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Background

In Germany, partial foot amputations are typically caused by 
vascular disorders, often secondary to diabetes, trauma, or 
tumors.1 The exarticulation of the foot’s Chopart joint repre-
sents the first possible amputation level of the hindfoot, 
where only the calcaneus and talus remain.2 The Chopart 
amputation (CA), promising functional advantages over 
more proximal amputations, salvages the ankle joint and the 
sole skin, which is capable of full-body weight-bearing; does 
not cause a leg-length discrepancy; and enables the subjects 
to walk “barefoot” so that proprioceptive feedback can be 
acquired.3 Unfortunately, subjects with CA are prone to 
developing a severe hindfoot equinus over time due to mus-
cular imbalance of the tibia-gastroc-soleus complex caused 

either by a developing weakness of dorsiflexors or by dorsi-
flexors that were not restored during surgery.4 In addition, 
the decrease in foot length results in a loss of the biomechan-
ical fore foot lever, leading to a complete loss of the ability to 
push off in late stance.5 In order to improve standing and 
walking in these individuals, a prosthetic device is 
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mandatory to restore the lost biomechanical leverage.6 
Currently, both low-profile and high-profile devices are rou-
tinely prescribed. High-profile prostheses, in particular the 
clamshell prosthesis (CSP) (Figure 1), hold promise of being 
a better option for re-acquiring the lost foot lever for walking 
on level ground.7–9 The CSP combines a rather rigid con-
struction with a ventral shell. It limits the ankle range of 
motion (ROM) but enables the user to shift the center of 
pressure onto the forefoot while supporting the high external 
dorsi-flexing moment induced by their body weight. In con-
trast, the low-profile Chopart prosthesis does not restrict  
the ankle ROM in this way but may not offer sufficient foot 
leverage.7 Effective foot leverage may to some extent be a 
tradeoff for limited ankle ROM.

Everyday life comprises more than just walking on 
level ground; other activities require greater hip, knee, and 
ankle joint ROM, moments, and power generation/absorp-
tion compared to level ground gait.10–12 This includes 
ascending and descending stairs or ramps. The general gait 
pattern when ascending stairs in unimpaired subjects is the 
step-over-step strategy, where both limbs contribute to lift-
ing the center of mass (CoM) to the next stair.13 Up until 
now and to the best of our knowledge, no study has inves-
tigated stair walking in subjects with partial foot amputa-
tion. However, it is known that subjects with transtibial 
amputation (TTA) typically are able to make use of the 
step-over-step strategy when ascending stairs. In doing so, 
they induce a greater hip moment to elevate the body dur-
ing stance phase on their involved side, compared to unim-
paired persons who predominantly rely on their knee 
moment.14,15 Subjects with CA who are provided with 
clamshell devices face a functional situation which is com-
parable to subjects with TTA using carbon fiber prosthe-
ses, since in both cases the ankle ROM is limited to the 
degree to which the respective carbon fiber foot plate can 
be deformed. Also in patients who suffered severe lower 
leg injuries (SLI) and who are provided with specific ankle 
foot orthoses (AFOs), as described by Aldridge Whitehead 

et al.,16 the ankle ROM is relevantly restricted and may 
therefore limit performance in ascending stairs. The aim of 
this study was, therefore, to assess stair ascent in subjects 
with CA when using clamshell prostheses. In particular, 
we wanted to assess potential biomechanical deficits in 
comparison to the typical gait of subjects without impair-
ment and to set these deficits in the context of the trau-
matic conditions of TTA and of SLI, which induce a similar 
lever arm dysfunction at the foot and ankle.

Methods

Subjects with unilateral CA and K-Level 3-417 were 
recruited for this study to undergo instrumented three-
dimensional (3D) gait analysis and a short clinical exami-
nation. To participate, they had to have a well-fitting CSP 
(Figure 1), as confirmed by a certified prosthetist. Exclusion 
criteria were residual limb issues and the need for addi-
tional walking aids (e.g. crutches, canes, etc.). Healthy 
able-bodied subjects were recruited to undergo the same 
protocol in order to obtain reference data for typical stair 
case ascent. All subjects included in this study provided 
written informed consent to participate in this study, which 
was approved by the local ethics commission (S-625/2016).

The prosthesis under investigation was of carbon fiber 
construction holding the residual limb volume in a distal 
socket. Furthermore, it transfers load to the shank via a 
ventral shell support, similar to a ground reaction AFO, but 
without a dedicated ankle joint as in hinged AFOs18–20 A 
carbon fiber foot plate (i.e. Chopart plate, Össur, Reykjavik, 
Iceland) beneath the socket provides foot motion through 
deformation. Quality standards of our department for pros-
thetics and orthotics, in which prostheses were manufac-
tured, include prosthetic bench (static) alignment which 
was performed according to the manufacturer’s guidelines. 
Dynamic prosthetic alignment was conducted following 
alignment recommendations of Blumentritt et al.21 in the 
sagittal plane for below-knee prostheses, as there are no 
general alignment recommendations for the CSP.21 
Therefore, the vertical load line measured with an 
L.A.S.A.R. posture device (Otto Bock Duderstadt, 
Germany) on the prosthetic side was confirmed to lie 
0–15 mm anteriorly of the knee joint center as defined by 
Nietert22 in the sagittal plane, and run at the lateral patella 
edge in the coronal plane while standing still.22 The ante-
rior–posterior position of the carbon fiber foot plate was 
predefined by the anatomical ankle joint.20

In the clinical examination, residual foot length was 
measured when sitting as the distance from the heel to the 
foremost prominence of the residual foot and reported as a 
relative measure of the distance from heel to toe of the 
uninvolved foot. Furthermore, strength and ROM of the 
remaining joints were determined and documented23 if 
they deviated from normal as this may have secondary 
influence on the gait data to be collected. Instrumented 3D 

Figure 1. The clamshell device used in this study.
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gait analysis was performed with all participants on a five-
step staircase (Figure 2). The dominant side of the controls 
was determined using three functional tests: ball kick, 
step-up, and balance recovery, introduced by Hoffman 
et al.24 For the subjects with amputation, the affected limb 
was classified as the non-dominant side. All participants 
were asked to utilize the step-over-step strategy starting 
with the dominant side on the first step. Reflective markers 
were placed in accordance with conventional clinical gait 
analysis procedures using the Plug-in-Gait Model (Vicon, 
Oxford, United Kingdom).25,26 Four additional markers 
were placed on the shoulder girdle (spinous process of the 
seventh cervical vertebra, left and right acromion, and 
jugular notch) and were used to observe trunk motion in 
relation to the global reference frame.27 A Vicon 3D motion 
analysis system (Vicon, Oxford, United Kingdom), includ-
ing twelve T40 cameras running at 120 Hz and two force 
plates (AMTI, Inc., Watertown, MA, United States), read 
out at 1080 Hz, was used.

For the stair case, the first three steps were divided into 
two separate boxes that were not mechanically coupled, 
whereby the left and right stair step box can each be bolted 
to a separate physical force plate. Each physical force plate 
was subdivided into three individual smaller virtual force 
plates, located on top of each individual step (Figure 2). As 
the subjects do not physically step onto the force plates but 
rather onto the stairs mounted on top of them, force plate 
data are recalculated in a post-processing step to obtain the 
ground reaction forces (GRFs) acting on the surface of the 
stairs by applying an algorithm described previously.28 For 
each subject, at least five valid force plate hits were col-
lected for each limb and joint kinematics and kinetics were 
averaged across trials for subsequent data processing.

For visual inspection, group averages of the involved 
and sound sides as well as of the controls were calculated 
(Figure 3). Sub-phases of the stance phase according to  
the phase definition of Novak29 for stair ambulation were 
analyzed, namely, weight acceptance (WA; first double 

support), followed by pull-up (single support), and forward 
continuance (FCo; second double support).29 Time–distance 
parameters, vertical GRFs, and sagittal and frontal kine-
matics and kinetics of the trunk, hip, knee, and ankle joint 
were analyzed. Joint kinetics were scaled to body weight, 
that is, moments in N m/kg and powers in W/kg, respec-
tively. For the control group, data from the dominant and 
non-dominant sides were averaged.

Due to explorative character of this study with a small 
sample size, we report descriptive statistics on the basis of 
group averages and standard deviation.

Results

Within the recruitment period of 1 year, we were able to 
include nine subjects with unilateral CA for the study. 
However, for one subject the force plate arrangement on 
the stair case was not yet available and in two other cases 
we could not obtain adequate kinetics because a handrail 
was used. Therefore, in total, data were obtained for six 
subjects with unilateral CA of mobility level (K-level) 
3–4.17 Subject characteristics are presented in Table 1, none 
having any deficits in strength or passive ROM in the hip or 
knee. Seventeen able-bodied subjects (eight male; nine 
female; age: 28 ± 6 years; height: 1.76 ± 0.07 m; weight: 
71 ± 10 kg) were recruited and assessed for reference.

Temporospatial parameters and GRFs

The subjects with amputation ascended the stairs slower 
(0.40 ± 0.03 m/s) than the controls (0.45 ± 0.03 m/s), due to 
reduced cadence (88.8 ± 8.0 steps/min vs 96.1 ± 5.8 steps/
min; Table 2). Furthermore, the stance phase was reduced 
on the involved side with 59.6% ± 1.4% gait cycle (GC) 
compared to the controls (62.6% ± 1.5% GC). The maxi-
mum vertical GRF on the involved side was also lower 
both around opposite foot off (i.e. end of WA) (9.7 ± 0.4 N m/
kg) and in FCo (10.8 ± 0.6 N m/kg) than in the controls 
(11.1 ± 0.7 and 11.8 ± 0.7 N m/kg, respectively), whereas 
the minimum vertical GRF in pull-up was higher 
(7.9 ± 0.5 N m/kg vs 7.1 ± 0.7 N m/kg). Inversely, on the 
sound side the GRF was larger around opposite foot off 
(13.0 ± 0.7 N m/kg) than in the controls (11.1 ± 0.7 N m/kg) 
and on the involved side (9.7 ± 0.4 N m/kg), whereas the 
minimum GRF at pull-up (7.9 ± 0.5 N m/kg) was higher 
than in the controls (7.1 ± 0.7 N m/kg).

Kinematics

Regarding trunk kinematics, the only finding in addition to 
increased forward tilt at foot strike (FS; in the literature also 
referred to as initial contact) of the involved side was that 
the subjects with amputation held their trunk slightly more 
toward the involved leg in stance phase compared to con-
trols (see trunk obliquity in Table 3, 2.9° vs 1.1° and also 

Figure 2. The instrumented five-step staircase (height: 16 cm; 
depth: 27 cm; width: 100 cm) with handrails on each side. The 
left side (2, 4, 6) and the right side (1, 3, 5) are placed on one 
force plate each.
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Figure 3). Furthermore, the subjects with amputation flexed 
their hip more at FS and in swing than did the controls 
(68.8° vs 58.2°, and 73.3° vs 61.1°, respectively), whereas 
the minimum hip flexion in stance was larger when com-
paring the sound side with controls (14.9° vs 5.7°). The 
only finding at the knee was that the involved side was 
slightly less flexed at FS compared to the sound side. The 
CSP showed largely reduced values for dorsiflexion at FS 
and in stance, whereas maximum plantarflexion was 

reduced compared both to the sound side and to controls. 
No differences were found in these parameters when com-
paring the sound side ankles to controls.

Kinetics

In the sagittal plane, external hip-flexing moments during 
WA on the involved side were greater than in the controls 
(1.03 ± 0.23 N m/kg vs 0.67 ± 0.20 N m/kg, Table 4). 

Figure 3. Kinematics and kinetics of the trunk, hip, knee, and ankle in the frontal and sagittal plane.
Dashed line = involved, solid line = sound side, gray band = controls (mean and standard deviation).

Table 1. Anthropometric data of the subjects with CA specifically including relative foot (stump) length and passive ankle ROM as 
tested in the clinical examination.

ID Gender Age 
(years)

Height 
(m)

Weight 
(kg)

Time since 
amputation (years)

Reason for 
amputation

Residual foot 
length (%)

Involved side’s 
ankle ROM (°)

53919 Female 54 1.68 62 5 Trauma 48 30
54346 Male 49 1.79 92 6 Trauma 49 20
54347 Male 51 1.82 80 4 Trauma 36 0
54915 Male 35 1.84 95 18 Trauma 46 15
54923 Male 56 1.79 91 35 Trauma 44 40
54967 Male 60 1.82 92 23 Tumor 42 20
Average 50.8 1.80 85.3 15.2 44.2 20.8

CA: Chopart amputation; ROM: range of motion.
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Conversely, external knee-flexing moment and power gen-
eration during pull-up were lower on the involved side 
than in controls (0.51 ± 0.15 N m/kg and 1.56 ± 0.43 W/kg 
vs 0.85 ± 0.21 N m/kg and 2.12 ± 0.52 W/kg, respectively), 
with the external knee-flexing moments also being smaller 
than on the sound side—which were in fact much larger 
(1.27 ± 0.16 N m/kg). In the frontal plane, external hip-
adducting moments on the sound side (0.99 ± 0.22 N m/
kg) were greater than those on the involved side 
(0.72 ± 0.10 N m/kg) and on controls (0.72 ± 0.17 N m/kg) 
during pull-up. Furthermore, ankles on the involved side 
showed reduced dorsi-flexing moments (0.94 ± 0.08 N m/
kg) and almost no power generation (0.05 ± 0.04 W/kg) 
compared to the sound side (1.37 ± 0.15 N m/kg, 1.03 W/
kg, respectively).

Discussion

The aim of this study was to assess potential biomechani-
cal deficits in subjects with CA when ascending stairs 
using clamshell prostheses. Walking speed and cadence 

being about 10% smaller in the group with amputation 
than in controls suggests a challenge in ascending stairs. 
The reduced walking speed of this group may have had a 
secondary effect on the joint powers reported here, but 
these effects may not fully explain the differences we 
found.

In healthy able-bodied subjects, the ankle ROM on 
stairs is about 40° (Figure 3, bottom left). In subjects with 
CA, the passive ROM is often reduced due to develop con-
tractures and in fact ranged from 40° down to 0° (i.e. fixed) 
in our cohort (Table 1). However, when using a CSP, the 
foot/ankle motion is limited to the deformation of the foot 
plate. This situation is similar to subjects with TTA when 
using prosthetic feet and to subjects with SLI when using 
an AFO, in which the foot/ankle motion is also limited to a 
few degrees.15,16,30 To a certain extent, this is the tradeoff 
for offering adequate and loadable foot leverage, which 
was reduced by more than 50% on average in our study 
patients (compare relative foot length in Table 1). In all 
three clinical conditions, the missing ankle dorsiflexion 
leads to a larger hip flexion of the involved limb to place 

Table 2. Mean and standard deviation for time distance parameters and vertical ground reaction forces (in N/kg) for involved and 
sound side and for controls.

Parameter Involved side Sound side Controls

Speed (m/s) 0.40 ± 0.03 0.40 ± 0.03 0.45 ± 0.03
Cadence (steps/min) 88.8 ± 8.0 88.8 ± 8.0 96.1 ± 5.8
Stance phase duration (% GC) 59.6 ± 1.4 63.3 ± 2.4 62.6 ± 1.5
Maximum vertical GRF around oFo 9.7 ± 0.4 13.0 ± 0.7 11.1 ± 0.7
Minimum GRF vertical GRF in pull-up 7.9 ± 0.5 6.8 ± 0.7 7.1 ± 0.7
Maximum vertical GRF in FCo 10.8 ± 0.6 12.6 ± 1.2 11.8 ± 0.7

GC: gait cycle; GRF: ground reaction force; oFo: opposite foot off; FCo: forward continuance.

Table 3. Mean and standard deviation of joint kinematics of trunk, hip, knee, and ankle (in degrees) for involved and sound side 
and for controls.

Parameter Involved side Sound side Controls

Trunk tilt at FS 10.2 ± 3.0 7.6 ± 2.7 7.2 ± 3.5
Trunk obliquity at FS –1.2 ± 1.7 –3.2 ± 2.3 –1.3 ± 1.6
Mean trunk tilt in stance 8.9 ± 3.1 8.8 ± 2.7 6.4 ± 3.4
Mean trunk obliquity in stance 2.9 ± 0.5 0.7 ± 2.1 1.1 ± 1.5
Hip flexion at FS 68.8 ± 5.4 61.4 ± 5.4 58.2 ± 5.3
Minimum hip flexion in stance 9.6 ± 7.4 14.9 ± 5.2 5.7 ± 5.3
Maximum hip flexion in swing 73.3 ± 6.4 64.7 ± 6.3 61.6 ± 5.2
Hip abduction at FS 5.1 ± 4.9 2.3 ± 5.6 5.1 ± 3.7
ROM hip abduction 17.6 ± 2.6 17.4 ± 7.1 16.1 ± 4.7
Knee flexion at FS 64.2 ± 6.3 67.7 ± 4.4 66.4 ± 4.6
Minimum knee flexion in stance 2.4 ± 8.3 11.9 ± 5.8 6.5 ± 6.6
Maximum knee flexion in swing 88.6 ± 5.8 86.0 ± 6.5 88.6 ± 4.3
Dorsiflexion at FS 3.6 ± 4.1 20.0 ± 3.3 19.8 ± 3.9
Maximum dorsiflexion in stance 8.6 ± 4.2 25.8 ± 4.4 23.7 ± 2.9
Minimum dorsiflexion in stance 3.6 ± 4.2 –15.1 ± 7.9 –9.3 ± 7.5

FS: foot strike; ROM: range of motion.
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the involved foot adequately on the stair. Subjects with CA 
used their prosthetic forefoot during WA, placing their 
prosthesis onto the step solely with the forefoot. To com-
pensate for reduced prosthetic ankle dorsiflexion during 
WA, the rather rigid clamshell construction enabled the 
user to transfer force via the CSPs ventral shell, producing 
a rigid forefoot lever.8,9 This foot positioning and rigid 
forefoot lever increased the external hip-flexing moment, 
increased hip power generation, and reduced the knee-
flexing moment to elevate the body of the involved side, 
which is comparable to the situation with TTA or SLI.15,16,30 
However, decreased knee moments during WA are lower 
than in the controls (but similar to those in patients with 
SLI) and still much greater than the knee moments in sub-
jects with TTA reported in other studies.15,30,31 At the same 
instant the sound side was in FCo with the foot still placed 
on the stair below, no pronounced plantarflexion was 
observed but ankle power generation was more pro-
nounced than in controls to lift the body upward compara-
bly to subjects with TTA and SLI, respectively.15,16 The 
missing active plantarflexion of the prosthetic device when 
preparing step contact for the sound limb potentially leads 
to a lowered vertical CoM position, which may be detri-
mental when the CoM needs to be lifted to the next step.14,30

Furthermore, subjects with CA reduced their external 
hip-adducting moments by shifting their upper body 
toward the involved side around the end of FCo. This find-
ing—known as “compensated Trendelenburg”—is associ-
ated with hip abductor weakness and can also be found in 
subjects with TTA;32,33 however, no reports have been pub-
lished yet in which trunk motion was monitored in cases of 
SLI. Participants in the present study all showed full 
strength in their hip abductors as assessed in the clinical 

examination. Subjects with partial foot amputation exam-
ined in previous work did not demonstrate a hip abductor 
weakness either.34 Consequently, this mechanism seems to 
have a different origin. Potentially, this trunk movement is 
compensatory to stabilize the hip in the frontal plane due 
to a missing prosthetic subtalar joint which would facili-
tate foot inversion and eversion. The missing adaption in 
the ankle joint to stabilize in the frontal plane shifts the 
adapting motion that is needed into the upper body to 
reduce the moments applied in all joints of the involved 
side.

After placing the sound limb on the next step, the sound 
side needs to compensate for the insufficient push off on 
the involved side to achieve the propulsion that is neces-
sary. The main compensatory mechanisms on the sound 
side occur in the ankle and knee joint during WA. They 
induce a greater external dorsal- and knee-flexing moment 
during WA and pull-up on the sound side, resulting in 
greater ankle power generation; simultaneously, the verti-
cal GRF increases on the sound side. The increased exter-
nal knee-flexing moments are comparable to those in 
subjects with TTA; however, subjects with TTA seem to 
decrease their external hip-flexing moments and create an 
external dorsal-flexing moment as in controls—a behavior 
which seems to differ from that in subjects with CA.15 In 
addition, until foot off of the involved side, the trunk 
remains shifted toward the involved side, increasing the 
external adducting moments on the sound side and result-
ing in a greater power absorption in the hip than in the 
controls. This mechanism was previously seen in subjects 
with TTA when walking on level ground as well as when 
ascending stairs and was associated with a “hip-hike” 
strategy used to ensure the toe clearance.32,35

Table 4. Mean and standard deviation of joint kinetics of hip, knee, and ankle for involved and sound side as well as controls 
(moments in Nm/kg and powers in W/kg).

Parameter Involved side Sound side Controls

Maximum hip-extending moments in FCo 0.51 ± 0.14 0.50 ± 0.15 0.43 ± 0.11
Maximum hip-flexing moments in WA 1.03 ± 0.23 0.75 ± 0.28 0.67 ± 0.20
Maximum hip-abducting moments in FCo 0.08 ± 0.05 0.15 ± 0.05 0.10 ± 0.04
Maximum hip-adducting moments in pull-up 0.72 ± 0.10 0.99 ± 0.22 0.72 ± 0.17
Maximum hip extension power absorption in FCo –0.65 ± 0.49 –0.41 ± 0.30 –0.57 ± 0.27
Maximum hip extension power generation in WA 2.28 ± 0.56 1.17 ± 0.41 1.33 ± 0.40
Maximum hip abduction power absorption in WA –0.09 ± 0.06 –0.28 ± 0.17 –0.12 ± 0.06
Maximum hip abduction power generation in pull-up 0.82 ± 0.16 0.93 ± 0.51 0.59 ± 0.27
Maximum knee-extending moments in FCo –0.43 ± 0.23 –0.31 ± 0.08 –0.43 ± 0.17
Maximum knee-flexing moments in pull-up 0.51 ± 0.15 1.27 ± 0.16 0.85 ± 0.21
Maximum knee extension power absorption in FCo –0.65 ± 0.31 –0.60 ± 0.30 –0.62 ± 0.19
Maximum knee extension power generation in pull-up 1.56 ± 0.43 2.13 ± 0.41 2.12 ± 0.52
Maximum dorsi-flexing moments around oFo 0.94 ± 0.08 1.37 ± 0.15 1.01 ± 0.18
Maximum dorsi-flexing moments in pull-up 0.99 ± 0.13 1.67 ± 0.19 1.51 ± 0.20
Maximum dorsiflexion power generation around oFo 0.05 ± 0.04 1.03 ± 0.48 0.79 ± 0.25
Maximum dorsiflexion power generation in pull-up 0.32 ± 0.16 4.06 ± 0.78 3.01 ± 0.69

FCo: forward continuance; WA: weight acceptance; oFo: opposite foot off.
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Limitations

Two main limiting factors affecting this study should be 
mentioned. First, using the standard gait model (Plug-in 
Gait), the foot is considered as a single rigid segment. The 
ankle kinematics and kinetics results may therefore be 
misleading; nevertheless, the ankle ROM acquired using 
this model should adequately represent the forefoot defor-
mation of the prosthesis. Second, the sample size of the 
subjects with CA involved in this study was rather small, 
limiting the generalizability of these results. However, this 
is the first and apparently largest cohort study of which we 
are aware in which stair ascent was investigated for this 
condition using instrumented 3D gait analysis.

Conclusion

Subjects in whom a CA has been performed and who were 
provided with a clamshell device thereafter appear to 
experience functional problems due to limited dorsiflexion 
and missing active plantarflexion during stair ascent. This 
leads to an increased hip-flexing moment and reduced 
knee-flexing moment during WA on the involved side. 
Knee and hip moments on the sound side are increased to 
compensate for the impairment. The finding of the lateral 
trunk lean toward the involved side resembles findings in 
subjects with TTA for reasons which could not be fully 
clarified with this work.
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