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on Introduction

-Iéj-n _
* Motivation

* Increasing number of hospitalizations due to transfemoral amputations [1]

* Transfemoral amputees’ locomotion [2,3]
* Expends more metabolic energy

_ _ Long term damages
e Overcompensates the movement with the intact member

T
* The need to develop better active lower-limb prostheses [3-7]

* Recover the leg movements introducing positive power
» Series Elastic Actuators: greater environment-actuator interaction
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on Introduction

DM
{1.  Series Elastic Actuators (SEA) [3,5-7]

* Develop Compliant elements to tolerate impacts
* Linear springs, torsion springs, etc

* Spring for a knee prostheses [8]

g * Passive store mechanical energy

||_ * Daily activities have a lot of dissipative phases

* Match the Knee quasi-stiffness of flexion and extension stages of the stance phase
* The moment-angle relationship is approximately linear

e Characteristics
e Lightweight
* Compact: Planar torsional springs
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Introduction

it
* SEAs: Planar Torsional Springs

* Flexible component or linear springs tangentially arranged

* Dos Santos et al., 2015 [9]- Flexible component
* Tmax = 15 Nm

S, =200 Nm/rad
* AISI 6150 Steel

* Wang et al., 2017 [10] - Flexible component
* Tmax = 30 Nm
e Sc = 2885 Nm/rad
* Maraging Steel 300
* Tsagarakis et al., 2009 [6] - linear springs
* Tmax = 40 Nm
e Sc =150 Nm/rad




Mechanical Design

DM
{:I- * The Knee Prosthesis

* Assist a person with 1.71m and 71.6kg [11]

* Actuator components
* EC60 Flat 200W — Maxon Motor, Switzerland
* CSG 17-50-2A-R — Harmonic Drive SE, Germany
* Characteristics*
* Nominal torque: 27 Nm at 64 rpm
* Positive peak torque: 80 Nm

* Resistive peak torque: 90 Nm
 1.53kg

FUNDAGAD DE AMPARD A PES

*Without the efficiency factors.
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Mechanical Design

* Torsional Spring Design
* Shamaei et al, 2013 [8] - Stiffness Target
246 Nm/rad
* Limitations
* 0.200 kg

* Width <18 mm
* Limited available space (highlighted region)

L * Three proposed geometries

First Design Second Design

Third Design
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Mechanical Design

* Torsional Spring Analysis — First and Second Design
* Parameters
* Ry, tq, Ly, Wy
* Boundary conditions in the FEM Analysis

* Spring Analysis — Maximum Stress and Stiffness = Moment reaction/Angular displacement
* Mechanical end stop Analysis — Stress when the Moment reaction reaches 90 Nm

T

. Fixed Support
B Remote Displacement
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I. * Torsional Spring Analysis — First and Second Design
e Material Selection

e Alloys [12,13]

 AISI 4340 Steel

“ e AISI 6150 Steel Table 1. Mechanical properties of the two alloy steels.

2 e FEM Anal SiS Elasticity . , . Tensile Yield Tensile Ultimate

. y Alloy Steel Modulus Poisson’s Ratio Strength Strength

: * Stiffness ATST 434012 212 GPa 0.30 1475 MPa 1595 MPa

I I e Safety Factor = 1.8 AISI 6150° 205 GPa 0.29 1225 MPa 1240 MPa

Heat Treatment [12] 1 Reference [12] % Reference [13]

* Austempering: Greater fatigue life than Q&T for stresses higher than the fatigue limit
* Quenching & Tempering
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Mechanical Design

* Torsional Spring Analysis — Third Design
* Tsagarakis et al., 2009 [6] - Linear Springs Stiffness Target
o k, =2k, - (RZ + g) - (2cos?8, — 1)

u * k: Torsional spring stiffness
: e k,: Linear spring stiffness
* R:Radius where the spring is fixed
: * 715: External radius of the spring
II—J * 0,: Angular displacement
* Manufacturers’ catalogs

* Search springs that fit the space limitations
* Recalculate the Torsional spring stiffness
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Results

 Material Selection — First Design

* The spring parameters are fixed
e Calculus of the stiffness

* Maximum allowable rotation based on the safety fator
* Heat Treatment
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* Austempering: Greater fatigue life than Q&T for stresses higher than the fatigue limit

II_ v Austempered AISI 4340 Steel

Table 2. Results of the material selection analysis.

Alloy Maximum rotation Spring Stiffness

AlSI 4340 2.5° 74 Nm/rad
AlSI 6150 2.2° 72 Nm/rad
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Results

) L
I- * Spring Analysis — First Design

R, Variation
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k¢, =74 Nm/rad; Rotation up to 2.50 °
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Results

) L
I. * Spring Analysis — First Design

* Manual enhancements - Probes

* Augment in Stiffness and Safety Factor
* Possibility to increase the maximum rotation to 3.20 °
3 * Spring mass/width : 0.00927 kg/mm
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Stress for a 2.5 ° rotation.

k¢ = 106 Nm/rad; Rotation up to 3.20 °
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Results

DFM | |
e Spring Analysis — Second Design
* R, Variation
e Wy;=10mm; t; =0.5mm; L; =8.5mm
v R; =0.9mm

Spring Stiffness
(Nmyrad)

Eg8EN 3

5prning Stiffness
(Nm/rad)
-uBBBEEEE
(]

Dlﬂ] 0115 urgq. gé5 1}1‘30 [):35 160 165 1i;} DerD 0:1'25 DeJ:SD OaI.Z-‘S US‘DU 05125 D'_‘:SD DSI?S IJ(:[UD
R1 (mm) t1 {mm)

t Ry ! stiffness | Safety fator & Max. Rotation

. . . . » ] . ®

Safety Factor
Safety Factor

(= PR
R

1 1 DITG OITS 0;30 01‘35 G*‘BU DIElS ltIJU ltlls lio 0400 0425 0450 0475 0500 0525 0550 0575 0600
* t, Variation

R1 (mm) t1 {mm)
e W;=10mm; R; =09 mm; L; =8.5mm
v t; =0.5mm

FUNDAGAO DE AMPARC A PESQUISA E INOVACAO DO ESPIRITO SANTO
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k; =103 Nm/rad; Rotation up to 2.40 °



[eCAT
2020

Lo
e A4l
\= ;“J\-\"‘ ﬁ:.“l‘
\
o B &
7 oyes & R | l

) L
f e Spring Analysis — Second Design

* Manual enhancements - Probes

* Augment in Stiffness and Safety Factor

* Possibility to increase the maximum rotation to 2.50 °

3 * Spring mass/width : 0.00898 kg/mm

: Before the enhancement After the enhancement

] :;15':83 MRS 787,25 MPa
| 4 699,78
= 657,63

612,31

563,69 | o484

. 469,74 ‘ 437,36

‘: 37579 349,89

28184 | 26242

1879 174,95

93,948 87473
3,6942¢-7 MPa

9,1799%e-7 MPa

Stress for a 2.5 ° rotation.

k¢ =149 Nm/rad; Rotation up to 2.50 °
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* Spring Analysis — Third Design
e k, Overvaluation

* R=34mm;r,=0mm; 6,=10°; kg =246 Nm/rad
v kg, =113 N/mm

E INOVAGAQ DO ESPIRITO SANTO

* Catalogs’ springs
: Table 3. Linear compression springs characteristics.
I I a E'xternal Undeflected Maxim}un Stiffness (ka)
diameter Length deflection
Spring 1 8.1 mm 17.5 mm 7.3 mm 16.81 N/mm
Spring 2 8.1 mm 12.2 mm 4.7 mm 26.43 N/mm

* ky¢; =38.15 Nm/rad
ks, =60.80 Nm/rad

k¢ =60.8 Nm/rad; Rotation up to0 3.96 °
16
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Results

-ﬁ}n . - .
* Mechanical end Stop Analysis — First and Second Design

* Inner Ring rotates until the moment reaction reaches 90 Nm
* Only one spring
e Evaluate the maximum stress

975,35 MPa 824,16 MP.
I 689 @ 689
602,88 602,38
516,75 516,75
O 430,63 430,63
3445 B 3445
258,38 258,28

172,25
I 86,125
3,1836e-5 MPa
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Discussion and Conclusions

* The Springs Stiffnesses are lower than the Knee quasi-stiffness
* Parallel association of at least two springs — limited by the maximum width (18 mm)
* Lower stiffness means that the user will feel like falling in heel strike
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* The second design
v’ The intermediate mass and width
v’ The torsional spring constant matches the knee quasi-stiffness

Il_ * v’ Lower stresses with greater torque entries - more fatigue life
Parameters First Design Second Design Third Design
14 9 mm 8.5 mm 8.1 mm
Number of springs 2 2 2
Maximum Rotation 3.20° 2.50° 396°
Total Spring Mass 0.167 kg 0.153 kg 0.066 kg
Total Spring Stiffness 191 Nm/rad 250 Nm/rad 122 Nm/rad

18
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Discussion and Conclusions

* Two parallel springs of the Second Design
* The massis up to 1.660 kg

Bt
e The SEA Knee Prosthesis
L

* Check the stiffness
* Discover the fatigue life

* Compare the performance of the rigid actuator and the SEA

¢ ¢ Future work
* Manufacture and test the real torsional spring
L

-
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