 4(2) 0.663 0.526

Cost 5(5) 4(4) 5(5) 0.508 0.541
Battery 6(3) 8(4) 5(3.25) 0.001 0.787

Water Resistance 6(3) 7(2) 6(2) 0.014 0.653
Cleanability 6(3) 6(2) 6(4) 0.353 0.557
Aesthetics 6(4) 5(3) 6(4) 0.241 0.574
Noisiness 7(2.75) 7(2.5) 7(3) 0.690 0.525

Transportability 8(4) 8(4) 8(4) 0.637 0.542

Pr-S median rank (IQR) p f
Variable All NMPK MPK

Shape/Volume 
Adaptability 1(1) 1(1) 1.5(2) 0.457 0.540

Breathability 2(2) 2(2) 2(2) 0.922 0.505

Variable Stiffness 3(2) 3(2) 3(2) 0.878 0.509

Active Cooling 4(2) 4(1) 3(2) 0.018 0.631

Drug Release 5(0) 5(0) 5(0) 0.197 0.556

Fig. 3  Design Priorities for an ideal transfemoral prosthesis (TFP) for the categories of general characteristics (Pr-GC), mobility-related functionality 
(Pr-Fn*), active assistance (Pr-AA), and socket (Pr-S)). Significance (p) assessed using Mann–Whitney U tests, with common language effect size (f ) 
on all valid response data, omitting missing responses. *: An initial survey version without the questions of lifestyle functionality, functioning speed, 
or stair descent was issued was issued to a total of 50 participants (15 NMPK, 35 MPK), accounting for the outsized number of missing responses to 
these items
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amputations are commonly associated with accidents 
during rigorous physical activity, non-traumatic ampu-
tations are overwhelmingly the result of vascular disease 
occurring secondary to many years of chronic metabolic 
diseases such as type II diabetes [41], which is strongly 
associated with sedentary lifestyles.

User experience & satisfaction
In aggregate, our survey data indicated consistently that 
subjects with MPKs use their prostheses significantly 
more frequently (Table  5: daily and weekly), experience 
a significantly greater sense of autonomy (Fig. 1, Table 6), 
and are overall more satisfied with their devices (Fig.  2, 

Table  8) than those with NMPK-TFPs. Specific nota-
ble findings and implications are discussed below, by 
category.

Achieving independence in ADLs and a correspond-
ing sense of personal autonomy is a primary clini-
cal objective of prosthesis use, thus requiring routine, 
independent prosthesis usage in a range of activities 
and environments [23, 42–44]. To this effect, our study 
sample shows a significant positive correlation of weak-
to-moderate strength (rho = 0.277, p = 0.0001, Table  9) 
between greater daily prosthesis utilization and greater 
autonomy among all participants. Moreover, the signifi-
cantly greater frequency of prosthesis usage relative to 

Table 10  Summary of principal component decompositions of survey data

a Percentage of variance captured (PVC); bWithin each PC, dominant positive correlations are identified as the variables with positive variable weights greater than 0.3, 
while dominant negative correlations are the variables with negatively signed weights greater than 0.3 in magnitude. For complete list of constituent variable weights, 
see Additional file 1: Tables S1–S3

Category PC ID Component 
score (PVCa) 
(%)

Dominant positive correlation(s)b Dominant negative correlation(s)b

Priority-Function Pr-Fn-PC1 37.8% Speed of Functioning, Lifestyle functionality; Stair 
Descent

Incline & Decline

Priority-Function Pr-Fn-PC2 14.5% Stair Ascent Adaptability to velocity; function re: work

Priority-Function Pr-Fn-PC3 13.4% Stability of support (1°); adaptability to gait speed 
(2°)

Running

Priority-Function Pr-Fn-PC4 11.1% Work functionality (1°);
Stair Ascent (2°)

Uneven terrain

Priority—Active Assistance Pr-AA-PC1 22.4% Sit-to-stand, stand-to-sit Fast gait, stair descent, decline gait

Priority—Active Assistance Pr-AA-PC2 18.4% Gait on level ground; gait at usual speed Decline gait, stair descent

Priority—Active Assistance Pr-AA-PC3 16.1% Gait incline, stair ascent Moments of instability

Priority—Active Assistance Pr-AA-PC4 11.1% Instability recovery, Level gait at usual speed, 
incline

Fast gait, stair descent

Priority—Characteristics Pr-GC-PC1 20.3% Battery & Transportability Aesthetics, noisiness

Priority—Characteristics Pr-GC-PC2 17.4% Water resistance, weight, reliability, comfort

Priority—Characteristics Pr-GC-PC3 14.8% Cost Cleanability

Priority—Characteristics Pr-GC-PC4 11.9% Weight & Portability Reliability, noisiness

Fig. 4  Distribution of user priorities in principal component (PC) space, segmented by cost sensitivity
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NMPKs across home, work, and recreational environ-
ments (Table 5) implies both that MPKs may more effec-
tively support the functional autonomy of TFA users over 
a wide range of activities, and that they may promote a 

greater overall level of activity. Notably, this effect was 
strongest for the home environment (f = 0.783), followed 
by recreational contexts (f = 0.717), followed by work 

(p1-3 =0.009)

(p1-3 =0.012)

(p1-3 =0.008)

(p2-3 =0.050)

(p1-3 =0.001)

Fig. 5  Significantly different user priorities (Pr-GC) across cost-sensitivity tiers. Significance determined by Kruskal Wallis tests across all 3 tiers. 
Pair-wise significant differences from post-hoc Mann-Whitney U test denoted by horizontal bars. Red lines denote medians, boxes denote 
inter-quartile ranges, tick marks absolute ranges, with outliers noted as red crosses. NB: Higher priorities denoted by lower priority rankings

Fig. 6  Sub-segmentation of cost-sensitive subjects via K-means clustering (visualized in PC space)
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(f = 0.655)—thus implying the greatest differential benefit 
of MPKs in unstructured personal environments.

Regarding the distribution and differences in reported 
autonomy between groups, NMPK users exhibited 
greater variance (IQR) relative to MPK users, both 
within individual ADL and across all ADLs (Fig.  1; 
Table  6). In addition to suggesting potentially greater 
diversity among NMPK users in terms of overall health 
and function, this trend towards significantly greater 
autonomy and satisfaction with prosthesis functional-
ity (with mild-to-moderate effect sizes) among MPK 
users also suggests the possibility that MPK use could 
facilitate convergence towards positive functional out-
comes across a wide range of baseline user health char-
acteristics. Indeed, the persistence of greater autonomy 
among MPK vs. NMPK users within both the demo-
graphically self-similar traumatic and non-traumatic 
sub-groups (Table 6) supports the latter hypothesis, that 
the prosthesis could play a significant role in facilitat-
ing autonomy in the context of a proactive, personal-
ized clinical rehabilitation program. In particular, the 
more pronounced differences in autonomy (i.e. stronger 
effect sizes) between MPK and NMPK users with non-
traumatic amputations suggests that patients with lower 
baseline health and/or functional capabilities may draw 
additional clinical benefit from the use of technologically 
advanced TFPs. By contrast, the positive differences in 
autonomy associated with MPK use among traumatic 
amputees were generally subtler (often evident in the 
variance rather than the median) and more task-specific, 
with the greatest differences observed for the more chal-
lenging tasks of stair descent, sit-stand transitions, and 
ramp walking, in addition to housework. To assess the 
relative contribution of the prosthesis type to these dif-
ferences in outcomes in light of inherent differences in 
overall health and physical ability between traumatic and 
non-traumatic TFA, it would be worthwhile to further 
investigate the potential improvements in autonomy that 
may be achieved by assigning MPKs to users who are 
typically provided NMPKs in the current clinical para-
digm. Such a study could in turn support the refinement 
of clinical care guidelines on prosthesis selection in line 
with ever-advancing technological capabilities, so as to 
achieve better functional outcomes for more patients.

As a concrete clinical outcome complementary to sub-
jective autonomy, the higher reported incidence of falls 
among NMPK users in the present study did not reach 
significance (Table  7), which must likewise be consid-
ered within a complex interplay of technical and clinical 
factors. In particular, fall risk among lower-limb ampu-
tees has been previously related to various biomechani-
cal factors, including gait asymmetry, muscle weakness, 
and other neuro-musculoskeletal limitations [45, 46], as 

well as to environmental factors such as irregular ter-
rain, stairs, and slopes [47, 48]. The prosthesis plays a 
crucial role in safely negotiating these ‘challenge sce-
narios,’ with previous studies showing that the use of 
MPK prostheses can improve motor functions and 
reduce falls in amputees with lower mobility grades [49, 
50], in addition to promoting greater overall movement 
control, dynamic stability, and functional mobility [3, 
11, 51]. As a consequence, users of MPK on the whole 
may become more active in more challenging environ-
ments, thus diminishing the net effect of the prosthesis 
their incidence of falls. Nevertheless, incidence of falls 
and functional performance parameters such as walking 
speed on various surfaces and stair descent ability have 
all been linked with overall amputee satisfaction, well-
being, and quality of life [11, 49, 50, 52].

The current study findings thus reinforce an integrated 
clinical picture in which technologically advanced TFPs 
can be powerful tools in promoting user mobility and 
autonomy, but one that must be employed as part of a 
comprehensive rehabilitation paradigm that empha-
sizes functional training in addition to proactive psycho-
logical support. Further evidence for such an integrated 
approach is found in this study’s observation that users of 
MPKs, via their common attribution of falls to personal 
and attentional rather than environmental or technical 
factors, exhibited a higher degree of control and owner-
ship of their prostheses, thus highlighting the symbiotic 
relationship between psychological factors and func-
tional outcomes. Based on the preponderance of past 
and present evidence, it is reasonable to infer that more 
advanced TFPs can be more effective than traditional 
TFPs at realizing user potential that depends simulta-
neously on various health and dispositional factors, and 
that thoughtful prosthesis selection and configuration 
based on individual user needs will thus remain neces-
sary to maximizing the benefit of such devices.

This study’s principal finding that strong majorities 
of TFP users in both groups regarded their prostheses 
either as useful tools for achieving personal autonomy or 
as extensions of their bodies is a positive indicator of suc-
cessful functional rehabilitation and prosthesis accept-
ance in the study population. Moreover, the increased 
sense of anatomical ownership (“part of me”) expressed 
by MPK users suggests that both naturalistic prosthe-
sis function and the experience of using it in a synergis-
tic manner may contribute strongly to the sense of body 
schema integration and corresponding acceptance. This 
implication echoes previous studies that have identi-
fied human interaction as a strong factor in improving 
the subjective sense of control of the artificial leg, thus 
enhancing the performance and management of ADLs 
[30, 53].
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This study’s observation of significantly higher prosthe-
sis satisfaction with a moderate effect size among MPK 
relative to NMPK users in all four categories of func-
tionality, comfort, aesthetics, and general characteristics 
(Table  8) aligns with previous research that has found 
overall satisfaction to be influenced by several aspects 
of the prosthesis, including functionality, cosmetics, and 
usability [31, 44]. While it may be expected that trau-
matic amputees (91% of the MPK group, vs. just 60% of 
NMPKs) tend to be more functionally capable than those 
with dysvascular amputations by virtue of better overall 
health, it may likewise be true that less healthy and less 
active individuals have lower mobility demands and/or 
expectations, thus making the net effect of prosthesis type 
on satisfaction unclear a priori. This complexity implies 
both that TFPs should be designed with more than bare-
minimum functional autonomy requirements in mind 
(especially with respect to gait), and also that user sat-
isfaction can be positively influenced by psychological 
counseling featuring proactive management of expecta-
tions and attitudes, regardless of prosthesis type. In sum, 
the weak-yet-significant positive correlations (Table  9) 
between prosthesis usage, autonomy, and all aspects of 
prosthesis satisfaction (functional; practical; aesthetic; 
comfort), with the strongest relationships between 
autonomy and aesthetic aspects, mobility-related func-
tionality and general characteristics, further reinforces 
that higher TFP performance is just one of many factors 
that significantly influence functional outcomes, overall 
user satisfaction, and wellness.

Priorities for an ideal transfemoral prosthesis (TFP)
Given the critical role of device design in prosthesis usa-
bility and user satisfaction, the evaluation of user priori-
ties represents an indispensable foundation of the TFP 
design process. Design priorities reflect the user’s values, 
lifestyle, and goals for prosthesis use, which have been 
found to vary significantly by prosthesis type and user age 
in upper limb prostheses [44]. While the median user pri-
orities in the current study likewise varied between MPK 
and NMPK users (Fig. 3), the magnitude and significance 
of these differences were highly task-specific and appear 
secondary to the high variation in priorities between 
individuals, reflecting the diversity in subjects’ demo-
graphic/clinical characteristics (Tables  2 and 3), auton-
omy (Fig. 1; Table 6), satisfaction with functional ability 
(Table 8) evidenced by other survey sections. Despite the 
high variance in user priorities for specific features, com-
mon high-level groupings of priorities across all subjects 
remain pertinent and informative to TFP design.

Priorities for functional mobility (Pr-Fn) The prevail-
ing functional priority of general stability across all TFP 
users agrees with previous findings among MPK users 

[50]. Here, NMPK users were more consistent in ranking 
stability first (mRO 1(1.25) NMPK vs. 2(3) MPK, Fig. 3), 
whereas MPK users as a whole expressed comparably 
strong preferences for stability and lifestyle adaptability 
(mRO 2.5(3.75)). Given that MPK users reported sig-
nificantly greater overall autonomy and satisfaction with 
functional mobility than NMPK users, this subtle differ-
ence suggests that design priorities are influenced both 
by user lifestyle (actual and desired), and also by user per-
ceptions about the limitations of their current prostheses 
relative to their expectations of device capability. Moreo-
ver, we note that the highest-ranked functions were those 
applicable to a range of situations (overall stability, life-
style-related functionality, adaptability of walking veloc-
ity), with more specific tasks of gait on uneven terrain, 
stair ascent, and ramp walking (up and down) falling in 
the second tier. Based on our analysis of free responses, 
“lifestyle functionality” was interpreted by subjects in 
a variety of ways (some more task-specific than others), 
thus rendering this priority interpretable in aggregate as 
a measure of the need for TFP versatility and adaptability 
to different tasks and environments.

Notably, “work-related functionality” represents an 
exception to the trend towards favoring versatility, rank-
ing as a moderate-to-lower priority for both groups. The 
distinction in preference for lifestyle over work-related 
functionality is difficult to parse, given that potential 
differences in functional demands between lifestyle and 
work environments are not easily generalizable, nor 
discernible from survey data. What may be inferred 
regardless is that TFP users consider the ability to main-
tain their desired personal lifestyle a more important 
determinant of their satisfaction than their vocational 
ability.

Priorities for Active Assistance (Pr-AA) Overall, TFP 
user priorities for AA agree well with those for func-
tional mobility, with the top functional priority of overall 
stability corresponding to the preference for AA dur-
ing moments of instability. Likewise, the whole-sample 
trend towards prioritization of ascent vs. descent func-
tions versus their descending analogs in Pr-Fn (Fig.  3) 
corresponds to the preference for AA in those tasks. This 
effect is reflected as well in the finding that the most sig-
nificant differences in Pr-AA between MPK and NMPK 
users were with respect to stair ascent and incline gait.

The prioritization of different locomotion velocities 
provides a more nuanced picture: while the high prior-
itization of adaptability to walking velocity corresponds 
functionally to the preference for active assistance during 
fast versus natural versus slow speed walking, the high-
est speed form of locomotion—running—was among the 
least prioritized functionalities by both groups. This find-
ing indicates that high speed walking differs significantly 
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from running in terms of its personal value to users—
perhaps owing to a difference in social utility. Given the 
unique biomechanical demands of running, the elimina-
tion of this function as a TFP design requirement would 
enable a valuable simplification in TFP design.

Regarding the future design and development of 
advanced TFPs, we note that for both gait speed and 
ascending vs. descending functions, user priorities for 
AA reflected the biomechanical demands of the high-
est-priority mobility functions, with preference to tasks 
demanding greater positive power output. By contrast, 
controlled descent and lower-speed gait are more eas-
ily achieved via the modulated resistance achievable by 
current MPKs. This high-level correspondence between 
priorities for AA and for overall prosthesis functional-
ity suggests that these categories may be strategically 
merged into a single class of design requirements. In 
line with user-centered design recommendations from 
the fields of both lower-limb prosthesis design [30] and 
brain-computer-interface-based assistive technology 
[54], such a design process should focus first on defin-
ing user priorities regarding the desired tasks and activi-
ties to be performed with the prosthesis, based on user 
input. Specific technical requirements such as active 
knee power should then be defined based on the biome-
chanical and ergonomic demands of those tasks, so as to 
enable users to perform their highest-priority activities in 
a safe, effective, and efficient manner.

Priorities for General and Socket Characteristics (Pr-GC; 
Pr-S) Current MPK and NMPK users expressed very simi-
lar priorities regarding both general device characteristics 
and socket design. Primary between-group differences in 
Pr-GC tended to concern more technical, higher-perfor-
mance TFP traits such as battery life and water resistance 
(Fig. 3), which likely reflects a difference in applicability of 
various traits to the user’s TFP rather than a fundamental 
difference in priority. This finding is congruent with pre-
vious findings that user priorities vary markedly based on 
type of prosthesis [31, 44]. Similarly, the only pronounced 
difference in Pr-S was the elevated preference for active-
cooling by MPKs users. This difference is likely attribut-
able to the higher prosthesis usage in this group (Table 5), 
which suggests higher overall activity levels among MPK 
users that would naturally result in more frequent sweat-
ing and residuum volume changes. The consistency of 
socket-related priorities across groups supports the modu-
lar design of high-performance sockets that are compat-
ible with a wide range of prosthetic knee types, suitable to 
a range of activity levels, based on user lifestyle.

User segmentation via clustering of design priorities
The principal component analysis (Table 10) and subse-
quent K-means clustering of users by design priorities 

(Fig.  6) present a means of understanding and navigat-
ing the individual variation in user priorities. First, the 
possibility for substantial dimensionality reduction 
(PVC parameter, Table  10) and the functionally coher-
ent groupings of variable weights within the primary PCs 
(Table  10, Additional file  1: S1–S3) enable the interpre-
tation of the PCs as representing different ‘functional 
primitives’ in user priorities, analogous to the concept of 
dynamic movement primitives [55]. For instance, while 
Pr-AA-PC1’s primary positive weighting of sit-to-stand 
and stand-to-sit transitions may be interpreted together 
as an aggregate index of sit-stand transition priority, Pr-
AA-PC2 (positively weighted for gait on level ground and 
at normal speed) represents normal locomotion, and Pr-
AA-PC3 (weighted for incline gait and stair ascent) rep-
resents ascending forms of locomotion.

This functional coherence among the key dimensions 
of user variability carries positive implications for the 
design and clinical personalization of prostheses, by ena-
bling the interpretation of PCs as meaningful summary 
parameters representing distinct, functionally related 
subsets of tasks or device features. Taken together with 
the high compressibility of survey data, this functional 
coherence facilitates the creation of a consolidated set 
of functionally integrated performance measures. If 
evaluated in a sufficiently standardized fashion (e.g. via 
a clinically validated survey based on the one used in 
this study), these metrics could potentially serve as both 
‘benchmark’ measures to inform the optimal design of 
advanced TFPs, and as a tools for clinical care personali-
zation. By evaluating TFAs along the primary dimensions 
of variation in personal priorities, such a survey could 
be a powerful tool in the selection and personalization 
of the available prosthesis that best fulfills the individu-
al’s needs, thus offering dramatic improvement over the 
“K-Levels” used currently for this purpose, which are lim-
ited by their lack of both objectivity and standard assess-
ment criteria [56].

While useful for visualizing and conceptualizing the 
similarities, differences, and variance in user priorities 
between different user subsets, this method of generaliz-
ing PC interpretation presents a number of limitations. 
First, the largely contiguous (non-separated) nature of 
some clusters highlights that user priorities fall along 
a continuum, making it difficult to draw distinct design 
boundaries corresponding to discrete performance 
tradeoffs. Second, each PC encodes information from all 
variables, so the functional interpretation of PCs Table 10 
entails some simplifications, some of which are cleaner 
and more representative than others. Finally, the sub-
clustering of cost sensitive users might be more powerful 
if based on a set of PCs derived specifically for the cost-
sensitive segment of the TFP population.
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Cost sensitivity sub-analysis
While the segmentation of TFP users by their prioriti-

zation of cost did not result in a clean separation of users 
in the overall priority space summarized by the primary 
PCs (Fig. 5), the detection of significant across-segment 
differences in the individual priorities of weight, trans-
portability, noisiness, and cleanability (Fig.  5) provides 
some useful design guidance. Specifically, the most cost-
sensitive users rated each of these other design charac-
teristics as significantly less important (higher ranking 
number) relative to the least cost-sensitive users, while 
differences between highly and marginally cost sensitive 
users appeared marginal and insignificant. Neverthe-
less, these differences in priorities across cost sensitiv-
ity tiers suggest the relaxation of these specific design 
requirements in lower-cost TFPs. Less stringent weight 
requirements provide greater flexibility in the choice of 
mechanisms and materials, while prosthesis noise, clean-
ability, and transportability represent more superficial 
characteristics of overall lower priority that can be com-
promised without significantly affect device performance.

The targeted sub-clustering of users within the most 
cost-sensitive user segment (Fig.  6) provides a further 
means for exploring possible tradeoffs in the features 
and functions of a low-cost TFP. By embedding higher-
dimensional sets of priorities in a functionally relevant 
manner, the PCs enable the interpretation of the user seg-
mentations of the most cost-sensitive users in the Pr-GC, 
Pr-Fn, and Pr-Fn categories (Fig.  6). Overall, the emer-
gence of visually distinct, minimally overlapping clusters 
in each 3-PC dimensional space suggests the possibility to 
optimize different prosthesis versions or configurations 
for different user sub-segments. For example, Cluster 1 in 
Pr-Fn space is distinguished by higher Pr-Fn-PC1 values, 
corresponding to a higher prioritization of gait on sloped 
surfaces, while caring less about the prosthesis’ speed of 
functioning, ability to descend stairs, and lifestyle-related 
functionality (versatility). Thus, a lower cost TFP targeted 
for this user segment may aim to satisfy challenging 
design tradeoffs imposed by the cost constraint by favor-
ing a device design specialized for incline gait, with less 
versatility and slower processing/reactions times. Such 
targeted user-centered insights may be used to guide 
the design process in a manner that’s non-obvious from 
the traditional design perspective of trying to maximize 
prosthesis performance over the general highest-priority 
functions for the overall user population. Such targeted 
tradeoffs can be especially impactful towards lowering 
prosthesis cost for the most cost-sensitive prosthesis 
users and payers.

Finally, regarding the influence of demographic char-
acteristics on cost cost-sensitivity, the lack of significant 
correlation between income and cost priority is explained 

by the significant correlation between the cost prior-
ity and subjects’ level of financial support (insurance) in 
purchasing the prosthesis. This finding simultaneously 
emphasizes the important role of health insurance in 
prosthesis selection, both via direct influence on user pri-
orities and via potential differences in reimbursement of 
different devices, which can vary significantly by region. 
Furthermore, we note that the individual user’s sensitiv-
ity to cost may not fully capture the net cost constraint 
imposed by healthcare systems and medical payers.

Application to user‑centered design of TFPs
Following from the above discussion, this study’s findings 
may be synthesized into the following recommendations 
for the user-centered design of an ideal TFP:

•	 The safety and reliability of the TFP across a wide 
range of ADLs are fundamental design priorities for 
a strong majority of TFA users, preserved across all 
prosthesis types and other design priorities.

•	 Individual user needs and priorities vary signifi-
cantly based on clinical characteristics, personal 
attitudes, and lifestyle, thus demanding modularity 
and/or customizability of various prosthesis compo-
nents and characteristics, such as the dimensions, 
socket fit, and cosmetics. Indeed, a comprehensive 
design process should account for the interactions 
between these components and their net effect on 
both functionality and satisfaction, as recent studies 
have found components such as the socket to play a 
significant role in overall user function with the pros-
thesis—including gait speed and risk of falls [57].

•	 A high prioritization of “lifestyle-related function-
ality” may be interpreted as a desire for functional 
versatility and adaptability to different activities and 
unstructured real-world environments. This presents 
a host of complex design challenges that calls for a 
combination of modular TFP designs and intelligent 
adaptive control strategies, enabling device person-
alization based individual user capabilities and pref-
erences, with the understanding that performance 
tradeoffs are inevitable. The exploration of such 
tradeoffs—including the dynamic, interdependent 
relationship between prosthesis hardware and con-
trol—has been well exemplified and further enabled 
on a larger scale by the recent development of open-
source bionic leg by Azocar, Hargrove, Rouse, and 
colleagues [58].

•	 The prospective value of active (i.e. positive power) 
assistance to TFP users varies by task, with assistance 
desired preferentially during moments of instability, 
stair/incline ascent, and higher-velocity walking.
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•	 Based on the leading prioritization of shape/volume 
adaptability among both MPK and NMPK users, 
the ideal TFP socket design should enable routine 
modulation of shape and/or volume to accommodate 
changes in residual limb volume and tissue proper-
ties, thus improving comfort and minimizing skin 
problems. In conjunction, socket designs that achieve 
smart regulation of temperature and humidity (sec-
ond priority, Fig. 3) are highly desirable.

•	 The optimization of prosthesis weight relative to its 
function (e.g. achieving a high torque-weight ratio 
[3]) remains an important design objective for many 
users. However, this priority varies in a significantly 
inverse fashion with prioritization of cost, thus offer-
ing a design requirement that may be loosened in the 
case of lower-cost, high-preforming TFPs.

•	 The prioritization of cost as a factor for prosthesis 
selection is highly variable among TFAs, depending 
more strongly on insurance reimbursement than on 
income per se. While user priorities regarding pros-
thesis functionality and general prosthesis charac-
teristics do not vary significantly according to cost 
sensitivity, the most cost-sensitive users are distin-
guished from the least cost-sensitive users by their 
lower prioritizations of prosthesis weight, transport-
ability, noisiness, and cleanability. Given the limiting 
role of cost with regard to prosthesis functionality, 
lower-cost TFPs intended for cost-sensitive users 
should thus focus on overall stability, reliability, and 
comfort as characteristics with the greatest impact 
on quality of life, while maintaining secondary pri-
orities within a safe, functional, and user-acceptable 
range.

•	 For the efficient diversification of low-cost prosthesis 
designs, we recommend that design alternatives be 
developed in alignment with the functional group-
ings of user priorities represented by the dominant 
variable weights in the leading principal components 
identified in this study.

To fulfill these requirements in the development 
of future TFP systems, they should be used by TFP 
researchers and developers as design inputs to a rigorous 
user-centered design framework such as that proposed 
by Beckerle and colleagues [30], which posits a systematic 
process for merging human and technical factors in the 
design of advanced lower limb prostheses, with particular 
attention to TFP. Such a process should further explore 
the functional improvements achieved via advances in 
TFP hardware relative to those achieved via improved 
sensing, intention detection, and control strategies—both 
of which are fundamental to the performance of robotic 
MPKs [58]. The relationships between key TFP design 

parameters in all of these domains (hardware, sensing, 
and control), user preferences, and functional/clinical 
outcomes should be further explored, as Clites, Rouse, 
and colleagues have recently investigated for the parame-
ter of prosthetic ankle stiffness [59]. Finally, to make such 
research relevant to ongoing advancements in neuropro-
sthesis technology, the relative benefits of various TFP 
design features and performance settings should also be 
investigated in the context of advanced neuromuscular 
integration approaches such as targeted muscle reinner-
vation and intramuscular electrodes for both prosthesis 
control and sensory feedback, including the case of osseo 
integrated prostheses as well [60].

In addition to the above recommendations regard-
ing TFP design characteristics, the present study reveals 
several valuable insights regarding the human-centered 
design process. First, the survey’s ranking of user design 
prioritizes without any corresponding measures of rela-
tive priority weighting favored the delineation between 
TFP features of similar priority, with the tradeoff of 
reducing the power to evaluate the absolute importance 
of specific design features. By contrast, non-static rank-
ing schemes such as Best–Worst or MaxDiff scaling [61, 
62] may enable more meaningful prioritization among 
targeted subsets of features. Second, survey questions 
regarding subjects’ functional capabilities were phrased 
in terms of subjective satisfaction and autonomy, mak-
ing them imprecise as indicators of absolute functional-
ity. Though this perspective is suitable for a user-centered 
design process that holds user satisfaction and wellbe-
ing as its ultimate objectives, subsequent TFP research 
and development efforts should further investigate the 
relationship between specific design characteristics, 
objective functional performance, usability, and user 
satisfaction. Finally, future studies should evaluate user 
priorities in a manner that more directly aligns with the 
actual technical tradeoffs that constrain TFP design, such 
as the fundamental tradeoffs between weight, power, and 
functional versatility.

Study limitations
While supportive of the current clinical understanding 
that more advanced TFPs promote higher levels of user 
mobility, function, and overall health, this study’s central 
findings of higher overall functional autonomy and sat-
isfaction among MPK relative to NMPK users must be 
interpreted within the context of two main study limita-
tions. Most notably, owing to the survey’s limited char-
acterization of numerous health-related co-factors such 
as participants’ overall health, lifestyle (via pre- and post-
amputation occupation), and objective functional capac-
ity (as quantified by standard clinical measures such as 
the K-level or functional assessment scales), the study 
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was not able to conduct a thoroughly controlled test of 
the hypothesis that MPKs confer independent improve-
ments in outcomes relative to NMPKs, which was 
beyond the scope of objectives for which the survey was 
designed. Indeed, perceived autonomy, satisfaction, and 
user priorities may all be expected to depend significantly 
on the relationship between the individual’s pre- and 
post-amputation occupation and lifestyle, which strongly 
influence personal identity. Satisfaction and priorities 
may further be influenced by the individual’s concep-
tion of what level of functional recovery is possible in the 
context of the current clinical and technological state of 
the art. Irrespective of these survey-specific constraints, 
it remains likely that the effects of MPK-TFPs on clini-
cal and personal outcomes cannot be thoroughly isolated 
from general health and human factors even by control-
ling for primary indicators of such factors, due to the 
number and the limited quantifiability of personal factors 
that influence prosthesis selection.

Second, the aforementioned recruitment bias towards 
traumatic TFAs limits the generalizability of full-sample 
analyses to the general TFA population. Moreover, the 
primary study site (INAIL Centro Protesi) is the leading 
orthopedic rehabilitation center in Italy, where the inten-
sive, integrative standard of care creates a patient popu-
lation likely more functionally advanced and engaged 
with their prostheses than the global TFA population. 
Indeed, the time course, quality, and user engagement 
in prosthetic rehabilitation is known to strongly influ-
ence clinical and functional outcomes irrespective of 
prosthesis type, thus influencing a range of psychosocial 
outcomes as well. This center’s standard care practice of 
prescribing MPKs following outfitting and initial rehabili-
tation with an NMPK-TFP may introduce an additional 
“healthy user bias” [63] among MPK users. Specifically, 
patients with a lower overall clinical health status and/
or lower mobility according to Medicare Functional 
Classification Levels (MFCL) are typically issued and 
conduct initial functional rehabilitation with a simpler, 
lower-weight mechanical (NMPK) prosthesis—char-
acteristics understood to improve ease of use and the 
user’s feeling of safety in using the device. This type of 
device is also characterized by a lower price, which is an 
important factor in the Italian national health system, as 
it allows the patient to try the prosthesis with full reim-
bursement, making it accessible to all without sacrifice. 
By contrast, while healthier users are presumably able 
to achieve the best functional outcomes from advanced 
TFPs, it remains possible that such devices could have 
the greatest marginal benefit for users with lower base-
line abilities, as suggested by autonomy data among non-
traumatic amputees (Table  6). Nonetheless, this study’s 
heavy representation of traumatic amputees and MPK 

users is well-suited to the study’s objective of evaluat-
ing user needs and priorities for the development of an 
advanced, actively powered TFP.

Conclusions
This study provides an extensive new characterization 
of transfemoral amputees (TFAs), encompassing their 
demographic and clinical characteristics, psychosocial 
attitudes and lifestyles, functionality and satisfaction 
with their current prostheses, and user needs and pri-
orities for an ideal transfemoral prosthesis (TFP). Over-
all, users of TFPs with microprocessor-controlled knee 
units (MPKs) reported higher levels of activity, prosthe-
sis use, and functional ability compared to those with 
NMPKs, corresponding to higher satisfaction and greater 
functional autonomy. Significantly, While likely reflec-
tive of differences between MPK and NMPK users in 
terms of age and amputation etiology (and thus, overall 
health), these results are consistent with the hypothesis 
that more advanced, actively controlled TFPs positively 
influence not only the safety and functional mobility of 
TFAs, but their overall sense of prosthesis acceptance 
and ownership, personal autonomy, and overall health 
and wellbeing. Moreover, this study’s finding that sig-
nificant differences in ADL-related autonomy for MPK 
vs. NMPK users were higher in magnitude among non-
traumatic relative to traumatic amputees suggests that 
TFP users with a lower overall health status may in fact 
obtain greater marginal benefit from the use of advanced 
TFPs, and that the current standard-of-care guideline of 
prescribing MPK prostheses selectively to more capable 
users should thus be more carefully evaluated. Based on 
past and present findings, it may be reasonably general-
ized that advanced TFP functionality, in conjunction with 
a variety of underlying clinical and personal factors, plays 
a significant role in enabling, maintaining, and/or rein-
forcing healthy mobility and lifestyle among TFAs.

Finally, a set of user-based design principles are syn-
thesized based on survey data analysis. Future inves-
tigations should continue to develop, validate, and 
standardize measures of the functional abilities and 
personal priorities of TFAs, based on this study’s sur-
vey and findings. In this way, this study may serve as a 
foundation to build a clinical evaluation tool to opti-
mally select and configure TFPs to fulfill the needs of 
individual users.
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