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INTRODUCTION

Humans actively push off with the trailing leg just before and 

during the double support phase of walking. Push-off 

compensates for the energy lost as the leading leg performs 

negative work during the transition between steps [1]. Simple 

models predict that the energy used in walking is strongly 

linked to the mechanics of this step-to-step transition; pushing 

off just before double support can theoretically reduce the 

step-to-step transition work by a factor of four [2]. 

Lower-limb amputees have a reduced capacity for ankle push-

off during walking [3] contributing to a 20-30% greater energy 

demand than intact individuals [4]. A variety of prosthetic feet 

have been designed with elastic properties to compensate for 

lost ankle function, but none have significantly reduced the 

metabolic cost of walking compared to the conventional Solid 

Ankle Cushion Heel (SACH) foot [4]. We hypothesized that 

mechanical energy should optimally be stored during load 

acceptance and released during push-off, as opposed to being 

spontaneously returned as in existing elastic prostheses. We 

tested this hypothesis by constructing a prototype prosthetic 

foot with Controlled Energy Storage and Return (CESR), and 

by measuring the resulting metabolic cost of walking. 

METHODS

We tested intact individuals using a foot prosthesis simulator, 

a boot that securely constrains the ankle and has a foot 

prosthesis attachment at its base. Each subject wore the 

prosthesis unilaterally (ipsilateral foot) with a rocker-bottomed 

lift on the contralateral foot to compensate for the 10 cm 

height of the prosthesis attachment. We tested 5 male subjects 

(ages 20-25 yrs, mass 73-90 kg), walking on a treadmill at 1.3 

m/s. Metabolic rate (VO2, Physio-Dyne Max-II) was averaged 

over the last 3 minutes of each 7 minute walking trial to allow 

subjects to approach steady state. We also recorded ground 

reaction forces in 6 identical over-ground trials, and computed 

work performed on the body center of mass by each leg [1]. 

We defined push-off as positive work by the trailing leg 

during double support, and collision as simultaneous negative 

work by the leading leg. Experimental conditions included 

normal walking, CESR prosthesis, and SACH prosthesis. 

RESULTS AND DISCUSSION 

Walking with the SACH foot resulted in a 69 W increase in 

metabolic rate over normal walking, or about 31% (p < 0.005, 

Fig. 1). This increase is consistent with results for amputees, 

though simulator mass and height may also have contributed 

to metabolic cost. With the CESR foot, subjects used 36 W 

less metabolic power than with the SACH foot (p < 0.005). 

The CESR foot appears to partially compensate for the loss of 

push-off (Fig. 1). Work produced by the trailing leg with the 

CESR during push-off was 27% greater than that with the 

SACH foot (p < 0.02). Both prostheses produced lower push-

off and greater collision or load acceptance forces than in 

normal walking (Fig. 2). The mechanical power capacity of 

the CESR foot was about 14 W, not all of which was 

successfully returned at push-off. Newer prototypes have been 

constructed that may improve on energy return. 

CONCLUSIONS 

We have developed a prototype prosthetic foot that stores and 

returns mechanical energy during successive step-to-step tran-

sitions, significantly reducing metabolic energy consumption 

compared to a conventional prosthesis. Simultaneous positive 

and negative work during the step-to-step transition seems to 

be a significant determinant of the metabolic cost of walking, 

a determinant with clinical applications. 
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Figure 2:  Average vertical ground reaction forces over one 

stride. Prototype CESR prosthesis yielded more normal forces 

(greater push-off and lower collision) than the SACH foot, for the 

ipsi- to contralateral transition (about 50-60% stride).  
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Figure 1:  Left: Net metabolic power consumed while walking 

with different foot prostheses: Controlled Energy Storage and 

Return (CESR) prototype and conventional Solid Ankle Cushion 

Heel (SACH) foot.  Right: Push-off work performed on body 

center of mass. The CESR significantly reduced metabolic rate 

and increased push-off work compared to The SACH foot. 
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