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Abstract—Prosthetic feet are limited in their ability to mimic the 

energy-recycling behaviour of an intact ankle, negatively affecting 

lower-limb amputees’ gait in terms of metabolic cost and walking 

speed. To overcome these weaknesses, a novel prosthetic ankle 

based on hydraulics is described here. The ankle joint drives two 

cams, which in turn drive two hydraulic rams. One cam-ram 

system captures the negative work done from foot-flat until 

maximum dorsiflexion, by pumping oil into an accumulator, while 

the other returns positive work during push-off providing forward 

propulsion through fluid flowing from the accumulator to the ram. 

Simulation results are promising: of the total negative work done 

by the prosthetic ankle over the gait cycle (i.e., the maximum 

amount of energy available to be stored), 𝟕𝟖% is returned, mainly 

during push-off; 𝟏𝟒% is carried forward for future gait cycles; 

and 𝟖% is lost. The estimated prosthesis height and mass are 

approximately 𝟐𝟔. 𝟓 𝒄𝒎 and 𝟐. 𝟑 𝒌𝒈. Nonetheless, further work is 

necessary to realise a prototype for bench and in-vivo testing. By 

mimicking intact ankle torque and efficiently storing and 

returning energy at the ankle joint, this new design may contribute 

to reducing amputees’ metabolic cost of walking. 

 
Index Terms— Ankle, cam, hydraulics, prosthetics, simulation. 

 

I. INTRODUCTION 

OWER-LIMB amputees using prosthetic feet currently 

on the market generally show a metabolic cost of walking 

higher than anatomically intact subjects, combined with a 

reduced walking speed. Higher energy expenditures and lower 

speeds are associated with higher amputation levels [1]. 

A major reason for these deficits lies in one particular 

weakness of most prosthetic feet: both conventional and energy 

storage and return (ESR) feet currently on the market fail to 

replicate the energy recycling behaviour of an anatomically 

intact ankle. Specifically, the Achilles tendon stretches during 

stance prior to push-off and recoils during push-off, producing 

a large portion of the mechanical work required for forward 

propulsion and thus reducing the metabolic cost of walking [2], 

[3]. Conversely, commercially available passive prosthetic feet, 

including ESR feet with flexible keels, store and return energy 
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in an uncontrolled and untimely manner [4]. This occurs 

because these feet are characterised by a neutral ankle angle, 

which corresponds to the ankle angle during standing. 

Therefore, when the foot moves away from neutral, it produces 

a restoring moment that acts to return it to its neutral position. 

Therefore, when the foot is plantarflexed, it produces a 

dorsiflexion moment, rather than the plantarflexion moment 

seen in normal intact ankle push-off [5]. In other words, the 

conventional and ESR prosthetic feet currently on the market 

cannot actively plantarflex beyond their neutral angle, reducing 

push-off power and leading to an increase in the metabolic cost 

of walking compared with anatomically intact subjects [6]-[8]. 

Different researchers have tried to address the limitations of 

unpowered (passive) prosthetic feet, and thereby mimic the 

controlled storage and return of mechanical energy seen in 

anatomically intact subjects. Moreover, it is believed that 

prosthetic feet that mimic the slope of the anatomically intact 

ankle joint’s torque-versus-angle curve, often referred to as its 

“quasi-stiffness”, improve amputees’ gait [9], [10]. However, 

what is often not mentioned is that this “quasi-stiffness” curve 

is not the same in the different phases of gait (Fig. 1), implying 

that a single spring characteristic may not be suitable. 

One approach to restoring normal push-off is to power the 

prosthesis using a battery and electric motor(s). This has the 

potential to provide both the necessary push-off power and 

biomimetic ankle torque. A well-known attempt to improve 

push-off at the end of stance is that of Hugh Herr and colleagues 

[11]. The resulting commercial device (previously the BiOM, 

now the Ottobock Empower) relies on electrical power from a 

battery to produce active push-off. Although there is some 

elastic energy storage and return, this is similar in nature to that 

seen in commercial ESR prostheses, with uncontrolled energy 

return. This critique is supported by the fact that the reduction 

in metabolic cost for the amputee when using the BiOM, in 

comparison to using a passive ESR foot, is slightly less than the 

metabolic equivalent of the energy input from the electric 

motor, implying that there is no improvement in energy storage 

and return over commercial ESR prostheses [11]. The 

disadvantages of powered designs are that batteries are poorly 
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suited to the large numbers of charge-discharge cycles that 

occur in walking, they require charging at regular intervals, and, 

together with the electric motor(s), they increase the size, 

weight and cost of the prosthesis [12]. Indeed, in a recently 

published review of robotic exoskeletons, the electrical power 

supply problem was highlighted as being “…one (if not the 

largest) issue…” [13]. For these reasons, the focus of our work 

has been to improve passive energy storage and return (ESR) so 

that it provides most, if not all, of the push-off power and, 

consequently, much smaller batteries are needed (primarily for 

control, not propulsion). 

Whether incorporated in powered or unpowered prostheses, 

advanced ESR concepts for energy storage and return can be 

broadly classified as either: a) clutch-and-spring devices [6], 

[11], [14]-[32]; or b) hydraulic devices [33]-[44].  

Clutch-and-spring devices have two major disadvantages. 

Firstly, the control is discrete rather than continuous, locking 

and releasing the spring, thus preventing smooth biomimetic 

control. Secondly, such an approach often results in larger 

volumes and weights, higher complexity [17], and makes inter-

joint transfer of energy difficult. Energy transfer between joints 

is of particular importance for higher level amputees who could 

benefit if the excess of eccentric work at the knee [45], [46] 

could be stored and used in a controlled manner at other joints. 

Designs which transfer energy between the knee and ankle 

joints have used complex and often heavy solutions involving 

mechanical transmissions. This is the case for passive devices 

such as [25] and [30], and active prostheses such as the 

CYBERLEGs Beta-Prosthesis [19]. Indeed, in the next version 

of this prosthesis - the CYBERLEGs Gamma-Prosthesis - the 

energy transfer mechanism was removed because of its difficult 

and unreliable physical implementation [47].  

The application of miniature hydraulics is common in 

prosthetics, mainly for damping and terrain adaptation, such as 

in the commercially available microprocessor-controlled 

Endolite Elan, Ottobock Meridium, Ottobock Triton Smart 

Ankle, Freedom Kinnex 2.0, and Fillauer Raize. Electrically-

powered hydraulic systems have also been developed, 

including: a knee prosthesis simulator [33]; the SmartLeg 

transfemoral prosthesis [41]; a semi-active lower-limb 

prosthesis in which an electric motor-driven hydraulic pump 

drives knee and ankle hydraulic actuators [42]; and a prosthetic 

ankle combining electromechanical and hydraulic actuation for 

damping during load-acceptance, mid-stance ground-

adaptation, and dorsiflexion for swing foot clearance [43]. 

Moreover, in the last decades electrohydrostatic actuators have 

been included in lower-limb prostheses to quickly and smoothly 

interchange between active and passive tasks, powering push-

off at the ankle and providing swing foot clearance[48], [49]. 

Although the use of both electrically-powered hydraulic and 

electrohydrostatic actuators at the ankle can assist with forward 

propulsion during push-off, delivering biomimetic peak torque 

and power, this introduces additional weight and volume. 

Efficiently storing and returning energy over the gait cycle 

offers a solution by enabling the use of substantially smaller 

electric motors and batteries, thereby improving amputee 

mobility by reducing the metabolic cost of walking. As already 

explained, mechanical systems based on springs are not well 

suited to producing biomimetic ankle torque or transferring 

energy between prosthetic joints, and attempts to include 

electrical energy regeneration in lower-limb prostheses have 

low efficiency (30-37%) [12]. We argue that a hydraulic 

approach, based on using an accumulator to store and return 

energy, has several potential advantages. Firstly, hydraulic 

accumulators are well suited for short-term energy storage. For 

the relatively small amounts of energy stored and returned over 

one gait cycle, a 50 𝑐𝑐 pressurised gas accumulator would be 

adequate, operating between 190 and 200 𝑏𝑎𝑟 [50]. Secondly, 

hydraulic actuation is ideally suited for transferring energy 

between joints because the transfer mechanism involves only 

pipes and fluid, rather than gears and linkages, so that excess 

knee energy can be easily transferred to the ankle. Finally, since 

hydraulics typically operate at pressures of up to 200 𝑏𝑎𝑟, 

hydraulic systems have very high power-densities and are 

therefore well suited to miniaturisation, an important 

requirement in prosthetics [44]. For example, during normal 

walking, the maximum ankle torque is around 100 𝑁𝑚, which 

would correspond to an actuator that displaces just 5 𝑐𝑐/
𝑟𝑎𝑑𝑖𝑎𝑛 at 200 𝑏𝑎𝑟.  

Nonetheless, the hydraulic designs described in the literature 

very rarely include a hydraulic accumulator as an energy store, 

or hydraulic transfer of energy between prosthetic joints. With 

the exception of previous work by the authors [44], the few 

examples that have included an accumulator as an energy store 

[35], [37], [39] use proportional valves (i.e., variable flow 

resistances) to control pressures and hence joint torques. This is 

an inherently dissipative approach that leads to high energy 

losses. For example, Richter et al. [35] conclude on one such 

design: “…the system is highly inefficient in an energetic 

sense...”. The approach adopted by Gardiner et al. [44], and also 

in the work reported here, avoids the energy losses associated 

Fig. 1.  Torque-versus-angle curve for an anatomically intact ankle joint during 

level walking. Load acceptance, mid-stance, push-off and swing are displayed 
with different colours according to the legend. From experimental data 

collected by Bari [41]. 
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with pressure control using throttling valves by continuously 

controlling joint torque through changes in fluid displacement 

per radian, via respectively a variable displacement actuator 

(VDA) in [44] and cam driven-rams in this paper. 

Based on the arguments above, previous work by the authors 

focussed on the development of a lower-limb prosthesis using 

miniature hydraulics. A concept design was developed based on 

a hydraulic accumulator and a variable displacement actuator 

(VDA) driven by the ankle joint [44]. This provides continuous 

biomimetic control of the ankle torque throughout the gait 

cycle, mimicking the intact ankle, while storing all of the 

negative work done from heel strike until maximum 

dorsiflexion, which is then returned in a controlled and timely 

manner to power push-off. Furthermore, the accumulator could 

be used as a common energy store allowing the transfer of 

energy between the knee and ankle joints via pipes. The 

simulation results were promising and suggested that, despite 

the significant energy losses involved, a hydraulic VDA-based 

prosthetic ankle could improve amputee gait by restoring 

normal push-off. However, for this approach to be a success, a 

new miniature, low-losses, lightweight VDA would be required 

that is half the displacement of the smallest commercially 

available device that could be found. A VDA is a highly 

specialised and complex component and it would not be 

appropriate to develop a new VDA just for the prosthetics 

application. Therefore, in this paper we describe a new concept 

design, based on simple and readily available miniature 

hydraulics, which aims to mimic intact ankle torque (see Fig. 

1), while storing the negative work done from heel strike to 

maximum dorsiflexion (A0 and A1 in Fig. 2) in a hydraulic 

accumulator and returning it during push-off (A2 in Fig. 2). We 

also present simulation results to illustrate the expected 

performance of the new design. The novelty in our proposed 

approach arises from the combination of a hydraulic 

accumulator for energy storage, the advantages of which are 

described above, and cam driven rams to achieve biomimetic 

joint torques while avoiding the use of throttling valves to 

control pressure. 

The new concept design is described in Section II. Section III 

gives a concise overview of the simulation model, the 

simulation-based design program, and the simulated 

performance of the new design. Advantages and limitations of 

the novel design are discussed in Section IV, and Section V 

concludes the paper. 

II. THE NEW DESIGN 

A schematic of the concept design for a new hydraulic 

prosthetic ankle is shown in Fig. 3. Sagittal plane rotation of the 

prosthetic shank, relative to the prosthetic foot, causes rotation 

of the ankle shaft and, in turn via the gearbox, rotation of the 

camshaft. In this way, the ankle joint drives two cams, which in 

turn drive two hydraulic rams. The “stance cam-ram system” 

captures the eccentric (negative) work done from foot-flat until 

maximum dorsiflexion, by pumping oil into the accumulator. 

The “push-off cam-ram system” returns concentric (positive) 

work during push-off to provide forward propulsion through 

fluid flowing from the accumulator to the ram. Directional 

control valves (DCVs) connect each hydraulic ram to the tank 

(i.e., low-pressure accumulator in Fig. 3) during the other ram’s 

working phase, as well as during load acceptance and swing, so 

that the ram force during these phases is negligible. A torsional 

spring, which works in parallel to the two cam-ram systems, is 

an approximate fit to ankle torque during load acceptance (an 

“ordinary least square” regression fit to the ankle torque data 

was used to determine the best fit slope and intercept for the 

spring characteristic), thereby providing good load acceptance, 

foot ground clearance during swing, and contributing to 

standing stability.  

The cams convert ankle rotation into linear motion of the 

hydraulic rams and vice versa. The cam profiles are designed to 

replicate an intact ankle’s torque-versus-angle curve over their 

working phases (i.e., mid-stance for the stance cam-ram system, 

and push-off for the push-off cam-ram system). Taking into 

account other sources of torque such as the torsional spring, the 

stance cam's profile ensures that the ankle torque during mid-

stance (i.e., ankle dorsiflexion) mimics that of an intact ankle. 

Similarly, the push-off cam’s profile ensures that the ankle 

torque during push-off (i.e., ankle plantarflexion) mimics that 

of an intact ankle. The gearbox was included to allow cam 

torque to be less than ankle torque should that be necessary to 

limit the size of the cam-ram components. However, following 

a simulation-based design study, we have concluded that the 

gearbox can be omitted.  

Using two cam-rams connected to a single accumulator 

means it is possible to store and return different amounts of 

energy during their two working phases. In this way, during 

level and downhill walking, the energy stored can exceed the 

energy returned. In other words, the excess eccentric work 

associated with the torque-versus-angle hysteresis loop can be 

captured and carried forward to assist with short periods of 

uphill walking. A 250 𝑐𝑐 accumulator was chosen because this 

could be integrated with the prothesis pylon. For illustrative 

purposes only and assuming it operates between 80 and 

100 𝑏𝑎𝑟, a 250 𝑐𝑐 accumulator can store the excess eccentric 

ankle work of approximately one hundred gait cycles during 

Fig. 2.  Ankle power over the full gait cycle in an anatomically intact person 
walking at self-selected speed (data from Bari [41]). The grey areas delimited 

by the power curve constitute the ankle energy (work done). The negative areas 

– A0 and A1 – represent the negative work, that is energy absorption, while the 
positive area – A2 – represents the positive work that is energy generation. The 

symbol (*) represents the “load acceptance” phase of the gait cycle. 
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level walking by increasing the pressure from 80 to 100 𝑏𝑎𝑟 

(estimate based on trapezoidal integration assuming an 

adiabatic process and excess eccentric ankle work of 2.2 𝐽 per 

gait cycle [51]); and of fifteen gait cycles during downhill 

walking on a -15° slope (based on excess eccentric ankle work 

of 14.6 𝐽 per gait cycle [51]). Even when the accumulator is full 

(i.e., it has reached its maximum pressure of 100 𝑏𝑎𝑟), the 

ankle joint will continue to provide the necessary braking 

during downhill walking by using a pressure relief valve to 

dissipate eccentric work in the form of heat. During uphill 

walking, a full accumulator can power approximately ten gait 

cycles on a +15° slope by allowing the pressure to drop from 

100 to 80 𝑏𝑎𝑟 (based on excess concentric ankle work of 21.6 𝐽 

[51]). Furthermore, after a review of the literature on 

accumulators, including technical data sheets (e.g. [52]-[54]), a 

gas-charged diaphragm accumulator was chosen because they 

are lighter and better suited to miniaturisation than other types 

(see also [44]). 

Although the work described herein was limited to the design 

of the prosthetic ankle joint, the use of a single accumulator as 

a common energy store would allow a multi-joint version of the 

design to transfer energy between the knee and ankle joints. 

Indeed, a cam-rams based device at the knee joint, similar to the 

one described here, could be connected to the same 

accumulator. In this way, it would be possible to store the 

eccentric work done at the knee joint and return it at the ankle 

joint to assist with forward propulsion during push-off.  

To estimate the size, particularly the height of the new 

device, a solid model of the main components affecting height 

has been created in SolidWorks (v. 2014; Dassault Systemes 

SolidWorks Corp.). This also serves as an illustration of how 

the components might be physically assembled. The prosthesis 

should match the height of the missing anatomy, and weigh no 

more than the missing anatomy. Considering anthropometric 

measurements by Winter [55], a 70 𝑘𝑔 subject with a height of 

175 𝑐𝑚 [56], average stump length in transtibial amputees 

according to Isakov et al. [57], and by adding 2 𝑆𝐷𝑠 to the mean 

to include 97.72% of transtibial amputees, the available height 

for the new prosthesis assembly, from the ground to the distal 

connection with the socket, is 28.38 𝑐𝑚. This corresponds to a 

missing anatomy mass of about 2.43 𝑘𝑔.  

Referring to Fig. 4, the new prosthetic ankle is envisioned as 

a modular component placed between a typical low-profile ESR 

foot (shown as made of two carbon fibre laminates) and an 

integrated pylon-accumulator component (not shown). The 

cams are part of the foot assembly, rotating with it relative to 

the shank, and the roller-follower-ram assembly is part of the 

shank. In this way, ankle joint rotation leads to the cams rotating 

relative to the roller-followers, converting ankle rotation into 

linear motion of the pistons within the hydraulic rams and, 

hence, fluid flow between the rams and the accumulator or tank 

(Fig. 5). The tank would be in the space surrounding the 

𝑇𝑔𝑏  

ankle torque & 
rotation 

𝑇𝑝𝑠 

Fig. 3.  Schematic of the new concept design, with parallel spring torque (𝑇𝑝𝑠) and gearbox torque (𝑇𝑔𝑏) acting on the ankle shaft. The cams, through their rotation 

(𝜃𝑐), convert ankle rotation (𝜃𝑎) into linear motion of the hydraulic rams and vice versa.  
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hydraulic rams. Components not shown include the parallel 

spring, the two self-aligning linear ball bearings guiding each 

follower, the two DCVs, and other hydraulic components. As 

mentioned above, following a simulation-based design study, 

we have concluded that the gearbox can be omitted. The 

connection between the prosthetic ankle and the distal end of 

the pylon is realised through the male adapter on the top of the 

ankle unit, with pipes connecting the hydraulic rams in the 

ankle component to the accumulator in the pylon. 

A rough estimate of the height of the whole prosthesis is 

obtained as follows: 

• From the SolidWorks model shown in Fig. 6, the 

height from the ground to the base of the male adapter 

pyramid, corresponding to the distal end of the pylon, 

is approximately 14.5 𝑐𝑚 with the pistons in full 

outstroke, approximately 3.5 𝑐𝑚 of which is the height 

of the low-profile ESR foot. 

• The 250 𝑐𝑐 bespoke accumulator is small enough to 

be integrated with the prosthesis pylon and is 

envisioned as a cylinder with an internal diameter of 

approximately 6 𝑐𝑚 and a height of 10 𝑐𝑚. Thus, the 

pylon needs to include the accumulator and to allow 

connection with the ankle unit and the distal end of the 

socket through the two tubular adapters at its ends. 

Therefore, a total pylon height of 12 𝑐𝑚 is estimated, 

from the base of the male adapter pyramid up to the 

distal end of the socket.  

Therefore, the estimated prosthesis height from the ground to 

the distal end of the socket is approximately 26.5 𝑐𝑚, which is 

within the available height of 28.38 𝑐𝑚 for the whole assembly. 

A rough estimate of the mass of the prosthesis was derived, 

using conservative assumptions (see Table I). Component 

masses were sourced directly from catalogues for off-the-shelf 

components, estimated by scaling similar off-the-shelf 

components, or evaluated directly using Solidworks for 

bespoke components. The estimated total mass is 2.31 𝑘𝑔, 

which is comparable with the missing anatomy mass of 

approximately 2.43 𝑘𝑔. 

A more comprehensive description of the design and the 

simulation-based design process can be found in [50]. 

III. SIMULATED PERFORMANCE 

A comprehensive mathematical model of the new hydraulic 

prosthetic ankle was defined [50], including all significant 

sources of energy loss, in order to obtain a realistic estimate of 

the performance of the new device and its efficiency.  

Based on this mathematical model, a simulation model of the 

whole system [50]) was implemented in MATLAB (R2018b, 

The MathWorks, Inc., Natick, MA, USA), which simulates its 

operation over the whole gait cycle, as it stores and returns 

energy at the ankle joint. It is driven by the input of ankle angle 

versus time obtained from experimental gait data (collected by 

Bari [58]), since this is the only variable the amputee can 

control once the engineering design of the new device is 

defined. Conversely, the ankle torque depends on the torques 

applied by the two cam-ram systems, which in turn depend on 

the cam profiles – which are fixed – and on the changing 

pressure in the accumulator. The simulation model calculates 

the changes in pressure and oil volume in the accumulator, and 

therefore the energy flows, and the total torque at the ankle joint 

as outputs. 
TABLE I 

ESTIMATED MASSES OF THE MAIN COMPONENTS OF THE NEW 

CONCEPT DESIGN, WITH SOURCES.  

A MORE DETAILED BREAKDOWN CAN BE FOUND IN [50]. 

 

A design program, based upon the simulation model and 

implemented in MATLAB, was used to design the profiles of 

the two cams to replicate the intact ankle torque, and to specify 

the two follower return springs that ensure contact between the 

cams and the rollers [50]. The two cam-ram systems were 

designed to achieve good performances in their working phases 

only. Energy losses not directly associated with the two cam-

rams in their working phases were neglected because it was 

assumed these would have little effect on the selected cam-ram 

design parameters as the cam-ram’s internal forces are much 

smaller during the non-working phases. Specifically, the 

MATLAB script converges iteratively to find two cam profiles 

that enable the system to produce ankle torque curves during 

the working phases of the two cam-rams that match the required 

curves, taken from in-vivo experimental data [58]. An iterative 

solution is necessary because the actual camshaft torque 

depends upon the dynamics of the two cam-ram systems, which 

includes velocity and acceleration dependent terms that are 

determined by the cam profiles. So, using initial estimates of 

the two cam profiles as inputs, the design program runs the 

simulation model to calculate the corresponding camshaft 

torque curves in the two working phases. The error between the 

calculated (i.e., actual) and required torque curves is then used 

to update the cam profiles, and this iteration loop is repeated 

until the error in the two working phases is small. Likewise, an 

iterative approach was necessary to specify the follower return 

springs so that cams operate only with compressive normal 

Components 
Estimated 

mass (kg) 
Source 

Foot (2 carbon 

fiber laminates) 
0.11 SolidWorks estimate 

Parallel spring 0.05 SolidWorks estimate 

Cams-laminates connector 0.16 SolidWorks estimate 

2 Cams 0.07 SolidWorks estimate 

2 Rollers (with 2 bearings 

at each follower) 
0.06 SKF [59], [60] 

2 Hydraulic rams (with 

return springs & DCVs) 
0.64 HYDAIRA [61] 

Aesthetic cover 0.24 SolidWorks estimate 

Male adapter 0.07 SolidWorks estimate 

Pylon (with the integrated 

accumulator) 
0.56 

Estimate based on 

[54] and [62] 

Hydraulic oil 0.15 
Estimate for an oil 

volume of 175cc 

Tank 0.20 
Estimate based on 

[54] and [62] 

Total 2.31  
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forces between cam and roller. Indeed, designing these springs 

requires knowledge of the cam-roller dynamics, which in turn 

requires a priori knowledge of the return spring parameters.  

Maximum hydraulic pressure, ram bore, and cam-follower 

configuration were optimised based on the results of multiple 

MATLAB simulations to minimise energy losses while 

achieving realistic overall dimensions [50]. In particular, a 

maximum hydraulic pressure of 100 𝑏𝑎𝑟 and a ram bore of 

20𝑚𝑚 allow the two cam-ram systems to achieve the best 

performances, with lower energy losses and smaller 

typical  
low-profile 
ESR foot  

novel hydraulic 
ankle prosthesis 

with  
aesthetic cover 

male adapter 

Fig. 4.  Solid model of the main components of the novel hydraulic ankle prosthesis (cams, rollers, followers, rams) enclosed in an aesthetic cover and connected 
to a typical low-profile ESR foot (two carbon fibre laminates). Data for the two cam profiles (the two white components) were exported to SolidWorks from the 

MATLAB design program and automatically fitted to splines. 

To / From the 
ACCUMULATOR 

via pipes 

Oil flow from the  
stance ram 

to store energy  

Oil flow to the  
push-off ram 

to return energy  

PUSH-OFF ram 

PUSH-OFF cam 

PUSH-OFF roller 

STANCE ram 

ankle joint  
rotation axis 

STANCE cam 

STANCE roller 

follower 
return spring 

Fig. 5.  Detail view of the main components of the novel hydraulic ankle prosthesis: cams, rollers, followers, and hydraulic rams. Note that, although similar, the 

stance and push-off cams have different profiles. 
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dimensions. Furthermore, to withstand the radial cam forces, 

both cam-ram systems need rollers with minimum diameters of 

19𝑚𝑚, which is the same as the diameter used by Realmuto et 

al. [63] for the cam-roller-follower system in their active ankle 

prosthesis.  

Fig. 7 shows that, using input ankle angle data for a particular 

intact ankle [58], the resulting design almost perfectly replicates 

the torque and power curves of that particular intact ankle 

during the two working phases (i.e., mid-stance and push-off). 

Referring to Table II, the predicted ankle torque and power 

curves were compared with the experimental data, by 

calculating the root mean square error (RMSE), normalized by 

the standard deviation (SD) of the experimental data. The 

normalised RMSEs for the ankle torque and power are less than 

4𝑒 − 04 during the two working phases, and less than 0.24 over 

the whole the gait cycle, confirming that the error is minimal. 

This differs from simulation and in-vivo test results for 

unpowered and powered clutch-and-spring devices (for 

instance [24] and [30]) where torque and power during the 

working phases are only approximated. These results 

demonstrate the use of cams and miniature hydraulics to 

replicate intact ankle power and torque during the key phases 

of walking. However, because the torsional spring is only an 

approximate fit to the ankle torque during load acceptance, the 

match is less good during load acceptance and swing. The 

disadvantage of using the same torsional spring to bring the 

ankle back to neutral during swing is that, during push-off 

plantarflexion, the spring stores more energy than needed to 

return the foot to neutral during swing. This energy, 

corresponding to the final peak in power straight after the push-

off peak (marked with an asterisk in Fig. 7 (b)), is lost 

(dissipated) during swing.  

TABLE II 

THE RMSE NORMALISED BY SD BETWEEN THE PREDICTED AND 

THE EXPERIMENTAL ANKLE TORQUE AND POWER DATA, DURING 

THE DIFFERENT PHASES OF THE GAIT CYCLE  

(LOAD ACCEPTANCE (1), MID-STANCE (2), PUSH-OFF (3), AND 

SWING PHASE (4)) AND FOR THE FULL GAIT CYCLE. 

 
1 2 3 4 

full gait 

cycle 

Torque 0.69 2.84𝑒 − 04 1.00𝑒 − 04 6.55 0.09 

Power 0.47 3.91𝑒 − 04 2.66𝑒 − 04 5.03 0.24 

 

To identify the most significant sources of energy loss, the 

following energy losses were modelled: rolling resistance 

between rollers and cams; friction at the roller and follower 

bearings, and at the O-rings; flow losses in the pipes and 

discrete components connecting the two hydraulic rams with 

the accumulator and tank; heat transfer from the accumulator to 

the external environment; and compressibility losses in both 

cylinders and the accumulator. 

Fig. 8 shows the energy flows in the new design, over the 

whole gait cycle, including: the eccentric work done, 

corresponding to the external energy input at the ankle joint; the 

concentric work done, mainly during push-off; energy losses; 

and the net energy stored in the accumulator and carried 

forward for future gait cycles (e.g., for ascending slopes). These 

energy terms are displayed as a percentage of the total eccentric 

work done by the prosthetic ankle over the gait cycle (almost 

20.59 𝐽), which is the maximum amount of energy available to 

be stored and returned. The sum of the energy flows leaving the 

system differs from zero by approximately −0.83% of the total 

eccentric work done, which represents the accuracy of the 

simulation model, including the numerical approximations 

Fig. 6.  Lateral view of the prosthetic foot and novel hydraulic ankle (derived from the solid model in Fig. 4). The height of selected components and the total 

height are shown in 𝑚𝑚. Note that, although similar, the stance and push-off cams have different profiles. 
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inherent in the trapezoidal integration used to calculate these 

energy terms. 

The energy losses over the whole gait cycle are 8.21% of the 

total eccentric work done by the prosthetic ankle. The largest 

sources of energy loss in the final design are O-ring friction in 

the hydraulic rams (4.30% of the total eccentric work), 

followed by friction in the cam-roller-follower assemblies 

(1.67% in total) and heat loss from the accumulator (1.60%). 

The compressibility losses at valve transitions amount to 0.6% 

of the total eccentric work, while flow losses are negligible 

(0.05%). As long as the diameter of the pipe connecting the 

rams to the accumulator is not reduced below 5 𝑚𝑚, the flow 

losses are unlikely to exceed 0.2%. A sensitivity study was 

undertaken to establish where energy losses may be particularly 

sensitive to changes in the design parameters. The results 

suggest that, with small changes to the design, it may be 

possible to reduce the total energy lost over the gait cycle to 

5.83% of the total eccentric work. 

A comprehensive description of the mathematical model and 

the simulation methods can be found in [50]. 

IV. DISCUSSION 

The new design described herein reproduces the ankle torque 

and power curves seen in anatomically intact gait in a way that 

that clutch-and-spring designs cannot (e.g., [24] and [30]). 

Although electrically powered prosthetic ankles can mimic 

intact ankle torque, they rely largely on battery power to 

provide forward propulsion during push-off. This requires 

significant battery capacity, limiting the autonomy of the user 

due to the need to re-charge at regular intervals. Furthermore, 

together with the electric motor(s), they increase the size, 

weight and cost of the prosthesis. The new design offers an 

alternative approach that has the potential to overcome these 

disadvantages, exploiting hydraulic energy storage and return 

to power push-off while providing biomimetic ankle torques. 

Although the electrical power required by the control system 

was not considered, this would not be for propulsion and so the 

battery required would be very small. 

A particular advantage of using cams is that it enables 

biomimetic joint-torque curves to be accurately reproduced 

(Fig. 7). By using two cam-rams, it is possible to follow 

different joint-torque versus joint-angle curves during different 

phases of the gait cycle, which is a feature of normal healthy 

gait. In other words, hysteresis like curves can be followed. 

Therefore, it is possible to store and return different amounts of 

energy during different phases of the gait cycle. In this way, 

during level and downhill walking, the energy stored can 

exceed the energy returned, and the excess energy can be 

carried forward to assist with short periods of uphill walking.  

Furthermore, the two cam profiles are specified according to 

the required ankle torque-versus-angle curve used as input to 

the design program. This means that cam profiles could be 

(1) (4) (3) (2) 

* 

(1) (4) (3) (2) 

(b) (a) 

Fig. 7.  Torque (a) and power (b) at the prosthetic ankle joint; providing a comparison between the required (light red solid line) – from an anatomically intact 

subject - and the actual (black solid line) over the gait cycle (load acceptance (1), mid-stance (2), push-off (3), and swing phase (4)). The asterisk above the final 

peak of the actual ankle power, straight after push-off peak, denotes the energy returned by the torsional spring during swing, which is lost. 

concentric work 
𝟕𝟖. 𝟐𝟎% 

net stored/ 
carried forward 

𝟏𝟒. 𝟒𝟐% 

eccentric work 

𝟏𝟎𝟎% 

losses 
𝟖. 𝟐𝟏% 

Fig. 8.  Energy flows (percentages) in the new hydraulic ankle over the whole 

gait cycle. 
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unique to the amputee, providing a personalised prosthesis. 

Indeed, the cams could be manufactured in the prosthetics clinic 

using a rapid manufacturing technique such as 3D printing or 

CNC machining. To achieve this, methods could be developed 

for basing the required ankle torque-versus-angle curve for first 

prescription on the amputee’s anthropometric, health, fitness 

and activity characteristics. Conversely, all of the other 

components would be standardised so that the in-clinic 

assembly of a personalised prosthetic ankle would be 

straightforward. 

The simulation results presented here show that the new 

design is far more efficient than, for instance, one of the few 

examples of orthoses exploiting hydraulics for energy storage 

purposes: the one developed by Kangude et al. [64]. As shown 

in Fig. 8, the energy stored in the system over the whole gait 

cycle (18.9 𝐽) is approximately 92% of the total eccentric 

prosthetic ankle work (20.59 𝐽). During mid-stance 17.30 𝐽 are 

stored in the accumulator, of which 14.40 𝐽 are returned during 

push-off to provide 11.90 𝐽 at the ankle joint. The latter is 

almost 69% of the energy stored in the accumulator, as 

compared with only 7.40% in Kangude’s orthosis because of 

the high friction losses in the proportional valves. 

In addition, hydraulic actuation is ideally suited for 

transferring energy between joints because the transfer 

mechanism involves only pipes and fluid, rather than gears and 

linkages. For example, transfemoral amputees could benefit 

from energy transfer between the knee and ankle joints, with a 

single accumulator and cam-ram based joints at the knee and 

ankle. The use of a single accumulator as a common energy 

store means that there is no need to explicitly provide for 

synchronisation between joints. In other words, apart from 

sharing the accumulator, the two joints can operate 

independently. In this way, eccentric work at both ankle and 

knee could be captured, increasing the stored energy carried 

forward to assist both joints with more demanding tasks, such 

as climbing stairs or slopes, sit-to-stand movements, etc., 

although this would need a system that could adapt to different 

activities and terrains. Future work could investigate the 

feasibility of a multi-joint system for transfemoral amputees 

and also of using a similar approach for exoskeletons. 

The design could be combined with a battery-powered 

system to reduce the energy storage and recharge requirements. 

For example, an electrically driven pump could be used to 

recharge the accumulator. This could be useful for extended 

periods of uphill walking. Alternatively, a hand driven pump 

could be used to recharge the accumulator. 

There are a number of limitations to the work reported here. 

Firstly, the main inputs to the simulation-based design program 

were the ankle angle and torque over the gait cycle. 

Experimental averaged data from anatomically intact subjects 

walking at self-selected speed on level ground, from Bari [58], 

were used. Although it is within the range of data seen in 

healthy gait, this input data is optimistic with respect to the 

amount of eccentric work done. Optimistic data was used 

because it is believed that amputees could benefit from walking 

in a manner that provides good push-off if it reduces their 

metabolic cost of walking. Therefore, the clinical feasibility of 

the new design will depend on whether the eccentric ankle work 

needed prior to push-off is justified by the benefits of a more 

normal push-off, which can only be investigated by in-vivo 

testing with amputees [44]. 

Secondly, there are design issues that require further work. 

As mentioned above, the parallel spring is an approximate fit to 

the ankle torque during load acceptance only and, therefore, its 

contributions to swing and standing stability are unlikely to be 

ideal. In particular, during push-off, the spring stores more 

energy than needed during early swing and this excess energy 

is dissipated. Therefore, design changes may need to be 

considered to reduce this energy loss, which corresponds to the 

aforementioned final peak in the actual ankle power straight 

after the push-off peak (marked with an asterisk in Fig. 7 (b)). 

These changes could increase the stored energy carried forward 

by 2.6 𝐽 per gait cycle. Furthermore, according to the literature, 

the quasi-stiffness of the ankle joint during standing is almost 

three times larger than during the stance phase of gait [65], 

which is itself considerably higher than that needed for load 

acceptance. So it may also be necessary to consider design 

changes to better support standing. In addition, the simulated 

prosthetic ankle operates with “perfect control”, meaning that 

valve transitions are instantaneous and occur at the ideal 

moments. Hence, future work should develop and test a control 

architecture for detecting gait events and driving valve 

transitions. 

Thirdly, the novel hydraulic ankle has been designed for 

level walking only. Therefore, future work should investigate 

the feasibility of including real-time adaptation to different 

slopes, walking speeds, and activities (e.g. stair climbing and 

sit-to-stand transitions), possibly through the use of 3D cams so 

that the effective 2D cam could be changed to suit the 

conditions and activities. Interestingly, the current design 

would be very suitable for storing the negative work 

characterising the ankle joint during stand-to-sit [66], which 

would be stored in the accumulator to power more demanding 

activities, such as sit-to-stand. 

Lastly, this paper describes a simulation study that, while 

being a valuable tool for exploring the potential of our new 

design, may not be representative of in-vivo testing outcomes. 

Simulation results are promising, but further work is necessary 

to overcome the aforementioned design limitations and 

manufacture a prototype for bench and in-vivo testing. This will 

enable us to investigate the performance of this novel device 

under real conditions and with a variety of amputees with 

different characteristics (weight, height, etc.).  

V. CONCLUSION 

A novel design for an ESR prosthetic ankle, based on simple 

miniature hydraulics, has been described. Estimates based on a 

preliminary SolidWorks model indicate that the height and 

mass of the device could be acceptable. Matlab simulation 

results show that the new design is able to mimic intact ankle 

torque, storing the negative work done from heel strike to 

maximum dorsiflexion and returning it during push-off in a 

controlled way. Energy losses are reasonably low and excess 

stored energy is also available to be carried forward to assist 
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with short periods of uphill walking or other demanding tasks. 

Thus, by efficiently recycling energy using simple hydraulic 

components, this novel prosthesis may significantly reduce the 

metabolic cost of walking of lower-limb amputees. The authors 

plan to tackle the aforementioned design limitations in future 

work and then manufacture a prototype for bench and in-vivo 

testing.  
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