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Toe Joint Benefits

 Reduced ankle movement
* Increased Range

* Propels step

* Longer ground contact

* energy eﬂ:iCienCy Heel otf Toe off

[Yamamoto19]
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Toe-off & Heel-contact
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Compliant Foot

Hiiidfoit Midfoot
.“*‘_n.\ /;,/’
Torsional
Ankle joint spring
axis

quc foot

Compliant
body

[Russo021]

Lieven Petersen
Bachelor Thesis 2024



Lieven Petersen
Bachelor Thesis 2024

Baseline

10






Baseline walk controller

* Parameterized Quintic Splines

* Interpolate poses of flying-foot and torso
* Glven command velocity

* Optimize parameters

* Open loop
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Approach
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Foot Reference Frame
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Foot Pitch
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Foot Pitch

1stIteration
foot
pitch
I I |
0 double apex half
support period
Lieven Petersen 17

Bachelor Thesis 2024



Foot Pitch

Final — 2 new parameters
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foot z
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Parameter optimization

* Black Box optimization
e Set possible parameter ranges
* Conduct trial to evaluate parameters
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* Only walk forward
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Tral
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Tral

* Only walk forward

e Routine:
- Walk for 10 seconds
- Stand for 2 seconds
- Repeat at increasing speed

* Objective: highest speed without fall
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Final Parameter Set

Optimization History Plot
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Final Parameter Set

* Lower walk frequency of 1.5 Hz

* Higher double support ratio

* Forced foot pitch
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Results
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Experiments that failed at velocity

Walk Reliability

Experiments by failure command velocity
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Experiments that failed at velocity

Walk Reliability

Experiments by failure command velocity
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Achieved Velocity

Achieved Forward Velocity vs Command Velocity
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Energy Consumption

Average Torque of all joints vs Achieved Velocity
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Pitching Leg-Joints

Joint Velocity of Pitching Leg-Joints
(baseline)
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Angular Velocity
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Discussion

To what degree can a toe-off motion be realized In
Cartesian coordinates?
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Conclusion
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Conclusion

* Less energy at higher speeds

e Reduced ankle movement
* |Increased foot’s range
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Conclusion

* Less energy at higher speeds

 Reduced ankle movement

* |Increased foot’s range

* Poorly adapted to slow speeds
* Requires additional stabilization
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Future work

* Adjust to different speeds
* Closed loop stablilization
* Heel-contact movement
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Walk Parameter Ranges
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Parameter Min Max  Fixed
step frequency 1.5
double support ratio 0.0 0.5

foot distance 0.15 0.25

foot pitch angle 0.3 1.0

foot pitch velocity 5.0 10.0

foot rise 0.05 0.10

torso height 0.37 0.41

torso phase offset —0.5 0.5

torso lateral swing ratio 0.0 1.0

torso rise 0.0 0.02

torso x offset —0.02 0.02

torso y offset —0.02 0.02

torso pitch —0.5 0.5

torso pitch proportional to vemd = —1.0 1.0

torso pitch proportional to ?Jcmd:ym 0.0
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Walk Parameter Sets

Parameter Baseline Evaluation
step frequency 1.963 1.500
double support ratio 0.026 0.200
foot distance 0.179 0.158
foot pitch angle - 0.334
foot pitch velocity - 5.875
foot rise 0.081 0.077
torso height 0.394 0.373
torso phase offset -0.151 0.101
torso lateral swing ratio 0.154 0.057
torso rise 0.015 0.008
torso x offset 0.008 0.001
torso y offset 0.003 -0.000
torso pitch 0.105 -0.183
torso pitch proportional to vemg = -0.186 0.890
torso pitch proportional to ?,-‘cmd:yaw -0.457 0.000
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Walk Parameter Sets

Parameter Baseline Evaluation
step frequency 1.963 1.500
|double support ratio 0.026 0.200 |
foot distance 0.179 0.158
foot pitch angle - 0.334
foot pitch velocity - 5.875
foot rise 0.081 0.077
torso height 0.394 0.373
torso phase offset -0.151 0.101
torso lateral swing ratio 0.154 0.057
torso rise 0.015 0.008
torso x offset 0.008 0.001
torso y offset 0.003 -0.000
torso pitch 0.105 -0.183
torso pitch proportional to vemg = -0.186 0.890
torso pitch proportional to ?Jcmd:yaw -0.457 0.000
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Optimization Studies

test 0904 test 7 to 3 ratio @ 7 spring

0924 test 7 to 3 ratio 2 0 spring fixed pitch

0924 test 7 to 3 ratio 2 0 spring fixed pitch fwd only

0926 test 7 to 3 ratio 2 0 spring fixed pitch fwd only

1016 test 7 to 3 ratio 2 @ spring linear pitch fwd only

1021 test ? to 3 ratlo 3 @ spring linear pitch fwd only

1023 test ? to 3 ratlo 5 @ spring linear pitch fwd only

1024 test 7 to 3 ratio 4 @ spring linear pitch fwd only

1027 test ? to 3 ratlo 4 6 spring linear pitch 5 15 fwd only
1@28_te5t_?_to_3_ratlo_4_@_sprlng_llnear_p1tch_3_15_con5tralned
ignore me

1106 test 7 to 3 ratio 4 O spring linear pitch 3 15 constrained doubleM
1112 test 7 to 3 ratio 4 0 spring linear pitch 3 15 pitch acc

1112 #2 test 7 to 3 ratio 4 O spring linear pitch 3 15 pitch acc

1118 test 8 to 3 ratlo 4 @ spring fixed pitch 3 15 pltch vel

1119 test ? to 3 ratlo 4 @ spring fixed pitch_ 3 15 pitch vel freq 1
1120 test 7 to 3 ratio 4 @ spring fixed pitch 3 15 pitch vel reps 3
paremter_test_llZS

1202 test 7 to 3 ratio 4 0 spring fixed pitch 3 15 pitch vel reps 3 fixed params

1202 #2 test L3 to c ratio 4 0 spring fixed pltch 3 15 piteh ° vel _reps 3 fixed params repeat
1202 #3 test 7 to 3 ratio 4 0 spring fixed pitch 3 15 pitch vel reps 3 fixed params repeat
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Pitching Leg-Joints

Joint Position of Pitching Leg-Joints Joint Position of Pitching Leg-Joints
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Pitching Leg-Joints

Joint Velocity of Pitching Leg-Joints
(baseline)
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Angular Velocity
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Joint Torque of Pitching Leg-Joints

Pitching Leg-Joints

Torque, i.e. approx. Energy consumption

(baseline)
C
o
2 10
£
)
wn
C
S 51
5 )
X
2
Ll 0_
0
o
o
o
© _5_
v
0]
>
S —10 1
s}
5.25 5.50 5.75 6.00
Time

Lieven Petersen
Bachelor Thesis 2024

Joint Torque of Pitching Leg-Joints
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Energy Consumption

Average Torque of all joints vs Command velocity

27

26 1 Evaluation #1
Evaluation #2
Evaluation #3
Evaluation #4
Evaluation #5
Evaluation #6
Evaluation #7
Evaluation #8
Evaluation #9
Baseline #1
Baseline #2
Baseline #3
Baseline #4
Baseline #5
Baseline #6
Baseline #7
Baseline #8
Baseline #9
Baseline #10

25 A

Average Torque of Trial

24 A

23 A

Frttidrtrtotteestes

Lieven Petersen 0.0s  0.10 015 020 025 030 035 040 045 050 055 060  0.65 47
Bachelor Thesis 2024 Command Velocity (m/s)



Average Speed

Average Speed of all joints vs Achieved Velocity
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Walk Parameters

goal velocity yaw
X step' duration

torso

center

<>
torso y offset

+ torso swing

goal velocity x x step duration

v
<

support foot
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goal velocity y x step duration
+ foot distance

N,
»

1torso x offset

torso pitchy+ proportional pitch Itorso rise
| L

5
2

foot rise|

- - S

torso height

left support right support
[Bestmann23]
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Windlass Mechanism

e Variable Stiffness

e Shock absorption

[Hashimotol0, Yamamoto19]
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Level Feet

Q|

c—r

a) Conventional walking

[Ogura08]
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