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Abstract—Active ankle prostheses represent a field of growing device with the biomechanical requirements of a physiaalgi
interest for both industrial and academic researchers. Theneed gnkle. A state machine with a variable admittance controlle

of more functional devices, combined with the need of com- 5 geyeloped and tested on a healthy subject, to evaluate the
pact, light-weight and energy-efficient systems set a chalhge .
device performances.

to prosthesis designers. In this work, the authors try to gie
a solution to this problem by proposing a novel design of a Il. DESIGN
lead-screw based active ankle prosthesis. The adopted amach )

aimed at optimizing the overall volume and weight of the  The design goal is to obtain a device that combines an
actuating unit, while at the same time keeping the capabilif to  5tive operation during the swing phase of the gait (charact

satisfy both stance and swing phase requirements. A prelimary . e . .
experimental evaluation has been carried out on a healthy dject ized by minimal torque requirements) and an adaptive brak-

to demonstrate the capabilities of the developed device iretms  ing/damping operation during the stance phase (charaeteri

of stance braking torque and swing foot flexion. by elevated braking torques).
Index Terms—Ankle prosthesis, backdrivability, active, lead- In order to achieve this result, a lead-screw actuation has
screw

been selected. The lead-screw is mounted within an alieenat
four-bar linkage mechanism, showed in Figure 1, in order to

) ] . ) convert the linear motion of the screw into rotary motion of
Lower-limb amputations represent a strong impairment {fe ankle joint. The screw is in turn actuated by a brushless

the quality of life and, to properly recover the bipedal l6Ccobc motor unit coupled to an epicycloidal planetary gear.
motion, the amputee needs an adequate technical solutien ab grder to downsize the actuating unit as much as possible,
to restore the physiological behavior of the sound limb.  the authors decided to adopt a design methodology focused
Focusing on ankle prostheses, several solutions are avgji- setting a target lead-screw efficiency mf ~ 50%. In
able, both commercially and academically, ranging frontyful s way, the lead-screw would be in a condition of quasi-
passive to fully-active devices [1]. Nevertheless, fromoae  p5ckdrivability.
mercial point of view, the available devices present twormai s means that, during the braking phases of the ankle
issues. Semi-active ankle prostheses are typically ligight, gait, the body weight (acting as back-driving force on the
but with limited functionality, guaranteeing either onlgt&e |ead-screw) would not enable the screw motion, thus avgidin

swing, e.g Proprio-foot® byOssur, or controllable damp- the motor unit to take care of active braking. However, being
ing/braking, €.g. Merdium® byttobock. On the other hand, g4 close to the backdrivability threshold will still allovhe

fully-active ankle prostheses provide grea_ter functi'my',atbut motor unit to modulate the braking phase, namely adjustieg t
they are bulky, heavy and energy-consuming, e.9. BIOM® [3h44_screw position and velocity, without consuming esies

From an academic perspective, several research grougs thg, o unt of current to compensate for the resulting torque due
to address the design of active ankle prostheses capablgOf,e external weight.

solving the presented issues. Some works focused on differe e jead-screw has been sized e.g. screw dianietand
actuating mechanism [3], while others analyzed the benefifg.p, ,, following an iterative approach aimed to maintain the
of mtroducmg elast|c. elements, e.g. variable seriestiglar required efficiencys(,s) while satisfying the geometrical con-
clutched series-elastic, to enhance the performance sethgyaints given by the prosthesis as well as the biomechianica

devices [4], [5]. requirements of the ankle.

In this work, the authors propose a novel design approachynce the lead-screw was correctly sized, the design pro-
of an active ankle prosthesis. The proposed solution, based;eedeq by selecting a suitable motor and gearbox to satisfy
an optimized lead-screw actuation, tries to combine thetstry, o system requirements. The resulting actuator is predent
constraints in terms of weight and size of an ankle prosthefj, Figure 1. The resulting prosthesis weiglit$14 kg and

This work has been funded by INAIL/Rehab Technologies Latmy in O_CCUPieS a volume a#2261x160 mm?, when using a foot of
the ltalian Institute of Technology. size 25 cat. 4.

I. INTRODUCTION



controller over a full gait cycle. It is observable that thevide
correctly tracks the desired trajectory with a root-mearesgd
error of RM SE = +38rpm at the motor shaft.
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Fig. 1. The left image shows the resulting ankle prosthesmintet on = El)
a high-profile ESAR foot. The right image presents a 2D-crasction of 5 f)
the assembly where it is possible to see the internal steicds well as a [; 0 =
superimposed kinematic model. E: E 0
<
The actuator is fitted on a high-profile energy storing anc -0.50 50‘ 100 -20 50‘ 100
restitution (ESAR) prosthetic foot. Utilizing a high-preffoot Gait Cycle [%] Gait Cycle [%]

guarantees an higher elasticity of the foot, thus produeing

larger range of motion (ROM) and a higher energy storag@. 3. The left chart shows the generated ankle torque,ewfight plot
; i ; ; i i esents the obtained angular trajectory. Vertical dadimedrepresents the

that heIp§ n downSIng the actuatmg unit. It is Importar@i\d of stance phase, while dot-dashed lined shows the endinf slorsi-

to underline that such design doesn’t guarantee an acti&ion.

propulsion of the patient during gait, which would othemvis

have required a more powerful actuation. Figure 3 presents, for the same gait cycle, the generated
torque and measured ankle angular trajectory. The dewlope
II. EXPERIMENTAL VALIDATION prosthesis is capable of generating sufficient brakinguerq

The prosthesis has been equipped with digital Hall senseygh respect to a physiological sound limb one to support the
to control the electrical motor, a custom torque-transducstance phase, while at the same time offering a sufficierit foo
and encoder to measure the ankle torque and to acquire daesi-flexion during swing phase to avoid tripping.
ankle angle and rotational speed. The resulting device has
been tested on an healthy subject using an able-bodiedeadapt IV. CONCLUSION
From the control perspective, a variable admittance ctiatro ~ The author presented the design of a highly-integratedeacti
has been developed in order to reproduce different desi@gkle prosthesis. The prosthetic device actuation is based
dynamical behavior. The admittance controller generatesa@a optimized lead-screw mechanism that was strategically
reference signal that feeds the motor speed control loop. employed to downsize the actuating unit, while satisfying t

The admittance control parameters, namely the desire&fjuired biomechanical specifications. In fact, the degwedo
stiffness, damping and inertia, have been tuned to reach tievice demonstrated to be capable of providing the needed
desired ankle motion and torque generation. Moreover, pn torque necessary for a correct motion during the stanceephas
of the admittance controller, a state-machine has beegmissi Moreover, it also showed its capability of mimicking the &nk
to switch between stance and swing phase of the gait cyalegular motion during the swing phase. Future works will

and adapt the admittance control parameters accordingly. focus on performing clinical trials on different transiéb
amputees to better assess the capabilities of the prosthesi
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