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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 investigated. 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 amputees. Survey data are
summarized with descriptive statistics applied separately to users of transfemoral prostheses with versus without
microprocessor-controlled knee units (MPKs and NMPKSs, respectively).

RESULTS: The cohort featured predominantly younger (< 50 yrs.) 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 experience, with MPK
users reporting markedly greater functional autonomy, satisfaction, and sense of prosthesis ownership than those with
NMPKs, in conjunction with a decreased incidence of instability and falls. Across all subjects, 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.

CONCLUSIONS: This study’s findings support the understanding that when appropriately prescribed according to patient
characteristics and needs, advanced transfemoral prostheses promote patient mobility, autonomy, and overall health.
Survey data indicate overall stability, modularity, and versatility 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.

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.

In this context, the prosthesis plays an essential role both in re-establishing functional autonomy and in substituting the lost
limb as part of the individual’s body schema. While advances in prosthetic technology over the past decade 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 impedance), the adoption 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 (12, 13), while achieving lower satisfaction with their prostheses than trans-tibial amputees (11).

Despite the well-recognized importance of psychosocial outcomes such as functional independence (autonomy) and
overall quality of life (14), a majority of research and development efforts on advanced transfemoral prostheses (TFPs) to
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date have focused on improving specific technical parameters such as velocity, torque, or power output (3, 15), or on the
functional performance of the user with the prosthesis (16-18). While several studies have investigated user perceptions
specific to single prosthesis characteristics such as cosmetic design (19) or the donning and doffing procedure (20), the
precise relationships between TFP design features, functionality, and psychosocial outcomes remain insufficiently
understood — and thus insufficiently accounted for in the TFP design process.

In this vein, Beckerle and colleagues (21) have proposed 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. Though a recent review has consolidated current knowledge on user priorities, design requirements, and clinical
guidelines for upper-limb prosthesis selection and prescription (22), such a comprehensive synthesis has not been achieved
for TFPs.

The goal of the present study was to address this knowledge gap by illuminating the interplay between human and
technical factors for TFP users, via a comprehensive survey of TFP user experience, functional capabilities, and design
priorities. In particular, the study aimed i) to characterize TFP users and their subjective experience of current commercial
TFPs, and (ii) to identify user design priorities for a new generation of active robotic TFPs that may offer greater
functionality, usability, and overall user appeal relative to current commercial prostheses.

Methods

This study was based on an extensive survey of unilateral transfemoral amputees regarding 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 questionnaire was custom-designed in collaboration between the Centro Protesi
INAIL (Vigorso di Budrio, ltaly), Scuola Superiore Sant’/Anna (Pisa, Italy), the ISTUD Healthcare Area Research (Milan, Italy)
and the Istituto Iltaliano di Tecnologia (Genoa, ltaly). All study procedures, including subject recruitment and written
informed consent were pre-approved by the designated ethics committee for the study sites, in conformance with all
pertinent institutional protocols and the Declaration of Helsinki.

A. Questionnaire

This study’s custom questionnaire (Table 1) was developed based on standard questionnaires
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Table 1

Summary* of transfemoral prosthesis (TFP) user questionnaire

Category

Description

Question ltems

Section I. Retrospective Evaluation — User Characteristics and Experience with Current Prosthesis

Participant
description

Current
prosthesis
description

Selection and
satisfaction
with current
prosthesis

Prosthesis
usage in daily
life

Clinical and demographic
characteristics, and general
description of the amputation
and causes of the limb loss

Design features & details of the
current prosthesis, including the
socket, knee and foot

Subjective experience with the
current prosthesis

Perceived autonomy in various
ADL, as well as characterization
of personal activities and
prosthesis usage at home, at
work, and during free time

o Demographic Characteristics: Age, gender,
region of residence, income, level of education
obtained

o Amputation & Clinical Characteristics: year,
anatomical level, side, etiology (traumatic vs.
iliness), condition of intact limb, time from
amputation to first prosthesis outfitting

o Frequency of prosthesis use

o Prosthetic knee description: model, type
(electronic vs. modular vs. skeletal)

o Prosthetic foot description (model, type)

o Socket support system (ischial seat vs. no
ischial seat)

o Socket structure (rigid vs. semi-flexible)
o Use of socket liner (Y/N)
o Patient involvement in prosthesis selection

o Satisfaction with Prosthesis Function in ADL
(Sat-Fn; 12 items) — gait on even and uneven
ground, stairs (up, down), inclines (up, down;
steep, gradual), sit-to-stand and stand-to-sit
transitions, getting in & out of car, negotiating
tight spaces

o Satisfaction with Usage & Maintenance
Characteristics (6 items) — durability, reliability,
cleanability, water resistance, battery life,
charging time

o Satisfaction w. Comfort (3 items) — donning &
doffing procedure, weight, noisiness

o Satisfaction w. Aesthetic Aspects (2 items) -
general appearance, dimensions relative to body

o Autonomy in ADL: stair ascent, stair descent
both step-over-step), gait on incline & decline
combined), sit-stand transitions (both directions,

combined), bathing, dressing, housework, driving

a car, managing & observing schedules,

managing free time, attending public places

o Current activity at home /work/free time — free
response

o Desired activity at home/work/free time — free
response

o Time of prosthesis use at home/work/free time
(Likert 1-6)
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Question
Type & No.

8 multiple-
choice;

4 free
response

6 free
response

Likert scale
(1-6)

1=low
involvement/
satisfaction

6 = high
involvement/
satisfaction

11 Likert
scale (1-6):

1=no
autonomy

(fully
dependent)

6 = complete
autonomy

7 multiple-
choice

6 free
response




Category Description Question ltems Question
Type & No.

Risk of falls Incidence of falls in the last o Incidence of Falls: No. of falls in past year, main 2 free
year and the principal causes of  cause of fall response
instability

o Perceived Causes of Instability: stair ascent; 11 binary
stair descent; gait on incline (gradual; steep), gait choice
on decline (gradual; steep), sit-to-stand; stand-to-
sit; “other (describe)”
Pain Phantom limb pain o Pain frequency (never; a few days a month; a 4 multiple
few days a week; daily; always) choice
Joint pain in residual limb
o Pain intensity (mild; moderate; severe; very
severe; intolerable)

Socket Skin problems; socket wear- Skin problems 2 free
and-tear and modifications response
needed over time Socket modifications (frequency, purpose)

Subjective Patient descriptions of their 1 free response

acceptance of  feelings about their prostheses

amputee

condition

Section Il. Prospective Evaluation — User Priorities for an Ideal Prosthesis

General Priority of characteristics for an Comfort; Reliability; Cost; Weight; Battery life; 10-item rank-

characteristics  ideal transfemoral prosthesis Water resistance; Aesthetic aspects; Noisiness; order scale

of the ideal Cleanability; Transportability

prosthesis

Functional Priority of mobility-related Stability, Functionality re: lifestyle, Adaptability to 10-item rank-

characteristics  functionality for an ideal walking speed, Working activity functionality, order scale

of the ideal transfemoral prosthesis Walking on uneven ground, Stair ascending,

prosthesis Functioning speed, Stair descending, Ramp

walking, Running

Active Moments of instability/balance  10-item rank-order scale

assistance the loss; Stair ascent; Stair descent;

prosthesis Natural speed walking; fast
walking; slow walking; Ramp
ascent; Ramp descent;

Standing up and sitting down

Adaptive Preferred features & charact- Breathable materials; Shape/volume adaptability;  5-item rank-

socket eristics of the ideal socket Variable rigidity; Cooling system; Topical drug order scale

release

*: Full survey available upon from authors upon request

assessing motor ability, function in activities of daily living (ADLs), prosthesis satisfaction, and quality of life in amputees,
including the Trinity Amputation and Prosthesis Experience Scales-Revised (TAPES) (23), Questionnaire for Persons with a
Transfemoral Amputation (Q-TFA) (24), Orthotics and Prosthetics

Users’ Survey (OPUS) (25,26), and Prosthesis Evaluation Questionnaire (PEQ) (27). The questionnaire was administered in
ltalian (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, ltaly), 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 experience, and priorities for an ideal prosthesis. User priorities for an ideal prosthesis were divided into
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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, Likert scale (1-6), rank
ordering (1-10), and free written response.

B. Study Population: Eligibility and Inclusion

Subject eligibility was defined to include adult (age 18-79) unilateral TFAs, recruited from the patient populations at the
participating rehab centers, as well as via online recruitment through their affiliated patient support 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.

C. Data Analyses

Numeric survey data were summarized using quantitative descriptive statistics appropriate to each data type (continuous,
categorical, ordinal), with ordinal data reported as median (inter-quartile range, IQR). Based on the study objective of
informing the design of an advanced robotic TFR, 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. To address observed demographic differences
between groups in terms of age and amputation etiology, autonomy data analysis was further stratified into traumatic and
non-traumatic amputation sub-groups. All quantitative data analysis was conducted using Excel, SPSS, and MATLAB
softwares.

Free response data were analyzed qualitatively using the thematic analysis technique described by Braun and Clarke (28),
which provides a theoretically flexible approach to analyze qualitative data for key descriptive information concerning the
guiding research questions. Using this technique, thematic categories related to user perceptions of their prostheses and
their functional abilities were identified, and responses were then semantically classified into sentiment clusters
corresponding to the identified themes.

Results
A. 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 inclusion criteria (e.g. trans-tibial amputees). Summarized in Table 2, the final subject
sample comprised mostly males (88%), with a median (IQR) age of 50 (15) years and unilateral amputations occurring at a
median age of 30 (22.5; mean 33.2) years, corresponding to 16.5 (26.3; mean 17.1) years since amputation. Among all
subjects, 26.3% of amputation cases were semi-acute (< 2yr), 8.8% recent (2-5yr), and 64.9% chronic (> 5yr).
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Table 2
Clinical demographics of study cohort, by group.

Variable Overall NMPK MPK
(N=114) (n = 45) (n=69)
Amputation Etiology
Traumatic 90 (78.9%) 27 (60%)  63(91.3%) n (%)*
Non-traumatic 24 (21.1%) 18 (40%) 6 (8.7%)
Gender
Men 88(77.2%) 30 (66.7%) 58 (84.1%)
Women 22(19.3%) 14(31.1%) 8(11.6%)
Age (v 50 (15) 51 (22) 49.5 (13) Med (IQR)
Age at amputation (yr) 30 (22.5) 39 (31.5) 29 (21)
Time since amputation (yr) 16.5(26.3) 4.5(19) 19.5(26.8)
Time from amputation to 15t TFP (mo.s) 6 () 6 (5.25) 6(4)
*: Subtotals less than 100% are due to individual missing responses.

The main features of the participants’ current prostheses are detailed in Table 3. Those using MPKs and NMPKs
(respectively) as their primary prostheses were comparable in age and time between amputation and receipt of the first
prosthesis, though pronounced between-group differences were noted in amputation etiology, age at the time of
amputation, and time since amputation, with MPK users having suffered a greater proportion of traumatic amputations,
typically at younger ages.
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Table 3
Transfemoral prosthesis (TFP) characteristics, by group.

Characteristic Overall NMPKs MPKs
(N=114)  (n=4540%) (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%)

B. User Experience & Satisfaction

B.1. Functional Capabilities & Independence

Independent Prosthesis Usage (Table 4). Reported prosthesis 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 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 greater involvement in the
prosthesis selection process.
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Table 4

Utilization of current prosthesis

Variable Overall NMPK
(N=114) (n=45)
Median (IQR)
Involvement in prosthesis selection?® 5(3.5) 4(3)
Prosthesis Utilization
Days per week 7 (0) 7 (0)
Hours per day 14 (6) 10 (7)
Time of UseP
At work/school 5.0 (0) 5.0(2)
At home 50(2)  3.0(3.5)
In free time (community activities & hobbies) 5.0 (1) 4.0 (3)
a: Values on Likert Scale from 1 (low) to 6 (high) involvement/usage

MPK
(n=69)

6 (1)

7 (0)
15 (2)

5.0 (0)
5.0 (1)
5.0 (0)

Autonomy. Perceived autonomy for various ADLs is depicted in Figure 1, with the consistent trend that MPK users qualified
themselves as more autonomous than NMPK users in all tasks. While a majority of MPK users rated themselves as fully
autonomous in all tasks except for stair ascent, 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 functional autonomy in the tasks of dressing, bathing, driving a car, and
schedule management. Concerning amputation etiology, stratified analyses within the traumatic and non-traumatic
amputee sub-groups found the differences between MPK and NMPK users to remain evident for a majority of ADLs (Table
5), with notably more pronounced differences within the non-traumatic sub-group (median (IQR) aggregate autonomy 6(2)

for MPKyt vs. 3(2) NMPKyq).
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Table 5
Autonomy in ADL - stratified by amputation etiology

“To what extent are you autonomous in the following activities?”

Activity NMPKr, MPK1, NMPKyt MPKy
Median score? (IQR) Median score? (IQR)

Stair ascending 3(3) 4 (5) 1(1) 2.5(2.5)
Stair descending 3(3) 6 (2) 1(1) 6 (1.5)
Ramp walking 4(2) 6 (2) 2(2) 6 (1.5)
Sit-to-stand/Stand-to-sit 4 (2.75) 6 (0) 3(2) 6 (0)
Bathing 6 (2) 6 (0) 3.5(4) 6 (0)
Dressing 6 (1.5) 6 (0) 4(3) 6 (0)
House work 4(3) 6 (2) 3(3) 6 (2.25)
Driving a car 6 (0) 6 (0) 1(2) 6 (0)
Schedule management 6 (0.5) 6 (0) 3(5) 5(2)
Management of free time 6 (2) 6 (0.5) 3(1.5) 4 (2.25)
Attending public places 6 (2) 6 (0) 3(2.75) 6 (0)
AggregateP 6(2) 6(0) 3(2) 6(2)

a: Values reported on Likert scale from 1 (fully dependent, not autonomous) to 6 (fully autonomous); Reported
separately for traumatic (Tr) and non-traumatic (NT) 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.

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 6). Steep ramp ascent and
gradual slope descent were also cited as common causes of instability by both groups, while the greatest differencein the
attribution of instability between groups was for other (miscellaneous) causes, cited by more MPK (19%) than NMPK users
(3%). Whereas NMPK users most commonly attributed their falls to the aforementioned environmental factors associated
with instability, MPK users typically attributed falls to personal errors and controllable factors such as “distraction”,
“tripping”, and “rapid movements.”
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Table 6
Falls and situational causes of instability

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

Falls within the past year

Yes 82 (72%) 36 (80%) 46 (67%)
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)
Stair descent 26 (22%) 14 (23%) 12(21%)
Ramp ascent (steep) 16 (13%) 10(16%) 6 (10%)

Ramp descent (steep) 28 (24%) 14(23%) 14 (24%)
Slope ascent (gradual) 7 (6%) 4 (7%) 3(5%)
Slope descent (gradual) 12 (10%) 7 (11%) 509%)

)

Sitting down 4 (3%) 2 (3%) 2 (3%
Standing up 5 (4%) 3 (5%) 2 (3%)
Other 13(11%) 2 (3%) 11 (19%)

B.2. Prosthesis Satisfaction & Psychosocial Experience

Satisfaction with the current prosthesis is summarized in Table 7 for the four categories of prosthesis functionality, comfort,
aesthetics, and general characteristics & maintenance, with MPK users reporting greater global satisfaction in all categories,
with full response distributions regarding ADL-specific prosthesis functionality depicted in Figure 2. Of particular note,
across all subjects, the difference in satisfaction between MPK and NMPK users was least pronounced for stair ascent, the
ADL with the lowest satisfaction score for both groups.
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Table 7
Satisfaction with the current prosthesis

Variable Overall NMPK MPK
Satisfaction Rating Median (IQR)?

Comfort* 5.0(2) 4.0(1) 5.0 (1)
Donning and doffing 5.0(2) 4.0 (2.25) 5.0(1)
Weight 4.0(2) 4.0(2) 4.0(1)
Noisiness 6.0 (1) 5.0(2) 6.0 (1)
Aesthetic aspects* 5.0(2) 4.0 (1.5) 5.0(1.5)
General appearance 5.0(2) 4.0 (2) 5.0(2)
Size/dimensions relative to body 5.0(2) 4.0 (2) 5.0 (2)
Functionality* 4.5(1.5) 4.0 (2.25) 5.0 (1.5)
Gait 5.0 (2) 5.0 (1) 5.0 (1)
Gait on irregular surfaces 4.0 (2) 4.0 (2) 5.0 (2)
Stair ascent 3.0(2) 3.0(2) 3(2.25)
Stair Descent 5.0 (3) 3.0(3) 5.0 (2)
Stand-to-sit transitions 4.0 (3) 4.0 (2) 5.0 (2)
Sit-to-stand transitions 4.0 (2) 4.0 (2) 5.0 (2)
Ascent of gradual incline (ramp) 4.0 (2) 4.0 (1.75) 5.0 (2.25)
Descent of gradual decline (ramp) 5.0(2) 4.0 (3) 5.0(1)
Ascent of steep incline (ramp) 3.0(2 3.0 (2.75) 4.0 (3)
Descent of steep decline (ramp) 4.0 (3) 3.0(3) 5.0 (2)
Getting in and out of automobile 4.5(2) 4.0 (3) 5.0(3)
Maneuvering in tight spaces 4.0 (3) 3.0(2) 4.5(2)
General Characteristics & Maintenance* 5.0 (2) 5.0 (1.0) 5.5(1)
Cleanability 5.0(2) 4.0 (2) 6.0 (1)
Robustness 50(2) 5.0 (1.5) 5.0 (1)
Water Resistance 3.0 (4) 3.0 (4) 3.0 (4)
Reliability 5.0 (2) 5.0 (2) 5.0 (1)
Battery autonomy 5.0(2) N/A 5.0 (2)
Battery charging time 6.0 (1) N/A 6.0 (1)
;ﬁ:g{gﬁgy values computed for each category as the median of each subject’s median satisfaction across constituent

Subjective Acceptance & Body Integration. Thematic analysis of free responses to the question “what is the prosthesis for
you?' revealed 3 semantic categories: “tool”, describing the TFP as a means to obtain a functional result; “part of me”,
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describing it as a naturalistic part of the body; and “obstacle/noise”, as an impediment 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. Notably, substantially more MPK than NMPK users (46% vs. 29%) characterized their prostheses as “part of
me”, corresponding to more NMPK users (13% vs. 1% MPK) considering their prostheses an obstacle/noise. 4% of MPK and
5% of NMPK subjects did not complete this question item.

C. Design priorities for an ideal transfemoral prosthesis (TFP)

User priority rankings for the features and functions of an ideal TFP are summarized in Error! Reference source not found.
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. Regarding functional mobility (Pr-Fn), overall prosthesis stability was the highest-rated priority for the whole sample,
with NMPK users ranking it nearly unanimously in the first position and MPK users placing it only slightly ahead of lifestyle-
related functionality. Walking speed adaptability ranked as the third priority for both groups, while MPK users expressed a
higher preference towards walking on uneven terrain.

Regarding contexts for active assistance from the prosthesis (Pr-AA), moments of instability were ranked highest by both
groups, though no task earned an mRO of 1 due to high individual variability. The greatest between-group differences in Pr-
AA were relative to stair ascent, ramp ascent, and high-speed walking —all ranked higher by MPK users— as well as sit-to-
stand transitions, given greater preference by NMPK users. 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 system, ranked slightly higher by MPK users.

Discussion

The current study data provide a transverse characterization of transfemoral prosthesis (TFP) users, their experience 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.

A. User Characteristics

The present study cohort presented a range of ages, lifestyles, limb loss etiologies, and social demographics, reflecting the
diversity TFA population. A significant feature of the subject sample was the predominance (78.9%) of traumatic causes of
amputation, differing markedly from the estimated 16.4% of 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, the
predominance of traumatic 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 (19).

Given the difference in amputation etiology distribution between the MPK and NMPK groups, the observed differences in
age at amputation and time since amputation 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 amputations are commonly associated with accidents during rigorous physical activity, non-traumatic
amputations are overwhelmingly the result of vascular disease occurring secondary to many years of chronic metabolic
diseases such as type Il diabetes (29), which is strongly associated with sedentary lifestyles.

B. User Experience & Satisfaction
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In aggregate, our survey data indicated consistently that subjects with MPKs use their prostheses more frequently,
experience a greater sense of autonomy, and are overall more satisfied with their devices than those with NMPK-TFPs.
Specific notable findings and implications are discussed below, by category.

Achieving independence in ADLs and a corresponding sense of personal autonomy is a primary clinical objective of
prosthesis use, to which end regular, independent prosthesis usage in a range of activities and environments is instrumental
(14,30-32). The positive correspondence between greater daily prosthesis utilization and greater autonomy among MPK vs.
NMPK users in the current study (Table 4) affirms this picture. Moreover, the greater prosthesis usage by MPK users in home
and recreational but not work/school environments implies both that MPKs effectively fulfill functional user needs over a
wider range of activities than NMPKs and that they promote a greater overall level of activity.

Regarding the distribution of reported autonomy between groups, NMPK users exhibited greater variance relative to MPK
users (Figure 1 — IQR), both within individual ADLs and across all ADLs. In addition to reflecting potentially greater diversity
in the NMPK user population, the tighter and more favorable autonomy distribution among MPK users suggests that MPK
use may have a positive influence in equalizing functional outcomes across a wide range of baseline user health
characteristics. Moreover, the persistence of greater autonomy among MPK vs. NMPK users within both the
demographically self-similar traumatic and non-traumatic sub-groups (Table 5) suggests that the prosthesis plays a
significant role in facilitating autonomy, in concert with personal and clinical co-factors. In particular, the dramatic
differences in median autonomy between MPK and NMPK users with non-traumatic amputations for all ADL 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 challenging tasks of stair descent, sit-stand transitions, and ramp
walking, in addition to house work.

In sum, the observed differences in autonomy affirm a worrisome discrepancy in outcomes between TFA sub-populations
that may be addressable with more advanced, more accessible, and/or more usable TFPs.

As a concrete clinical outcome complementary to subjective autonomy, the markedly higher incidence of falls among NMPK
users in the present study must likewise be considered within a complex interplay of technical and clinical factors. In
particular, fall risk among lower-limb amputees has been previously related to various biomechanical factors, including gait
asymmetry, muscle weakness, and other neuro-musculoskeletal limitations (33,34), as well as to environmental factors
such as irregular terrain, stairs, and slopes (35,36). The prosthesis plays a crucial role in safely negotiating these ‘challenge
scenarios, with previous studies showing that the use of MPK prostheses can improve motor functions and reduce falls in
amputees with lower mobility grades (37,38), in addition to promoting greater overall movement control, dynamic stability,
and functional mobility (3,12,39). Significantly, these and other functional performance parameters such as walking speed
various surfaces, incidence of stumbles and falls, and stair descent ability have all been linked with overall amputee
satisfaction, wellbeing, and quality of life (12,37,38,40).

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 emphasizes functional training in addition to proactive psychological 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
ownership of their prostheses thus highlighting the symbiotic relationship between psychological factors and functional
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 simultaneously on various health and
dispositional factors, and that thoughtful prosthesis selection and configuration based on individual user needs will thus
remain necessary to maximizing the benefit of such devices.
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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 successful functional
rehabilitation and prosthesis acceptance in the study population. Moreover, the increased sense of anatomical ownership
expressed by MPK users suggests that both naturalistic prosthesis function and the experience of using it in a synergistic
manner may contribute strongly to the sense of body schema integration and corresponding acceptance. This implication
echoes previous studies that have identified 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 (21,41).

This study’s observation of higher prosthesis satisfaction among MPK relative to NMPK users in all four categories of
functionality, comfort, aesthetics, and general characteristics aligns with previous research that has found overall
satisfaction to be influenced by several aspects of the prosthesis, including functionality, cosmetics, and usability (22,32).
While it may be expected that traumatic amputees (accounting for 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
satisfaction can be positively influenced by psychological counseling featuring proactive management of expectations and
attitudes, regardless of prosthesis type. In sum, the positive association between functional, practical, and aesthetic
dimensions of prosthesis satisfaction further reinforces that the benefits of higher-performing TFPs extend beyond purely
functional outcomes and encompass overall user satisfaction and wellness.

C. Priorities for an Ideal Transfemoral Prosthesis (TFP)

Given the critical role of device design in prosthesis usability and user satisfaction, the evaluation of user priorities
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 (32). While the median user priorities in the current study likewise varied between MPK and NMPK users, the
magnitude and significance of these differences appear secondary to the high variation in priorities between individuals,
reflecting the diversity in subjects’ demographic/clinical characteristics, functional ability, and autonomy evidenced by other
survey sections. Despite the high variance in user priorities for specific features, common high-level groupings of priorities
across all subjects remain pertinent and informative to TFP design.

Priorities for functional mobility (Pr-Fn). The prevailing functional priority of general stability across all TFP users agrees
with previous findings among MPK users (38). Here, NMPK users were more consistent in ranking stability first, whereas
MPK users expressed a comparably strong preference for stability and lifestyle adaptability. Given that MPK users reported
significantly greater overall autonomy and satisfaction with functional mobility than NMPK users, this subtle difference
suggests that design priorities are influenced both by user lifestyle (actual and desired), and also by user perceptions about
the limitations of their current prostheses relative to their expectations of device capability. Moreover, we note that the
highest-ranked functions were those applicable to a range of situations (overall stability, lifestyle-related functionality,
adaptability of walking velocity), 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, ranking 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 the functional demands of lifestyle and work environments are not easily generalizable, nor discernible from

Page 16/25



survey data. What may be inferred regardless is that TFP users consider the ability to maintain 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 functional mobility, with
the top functional priority of overall stability corresponding to the preference for AA during moments of instability. Likewise,
the trend towards prioritization of ascent vs. descent functions corresponded to the preference for AA in those tasks. The
prioritization of locomotion velocity provides a more nuanced picture: while the high prioritization of adaptability to walking
velocity corresponds functionally to the preference for active assistance during fast versus natural versus slow speed
walking, the highest speed form of locomotion — running — was among the /east prioritized functionalities by both groups.
This finding indicates that high speed walking differs significantly 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 elimination 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 highest-priority mobility functions,
with preference to tasks demanding greater positive power output. By contrast, controlled descent and lower-speed gait are
more easily achieved via the modulated resistance achievable by current MPKs. This high-level correspondence between
priorities for AA and for overall prosthesis functionality 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 (21) and brain-computer-interface-based assistive technology (42), such a design process should focus
first on defining user priorities regarding the desired tasks and activities 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 biomechanical 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 similar priorities
regarding both general device characteristics and socket design. Primary between-group differences in Pr-GC tended to
concern more technical, higher-performance TFP traits such as battery life and water resistance, which likely reflects a
difference in applicability of various traits to the user's TFP rather than a fundamental difference in priority. Similarly, the
only pronounced difference in Pr-S was the elevated preference for active-cooling by MPKs users, which is likely attributable
to higher activity levels in this group, which would naturally result in more frequent sweating and residuum volume changes.
The consistency of socket-related priorities across groups supports the modular design of high-performance sockets that
are compatible with a wide range of prosthetic knee types, suitable to a range of activity levels, based on user lifestyle.

D. Application to User-Centered Design of TFPs

Following from the above discussion, this study’s findings may be synthesized into the following essential user-centered
design principles for an ideal TFP:

e The safety and reliability of the TFP across a wide range of ADLs are fundamental design priorities for all TFA users,
regardless of prosthesis type, demographic characteristics, and amputation etiology.

e Individual user needs and priorities vary significantly based on clinical characteristics, personal attitudes, and lifestyle,
thus demanding modularity and/or customizability of various prosthesis components and characteristics, such as the
dimensions, socket fit, and cosmetics.

e Versatility and adaptability are essential TFP user needs, which may be fulfilled by a combination of modular TFP
designs and intelligent adaptive control algorithms, enabling device personalization based individual user capabilities
and priorities.
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» The potential value of active (e. positive power) assistance in a TFP is well recognized by all types of TFP users, with
assistance desired preferentially during moments of instability, stair/incline ascent, and higher-velocity walking.

e To improve comfort and minimize skin problems, the ideal TFP socket design should enable routine modulation of
shape and/or volume to accommodate changes in residual limb volume and tissue properties, in addition to regulating
temperature and humidity.

e The minimization of prosthesis weight remains an important design objective.

e Cost remains a limiting factor in prosthesis selection for many TFAs, thus highlighting lower-cost approaches to
improving TFP performance as an area of high clinical impact.

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 (21), which posits a systematic process for merging human and technical factors in the design of advanced
lower limb prostheses, with particular attention to TFP.

In addition to the above recommendations regarding 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 relative 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. Second, survey
questions regarding subjects’ functional capabilities were phrased in terms of subjective satisfaction and autonomy,
making them imprecise as indicators of absolute functionality. Though this perspective is suitable for a user-centered
design process that holds user satisfaction and wellbeing 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.

E. 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 function and satisfaction among MPK relative to
NMPK users must be interpreted within the context of two main study limitations. Most notably, owing to the survey’s
limited characterization of numerous health-related co-factors such as participants’ overall health, condition of the intact
limb, pre-amputation lifestyle, and baseline functional abilities (as quantified by standard clinical measures such as the K-
level or functional assessment scales), the study was not able to conduct a thoroughly controlled test of the hypothesis that
MPKs confer independent improvements in outcomes relative to NMPKs. Irrespective of these survey-specific constraints, it
remains likely that the effects of MPK-TFPs on clinical and personal outcomes cannot be thoroughly isolated from general
health and human factors even by controlling 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 intensive, integrative standard of care creates a patient population likely more functionally
advanced and engaged with their prostheses than the global TFA population. This center's standard care practice of
prescribing MPKs following outfitting and initial rehabilitation with an NMPK-TFP MPKs may introduce an additional
“healthy user bias” (43) among MPK users. 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 baseline abilities, as suggested by autonomy data among non-traumatic amputees (Table 5). Nonetheless, this
study’s heavy representation of traumatic amputees and MPK users is well-suited to the study’s objective of evaluating user
needs and priorities for the development of an advanced, actively powered TFP.
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F. 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 priorities for an ideal transfemoral prosthesis (TFP). Overall, users of TFPs with
microprocessor-controlled knee units (MPKs) reported higher levels of activity, prosthesis use, and functional ability
compared to those with NMPKs, corresponding to higher satisfaction and greater functional autonomy. While likely
reflective of differences between MPK and NMPK users in terms of age and amputation etiology (and thus, overall health),
these results reinforce 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. Based on past and present findings, it may be reasonably generalized that advanced TFP
functionality, in conjunction with a variety of underlying clinical and personal factors, plays a significant role in enabling,
maintaining, and/or reinforcing healthy mobility and lifestyle among TFAs.

Finally, a set of user-based design principles are synthesized based on survey data analysis. Future investigations should
continue to develop, validate, and standardize measures of the functional abilities and personal priorities of TFAs, based on
this study’s survey and findings. In this way, this study may serve as a foundation to build a clinical evaluation tool to
optimally select and configure TFPs to fulfill the needs of individual users.
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Autonomy in activities of daily living (ADL): Distribution of Likert scale responses, ranging from “completely autonomous”
(6) to “completely non-autonomous [fully dependent]” (1) for each task in A) MPK and B) NMPK users. *: Aggregate
autonomy computed as the median (IQR) of each subject’s median autonomy across all
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Figure 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 7.
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Figure 3

Design priorities for an ideal transfemoral prosthesis (TFP): *: missing responses were imputed the lowest rank value in
each category (10 for general characteristics, mobility-related function, and active assistance, and 5 for the socket).
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