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Abstract
Background: Recommendations for the alignment of the socket and foot in the sprinting prosthesis of athletes with 
transfemoral amputation are either based on walking biomechanics or lack public scientific evidence.
Objectives: To explore the biomechanical changes and the sensations of a gold medal Paralympic sprinter, while running 
with three bench alignments: a conventional reference (A0), an innovative alignment based on the biomechanics of elite 
able-bodied sprinters (A2), and an intermediate alignment (A1).
Study design: Single subject with repeated measures.
Methods: A1 and A2 feature a progressively greater socket tilt and a plantar-flexed foot compared to A0. The 30-year-old 
female athlete trained with three prostheses, one per alignment, for at least 2 months. We administered a questionnaire 
to collect her impressions. Then, she ran on a treadmill at full speed (5.5 m/s). We measured the kinematics and 
moments of the prosthetic side, and the ground reaction forces of both sides.
Results: A2 reduced the prosthetic side hip extension at foot-off while preserving hip range of motion, decreased the 
impulse of the hip moment, and increased the horizontal propulsion, leaving sufficient margin to prevent knee buckling 
without increasing sound side braking forces. Biomechanical outcomes matched well with subjective impressions.
Conclusions: A2 appears promising to improve the performance and comfort of sprinters with transfemoral amputation, 
without compromising safety.

Clinical relevance
Observation of elite able-bodied sprinters led to the definition of a new specific alignment for the sprinting prosthesis 
of athletes with transfemoral amputation, which appears promising to improve performance and comfort, without 
compromising safety. This may constitute a major improvement compared to alignments based on walking biomechanics.
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Background

While the amount of research on Paralympic sport has 
been constantly increasing since 2008,1 to the best of the 
authors’ knowledge, no papers have ever been published 
about the specific alignment of the socket and foot in the 
sprinting prosthesis of athletes with a transfemoral ampu-
tation or knee disarticulation (TFA for brevity).

The socket, knee, and foot are the three main compo-
nents of a modular prosthesis for persons with a TFA. Before 
asking the individual to stand on the artificial limb, the pros-
thetist must establish the relative position and orientation of 
these three components, through a process called “bench 
alignment.”2

The bench alignment must account for the individual’s 
thigh orientation and hip mobility. Failing to do so results in 
patient discomfort, fatigue in maintaining balance, compen-
satory strategies, or inability to ambulate.3–8 For a walking 
prosthesis, it is generally accepted that the socket tilt in the 
sagittal plane relative to gravity ( )ST B

  should range from 3° 
to 5° of flexion plus the patient-specific Thomas’ Angle,9,10 
that is, the degree of hip flexion contracture measured with 
the Thomas’s test.11 This ST B

  value ensures sufficient pros-
thetic limb extension in terminal stance, avoids hyperlordo-
sis, and should induce a pre-stretch on hip extensor muscles, 
thereby increasing muscle force production in early stance, 
and avoids knee buckling. Surprisingly, the same ST B

  is 
conventionally adopted in the bench alignment of sprinting 
prostheses,12–14 despite walking and sprinting being remark-
ably different from a biomechanical standpoint.15

Also, the scientific evidence supporting alignment rec-
ommendations for running prosthetic feet (RPF, also 
referred to as “running blades”) in athletes with a TFA is 
lacking, since the available documentation is at most limited 
to instruction manuals from the foot manufacturers.

With these premises, this study aimed to describe and 
explore the biomechanical effect of three bench align-
ments: A0, A1, and A2. A1 and A2 feature a progressively 
greater ST B

  value and a more plantar-flexed foot com-
pared to A0, which identifies our reference conventional 
alignment. For this purpose, we

1.	 Assessed if the sprinting kinematics and kinetics of 
a world-class athlete with a TFA at full speed were 
affected by a change from A0 to A1 and A2;

2.	 Established whether the biomechanical outcomes 
were consistent with the subjective impressions of 
the athlete.

Methods

Athlete and prosthetic component

A gold medal female Paralympic athlete, 30-year-old, 
height 166 cm, mass 58 kg (with the prosthesis), partici-
pated in the study after signing the informed consent. 

The athlete had a knee disarticulation, with a Thomas’ 
Angle equal to 0°. A prosthetist with over 25 years of 
clinical experience prepared three prostheses, one per 
alignment. The three prostheses included sockets molded 
from the same rectified positive and the same uni-axial 
knee joint (Ottobock 3S80) and same RPF (Ottobock 
1E91 standard, category 4). The athlete trained and com-
peted with each prosthesis for at least 2 months by the 
time of testing.

Definition of “midstance”

The definition of “midstance” is paramount for describ-
ing the alignments used in this study. Therefore, we 
defined “midstance” as the instant of the stance phase of 
sprinting at which the vertical projection of the greater 
trochanter (GT) on the ground overlaps the fifth metatar-
sal head. Compared to other definitions,16 this is easily 
applicable to able-bodied athletes and to the sound side 
of athletes with a TFA, with no need for a force platform 
or knowledge of the center of mass of the body. Since the 
prosthetic side included a uni-axial knee joint, we 
defined “midstance” as the instant of the stance phase of 
sprinting at which the projection of prosthetic side GT 
(GTP) passes through the prosthetic knee center (KP). 
The RPF tip (F) cannot be used as reference in this defi-
nition because during stance the foot is loaded and thus 
deformed both vertically and horizontally.17,18

Description of the bench alignments

Appendix 1 provides instructions regarding how to 
implement our conventional alignment A0. For all bench 
alignments, the RPF was unloaded on the bench. A1 and 
A2 differ from A0 only in the sagittal plane (Figure 1). 
In A0,

•• ST B
 = 5° + Thomas’ Angle;13,14

•• A single vertical line connects GTP, KP, and falls 
d = 3.5 cm posterior to F.

The definition of A2 derives from the observation that 
the thigh tilt of elite able-bodied sprinters at midstance is 
greater than 5°. As reported in Supplement 1 quantitative 
analysis of three athletes with the best personal record 
included in Miyashiro et al.19 suggested a thigh tilt of about 
12°. Therefore, for A2,

•• ST B
 = 12° + Thomas’ Angle;

•• A single vertical line connects GTP, KP, and F.

A1 differs from A2 only with respect to socket tilt:

•• ST B
 = 9° + Thomas’ Angle.
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A1 may be considered a “transitional alignment,” since 
it may be difficult for athletes who are habituated to run-
ning on A0 to transition to A2 all at once.

Equipment

The athlete was asked to run on an instrumented split-belt 
treadmill (FTMH-1244WA; Tec Gihan, Japan), similar to 
that used in previous studies.20,21 The treadmill measured 
the three-dimensional ground reaction forces (GRFs) sepa-
rately for the left and right belt, at 1 kHz.

After marking the position of GTP and KP, we collected 
a sagittal plane image of each prosthesis and the sagittal 
plane movement of the prosthetic side at 500 fps using a 
high-speed camera (SONY Alpha RX-II, Japan).

Three strain gauge bridges were positioned on the RPF 
and sampled at 1 kHz by a Somat eDAQlite (HBM, 
Germany), which was positioned next to the treadmill, in a 
location that did not interfere with running of the athlete.22,23 
By extracting the position of GTP and KP relative to the foot 
clamp from the static sagittal image of the prosthesis, the 
instrumented RPF (iRPF) allowed for calculations of the 
knee and hip moments exerted by the GRF in the sagittal 
plane during the stance phase of running (Supplement 2).

Procedures

Data collection took place in a single day. First, the athlete 
answered the questions in Table 1, separately for A0, A1, and 
A2 based on her long-standing practice with the three 
alignments.

Then, we let the athlete familiarize herself with the 
treadmill while walking and running. When the athlete felt 
confident, we collected measurements in a morning session 
with A2, and in an afternoon session with A1 and A0, in this 
order. For each session and alignment, we recorded one 
trial, while increasing the treadmill speed from 0 to 5.5 m/s 
with a constant acceleration of 0.84 m/s2.20,21 At 5.5 m/s, the 
athlete could sustain at least seven strides per side before 
asking to stop; the first seven per side were considered for 
data analysis.

Data analysis

To assess if the socket alignment affects the kinematics of 
the prosthetic side, we calculated the following two angles 
at the instants of foot-strike and foot-off, based on the pro-
cedure described in Supplement 3):

Figure 1.  Sagittal view of three different bench alignments A0, 
A1, and A2.
GTP: prosthetic side greater trochanter; KP: prosthetic uni-axial knee 
joint center; ST B

 :  socket tilt in the sagittal plane relative to the grav-
ity line during bench alignment; ST B

  is 5°, 9°, and 12° for A0, A1, and 
A2, respectively; F: tip of the RPF; d: distance from the vertical axis to 
F, which is 3.5 cm for A0 and 0 for A1 and A2; RPF: running prosthetic 
feet.

Table 1.  Questions uw3e to collect the athlete’s perceptions or the three alignments.

Questions Score range and anchors Responses

A0 A1 A2

Is it easy to run with your prosthesis? 0: impossible to run on it
10: I can do my best performance

5 6 8

How do you perceive the foot stiffness? 0: terribly soft
10: terribly hard

5 6 6

How do you perceive the foot propulsion? 0: not reactive
10: very reactive

5 7 5

In which direction is the prosthesis pushing you? 0: totally vertical
10: totally forward

3 4 8

How do you perceive the stability of the knee? 0: unstable
10: very stable

9 7 6

Overall, how would you rate your prosthesis? 0: I hate it
10: I love it

5 7 8

Answers were on a 0–10 scale with the anchors reported in the second column.
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•• Socket tilt ( )ST , analogous to ST B
 ;

•• The angle between the global vertical axis and the 
line between GTP and F ( )GF .

Due to the limited buffer of the camera, the calculation 
was implemented for just one of the seven strides at full 
running speed.

Both the treadmill and the iRPF bridge signals were 
processed with a low-pass fourth-order Butterworth filter 
with a 25-Hz cutoff frequency.

We also completed the following four kinetic data anal-
yses to assess whether A1 and A2, relative to A0:

1.	 Affected the likelihood of prosthetic knee buck-
ling: we calculated the moment exerted by the 
GRFs in the sagittal plane acting at the prosthetic 
knee joint (MK). For the knee to be intrinsically (i.e. 
geometrically) safe for the athlete, MK must act in 
extension (i.e. positive) during the stance phase;

2.	 Changed the user’s strategy required to reach a 
high running speed. We investigated the step fre-
quency, step length, and the vertical impulse of the 
GRF (Iv) for both sides;24

3.	 Changed the braking and the propulsion provided 
by the prosthesis. Based on the horizontal compo-
nent of the GRF measured by the treadmill we cal-
culated the following:

•• The horizontal force impulse (Ih), separately for 
braking and propulsion, for the sound and the 
prosthetic side;

•• The net horizontal impulse (Ihnet) for each side;

4.	 Affected the athlete’s running effort. We calculated 
the impulse of the moment exerted by the GRF at 
the prosthetic side hip in the sagittal plane (I-MH). 
The hip is the main power generator for patients 
with a TFA, therefore a decrease in I-MH was inter-
preted as reducing muscular effort.25,26

For these four analyses, we considered seven strides 
(specifically seven stance phases) per side at full speed.21

Finally, we qualitatively compared the athlete’s scores 
with the biomechanical outcomes to explore if any consist-
ency existed.

Results

Implementation of the bench alignment procedures for the 
test subject, resulted in an iRPF in A1 and A2 that was 
plantar flexed by 5° compared to A0.

The results for angles ST  and GF  are reported in 
Table 2. Interestingly, while ST  values changed with 
alignment, this does not hold for GF , where values 
appeared invariant to alignment.

Figure 2 reports the mean prosthetic knee moment MK 
during stance, with positive values indicating extension. 

Table 2.  Results for the angles ST  and GF  at two instants in 
time (foot-strike and foot-off), for the prosthetic side while the 
athlete ran at 5.5 m/s, as a function of the bench alignment (A0, 
A1, and A2). All values are in degrees.

Alignment Foot-strike 
 

Foot-off 
 

ROM between 
foot-strike 
and foot-off

ST GF ST GF ST

A0 27 22 −17 −21 44
A1 30 21 −12 −22 42
A2 35 22 −9 −23 44

ROM: range of motion.

Figure 2.  The moment acting at the prosthetic knee joint 
(MK) for each alignment (mean ± 1 SD). Positive values 
indicate a moment acting in extension, that is, an intrinsically 
(geometrically) safe condition for the athlete. Data are 
reported unfiltered, that is, as estimated from the iRPF data, 
which were sampled at 1 kHz.

While the maximum knee moment decreased progressively 
from A0 (0.26 N m/BW), to A1 (0.18 N m/BW), to A2 
(0.16 N m/BW), MK acted in extension by a large margin 
throughout stance. Results are presented unfiltered to pro-
vide insight into the vibrations caused by the iRPF dynamic 
contact on the treadmill. For all three alignments, vibrations 
are sensed with the same magnitude and duration by the 
iRPF strain gauge bridges, cross the foot up to the clamp, 
and reaching the knee. Vibrations quickly dampen within 
the initial 10% of stance, representing a marginal transient, 
both in terms of intensity and duration.

Figure 3 reports the step frequency (Figure 3(a)), step 
length (Figure 3(b)), and Iv (Figure 3(c)) both for the sound 
and the prosthetic side. With the change in alignment, the 
athlete increased step frequency, reduced step length with 
the sound side, and reduced vertical impulse.

The results for Ih are reported in Figure 4. For the pros-
thetic side (Figure 4(a)), the braking impulse decreased 
when changing from A0 to A1 and A2, and Ihnet increased 
up to 53.6% for A2 versus A0. For the sound side (Figure 
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4(b)), the braking impulse increased from A0 to A1 and 
A2: 16.7% for A1 versus A0 and 10.0% for A2 versus A0. 
However, with A2, the propulsive impulse was higher than 
A0 and A1, and the Ihnet was negative but very close to A0. 
Interestingly, the magnitude of the braking impulse was 
higher compared to values reported in the literature for all 
three alignments, that is, it is likely an intrinsic feature of 
this athlete.25

Figure 5(a) reports the running effort as measured by 
I-MH, which decreased from A0 to A1 to A2. The peak dif-
ference was −36.0% from A0 to A1 and −43.0% from A0 
to A2.

Figure 5(b) reports the correlation between the pros-
thetic side Ihnet and I-MH for the three alignments, showing 
that A2 provided two combined advantages by improving 
the propulsive effect of the prosthesis (Ihnet increases) and 
reducing the effort at the hip (I-MH decreases).

Table 1 reports the subjective scores of the athlete. 
Overall, A2 was perceived as the best alignment, with a 
score of 8/10, followed by A1 (7/10) and A0 (5/10).

Discussion

This is the first study proposing a specific bench alignment 
for the sprinting prosthesis of athletes with a TFA based on 
the biomechanics of able-bodied elite sprinters. In addi-
tion, no other studies addressed the biomechanical conse-
quences of varying the bench alignment in such a 
specialized prosthesis.

The iRPF gave us the possibility to estimate the moments 
exerted by the GRF at the knee and hip of the prosthetic side 
without the need for synchronous kinematic and kinetic 
data. The same estimation will be possible in  the field over 
a large number of steps and during turns. The estimation did 
not take into account the inertial parameters of the prosthe-
sis because there are no validated methods available for this 
purpose for transfemoral prostheses, which are comprised 
of multiple parts made from different materials.

From the available literature,12 the primary principle 
underpinning manufacturers’ recommended alignments 
appears to be safety of the athlete, that is, avoiding knee 
buckling. Our conventional alignment A0 followed the 
socket tilt recommended by Ottobock,13 but the knee 
and foot were, respectively, 15 mm more anterior and 
5 mm more posterior relative to the vertical line (i.e. 
more plantar flexed), to accommodate for the higher 
dynamic response expected from our elite athlete. 
Relative to A0, with A1 and A2, we increased ST B

 , pre-
served the knee anterior–posterior position, and further 
increased foot plantar flexion. Importantly, these 
changes did not expose the athlete to increased fall and 
injury risk, as confirmed by the results for the prosthetic 
knee moment, which was lower compared to A0 but still 
with sufficient margin to prevent knee buckling (Figure 
2). The joint was geometrically stable and did not 

Figure 3.  (a) Step frequency; (b) step length; and (c) vertical 
impulse Iv of the GRF, for A0, A1, and A2. The mean value is 
reported above each column. GRF: ground reaction force.

Figure 4.  Horizontal impulses (Ih) of the GRF for the (a) 
prosthetic and (b) the sound side. The braking, propulsive, 
and net impulses are reported separately. The mean value is 
reported above each column. GRF: ground reaction force.
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require increased active hip control, since the impulse 
of the hip moment (I-MH) decreased with A1 and A2 
compared to A0 (Figure 5).

The kinematic analysis, despite being limited to a sin-
gle stride, confirmed that the change in ST B

  had an effect 
on socket tilt during sprinting ( ST ). From A0 to A1 and 
A2, the socket was increasingly tilted at foot-strike and 
less extended at foot-off, with an unaffected range of 
motion (42°–44°). This means that with A1 and A2, the hip 
on the prosthetic side might work in increasingly comfort-
able ranges. Interestingly, based on the results of GF , we 
hypothesize that the position of the foot tip F at foot-strike 
and foot-off relative to GT was invariant to changes in 
alignment. If confirmed, this result may be relevant to clar-
ifying the neuromuscular control of the prosthesis and for 
biomechanical modeling. Interestingly, Groothuis et  al.27 
studied 10 healthy controls running at 2.78 m/s with a 
prosthetic simulator donned on both legs, which preserved 
the full contact of the foot. They found that the angle of 
attack (namely, GF  at foot-strike), reduced slightly (0.4°) 
but significantly, when RPF plantar flexion was increased 
by 15°. Whether this supports our hypothesis is difficult to 
say at present because both the smallest detectable change 
of their measurement method and the minimal important 
difference for sprinters with amputation are unknown.28,29 
The analysis of step frequency, step length, and Iv con-
firmed that values are in general agreement with Makimoto 
et  al.30 and that, with A2, the athlete is prone to use an 
increased frequency strategy to reach high speed, com-
pared to A0 and A1.

The analysis of the net horizontal impulses (Ihnet) sug-
gested that the prosthetic side with A2 is more propulsive 
than A0 and A1. This is remarkable because, at the same 
time, the muscular effort decreases, as suggested by 
decreased I-MH, and the hip is active in a more comforta-
ble range as suggested by ST  values. These 

are all positive results for the athlete. We hypothesize that 
specific training could induce neuromuscular adaptations 
leading to a focused increase in maximum force produc-
tion within the new A2 hip working range.

The subjective perceptions of the athlete matched the 
biomechanical outcomes. Indeed, A2 was perceived as the 
easiest to use for running and more propulsive in the hori-
zontal direction; the knee was perceived as stable but less 
than A0 and A1. Overall, the athlete perceived A2 as the 
best prosthesis alignment. Importantly, the week after the 
conclusions of the study measurements, the athlete com-
peted internationally with the A2 alignment, and officially 
run the 100 m in 14.64 s, which was the second best of all 
times, just 0.03 s slower than the T42 World Record.

It is important to notice that the new alignment A2 was 
based on observations of elite able-bodied sprinters. 
Results suggest that this strategy led to biomechanical 
improvements that were perceived as beneficial by the 
Paralympic athlete involved in this study. However, it is 
important to acknowledge that the mechanics of current 
prostheses are substantially different from the biological 
leg biomechanics, generating a human system with struc-
tural asymmetries.31,32 As previously noted by Winter and 
Sienko,31 a new “non-symmetrical optimal is probably 
being sought by the amputee within the constraints of his 
residual system and the mechanics of his prosthesis.” 
Therefore, we should refrain from assuming able-bodied 
biomechanics, and thus alignment A2, as “optimal” or 
“ideal.”

This study has limitations. First, A1 and A2 are based 
on the use of a uni-axial knee. However, this constraint 
does not have any noticeable consequence because all 
elite athletes using a prosthetic knee in the Paralympics 
since 2016 use the Ottobock 3S80 knee joint. Second, the 
number of able-bodied athletes observed to establish the 
thigh tilt at midstance was limited, despite being 

Figure 5.  (a) The running effort as expressed by the impulse of the hip moment (I-MH), as a function of the alignment. (b) The 
correlation between running effort (I-MH) and the net horizontal impulse (Ihnet).
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remarkably consistent. Third, the results are based on a 
single world-class athlete, running at high speed. Fourth, 
the kinematic analysis was based on a single stride, due 
to technical limitations of the equipment, and on a video 
analysis, which can be prone to errors. Fifth, we did not 
randomize the order of testing of the three alignments. 
We started with A2 because this was the preferred pros-
thesis by the athlete based on the questionnaire. Then, we 
proceeded from one extreme to the other among our 
alignments, namely, from A2, to A1, to A0, to facilitate 
the athlete in accommodating to the changes and being 
confident while running at high speed on the treadmill. 
Overall, our results should be used to formulate hypoth-
eses rather than deriving generalizable rules.

Conclusion

Compared to the other two alignments and for the same 
running speed, A2 reduced the prosthetic side hip exten-
sion at foot-off while preserving hip range of motion, 
decreased the impulse of the hip moment, and increased 
horizontal propulsion, leaving sufficient margin to pre-
vent knee buckling without increasing sound side brak-
ing forces.

Biomechanical outcomes appear to be highly related 
to the subjective perceptions of the elite athlete tested in 
this exploratory study. Overall, A2 appears promising to 
improve performance and comfort of sprinters with 
above-knee amputation, without compromising safety.
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Appendix 1

Detailed instructions for alignment A0

This appendix describes the steps to replicate bench align-
ment A0. A mounting jig, similar to Ottobock 743A100, is 
required. Figure 1 summarizes the alignment in the sagit-
tal plane.

Preliminary phase
  1.	 With the athlete standing with both feet flat on the 

ground, we note the height of the sound side greater 
trochanter and knee (GTS0, KS0);

  2.	 Based on Williams,33 for an able-bodied sprinter 
running at 6 m/s (close to our study subject), the 
vertical reduction of GTS at midstance can be 
assumed to be around 3 cm; therefore, we call

•• GTSM = GTS0 − 3 cm;

	 the height of GTS at midstance;
  3. Based on Williams,33 the vertical reduction of KS at 

midstance is expected to be smaller than the reduc-
tion for GTS, since it is not affected by the thigh tilt. 
However, a lower knee can be beneficial for athletes 
with a TFA when running.34 Therefore, we assumed 
the same reduction of GTS also for KS. We call

•• KSM = KS0 − 3 cm;

  4.	 The Thomas Angle is obtained from the athlete’s 
clinical notes or measured;11

  5.	 We mark the socket median axes in sagittal (MAS) 
and frontal planes (MAF);13,14

  6.	 We mark on the socket the position of GT of the 
prosthetic side (GTP);13,14

  7.	 We call CMP the vertical compression of the run-
ning prosthetic feet (RPF) at midstance; for an elite 
sprinter, we assumed CMP = 8 cm.

Socket alignment
  8.	 Using MAF as the reference, the socket is oriented 

on the mounting jig in adduction by 5°;
  9.	 Using MAS as the reference, the socket tilt is set at

•• ST B
 = 5° + Thomas’ Angle;13,14

10.	 We expect the same height for GTP and GTS at mid-
stance. Considering that the foot is unloaded on the 
bench and that it will experience a compression 
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CMP at midstance, the absolute height of GTP rela-
tive to the bench is set to

•• GTP = GTSM + CMP = GTS0 + 5 cm

Knee alignment
11.	 In the sagittal plane, the knee center is positioned 

(vertically) under GTP;
12.	 In the frontal plane, the knee center is positioned 

under the most proximal point of MAF on the 
socket;

13.	 Similarly to point (10),

•• KP = KSM + CMP = KS0 + 5 cm

14.	 The knee flexion–extension axis is externally 
rotated by 7°; this external rotation compensates 
for the minimum expected internal rotation of the 
socket during swing phase, caused by quadriceps 
activation during hip flexion; overall, the combina-
tion of the two opposite rotations should make the 

knee flexion–extension axis perpendicular to the 
sagittal plane during swing phase.

Foot alignment
15.	 In the sagittal plane, the tip of the foot (F) is posi-

tioned at d = 3.5 cm in front of the vertical line pass-
ing through GTP, very close to the 4 cm suggested 
by Ottobock.13,14 This accounts for the higher 
dynamic response required by our elite athlete;

16.	 The internal rotation of the foot is set so that the 
foot aligns with the sagittal plane.

Once bench alignment is completed, the athlete is asked 
to walk and run to fine tune the prosthesis alignment. 
Specifically, during walking, we check for prosthesis 
height, knee stability, and body frontal plane stability. 
During running, we check again for prosthesis height, 
range of knee flexion, knee extension velocity, and rota-
tion of the knee/foot complex.




