
1SCIENTIfIC REPORts |  (2018) 8:5354  | DOI:10.1038/s41598-018-23705-8

www.nature.com/scientificreports

Increasing prosthetic foot energy 
return affects whole-body 
mechanics during walking on level 
ground and slopes
W. Lee Childers1 & Kota Z. Takahashi2

Prosthetic feet are designed to store energy during early stance and then release a portion of that 
energy during late stance. The usefulness of providing more energy return depends on whether or not 
that energy transfers up the lower limb to aid in whole body propulsion. This research examined how 
increasing prosthetic foot energy return affected walking mechanics across various slopes. Five people 
with a uni-lateral transtibial amputation walked on an instrumented treadmill at 1.1 m/s for three 
conditions (level ground, +7.5°, −7.5°) while wearing a prosthetic foot with a novel linkage system 
and a traditional energy storage and return foot. The novel foot demonstrated greater range of motion 
(p = 0.0012), and returned more energy (p = 0.023) compared to the traditional foot. The increased 
energy correlated with an increase in center of mass (CoM) energy change during propulsion from the 
prosthetic limb (p = 0.012), and the increased prosthetic limb propulsion correlated to a decrease in CoM 
energy change (i.e., collision) on the sound limb (p < 0.001). These data indicate that this novel foot was 
able to return more energy than a traditional prosthetic foot and that this additional energy was used to 
increase whole body propulsion.

A uni-lateral transtibial amputation imposes significant challenges for locomotion. The missing biological sys-
tems (part of the tibia and the foot/ankle complex) are replaced with a prosthesis. This prosthesis consists of a 
prosthetic socket shaped to conform to the patient’s residual limb, a method to suspend, or attach, the prosthesis 
to the residual limb, a prosthetic foot, and a connector between the foot and the socket. The prosthesis is an 
imperfect replacement for the biological system it was designed to replace. The connection between the human 
and the prosthesis occurs through the soft tissues of the residual limb and the low stiffness1 of these tissues allow 
for substantial movement and energy absorption2. The majority of prosthetic feet available for clinical use are 
passive and can only return a portion of the energy they absorb when deformed during gait3,4. In contrast, the 
biological foot/ankle complex is under active control of the neuromuscular system and can typically produce 
more energy via muscle tendon unit dynamics5 than a passive prosthetic foot for push-off during late stance6.

Consequences of reduced push-off from the amputated limb include asymmetric gait3,6–9, and increased load-
ing on the sound limb6,8,9. Furthermore, greater sound limb loading, as indicated by increases in magnitude of the 
first peak of the vertical ground reaction force (GRF), the slope of the vertical GRF during early stance, or first 
peak of the external knee adduction moment (EKAM), may play a significant role in the development joint oste-
oarthritis10–12, a condition that this population may be at higher risk to develop13–18. Biomechanical mechanisms 
reported from dynamic walking models and human walking experiments may explain the connection between 
low push-off on the amputated limb and increased loading on the sound limb19–21. There is an inverse relationship 
between positive work performed by the trailing limb to redirect the whole body center of mass (CoM) and the 
negative work performed on the leading limb20. When the trailing limb, e.g. amputated limb, does not perform 
sufficient work during late stance phase to help redirect the CoM, the leading limb collides with ground at a 
higher and downward directed velocity22. This results in increasing the amount of negative work done by the 
leading limb, i.e. sound limb, during collision with the ground, and thus increases the amount of energy that must 
be absorbed by eccentric contraction of muscles, soft tissues, and at the joints themselves23. Therefore, reduction 
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of negative work performed by the sound limb during collision may help reduce joint loading and reduce risk of 
developing knee osteoarthritis.

Providing more energy from the prosthetic foot may leverage dynamic walking mechanisms to help reduce 
sound limb loading8,24. Increasing the energy return from a passive prosthetic foot to higher than traditional lev-
els of push-off (but lower than biological foot/ankle) reduces the first peak of the vertical GRF and the first peak 
of the EKAM in the sound limb9. Increasing the energy generation via powered prosthetic ankle/foot system to 
levels of biological ankle reduced CoM energy change during collision by the sound limb in one study24 but not 
others25,26. Esposito et al.25 demonstrated no change in sound limb collision work when walking on level ground. 
Quesada et al.26 demonstrated a reduction in sound limb collision work while the prosthetic foot delivered lower 
than biological levels of ankle power, but this benefit tapered to no change in collision work for ankle power at 
or beyond biological levels. Why energy from the prosthetic foot does not always relate to reducing sound limb 
collision work may be related to energy dissipated at the limb socket interface, motor strategies that may inhibit 
energy transfer up the kinematic chain of the lower limb to affect CoM mechanics26, or by not challenging the 
motor system enough to elicit a change27.

Walking uphill and downhill may offer a method to challenge the motor system25,27–29. The lower limbs must 
overall absorb energy and limit propulsion from the trailing limb during downhill walking30. In contrast, uphill 
walking has a reverse strategy in that the motor system must produce net positive energy to propel the CoM 
against gravity and would necessitate additional propulsion from the trailing limb30. Walking uphill and downhill 
is challenging for people with amputation due to the limited range of motion (ROM) provided by the prosthetic 
foot and likely the limited push-off provided by a passive prosthetic foot31–33. Passive prosthetic feet must rely 
on their stiffness to provide the ROM necessary to conform to sloped terrains. The lower the stiffness, the better 
the foot can conform to a slope but this comes at the expense of work ratio (ratio of energy returned to energy 
absorbed) and lower energy return for propulsion3. This creates a challenging set of criteria for designers of 
passive prosthetic feet. The prosthetic foot needs to be deformable in order to store and return energy, but the 
more a prosthetic foot can deform with damped materials, the less able it is to deliver energy for propulsion. This 
may be advantageous for downhill walking where increased deformation and high damping may be desirable 
to minimize trailing limb propulsion30. Yet, this would not be advantageous for level ground or uphill walking 
when increasing propulsion from the trailing limb would be desirable30. Therefore, walking uphill and downhill 
not only challenges the motor system, but creates a challenging environment to test novel prosthetic foot designs.

The purpose of this study was to examine how prosthetic designs intended to increase energy return 
affects mechanics of walking across various slopes (level, uphill, and downhill). We utilized a conventional 
energy-storing-and-returning (ESR) foot (Össur Vari-Flex), and a novel ESR prosthetic foot (Össur Pro-Flex) 
(Fig. 1). The Pro-Flex was designed to increase the conformability of the prosthetic foot to slopes and increase 
the amount of energy returned for propulsion34. By comparing the two types of prosthetic feet, our aim was to 
identify biomechanical effects of prosthetic energy return on sound limb loading across level, uphill and down-
hill terrains. We hypothesized that: 1) range of motion will be greater with the Pro-Flex foot than the Vari-Flex 
foot, 2) the increased RoM from the Pro-Flex foot will contribute to greater energy storage and return than the 
Vari-Flex foot, 3) the increased energy return during push-off from the Pro-Flex will increase CoM energy change 
by the amputated limb during propulsion, and 4) the enhanced propulsion from the Pro-Flex foot will reduce 
loads on the sound limb.

Results
Range of motion was increased with the Pro-Flex foot. There was a significant effect of foot for peak 
dorsiflexion angle (p = 0.003), and range of motion between the shank and foot segments (p = 0.012) without a 
significant interaction effect (p = 0.632), and these results coincided with large effect sizes (Table 1). The greater 
range of motion demonstrated by the Pro-Flex foot was more strongly correlated with peak dorsiflexion angle 
(R = 0.840, p < 0.001) than peak plantarflexion angle (R = 0.597, p < 0.001). This was associated with an increased 
angular velocity of the shank rotating over the prosthetic foot for the Pro-Flex foot condition (Fig. 2).

Energy return was greater with the Pro-Flex foot. The Pro-Flex foot demonstrated greater energy 
storage and return than the Vari-Flex foot (Fig. 3). The Pro-Flex foot stored more energy during stance than 

Figure 1. The Pro-Flex foot (left) has a linkage system on the upper portion of the foot that is designed to non-
linearly load the heel and forefoot sections. This is a departure from conventional energy storage and return 
type prosthetic feet like the Vari-Flex (right).



www.nature.com/scientificreports/

3SCIENTIfIC REPORts |  (2018) 8:5354  | DOI:10.1038/s41598-018-23705-8

Variable Foot
Terrain

Effect of terrain Effect of foot
Interaction 
effectDown Level Up

Peak dorsiflexion angle (deg)
Pro-Flex* 15.9 ± 2.1 18.8 ± 2.7 20 ± 2.3

F = 5.896 F = 45.363 F = 5.839
p = 0.027 p = 0.003 p = 0.027

Vari-Flex 9.2 ± 2.9 10.6 ± 3.2 11.1 ± 3.6
ηp

2 = 0.706 ηp
2 = 0.919 ηp

2 = 0.593
1 − β = 0.715 1 − β = 0.998 1 − β = 0.711

Peak plantarflexion angle (deg)
Pro-Flex 5.8 ± 2.7 4.9 ± 1.8 2.4 ± 1.3

F = 14.915 F = 0.001 F = 4.534
p = 0.017 p = 0.991 p = 0.091

Vari-Flex 5.1 ± 4.1 4.6 ± 3.9 3.4 ± 4.3
ηp

2 = 0.789 ηp
2 = 0.001 ηp

2 = 0.531
1 − β = 0.830 1 − β = 0.050 1 − β = 0.405

Range of motion between shank and foot segments (deg)
Pro-Flex* 21.7 ± 2.7 23.7 ± 3.1 22.4 ± 2.3

F = 1.626 F = 19.315 F = 0.487
p = 0.255 p = 0.012 p = 0.632

Vari-Flex 14.2 ± 6.6 15.2 ± 6 14.5 ± 5.8
ηp

2 = 0.289 ηp
2 = 0.828 ηp

2 = 0.109
1 − β = 0.249 1 − β = 0.900 1 − β = 0.105

Energy stored in the prosthetic foot (J/kg)
Pro-Flex* −0.24 ± 0.05 −0.23 ± 0.02 −0.24 ± 0.05

F = 0.103 F = 13.130 F = 0.301
p = 0.903 p = 0.022 p = 0.748

Vari-Flex −0.18 ± 0.03 −0.18 ± 0.02 −0.17 ± 0.03
ηp

2 = 0.025 ηp
2 = 0.766 ηp

2 = 0.070
1 − β = 0.061 1 − β = 0.772 1 − β = 0.083

Total energy returned by the prosthetic foot (J/kg)
Pro-Flex* 0.2±0.09 0.16 ± 0.01 0.2 ± 0.04

F = 2.111 F = 8.298 F = 0.147
p = 0.184 p = 0.045 p = 0.865

Vari-Flex 0.15 ± 0.01 0.11 ± 0.02 0.14 ± 0.05
ηp

2 = 0.345 ηp
2 = 0.675 ηp

2 = 0.035
1 − β = 0.313 1 − β = 0.586 1 − β = 0.066

Energy returned by the prosthetic foot during push-off
Pro-Flex* 0.18 ± 0.08 0.16 ± 0.01 0.19 ± 0.04

F = 1.627 F = 12.877 F = 0.083
p = 0.255 p = 0.023 p = 0.922

Vari-Flex 0.13 ± 0.03 0.1 ± 0.01 0.12 ± 0.05
ηp

2 = 0.289 ηp
2 = 0.763 ηp

2 = 0.020
1 − β = 0.249 1 − β = 0.764 1 − β = 0.059

Work ratio of the prosthetic foot (J/J)
Pro-Flex 0.78 ± 0.22 0.71 ± 0.06 0.87 ± 0.18

F = 3.640 F = 0.355 F = 0.992
p = 0.075 p = 0.584 p = 0.412

Vari-Flex 0.86 ± 0.16 0.60 ± 0.13 0.79 ± 0.25
ηp

2 = 0.476 ηp
2 = 0.081 ηp

2 = 0.199
1 − β = 0.501 1 − β = 0.075 1 − β = 0.167

Energy delivered by the foot/ankle during push-off by 
the sound limb (J/kg)

Pro-Flex 0.13 ± 0.06† 0.20 ± 0.06‡ 0.39 ± 0.09 †,‡ F = 27.308 F = 0.784 F = 0.812
p < 0.001 p = 0.426 p = 0.477

Vari-Flex 0.12 ± 0.04† 0.17 ± 0.05‡ 0.4 ± 0.11 †,‡ ηp
2 = 0.872 ηp

2 = 0.164 ηp
2 = 0.169

1 − β = 0.999 1 − β = 0.107 1 − β = 0.144

CoM energy change during collision by the amputated 
limb (J/kg)

Pro-Flex −0.11 ± 0.08 −0.09 ± 0.05 −0.09 ± 0.06
F = 0.243 F = 1.954 F = 0.212
p = 0.656 p = 0.235 p = 0.713

Vari-Flex −0.10 ± 0.08 −0.08 ± 0.04 −0.07 ± 0.04
ηp

2 = 0.057 ηp
2 = 0.328 ηp

2 = 0.050
1 − β = 0.068 1 − β = 0.192 1 − β = 0.067

CoM energy change during propulsion by the amputated 
limb (J/kg)

Pro-Flex* 0.10 ± 0.03† 0.15 ± 0.02‡ 0.10 ± 0.02†,‡ F = 5.937 F = 352.81 F = 0.137
p = 0.026 p < 0.001 p = 0.874

Vari-Flex 0.07 ± 0.05† 0.12 ± 0.03‡ 0.07 ± 0.02†,‡ ηp
2 = 0.597 ηp

2 = 0.989 ηp
2 = 0.033

1 − β = 0.718 1 − β = 0.999 1 − β = 0.065

CoM energy change during collision by the sound limb 
(J/kg)

Pro-Flex −0.31 ± 0.1 −0.14 ± 0.06 −0.15 ± 0.06
F = 6.178 F = 0.663 F = 0.378
p = 0.065 p = 0.461 p = 0.602

Vari-Flex −0.34 ± 0.17 −0.14 ± 0.06 −0.18 ± 0.07
ηp

2 = 0.607 ηp
2 = 0.142 ηp

2 = 0.086
1 − β = 0.486 1 − β = 0.098 1 − β = 0.080

CoM energy change during propulsion by the sound 
limb (J/kg)

Pro-Flex 0.09 ± 0.09 0.20 ± 0.07 0.25 ± 0.06†,‡ F = 26.529 F = 3.490 F = 4.102
p < 0.001 p = 0.135 p = 0.059

Vari-Flex 0.10 ± 0.08 0.18 ± 0.06 0.29 ± 0.07†,‡ ηp
2 = 0.869 ηp

2 = 0.466 ηp
2 = 0.506

1 − β = 0.999 1 − β = 0.301 1 − β = 0.551

Magnitude of the first peak of the GRF on the sound 
limb (N/W)

Pro-Flex* 1.22 ± 0.14 0.98 ± 0.09 1.05 ± 0.06
F = 13.116 F = 7.332 F = 0.909
p = 0.003 p = 0.054 p = 0.441

Vari-Flex 1.27 ± 0.17 1.08 ± 0.06 1.08 ± 0.07
ηp

2 = 0.766 ηp
2 = 0.647 ηp

2 = 0.185
1 − β = 0.969 1 − β = 0.537 1 − β = 0.157

Magnitude of the first peak of the knee adduction 
moment in the sound limb (Nm/kg)

Pro-Flex 0.5 ± 0.12 0.52 ± 0.19 0.37 ± 0.17
F = 3.982 F = 2.021 F = 1.235
p = 0.063 p = 0.341 p = 0.341

Vari-Flex 0.52 ± 0.13 0.50 ± 0.12 0.43 ± 0.17
ηp

2 = 0.499 ηp
2 = 0.236 ηp

2 = 0.236
1 − β = 0.539 1 − β = 0.197 1 − β = 0.198

Table 1. Main results for the Pro-Flex and Vari-Flex feet at a treadmill speed of 1.1 m/s across downhill (−7.5°), 
level (0°), and uphill (+7.5°) terrains. *Significant main effect between prosthetic feet. †Significant difference 
from the level terrain. ‡Significant difference from the downhill terrain. Note, there are instances in which 
there was a significant effect of terrain yet the post hoc revealed no differences between terrains. Effect size was 
estimated using partial eta squared (ηp

2). Observed power was calculated as 1 − β.
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the Vari-Flex foot (p = 0.022), returned more energy (p = 0.045), more of that energy was delivered during 
push-off (p = 0.023), and these results occurred with large effect sizes and observed power (Table 1). The work 
ratios between the Pro-Flex foot and the Vari-Flex foot was not significantly different (p = 0.584) (Table 1). The 
increased dorsiflexion by the Pro-Flex foot correlated with the increased energy storage (R = 0.625, p < 0.001), 
energy returned (R = 0.438, p = 0.016), and energy returned during push-off (R = 0.547, p = 0.002).

Energy return from the Pro-Flex foot was mostly lower than sound limb ankle-foot system.  
There are some notable differences between the sound and amputated limbs. There was an overall significant 
difference in the energy returned (or generated) during push-off between the prosthetic foot and the sound 
ankle-foot system (p = 0.006). Pairwise comparisons demonstrated that the Pro-Flex foot did not return a sig-
nificantly different amount of energy during push-off than the sound ankle-foot system during the downhill 
condition (p = 0.735) (Fig. 4). The ability of the Pro-Flex to deliver the same amount of energy for propulsion 
as the sound ankle-foot was because the sound ankle-foot reduced its output during the downhill condition. 
The amount of energy absorbed by the either prosthetic foot was significantly less than the sound ankle-foot 
(p < 0.001) (Fig. 3). The CoM negative energy change during collision performed by the amputated limb was also 
significantly less than the sound limb (p = 0.002), independent of the prosthetic foot used (Fig. 4).

Energy from the Pro-Flex foot affected whole body center of mass mechanics. The CoM energy 
change during propulsion performed by the amputated limb was significantly increased with the Pro-Flex foot 
over the lower performing Vari-Flex foot (p < 0.001) with a large effect size and high observed power (Table 1). 
The increase in the amount of energy returned between the Pro-Flex foot and the Vari-Flex foot per subject and 
per condition was significantly correlated with the increase in CoM energy change during propulsion between 
the two feet (R = 0.650, p = 0.012).

Reduction of loading on the sound limb was unclear. The Pro-Flex was unable to significantly reduce 
the first peak of the vertical component of the ground reaction force on the sound limb (p = 0.054) but this was 
associated with a moderate effect size (ηp

2 = 0.647) and low statistical power (1 − β = 0.537) (Table 1). The trend 
to reduce the magnitude of forces on the sound limb (Fig. 5) was one of many ways to measure loading on the 
sound limb. There were no differences between prosthetic feet regarding loading rate (Fig. 5). The magnitude of 
the peak knee adduction moment was also unaffected by the prosthetic foot (p = 0.341) but was also associated 
with low statistical power (1 − β = 0.197) (Table 1). There was a significant inverse correlation between CoM 
energy change during propulsion performed by the amputated limb and CoM energy change performed by the 
sound limb during collision (R = −0.611, p < 0.001). Despite this, there was no significant effect of foot on CoM 
energy change during collision performed by the sound limb (p = 0.461) and this was also associated with a lower 
effect size and observed power (Table 1).

Discussion
The novel linkage system in the Pro-Flex foot enabled greater range of motion (Fig. 2) and delivered more energy 
during push-off than the more traditional energy storage and return Vari-Flex prosthetic foot (Fig. 3). The energy 
change of the CoM during propulsion was also increased with the Pro-Flex foot across all conditions (Fig. 3) and 
this correlated with a significant decrease in CoM energy change during collision on the sound limb.

The increased propulsion from the Pro-Flex foot was apparent across all conditions (Fig. 3). The Pro-Flex 
foot condition demonstrated greater range of motion, and more dorsiflexion than the Vari-Flex foot (Fig. 2). 
This allowed the forefoot to absorb more energy during late stance and subsequently return more energy (Fig. 4). 
The greater dorsiflexion from the Pro-Flex foot was likely facilitated by the mechanical design of the foot and the 
incorporation of the linkage system (Fig. 1). Passive elastic prosthetic feet work by being deformed to store elastic 
energy in the carbon fiber laminate structure and then allowing those structures to recoil and return the energy 
for propulsion during pre-swing. Deformation of a prosthetic foot results in eventual recoil and energy returned. 
The Pro-Flex foot was able to deform more than the Vari-Flex foot, utilize this deformation to better conform to 
the terrain, and subsequently recoil to return more energy during late stance.

The connection between increased range of motion and increased energy return during propulsion may not 
exist across all prosthetic feet. There are other prosthetic feet available that allow for increased range of motion 
and leverage that range of motion to better conform to slopes but do so in a different manner than presented 
here. The position of the long axis of the foot relative to the shank at any given point in the gait cycle represents a 
balance between the stiffness properties of the material, the damping properties of the material, the shape of the 
structure, the loads imposed on it via the environment, and how the knee and hip joint moments are coordinated 
by the prosthesis user. Therefore, equivalent ranges of motion are attainable with different designs of a prosthetic 
foot. For example, the Proprio foot (Össur EHF) is an adaptive ankle system with a servo motor that changes the 
angle of a low profile ESR foot. Range of motion provided by this system will be related to how the motor posi-
tions the foot and the deformation of the ESR foot. This combination does provide a large amount of adaptability 
to slopes and helps to reduce pressures between the prosthetic socket and the residual limb35. Yet, since the ESR 
portion of the prosthetic foot is not being deformed throughout the range of motion provided by the entire foot/
ankle system, it is unlikely that this will result in greater propulsion than an ESR foot (like the Pro-Flex) that 
gains range of motion entirely through deformation of its carbon laminate. Likewise, energy returned during 
propulsion may not be as high in hydraulically controlled prosthetic ankle units or prosthetic feet made of fiber-
glass. The function of the hydraulic damper is to remove energy from the foot/ankle system in a way that allows 
for increased range of motion without the ability to return that energy for propulsion back out of the hydraulic 
system. Feet made of fiberglass are low stiffness but also come with high internal damping properties that should 
lower the work ratio of the foot and lower energy return for an equivalent deformation compared to a prosthetic 
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foot made of carbon laminate. Therefore, the connection between prosthetic foot range of motion and energy 
return may not be generalizable to all feet due to the inherit interaction effects between the foot mechanical prop-
erties and how the prosthesis user is controlling the device. The ability of the Pro-Flex foot to have high amounts 
of range of motion and high energy return is due to the structure of this foot being deformed throughout its range 
of motion.

Analysis of whole body CoM mechanics was able to inform how well the energy being returned by the pros-
thetic foot was able to translate up the kinematic chain and be utilized to help propel the CoM. The increase in 
energy return between the Pro-Flex foot and the Vari-Flex foot (~0.06 J/kg) did correlate to an overall increase 

Figure 2. Angle between the prosthetic shank and foot segments demonstrate that the Pro-Flex foot (black 
solid line) was able to dorsiflex more throughout stance phase than the Vari-Flex foot (yellow dashed line) 
across all conditions. Shaded regions represent ± one standard deviation. The steeper slope of these lines 
indicate the Pro-Flex foot was able to more rapidly dorsiflex and this may have helped to increase the amount of 
energy that was stored in the forefoot.
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in CoM energy change (~0.02 J/kg) during propulsion for the amputated limb. An interesting part of these data 
was that the energy returned by the Pro-Flex foot and the Vari-Flex foot generally remained invariant across the 
different terrains, whereas the CoM energy change during propulsion on the amputated side did vary so that 
the level ground condition was higher than the downhill and uphill conditions (Fig. 3). Even though the human 
motor system did utilize the increase in energy return from the Pro-Flex foot and transfer it up the kinematic 
chain to the whole body CoM in a general sense, there was some terrain specific variation. The passive nature of 
an ESR foot means that its energy return is mainly influenced by the material properties and the loading/unload-
ing characteristics3,4,36,37. The general invariability of energy returned by the prosthetic foot meant that in some 
conditions, (e.g. walking downhill) the prosthetic foot may be returning too much energy, while in other condi-
tions (e.g. walking uphill), the prosthetic foot may not be returning enough energy. This created scenarios when 
the person’s motor system may want to dissipate and inhibit energy transfer from the prosthetic foot to the whole 
body CoM, such as during downhill walking (Fig. 4). In terrains where the increased energy return from the pros-
thetic foot would benefit CoM energy change (e.g. level ground and walking uphill), the increased energy return 
from the Pro-Flex foot could be transferred to the whole body CoM. However, our data remains too limited to 
distinguish the terrain specificity of how energy return from the prosthetic foot is transferred up the kinematic 
chain to the whole body CoM but creates an interesting topic for additional study.

These data were able to show promise that increasing energy return from a passive prosthetic foot would 
decrease sound limb loading. There was a significant inverse correlation between CoM energy change during 
propulsion performed by the amputated limb and CoM energy change performed by the sound limb during colli-
sion. This occurred despite the potential for altered strategies to dissipate energy return during downhill walking. 
However, the other data supporting that the additional energy return would reduce sound limb loading was dif-
ficult to demonstrate with these data. We used indirect estimations of sound limb loading that have been shown 
in previous literature to correlate with risk of developing knee osteoarthritis. The first peak of the external knee 
adduction moment correlates with a reduction in bone mineral density around the knee joint of the sound limb 
in people with transtibial amputation12 and correlates with medial compartment knee osteoarthritis severity11.  
Our data did not demonstrate a difference in the external knee adduction moment (Table 1) but this was associ-
ated with low statistical power meaning more subjects would have been necessary to draw a conclusion about this 

Figure 3. CoM energy change during propulsion (open symbols) and collision (closed symbols) for the Pro-
Flex foot (panel a) and the Vari-Flex foot (panel b) compared with energy absorbed by the foot/ankle complex 
(closed symbols) and returned/generated (open symbols) by the Pro-Flex foot (panel c) and the Vari-Flex foot 
(panel d). Data trends for the amputated limb (solid black line) and the sound limb (dashed blue line) show 
that the storage and return of energy in the passive prosthetic is more constant than the sound limb across 
terrains, the Pro-Flex foot does return more energy than the Vari-Flex foot, and the CoM energy change during 
propulsion is larger with the Pro-Flex foot. Error bars represent ± one standard deviation.
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variable. There are also many ways a person may alter their gait to modulate the external knee adduction moment, 
e.g. increasing step width38,39 and lateral trunk lean40. The modulation of these unmeasured gait parameters may 
have contributed to the higher intersubject variability and low-statistical power and should be included in future 
studies interested in external knee adduction moment. The magnitude of the first peak of the vertical ground 
reaction force was not significantly reduced but showed a noticeable trend when using the Pro-Flex foot (Fig. 5). 
The magnitude of force at the knee joint is highly correlated to the magnitude of the ground reaction force and 
this provides a proxy for how much force would be imparted with each step despite the debatable connection 
between magnitude of force and development of knee osteoarthritis41,42. The slope of the ground reaction force 
has been shown to correlate with sound limb knee pain43 and presence of knee osteoarthritis44, yet our data 
showed no differences between prosthetic feet (Fig. 5). CoM energy change during collision has not been a focus 
of osteoarthritis literature in the past and its connection to knee osteoarthritis is currently unknown. Yet, it does 
provide a measure of the total energy absorbed by the sound limb during early stance and should provide a rea-
sonable measure of the impact on the sound limb. We did not demonstrate a significant difference between the 
prosthetic feet for CoM energy change during collision of the sound limb in an absolute sense, yet again, this also 

Figure 4. CoM rate of energy change (rows 1 & 3) and foot/ankle power (rows 2 & 4) throughout the gait cycle 
for downhill (column 1), level (column 2), and uphill (column 3) for the amputated limb (rows 1 & 2) and the 
sound limb (rows 3 & 4). The Pro-Flex foot (solid black line) demonstrated higher peak powers than the Vari-
Flex foot (dashed yellow line) and this resulted in a trend to reduce the absorption of energy by the sound limb 
during the step-to-step transition.
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coincided with low statistical power (Table 1). Taken together, these data do show some promising trends but the 
low sample size precludes a definitive assessment on the effect of the additional energy return from the Pro-Flex 
foot to sound limb loading and the correlates to knee osteoarthritis development. These data should be used to 
predict adequate sample size for future studies.

In conclusion, the novel linkage system in the Pro-Flex foot does enable it to have more range of motion and 
better conform to different slopes. The Pro-Flex foot was able to leverage its additional range of motion to absorb 
and return more energy than the more traditional Vari-Flex foot. The additional energy return from the Pro-Flex 
foot translated up the kinematic chain to effect the whole body CoM in such a way that it enabled more energy 
for propulsion than the Vari-Flex foot. There was a significant inverse relationship between increasing CoM 
energy change during propulsion from the amputated limb and negative work absorbed by the sound limb during 
collision with the Pro-Flex foot and this gives some support that the Pro-Flex foot has promise to reduce sound 
limb loading. However, there were no other differences in other variables that correlate with reducing the risk of 
developing knee osteoarthritis, most likely due to the low sample size and low statistical power.

Figure 5. Vertical (rows 1 & 3) and horizontal (rows 2 & 4) components of the ground reaction force 
throughout the gait cycle for downhill (column 1), level (column 2), and uphill (column 3) for the amputated 
limb (rows 1 & 2) and the sound limb (rows 3 & 4). The Pro-Flex foot (solid black line) demonstrated a trend 
to reduce the first peak of the vertical ground reaction force on the sound limb compared to the Vari-Flex foot 
(dashed yellow line). There were no discernable differences between feet associated with lowering the loading 
rate and no changes in the horizontal components.
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Methods
Subjects. Five people with a uni-lateral transtibial amputation (80.5 ± 13.9 kg, 1.73 ± 0.08 m, 44.0 ± 13.9 y/o, 
11.2 ± 5.3 years post amputation) provided informed consent to participate in this study. The experimental pro-
tocol was approved by the Institutional Review Board at Alabama State University, (Montgomery, Alabama, USA) 
and these methods were carried out in accordance with the IRB-approved protocol. Inclusion criteria included 
having a uni-lateral transtibial amputation, the cause of amputation was not associated with a dysvascular disease, 
the individual regularly used a prosthesis for ambulation and could demonstrate variable cadence, be at least 
2 years post-amputation, and use an energy-storage-and-return (ESR) prosthetic foot made from carbon fiber 
laminate on their everyday prosthesis. Exclusion criteria included having a cardiovascular or balance problem 
that would prohibit individuals from walking on a treadmill, and any muscle paralysis or loss of sensation in their 
amputated or sound limbs.

Prosthetic feet. Two different types of passive ESR prosthetic feet were used in this study. The Vari-Flex 
foot (Össur EHF, Reykjavik, Iceland) represented a traditional design for an ESR prosthetic foot with a J-shaped 
carbon shank/forefoot section attached to a prosthetic heel (Fig. 1). In fact, the Vari-Flex foot is a direct descend-
ant of the Flex-Foot design (Össur EHF, Reykjavik, Iceland) that was the first ESR brought to market in 198445, 
defined the ESR class of prosthetic feet, and has been used in multiple studies on ESR foot performance37,46–49. 
The Pro-Flex (Össur EHF, Reykjavik, Iceland) represents a new design in ESR type prosthetic feet that includes 
a linkage system mounted between the heel section, the forefoot section, and the prosthetic pylon (Fig. 1). This 
design amplifies the deformation of the heel and forefoot sections to provide additional range of motion between 
the shank and foot segments during gait, and this should lead to greater energy absorption in the forefoot section 
which should translate to greater energy returned and ultimately more propulsion from the prosthetic limb dur-
ing the pre-swing phase of gait. The stiffness of each prosthetic foot used were determined by the subject’s mass 
and activity level in accordance with the manufacturer’s specifications. Each prosthetic foot was ordered specifi-
cally for each subject and all utilized a 10 mm heel height. The subject’s prosthetic socket and suspension system 
was retained for this study. The prosthetic foot and pylon were replaced with the study ESR feet. Prosthetic align-
ment was initially setup according to specifications from the prosthetic foot manufacturer and then fine-tuned via 
clinical dynamic alignment for each foot. All prosthetic modifications and dynamic alignments were performed 
by a certified prosthetist (first author). The dynamic alignment period took between 5–10 minutes per subject per 
foot. The order of the prosthetic feet were randomized.

Experimental Protocol. The subjects walked at 1.1 m/s on a dual belt instrumented treadmill mounted 
on a 2-DOF motion platform within immersive virtual reality projected unto a large 180 degree sweep screen 
(GRAIL system, Motek Forcelink, Amsterdam, NL). The virtual reality made the subjects feel as though they 
were walking through a forest instead of walking on a dual belt treadmill. Visual flow was set to match treadmill 
speed. 1.1 m/s represented the average self-selected speed of all subjects that have participated in previous stud-
ies at Alabama State University50 and is similar to the self-selected speed of other individuals with a uni-lateral 
transtibial amputation7. The 2-DOF motion platform allowed for the treadmill to be tilted to 7.5 degrees up and 
down. The subjects performed a 5 minute warm-up period on the treadmill to become acclimatized to walking on 
a treadmill, the virtual reality, and the prosthetic foot. The trials began with collecting data at the level condition 
for 1 minute after they completed the warm up period. The order for uphill or downhill was randomly selected, 
then the treadmill was tilted to 7.5 degrees, the subject was given at least 2 minutes to regain steady state gait and 
data was collected for one minute. This process was repeated for the other terrain condition. The prosthetic foot 
was swapped, and the experimental protocol was repeated.

Analysis: Lower Limb Mechanics. A twelve camera motion analysis system (Vicon, Oxfod, UK) captured 
lower-limb kinematics (100 Hz). Kinetics (1000 Hz) were collected with two 6-DOF force platforms mounted 
under the treadmill (GRAIL system, Motek Forcelink, Amsterdam, NL) the Human Body Model markerset51 
modified with three additional markers on each shank segment to create 4-marker clusters necessary for the 
ankle and foot deformation analysis52. A fourth order bidirectional low-pass Butterworth filter was applied to the 
kinematics (6 Hz) and kinetic (15 Hz) data. Data was collected, synchronized, and gap-filled using Vicon Nexus 
2.5 (Vicon, Oxfod, UK). Data were then exported to Visual3D 6 (C-Motion, Germantown, MD) to build the limb 
segment models, filter the data, and calculate joint angles, moments, and powers on the continuous data. Data was 
then exported to Matlab 2017 (Mathworks, Natick, MA) to calculate individual limb work, identify and remove 
steps where the right leg crossed over to left belt and vice-versa, normalize each stride to 100 percent of the gait 
cycle, average 15 complete strides together per subject per condition, build group averages, and export the data 
for statistical analysis.

Analysis: Foot Angle. ESR prosthetic feet are made to deform in order to store and return energy. This 
deformation is non-linear and this makes it difficult to define rotation of the foot segment about the shank seg-
ment as a single axis53. To overcome this limitation, foot angle was defined as the angle between the foot segment, 
defined by a four-marker cluster on the toe, head of the 1st and 5th metatarsals, and heel of the subject’s shoe, and 
the four-marker cluster on the shank.

Analysis: Prosthetic ankle and foot power. The non-rigid nature of an ESR prosthetic foot in combina-
tion with the lack of a fixed joint axis may limit the use of traditional inverse dynamics calculations to adequately 
quantify the amount of power absorbed or returned by the prosthetic foot53. We employed a unified deformable 
segment (UD) model to overcome this potential limitation to both the prosthetic and sound limbs52,54. The UD 
model does not assume the foot is a rigid body and calculates power below the four-marker cluster mounted on 
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the rigid prosthetic socket52,54. The energy stored and returned during propulsion was calculated as the time inte-
gral during the pre-swing phase of gait then normalized to body mass. Work-ratio was calculated as the ratio of 
positive to negative work, signifying the proportion of energy that was stored and returned by the prosthetic foot.

Analysis: Whole body Center of Mass Rate of Energy Change. Rate of mechanical energy change 
of the whole body center of mass (CoM) was calculated to define how each limb contributed to propulsion of 
the CoM and handled collision with the ground during initial contact/loading response19. This was done by first 
dividing the summed right and left GRFs by the subject’s mass to attain the acceleration of the CoM. Then inte-
grating the whole body accelerations with respect to time in each direction within the coordinate system of the 
treadmill. The average velocity across each whole dataset (from the first full stride to the last full stride during 
each condition) was assumed to be the treadmill belt speed of 1.1 m/s in the anterior/posterior direction, and zero 
for medial/lateral and superior/inferior directions. Individual limb rate of energy change was then calculated as 
the dot product of the individual limb GRFs and the CoM velocity, then normalized to body mass. The individual 
limb energy change during the step-to-step transition was the time integral during double limb support and sin-
gle limb support were then calculated as the time integral of the rate of energy change during double limb support 
and then normalized to body mass.

Statistical Tests. SPSS v23 (IBM, Armonk, North Castle, NY) was used to perform the statistical analyses. 
Pearson’s correlation was used to determine if a significant relationship existed between increasing ROM and 
prosthetic foot propulsion, energy returned during pre-swing and CoM energy change by the prosthetic limb, 
CoM energy change during propulsion by the prosthetic limb and CoM energy change during collision by the 
sound limb. A two factor RM ANOVA (foot x terrain) evaluated statistical differences (p ≤ 0.05) between feet 
within the group with an amputation. A mixed ANOVA (within subjects factor of foot x terrain and between sub-
jects factor of limb) was used to compare the sound limb to the amputated limb. Mauchly’s Test of Sphericity was 
used to test if the variance was significantly different across all of the conditions. If the sphericity condition was 
violated, a Greenhouse-Geisser adjustment was applied. When a significance effect was detected with either the 
repeated measures or mixed ANOVAs, pairwise comparisons using a Bonferroni adjustment were performed to 
determine which conditions were significantly different. Effect size was estimated using partial eta squared (ηp

2) 
and any value greater than 0.14 would be considered a large effect size. Observed power was calculated as 1 − β.

References
 1. Boutwell, E., Stine, R., Hansen, A., Tucker, K. & Gard, S. Effect of prosthetic gel liner thickness on gait biomechanics and pressure 

distribution within the transtibial socket. Journal Of Rehabilitation Research And Development 49, 227–240 (2012).
 2. Childers, W. L. & Siebert, S. Marker-based method to measure movement between the residual limb and a transtibial prosthetic 

socket. Prosthetics And Orthotics International 40, 720–728 (2016).
 3. Fey, N. P., Klute, G. K. & Neptune, R. R. The influence of energy storage and return foot stiffness on walking mechanics and muscle 

activity in below-knee amputees. Clinical Biomechanics (Bristol, Avon) 26, 1025–1032, https://doi.org/10.1016/j.clinbiomech. 
2011.06.007 (2011).

 4. Geil, M. D. Energy loss and stiffness properties of dynamic elastic response prosthetic feet. Journal of Prosthetics and Orthotics 13, 
70–73 (2001).

 5. Ishikawa, M., Komi, P. V., Grey, M. J., Lepola, V. & Bruggemann, G.-P. Muscle-tendon interaction and elastic energy usage in human 
walking. Journal of applied physiology (Bethesda, Md.: 1985) 99, 603–608, https://doi.org/10.1152/japplphysiol.00189.2005 (2005).

 6. Adamczyk, P. G. & Kuo, A. D. Mechanisms of Gait Asymmetry Due to Push-Off Deficiency in Unilateral Amputees. IEEE 
transactions on neural systems and rehabilitation engineering: a publication of the IEEE Engineering in Medicine and Biology Society 
23, 776–785, https://doi.org/10.1109/tnsre.2014.2356722 (2015).

 7. Gailey, R. S. et al. Energy-Expenditure Of Trans-Tibial Amputees During Ambulation At Self-Selected Pace. Prosthetics and 
Orthotics International 18, 84–91 (1994).

 8. Houdijk, H., Pollmann, E., Groenewold, M., Wiggerts, H. & Polomski, W. The energy cost for the step-to-step transition in amputee 
walking. Gait & Posture 30, 35–40, https://doi.org/10.1016/j.gaitpost.2009.02.009 (2009).

 9. Morgenroth, D. C. et al. The effect of prosthetic foot push-off on mechanical loading associated with knee osteoarthritis in lower 
extremity amputees. Gait & posture 34, 502–507, https://doi.org/10.1016/j.gaitpost.2011.07.001 (2011).

 10. Esposito, E. R. & Wilken, J. M. Biomechanical risk factors for knee osteoarthritis when using passive and powered ankle-foot 
prostheses. Clinical Biomechanics 29, 1186–1192, https://doi.org/10.1016/j.clinbiomech.2014.09.005 (2014).

 11. Morgenroth, D. C., Gellhorn, A. C. & Suri, P. Osteoarthritis in the Disabled Population: A MechanicalPerspective. Pm&R 4, 
S20–S27, https://doi.org/10.1016/j.pmrj.2012.01.003 (2012).

 12. Royer, T. & Koenig, M. Joint loading and bone mineral density in persons with unilateral, trans-tibial amputation. Clinical 
Biomechanics 20, 1119–1125, https://doi.org/10.1016/j.clinbiomech.2005.07.003 (2005).

 13. Burke, M. J., Roman, V. & Wright, V. Bone and joint changes in lower-limb amputees. Annals of the Rheumatic Diseases 37, 252–254, 
https://doi.org/10.1136/ard.37.3.252 (1978).

 14. Kulkarni, J., Adams, J., Thomas, E. & Silman, A. Association between amputation, arthritis and osteopenia in British male war 
veterans with major lower limb amputations. Clinical Rehabilitation 12, 348–353, https://doi.org/10.1191/026921598672367610 
(1998).

 15. Lemaire, E. D. & Fisher, F. R. Osteoarthritis and elderly amputee gait. Archives of Physical Medicine and Rehabilitation 75, 1094–1099, 
https://doi.org/10.1016/0003-9993(94)90084-1 (1994).

 16. Melzer, I., Yekutiel, M. & Sukenik, S. Comparative study of osteoarthritis of the contralateral knee joint of male amputees who do 
and do not play volleyball. Journal of Rheumatology 28, 169–172 (2001).

 17. Norvell, D. C. et al. The prevalence of knee pain and symptomatic knee osteoarthritis among veteran traumatic amputees and 
nonamputees. Archives of Physical Medicine and Rehabilitation 86, 487–493, https://doi.org/10.1016/j.apmr.2004.04.034 (2005).

 18. Struyf, P. A., van Heugten, C. M., Hitters, M. W. & Smeets, R. J. The Prevalence of Osteoarthritis of the Intact Hip and Knee Among 
Traumatic Leg Amputees. Archives of Physical Medicine and Rehabilitation 90, 440–446, https://doi.org/10.1016/j.apmr.2008.08.220 
(2009).

 19. Donelan, J. M., Kram, R. & Kuo, A. D. Mechanical work for step-to-step transitions is a major determinant of the metabolic cost of 
human walking. Journal of Experimental Biology 205, 3717–3727 (2002).

 20. Kuo, A. D. & Donelan, J. M. Dynamic principles of gait and their clinical implications. Physical therapy 90, 157–174, https://doi.
org/10.2522/ptj.20090125 (2010).

http://dx.doi.org/10.1016/j.clinbiomech.2011.06.007
http://dx.doi.org/10.1016/j.clinbiomech.2011.06.007
http://dx.doi.org/10.1152/japplphysiol.00189.2005
http://dx.doi.org/10.1109/tnsre.2014.2356722
http://dx.doi.org/10.1016/j.gaitpost.2009.02.009
http://dx.doi.org/10.1016/j.gaitpost.2011.07.001
http://dx.doi.org/10.1016/j.clinbiomech.2014.09.005
http://dx.doi.org/10.1016/j.pmrj.2012.01.003
http://dx.doi.org/10.1016/j.clinbiomech.2005.07.003
http://dx.doi.org/10.1136/ard.37.3.252
http://dx.doi.org/10.1191/026921598672367610
http://dx.doi.org/10.1016/0003-9993(94)90084-1
http://dx.doi.org/10.1016/j.apmr.2004.04.034
http://dx.doi.org/10.1016/j.apmr.2008.08.220
http://dx.doi.org/10.2522/ptj.20090125
http://dx.doi.org/10.2522/ptj.20090125


www.nature.com/scientificreports/

1 1SCIENTIfIC REPORts |  (2018) 8:5354  | DOI:10.1038/s41598-018-23705-8

 21. Kuo, A. D., Donelan, J. M. & Ruina, A. Energetic consequences of walking like an inverted pendulum: Step-to-step transitions. 
Exercise and Sport Sciences Reviews 33, 88–97, https://doi.org/10.1097/00003677-200504000-00006 (2005).

 22. Adamczyk, P. G. & Kuo, A. D. Redirection of center-of-mass velocity during the step-to-step transition of human walking. Journal 
of Experimental Biology 212, 2668–2678, https://doi.org/10.1242/jeb.027581 (2009).

 23. Zelik, K. E. & Kuo, A. D. Human walking isn’t all hard work: evidence of soft tissue contributions to energy dissipation and return. 
The Journal of experimental biology 213, 4257–4264, https://doi.org/10.1242/jeb.044297 (2010).

 24. Herr, H. M. & Grabowski, A. M. Bionic ankle-foot prosthesis normalizes walking gait for persons with leg amputation. Proceedings 
of the Royal Society B-Biological Sciences 279, 457–464, https://doi.org/10.1098/rspb.2011.1194 (2012).

 25. Esposito, E. R., Whitehead, J. M. A. & Wilken, J. M. Step-to-step transition work during level and inclined walking using passive and 
powered ankle-foot prostheses. Prosthetics and Orthotics International 40, 311–319, https://doi.org/10.1177/0309364614564021 
(2016).

 26. Quesada, R. E., Caputo, J. M. & Collins, S. H. Increasing ankle push-off work with a powered prosthesis does not necessarily reduce 
metabolic rate for transtibial amputees. Journal of Biomechanics 49, 3452–3459, https://doi.org/10.1016/j.jbiomech.2016.09.015 
(2016).

 27. Lay, A. N., Hass, C. J. & Gregor, R. J. The effects of sloped surfaces on locomotion: A kinematic and kinetic analysis. Journal of 
Biomechanics 39, 1621–1628, https://doi.org/10.1016/j.biomech.2005.05.005 (2006).

 28. Franz, J. R. & Kram, R. The effects of grade and speed on leg muscle activations during walking. Gait & Posture 35, 143–147, https://
doi.org/10.1016/j.gaitpost.2011.08.025 (2012).

 29. Lay, A. N., Hass, C. J., Nichols, T. R. & Gregor, R. J. The effects of sloped surfaces on locomotion: An electromyo graphic analysis. 
Journal of Biomechanics 40, 1276–1285, https://doi.org/10.1016/j.jbiomech.2006.05.023 (2007).

 30. Franz, J. R., Lyddon, N. E. & Kram, R. Mechanical work performed by the individual legs during uphill and downhill walking. 
Journal of Biomechanics 45, 257–262, https://doi.org/10.1016/j.jbiomech.2011.10.034 (2012).

 31. McIntosh, A. S., Beatty, K. T., Dwan, L. N. & Vickers, D. R. Gait dynamics on an inclined walkway. Journal of Biomechanics 39, 
2491–2502, https://doi.org/10.1016/j.jbiomech.2005.07.025 (2006).

 32. Pickle, N. T., Grabowski, A. M., Jeffers, J. R. & Silverman, A. K. The Functional Roles of Muscles, Passive Prostheses, and Powered 
Prostheses During Sloped Walking in People With a Transtibial Amputation. Journal of Biomechanical Engineering-Transactions of 
the Asme 139, 11, https://doi.org/10.1115/1.4037938 (2017).

 33. Pickle, N. T., Wilken, J. M., Whitehead, J. M. A. & Silverman, A. K. Whole-body angular momentum during sloped walking using 
passive and powered lower-limb prostheses. Journal of Biomechanics 49, 3397–3406, https://doi.org/10.1016/j.jbiomech.2016.09.010 
(2016).

 34. Heitzmann, D. W. W., Block, J., Alimusaj, M. & Wolf, S. I. Evaluation of a novel prosthetic foot while walking on level ground, 
ascending and descending a ramp. Gait & Posture 42, S94–S95, https://doi.org/10.1016/j.gaitpost.2015.06.173 (2015).

 35. Wolf, S. I., Alimusaj, M., Fradet, L., Siegel, J. & Braatz, F. Pressure characteristics at the stump/socket interface in transtibial amputees 
using an adaptive prosthetic foot. Clinical Biomechanics 24, 860–865, https://doi.org/10.1016/j.clinbiomech.2009.08.007 (2009).

 36. Geil, M. D. An iterative method for viscoelastic modeling of prosthetic feet. Journal of Biomechanics 35, 1405–1410, https://doi.
org/10.1016/s0021-9290(02)00169-0 (2002).

 37. Hsu, M. J., Nielsen, D. H., Lin-Chan, S. J. & Shurr, D. The effects of prosthetic foot design on physiologic measurements, self-selected 
walking velocity, and physical activity in people with transtibial amputation. Archives of Physical Medicine and Rehabilitation 87, 
123–129, https://doi.org/10.1016/j.apmr.2005.07.310 (2006).

 38. Fregly, B. J., Reinbolt, J. A. & Chmielewski, T. L. Evaluation of a patient-specific cost function to predict the influence of foot path on 
the knee adduction torque during gait. Computer Methods in Biomechanics and Biomedical Engineering 11, 63–71, https://doi.
org/10.1080/10255840701552036 (2008).

 39. Reinbolt, J. A., Haftka, R. T., Chmielewski, T. L. & Fregly, B. J. A computational framework to predict post-treatment outcome for 
gait-related disorders. Medical Engineering & Physics 30, 434–443, https://doi.org/10.1016/j.medengphy.2007.05.005 (2008).

 40. Muendermann, A., Asay, J. L., Muendermann, L. & Andriacchi, T. P. Implications of increased medio-lateral trunk sway for 
ambulatory mechanics. Journal of Biomechanics 41, 165–170, https://doi.org/10.1016/j.jbiomech.2007.07.001 (2008).

 41. Arokoski, J. P. A., Jurvelin, J. S., Vaatainen, U. & Helminen, H. J. Normal and pathological adaptations of articular cartilage to joint 
loading. Scandinavian Journal of Medicine & Science in Sports 10, 186–198, https://doi.org/10.1034/j.1600-0838.2000.010004186.x 
(2000).

 42. Bader, D. L., Salter, D. M. & Chowdhury, T. T. Biomechanical Influence of Cartilage Homeostasis in Health and Disease. Arthritis 
2011, https://doi.org/10.1155/2011/979032 (2011).

 43. Radin, E. L., Yang, K. H., Riegger, C., Kish, V. L. & Oconnor, J. J. RELATIONSHIP BETWEEN LOWER-LIMB DYNAMICS AND 
KNEE-JOINT PAIN. Journal of Orthopaedic Research 9, 398–405, https://doi.org/10.1002/jor.1100090312 (1991).

 44. Mundermann, A., Dyrby, C. O. & Andriacchi, T. P. Secondary gait changes in patients with medial compartment knee osteoarthritis 
- Increased load at the ankle, knee, and hip during walking. Arthritis and Rheumatism 52, 2835–2844, https://doi.org/10.1002/
art.21262 (2005).

 45. Össur Australia. The History of Flex-Foot. at https://www.ossur.com.au/ossur-difference/the-history-of-flex-foot (2014).
 46. Hsu, M. J., Nielsen, D. H., Yack, H. J. & Shurr, D. G. Physiological measurements of walking and running in people with transtibial 

amputations with 3 different prostheses. Journal of Orthopaedic & Sports Physical Therapy 29, 526–533, https://doi.org/10.2519/
jospt.1999.29.9.526 (1999).

 47. Rigney, S. M., Simmons, A. & Kark, L. Mechanical characterization and comparison of energy storage and return prostheses. 
Medical Engineering & Physics 41, 90–96, https://doi.org/10.1016/j.medengphy.2017.01.003 (2017).

 48. Snyder, R. D., Powers, C. M., Fontaine, C. & Perry, J. The effect of five prosthetic feet on the gait and loading of the sound limb in 
dysvascular below-knee amputees. Journal of Rehabilitation Research and Development 32, 309–315 (1995).

 49. Torburn, L., Perry, J., Ayyappa, E. & Shanfield, S. L. Below-knee amputee gait with dynamic elastic response prosthetic feet a pilot 
study. Journal of Rehabilitation Research and Development 27, 369–384 (1990).

 50. Childers, W. L., Funderburk, R. D., Smith, A. T. & Davidson, C. J. The effect of muli-axial prosthetic stiffness on angular momentum 
in people with transtibial amputation walking over uneven terrain. Proceedings of the American Society of Biomechanics Annual 
Meeting (Columbus, OH) 185 (2015).

 51. van den Bogert, A. J., Geijtenbeek, T., Even-Zohar, O., Steenbrink, F. & Hardin, E. C. A real-time system for biomechanical analysis 
of human movement and muscle function. Medical & Biological Engineering & Computing 51, 1069–1077, https://doi.org/10.1007/
s11517-013-1076-z (2013).

 52. Takahashi, K. Z. & Kepple, T. M. & Stanhope, S. J. A unified deformable (UD) segment model for quantifying total power of 
anatomical and prosthetic below-knee structures during stance in gait. Journal of Biomechanics 45, 2662–2667, https://doi.org/ 
10.1016/j.jbiomech.2012.08.017 (2012).

 53. Sawers, A. & Hahn, M. E. Trajectory of the center of rotation in non-articulated energy storage and return prosthetic feet. Journal of 
Biomechanics 44, 1673–1677, https://doi.org/10.1016/j.jbiomech.2011.03.028 (2011).

 54. Takahashi, K. Z., Horne, J. R. & Stanhope, S. J. Comparison of mechanical energy profiles of passive and active below-knee 
prostheses: A case study. Prosthetics and Orthotics International 39, 150–156, https://doi.org/10.1177/0309364613513298 (2015).

http://dx.doi.org/10.1097/00003677-200504000-00006
http://dx.doi.org/10.1242/jeb.027581
http://dx.doi.org/10.1242/jeb.044297
http://dx.doi.org/10.1098/rspb.2011.1194
http://dx.doi.org/10.1177/0309364614564021
http://dx.doi.org/10.1016/j.jbiomech.2016.09.015
http://dx.doi.org/10.1016/j.biomech.2005.05.005
http://dx.doi.org/10.1016/j.gaitpost.2011.08.025
http://dx.doi.org/10.1016/j.gaitpost.2011.08.025
http://dx.doi.org/10.1016/j.jbiomech.2006.05.023
http://dx.doi.org/10.1016/j.jbiomech.2011.10.034
http://dx.doi.org/10.1016/j.jbiomech.2005.07.025
http://dx.doi.org/10.1115/1.4037938
http://dx.doi.org/10.1016/j.jbiomech.2016.09.010
http://dx.doi.org/10.1016/j.gaitpost.2015.06.173
http://dx.doi.org/10.1016/j.clinbiomech.2009.08.007
http://dx.doi.org/10.1016/s0021-9290(02)00169-0
http://dx.doi.org/10.1016/s0021-9290(02)00169-0
http://dx.doi.org/10.1016/j.apmr.2005.07.310
http://dx.doi.org/10.1080/10255840701552036
http://dx.doi.org/10.1080/10255840701552036
http://dx.doi.org/10.1016/j.medengphy.2007.05.005
http://dx.doi.org/10.1016/j.jbiomech.2007.07.001
http://dx.doi.org/10.1034/j.1600-0838.2000.010004186.x
http://dx.doi.org/10.1155/2011/979032
http://dx.doi.org/10.1002/jor.1100090312
http://dx.doi.org/10.1002/art.21262
http://dx.doi.org/10.1002/art.21262
http://dx.doi.org/10.2519/jospt.1999.29.9.526
http://dx.doi.org/10.2519/jospt.1999.29.9.526
http://dx.doi.org/10.1016/j.medengphy.2017.01.003
http://dx.doi.org/10.1007/s11517-013-1076-z
http://dx.doi.org/10.1007/s11517-013-1076-z
http://dx.doi.org/10.1016/j.jbiomech.2012.08.017
http://dx.doi.org/10.1016/j.jbiomech.2012.08.017
http://dx.doi.org/10.1016/j.jbiomech.2011.03.028
http://dx.doi.org/10.1177/0309364613513298


www.nature.com/scientificreports/

1 2SCIENTIfIC REPORts |  (2018) 8:5354  | DOI:10.1038/s41598-018-23705-8

Acknowledgements
The authors thank Karl Zelik, Tom Kepple, and Daniel Heitzmann for helping to ensure the calculations for the 
UD power analysis were correct for the uphill and downhill conditions. We also thank Karl Zelik for sharing the 
Matlab functions used to calculate CoM energy change. These data were collected via a grant from Össur EHF, 
Reykjavik, Iceland to the Alabama State University. This work was also supported by funding from the Center for 
Research in Human Movement Variability of the University of Nebraska at Omaha and the National Institute of 
Health (P20GM109090) to K.Z.T.

Author Contributions
Author W.L.C. contributed to the conception and design of the research, data collection, data analysis, data 
interpretation, and manuscript preparation. Author K.Z.T. contributed to the formulation of hypotheses, data 
analysis, data interpretation, and manuscript preparation. All authors gave final approval for publication.

Additional Information
Competing Interests: Author W.L.C. received financial compensation from Össur EHF, Reykjavik, Iceland to 
analyze the data and prepare this publication for submission. Össur EHF did not provide input on data analysis 
or data interpretation. Publication of this work was not contingent on prior approval by Össur EHF.
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2018

http://creativecommons.org/licenses/by/4.0/

	Increasing prosthetic foot energy return affects whole-body mechanics during walking on level ground and slopes
	Results
	Range of motion was increased with the Pro-Flex foot. 
	Energy return was greater with the Pro-Flex foot. 
	Energy return from the Pro-Flex foot was mostly lower than sound limb ankle-foot system. 
	Energy from the Pro-Flex foot affected whole body center of mass mechanics. 
	Reduction of loading on the sound limb was unclear. 

	Discussion
	Methods
	Subjects. 
	Prosthetic feet. 
	Experimental Protocol. 
	Analysis: Lower Limb Mechanics. 
	Analysis: Foot Angle. 
	Analysis: Prosthetic ankle and foot power. 
	Analysis: Whole body Center of Mass Rate of Energy Change. 
	Statistical Tests. 

	Acknowledgements
	Figure 1 The Pro-Flex foot (left) has a linkage system on the upper portion of the foot that is designed to non-linearly load the heel and forefoot sections.
	Figure 2 Angle between the prosthetic shank and foot segments demonstrate that the Pro-Flex foot (black solid line) was able to dorsiflex more throughout stance phase than the Vari-Flex foot (yellow dashed line) across all conditions.
	Figure 3 CoM energy change during propulsion (open symbols) and collision (closed symbols) for the Pro-Flex foot (panel a) and the Vari-Flex foot (panel b) compared with energy absorbed by the foot/ankle complex (closed symbols) and returned/generated (op
	Figure 4 CoM rate of energy change (rows 1 & 3) and foot/ankle power (rows 2 & 4) throughout the gait cycle for downhill (column 1), level (column 2), and uphill (column 3) for the amputated limb (rows 1 & 2) and the sound limb (rows 3 & 4).
	Figure 5 Vertical (rows 1 & 3) and horizontal (rows 2 & 4) components of the ground reaction force throughout the gait cycle for downhill (column 1), level (column 2), and uphill (column 3) for the amputated limb (rows 1 & 2) and the sound limb (rows 3 & 
	Table 1 Main results for the Pro-Flex and Vari-Flex feet at a treadmill speed of 1.




