
❆✈❛♥t✲♣r♦❥❡t ♣♦✉r ❧❛ ❝♦♥❝❡♣t✐♦♥ ❞✬✉♥❡

❝♦♠❜✐♥❛✐s♦♥ s❡♥s✐❜❧❡ ♣♦✉r r♦❜♦t ❞❡ ❧❛ ❢❛♠✐❧❧❡

❍❘P

▲❛✉r❡♥t ❇❧❛♥❝❤❡t

❡♥❝❛❞ré ♣❛r

▼❛rt✐♥ ❇❛tt❛❣❧✐❛ ❡t ❆❜❞❡rr❛❤♠❛♥❡ ❑❤❡❞❞❛r

✶❡r ❙❡♣t❡♠❜r❡ ✷✵✵✾
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❚❛❜❧❡ ❞❡s ♠❛t✐èr❡s

■ Prés❡♥t❛t✐♦♥ ✸

✶ Prés❡♥t❛t✐♦♥ ❞✉ ❧❛❜♦r❛t♦✐r❡ ✸

✷ Prés❡♥t❛t✐♦♥ ❞✉ tr❛✈❛✐❧ ❡❢❢❡❝t✉é ✸

■■ ❈♦♥❝❡♣t✐♦♥ ❞❡ ❧❛ ❝♦♠❜✐♥❛✐s♦♥ ❤❛♣t✐q✉❡ ✸

✸ ❖❜❥❡t ❞❡ ❧✬❛✈❛♥t✲♣r♦❥❡t ❞❡ ❝♦♠❜✐♥❛✐s♦♥ ✹

✹ ❈♦♥❝❡♣t✐♦♥ ❞✬❛✈❛♥t ♣r♦❥❡t ❞❡ ❧❛ ❝❛r❛♣❛❝❡ ❤❛♣t✐q✉❡ ✺
✹✳✶ ❈❛❤✐❡r ❞❡s ❝❤❛r❣❡s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✺
✹✳✷ ❉ét❡r♠✐♥❛t✐♦♥ ❞✉ t♦rs❡✉r ♠❡s✉ré ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✻
✹✳✸ ❈❛♣t❡✉rs ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✻

✺ ❉✐♠❡♥s✐♦♥♥❡♠❡♥t ❞❡ ❧✬é♣❛✐ss❡✉r ❞❡ ❧✬é♣✐❞❡r♠❡ ✾
✺✳✶ ❆♣♣r♦①✐♠❛t✐♦♥ ❞✉ ✈♦❧✉♠❡ ❛❜s♦r❜❛♥t ❧❡ ❝❤♦❝ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✾
✺✳✷ ❉ét❡r♠✐♥❛t✐♦♥ ❞❡ ❧❛ s✉r❢❛❝❡ ❞❡ ❝♦♥t❛❝t ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✵

✺✳✷✳✶ ❙✉r❢❛❝❡ ❡❧❧✐♣t✐q✉❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✵
✺✳✷✳✷ ❆♣♣r♦①✐♠❛t✐♦♥ ♣❛r ✉♥❡ s✉r❢❛❝❡ ❝✐r❝✉❧❛✐r❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✵

✺✳✸ ❘❡❧❛t✐♦♥ é♥❡r❣ét✐q✉❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✵
✺✳✹ ❊✛♦rt ❛✉ ❝♦♥t❛❝t ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✶
✺✳✺ ➱♣❛✐ss❡✉r ❞❡ ❧❛ ♣❡❛✉ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✶

✺✳✺✳✶ ❙✉r❢❛❝❡ ❡❧❧✐♣s♦ï❞❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✶
✺✳✺✳✷ ❆♣♣r♦①✐♠❛t✐♦♥ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✶

■■■ ❈♦♥❝❧✉s✐♦♥ ✶✶

✻ P❡rs♣❡❝t✐✈❡s ✶✷

❆ ❖r❣❛♥✐s❛t✐♦♥ ❆■❙❚ ✶✸

❇ ❖r❣❛♥✐s❛t✐♦♥ ■❙❘■ ✶✹

❈ ❈❛♣t❡✉rs ❋❧❡①✐❢♦r❝❡ ✶✺

❉ ❈❛♣t❡✉rs ❋✉t❡❦ ✶✻

❊ ▼❛tér✐❛✉ sé❧❡❝t✐♦♥♥é ♣♦✉r ❧❛ ♣❡❛✉ ✶✼

❋ ❱❛❧❡✉rs ❞❡ ea ❡t ❞❡ eb ❡♥ ❢♦♥❝t✐♦♥ ❞✉ r❛t✐♦ F (ρ) ✶✽

● ❆rt✐❝❧❡ ❞❡ ▼❛rt✐♥ ❇❛tt❛❣❧✐❛✱ ■❘❖❙ ✷✵✵✾ ✶✾

✶❡r ❙❡♣t❡♠❜r❡ ✷✵✵✾ ✷
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Pr❡♠✐èr❡ ♣❛rt✐❡

Prés❡♥t❛t✐♦♥

✶ Prés❡♥t❛t✐♦♥ ❞✉ ❧❛❜♦r❛t♦✐r❡

▲❡ ❧❛❜♦r❛t♦✐r❡ ♦ù ❥✬❛✐ ❡✛❡❝t✉é ❝❡s tr❛✈❛✉① ❡st ✉♥❡ ✉♥✐té
❞❡ r❡❝❤❡r❝❤❡ ♠✐①t❡ ✐♥t❡r♥❛t✐♦♥❛❧❡ ❡♥tr❡ ❧❡ ❈❡♥tr❡ ◆❛t✐♦♥❛❧
❞❡ ❧❛ ❘❡❝❤❡r❝❤❡ ❙❝✐❡♥t✐✜q✉❡ ✭❈◆❘❙✮✱ ❢r❛♥ç❛✐s✱ ❡t ❧❡ ◆❛t✐♦✲
♥❛❧ ■♥st✐t✉t❡ ♦❢ ❆❞✈❛♥❝❡❞ ■♥❞✉str✐❛❧ ❙❝✐❡♥❝❡ ❛♥❞ ❚❡❝❤♥♦✲
❧♦❣✐❡ ✭❆■❙❚✮✱ s✐s❡ à ❚s✉❦✉❜❛✱ ❏❛♣♦♥ ✭❝❢ ❛♥♥❡①❡ ❆✮✳ ❈❡tt❡
✉♥✐té ♠✐①t❡ ✭❯▼■✸✷✶✽✮ ❡st ❧❡ ❧❛❜♦❛rt♦✐r❡ ❋r❛♥❝♦✲❏❛♣♦♥❛✐s
❞❡ r♦❜♦t✐q✉❡ ❡t ♦♣èr❡ à ❧✬✐❞❡♥t✐q✉❡ q✉❡ ❧❡s ✉♥✐tés ♠✐①t❡s
❞❡ r❡❝❤❡r❝❤❡ ❞✉ ❈◆❘❙ ✭❯▼❘✮ ❛✉ ♥✐✈❡❛✉ ♥❛t✐♦♥❛❧✱ s❛✉❢
q✉❡ ❧✬✉♥✐té s❡ ❢❛✐t ❛✈❡❝ ✉♥ ♦r❣❛♥✐s♠❡ étr❛♥❣❡r✳

❈❡ ❧❛❜♦r❛t♦✐r❡ ❛ ❞✬❛❜♦r❞ été ✉♥❡ ❛ss♦❝✐❛t✐♦♥ s♦✉s ❢♦r♠❡
❞✬✉♥ ❧❛❜♦r❛t♦✐r❡ ✐♥t❡r♥❛t✐♦♥❛❧ ❛ss♦❝✐é ❀ ✐❧ ❛ été ✐♥✐t✐é ♣❛r
❉r✳ P❤✐❧✐♣♣❡ ❈♦✐✛❡t ✭❈◆❘❙✮ ❡t Pr♦❢✳ ❑❛③✉♦ ❚❛♥✐❡ ✭❆■❙❚✮
✜♥ ✷✵✵✸✱ ❝❡ ❧❛❜♦r❛t♦✐r❡ ❝♦♥❥♦✐♥t ♣♦✉rs✉✐t ❧✬❛❝❝r♦✐ss❡♠❡♥t
❞❡ ❧✬❛✉t♦♥♦♠✐❡ ❞❡s r♦❜♦ts✱ ♣❧✉s ♣❛rt✐❝✉❧✐èr❡♠❡♥t ❛✉ tr❛✲
✈❡rs ❞❡ tr❛✈❛✉① ❝♦♥❞✉✐ts s✉r ❧❡s r♦❜♦ts ❤✉♠❛♥♦ï❞❡s✱ q✉✐
❝♦♥st✐t✉❡♥t ❧❡ s✉♣♣♦rt ❝♦♠♠✉♥ ❞❡s r❡❝❤❡r❝❤❡s ❝♦♥❞✉✐t❡s
♣❛r ❧❡ ❏❘▲✳

❋✐❣✉r❡ ✶ ✕ ❘é♣❛rt✐t✐♦♥ ❞❡s r❡❝❤❡r❝❤❡s✳

▲❡ ❏❘▲ ❡st ❤é❜❡r❣é ♣❛r ❧✬■♥t❡❧❧✐❣❡♥t ❙②st❡♠s ❘❡s❡❛r❝❤ ■♥st✐t✉t❡ ✭❝❢ ❛♥♥❡①❡ ❇✮✱ ❞♦♥t ✐❧ ❢❛✐t
♣❛rt✐❡✳ P❛r♠✐ ❧❡s s✉❥❡ts ❞✬ét✉❞❡ ❛✉ ❏❘▲✱ ♥♦✉s ♥♦✉s ✐♥tér❡ss♦♥s à ❞❡✉① ❞✬❡♥tr❡ ❡✉① ✿ ❧❛ ❝♦♥❝❡♣t✐♦♥
❞✬✉♥❡ s❡♠❡❧❧❡ ♣♦✉r ❧❡ r♦❜♦t ❍❘P✲✷ ❞❛♥s ❧❡ ❜✉t ❞❡ ❞✐♠✐♥✉❡r ❧❡s ✈✐❜r❛t✐♦♥s ✐♥❞✉✐t❡s s♦✐t ♣❛r ❧❡s
✐♠♣❛❝ts ✭❝ré❛t✐♦♥ ❞✬✉♥ ❝♦♥t❛❝t ❡t ❞♦♥❝ ♣r♦♣❛❣❛t✐♦♥ ❞❡ ❧✬✐♠♣❛❝t ❞❛♥s ❧❛ str✉❝t✉r❡ ♣♦❧②❛rt✐❝✉❧é❡✮
s♦✐t ❧❛ r✉♣t✉r❡ ❞✬✉♥ ❝♦♥t❛❝t ❧♦rsq✉❡ ❧❡s ❢♦r❝❡s ✐♥t❡r♥❡s ♥❡ s♦♥t ♣❛s ❜✐❡♥ ❛❥✉sté❡s ✭❧❡ ♣❤é♥♦♠è♥❡
♥✬❡st ♣❛s ré❣✉❧✐❡r ❡t ❛ ♣♦✉r ❝♦♥séq✉❡♥❝❡ ❧❡ ♠ê♠❡ ❡✛❡t q✉❡ ❧❛ ❝ré❛t✐♦♥ ❞✬✉♥ ❝♦♥t❛❝t✮ ❀ ❡t à ❧❛
❝♦♥❝❡♣t✐♦♥ ❡♥ ❛✈❛♥t✲♣r♦❥❡t ❞✬✉♥❡ ❝♦♠❜✐♥❛✐s♦♥ s❡♥s✐❜❧❡ ♣♦✉r ✉♥ ❜r❛s✳

✷ Prés❡♥t❛t✐♦♥ ❞✉ tr❛✈❛✐❧ ❡❢❢❡❝t✉é

❏✬❛✐ tr❛✈❛✐❧❧é s✉r ❞❡✉① ❛①❡s ♣❡♥❞❛♥t ❝❡ st❛❣❡ ✿ s✉r ❞❡s é❧é♠❡♥ts ❞❡ ❧❛ ❝♦♥❝❡♣t✐♦♥ ❞❡ ❧❛ s❡♠❡❧❧❡
❡t s✉r ❧❛ ❝ré❛t✐♦♥ ❞✬✉♥❡ ❝♦♠❜✐♥❛✐s♦♥ ❤❛♣t✐q✉❡ ✶✳

❏❡ ❞é✈❡❧♦♣♣❡ ♠❛ ❝♦♥tr✐❜✉t✐♦♥ ❞❛♥s ❧❡s ❞❡✉① ♣❛rt✐❡s s✉✐✈❛♥t❡s✳

✶✳ ❞♦♥♥❛♥t ❧❡ s❡♥s ❞✉ t♦✉❝❤❡r✱ ♠ê♠❡ s✐ ✐❝✐ ♦♥ ♥❡ ❞ét❡❝t❡ q✉❡ ❧❡s ❡✛♦rts✳

✶❡r ❙❡♣t❡♠❜r❡ ✷✵✵✾ ✸
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❉❡✉①✐è♠❡ ♣❛rt✐❡

❈♦♥❝❡♣t✐♦♥ ❞❡ ❧❛ ❝♦♠❜✐♥❛✐s♦♥ ❤❛♣t✐q✉❡

✸ ❖❜❥❡t ❞❡ ❧✬❛✈❛♥t✲♣r♦❥❡t ❞❡ ❝♦♠❜✐♥❛✐s♦♥

❋✐❣✉r❡ ✷ ✕ ❍❘P✲✹ ❡t ❍❘P✲✷✳

▲❡ tr❛✈❛✐❧ ❡✛❡❝t✉é ♣❛r ❧❡ ❏❘▲✱ ♥♦t❛♠♠❡♥t ❆❞r✐❡♥ ❊s❝❛♥❞❡
♣♦✉r s❛ t❤ès❡✱ ❝♦♠♣r❡♥❞ ✉♥ ❞é✈❡❧♦♣♣❡♠❡♥t ❞✬❛❧❣♦r✐t❤♠❡s
♣❡r♠❡tt❛♥t ❞✬✐♥❝❧✉r❡ ❞❛♥s ❧❛ ❣❡st✐♦♥ ❞❡ ❧✬éq✉✐❧✐❜r❡ ❞✬✉♥ r♦✲
❜♦t ❞❡s ♣♦✐♥ts ❞✬❛♣♣✉✐s ❛✉tr❡ q✉❡ s❡s ❥❛♠❜❡s✻✳ ▲✬✐❞é❡ ❡st
❞❡ ♣❡r♠❡ttr❡ ❛✉ r♦❜♦t ❞❡ s✬❛ss♦✐r ♦✉ ❞❡ ♣r❡♥❞r❡ ❛♣♣✉✐ s✉r
s❛ ♠❛✐♥ ♦✉ s♦♥ ❝♦✉❞❡ ❝♦♠♠❡ ❧❡ ❢❡r❛✐t ✉♥ ❤✉♠❛✐♥ ✭♥♦t❛♠✲
♠❡♥t ❞❛♥s ❧❡ ❝❛❞r❡ ❞✉ ♣r♦❥❡t ❈❲❊✼✮✳ ▲❡ ♣r♦❜❧è♠❡ q✉✐
s✬❡st ❛❧♦rs ♣♦sé ❡st ❧✬❛❜s❡♥❝❡ ❞❡ ❝❛♣t❡✉rs ❞✬❡✛♦rts ♣❡r♠❡t✲
t❛♥t ❞❡ ❧♦❝❛❧✐s❡r ❧✬❛♣♣✉✐ ❡t ❞❡ ❝❛r❛❝tér✐s❡r ❧✬❡✛♦rt ✿ ❧❡ ❜✉t
❞❡ ❝❡tt❡ ❝♦♠❜✐♥❛✐s♦♥ ❡st ❞♦♥❝ ❞❡ ❝♦♠❜✐♥❡r ✉♥❡ ❞ét❡❝t✐♦♥
❤❛♣t✐q✉❡ ❛✈❡❝ ✉♥❡ ✐♥t❡r❛❝t✐♦♥ sûr❡✱ ❧❡ t♦✉t à ❢❛✐❜❧❡ ❝♦ût✳
▲❛ ❝♦♥❝❡♣t✐♦♥ ❞❡ ❧❛ ❝♦♠❜✐♥❛✐s♦♥ ❡st ❞✐✈✐sé❡ ❡♥ tr♦✐s
❝♦✉❝❤❡s ✿
✕ ✉♥❡ ♣❡❛✉ ❝♦♥st✐t✉é ❞✬✉♥ é❧❛st♦♠èr❡✱
✕ ✉♥❡ ♠❛tr✐❝❡ ✢❡①✐❜❧❡ t❛❝t✐❧❡ ❝♦♠♣♦sé ❞❡ ❝❛♣t❡✉rs t♦✉t✲
♦✉✲r✐❡♥✱

✕ ✉♥❡ ❝❛r❛♣❛❝❡ ❤❛♣t✐q✉❡✽ ♠❛tér✐❛❧✐sé❡ ♣❛r ✉♥❡ ❝♦q✉❡ s♦✲
❧✐❞❡ ❛ss♦rt✐❡ ❞❡ ❝❛♣t❡✉rs s✉r s❛ ❢❛❝❡ ✐♥t❡r♥❡✱ q✉❡ ❧✬♦♥ ✈❛
❛♣♣❡❧❡r ♠❛❝r♦✲❝❛♣t❡✉rs ♣❛r ♦♣♣♦s✐t✐♦♥ ❛✉① ♣ré❝é❞❡♥ts✳

❋✐❣✉r❡ ✸ ✕ ▲❡ sq✉❡❧❡tt❡ ❡t ❧❡s tr♦✐s ❝♦✉❝❤❡s ❞✉ ❜r❛s✳

✻✳ P❧❛♥✐✜❝❛t✐♦♥ ❞❡ ♣♦✐♥ts ❞✬❛♣♣✉✐s ♣♦✉r ❧❛ ❣é♥ér❛t✐♦♥ ❞❡ ♠♦✉✈❡♠❡♥ts ❛❝②❝❧✐q✉❡s ✿ ❛♣♣❧✐❝❛t✐♦♥ ❛✉① ❤✉♠❛♥♦ï❞❡s✳
❚❤ès❡ ❞❡ ❞♦❝t♦r❛t✱ ❯♥✐✈❡rs✐té ❞✬❊✈r②✲❱❛❧✲❞✬❊ss♦♥♥❡✱ ✷✵✵✽✳

✼✳ ❈♦❧❧❛❜♦r❛t✐✈❡ ❲♦r❦ ❊♥✈✐r♦♥♥❡♠❡♥t✱ ✈♦✐r ❛✉ss✐ ✇✇✇✳r♦❜♦t✲❛t✲❝✇❡✳❡✉✳
✽✳ r❡❧❛t✐❢ ❛✉ s❡♥s ❞✉ t♦✉❝❤❡r✳ ■❝✐ ♦♥ ♥❡ ❧✬❡♠♣❧♦✐❡ q✉❡ ❞❛♥s ❧❡ s❡♥s q✉❡ ❧❛ ❝❛r❛♣❛❝❡ ❞♦✐t êtr❡ s❡♥s✐❜❧❡ ❛✉① ❡✛♦rts✳

✶❡r ❙❡♣t❡♠❜r❡ ✷✵✵✾ ✹
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❈❡s ❞❡r♥✐❡rs ❛ss✉r❡♥t ❧❛ ❧✐❛✐s♦♥ ❛✈❡❝ ❧❡ sq✉❡❧❡tt❡✱ q✉✐ ❡st ❡♥ ❢❛✐t ❧❛ str✉❝t✉r❡ ❞❡ ❜❛s❡ ❞✉ r♦❜♦t✳
▲❛ ♣❡❛✉ ❞♦✐t ♣❡r♠❡ttr❡ ❞✬❛❜s♦r❜❡r ❧❡ ❝❤♦❝✱ ❧❛ ♠❛tr✐❝❡ t❛❝t✐❧❡ ❞❡ ❧♦❝❛❧✐s❡r ❧✬❡✛♦rt✱ ❡t ❧❛ ❝❛r❛♣❛❝❡
❞❡ ❝❛r❛❝tér✐s❡r ❧❡ t♦rs❡✉r ❞❡ ❧✬❡✛♦rt✳

▼❛rt✐♥ ❇❛tt❛❣❧✐❛ ❛ ♣ré❝é❞❡♠♠❡♥t ♠✐s ❡♥ ♣❧❛❝❡ ❞❡s ♦✉t✐❧s ♣❡r♠❡tt❛♥t ❞❡ ❞✐♠❡♥s✐♦♥♥❡r ❧❛
♠❛tr✐❝❡ ✢❡①✐❜❧❡ ❡t ♣♦s❛♥t ❞❡s ❝♦♥❞✐t✐♦♥s s✉r ❧❛ ♣❡❛✉✱ ❛✈❛♥t ❞❡ ✈❛❧✐❞❡r ❧❡ ♣r✐♥❝✐♣❡ ❛✈❡❝ ✉♥ ♣r♦t♦t②♣❡
❞✬✉♥ ❜r❛s à ✉♥ ❞❡❣ré ❞❡ ❧✐❜❡rté✾✳ ❏✬❛✐ ❞♦♥❝ ❝♦♥ç✉ ❧❛ ♣❛rt✐❡ r❡st❛♥t❡✱ ❝✬❡st à ❞✐r❡ ❧❛ ♣❛rt✐❡ ❝❛r❛♣❛❝❡
❤❛♣t✐q✉❡ ❡t s❛ ❧✐❛✐s♦♥ ❛✉ sq✉❡❧❡tt❡ ❛✐♥s✐ q✉❡ ❧❛ ❞ét❡r♠✐♥❛t✐♦♥ ❞❡ ❧✬é♣❛✐ss❡✉r ❞❡ ❧❛ ♣❡❛✉✳

✹ ❈♦♥❝❡♣t✐♦♥ ❞✬❛✈❛♥t ♣r♦❥❡t ❞❡ ❧❛ ❝❛r❛♣❛❝❡ ❤❛♣t✐q✉❡

✹✳✶ ❈❛❤✐❡r ❞❡s ❝❤❛r❣❡s

❈❡tt❡ ét✉❞❡ ét❛♥t ✉♥ ❛✈❛♥t✲♣r♦❥❡t ❡t s❡ ✈♦✉❧❛♥t ❣é♥ér❛❧ à ❧❛ ❢❛♠✐❧❧❡ ❞❡s ❍❘P✲①②✱ ♦♥ ♣r❡♥❞
♣♦✉r ❧❡ sq✉❡❧❡tt❡ ✉♥❡ ❢♦r♠❡ ❜❛s✐q✉❡ ✿

❋✐❣✉r❡ ✹ ✕ ▼♦❞è❧❡ ✉t✐❧✐sé ❝♦♠♠❡ sq✉❡❧❡tt❡✳

❖♥ ❛ ❞❡s ❝♦♥tr❛✐♥t❡s ❢♦rt❡s s✉r ❧❛ ❝♦♥❝❡♣t✐♦♥ ❞❡ ❧❛ ❧✐❛✐s♦♥ sq✉❡❧❡tt❡✲❝❛r❛♣❛❝❡ ❡t ❞❡ ❧❛ ❝❛r❛♣❛❝❡
❤❛♣t✐q✉❡ ❡♥ ❡❧❧❡✲♠ê♠❡ ✿

✕ ❧❛ ❧✐❛✐s♦♥ sq✉❡❧❡tt❡ ✲ ❝❛r❛♣❛❝❡ ❞♦✐t ♣❡r♠❡ttr❡ ❧❛ ♠❡s✉r❡ ❞❡s s✐① ❝♦♠♣♦s❛♥t❡s ❞✉ t♦rs❡✉r ❞❡s
❡✛♦rts ❡①tér✐❡✉rs✱

✕ ❝♦♠♣❛❝✐té✱
✕ ❧é❣èr❡té✱
✕ ❧❡s ③♦♥❡s ✉t✐❧✐s❛❜❧❡s ❞✉ sq✉❡❧❡tt❡ s❡ ❧✐♠✐t❡♥t ❛✉① ❜❧♦❝s ❞❡s ❞❡✉① ❡①tré♠✐tés✱
✕ ❧✬❡s♣❛❝❡ ✉t✐❧✐sé ♣❛r ❧❛ ❧✐❛✐s♦♥ ❡t ❧❡s ♠❛❝r♦✲❝❛♣t❡✉rs ❞♦✐t ♠❛❥♦r✐t❛✐r❡♠❡♥t êtr❡ s✐t✉é ❞❛♥s ❝❡s
③♦♥❡s ❡①trê♠❡s ❡t ❧❛✐ss❡r ❧✬❡s♣❛❝❡ ❧✐❜r❡ ❛✉ ❝❡♥tr❡ ♣♦✉r ❧✬é❧❡❝tr♦♥✐q✉❡✱ ❝â❜❧❡s✱ ❡t❝✱

✕ êtr❡ ❡♥t✐èr❡♠❡♥t ❞é♠♦♥t❛❜❧❡s ❡t ❛✉t♦r✐s❡r ❧❡ r❡♠♣❧❛❝❡♠❡♥t ❞✉ ♠♦✐♥❞r❡ é❧é♠❡♥t s❛♥s q✉❡
❝❡❧❛ ✐♠♣❧✐q✉❡ ❞✬❛✉tr❡s r❡♠♣❧❛❝❡♠❡♥ts✱

✕ êtr❡ ♠♦♥t❛❜❧❡s s✉r ❧❡s r♦❜♦ts ❝♦♠♠❡ ✉♥ éq✉✐♣❡♠❡♥t ✭♠❛❧❣ré ❧❡s é✈❡♥t✉❡❧❧❡s ❛rt✐❝✉❧❛t✐♦♥s
❡t s♦❧✐❞❡s ❛✉① ❡①tré♠✐tés ❞✉ sq✉❡❧❡tt❡✮✱

✕ ❝♦ût✳

✾✳ ■❘❖❙ ✷✵✵✾ ✭❝❢ ❛♥♥❡①❡ ●✮
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❉♦ss✐❡r ✲ st❛❣❡ ▼✶ ✿ ❏❘▲ ✭❆■❙❚✮ ✷✵✵✾

✹✳✷ ❉ét❡r♠✐♥❛t✐♦♥ ❞✉ t♦rs❡✉r ♠❡s✉ré

❋✐❣✉r❡ ✺ ✕ ▼♦❞è❧❡ ❞❡ ❝❛❧❝✉❧✳

▲❛ ❢♦r♠❡ ❞✉ t♦rs❡✉r ♠❡s✉ré ❞é♣❡♥❞ ❞✉ ♥♦♠❜r❡ ❞❡ ❝❛♣✲
t❡✉rs ✉t✐❧✐sés✱ s♦✐t ✐❝✐ ✻ ✉t✐❧✐sés ❞❡ ♠❛♥✐èr❡ ❜✐❧❛tér❛❧❡ ♦✉ ✶✷
✉♥✐❧❛tér❛❧❡♠❡♥t✳ ❈♦♠♠❡ ❧❛ s♦❧✉t✐♦♥ r❡t❡♥✉❡ ♥✬✉t✐❧✐s❡ q✉❡
✻ ❝❛♣t❡✉rs ❥❡ ♣rés❡♥t❡ ❧❡ ❝❛❧❝✉❧ ❝♦rr❡s♣♦♥❞❛♥t✳ ❏❡ ♣❧❛❝❡
❞❡✉① ❝❛♣t❡✉rs ♣❛r ❡①tré♠✐té ♣♦✉r ❧❛ ♠❡s✉r❡s ❞❡s ❡✛♦rts ❡t
♠♦♠❡♥ts ❞❡s ❛①❡s x ❡t y✳ ▲❡s ❝❛♣t❡✉rs ♣♦✉r ❧✬❡✛♦rt s❡❧♦♥
z ❡t ❧❡ ♠♦♠❡♥t ❛✉t♦✉r ❞❡ ❝❡t ❛①❡ ✈♦♥t êtr❡ ♣❧✉s ❞✐✣❝✐❧❡s à
✐♠♣❧❛♥t❡r✱ ❥❡ ❧❡✉r ❧❛✐ss❡ ❞♦♥❝ ♣❧✉s ❞❡ ❧✐❜❡rtés ❞❡ ♣♦s✐t✐♦♥✲
♥❡♠❡♥t✳ ❆✐♥s✐ ♦♥ ❛ ✿

TA =







FA 0
0 0
0 0







∣

∣

∣

∣

∣

∣

∣

∣

r
0
0

TB =







0 0
FB 0
0 0







∣

∣

∣

∣

∣

∣

∣

∣

0
−r
0

TC =







FC 0
0 0
0 0







∣

∣

∣

∣

∣

∣

∣

∣

−r
0
0

TD =







0 0
FD 0
0 0







∣

∣

∣

∣

∣

∣

∣

∣

0
−r
0

TE =







FE 0
0 0
0 0







∣

∣

∣

∣

∣

∣

∣

∣

0
d
h2

TF =







0 0
0 0
FI 0







∣

∣

∣

∣

∣

∣

∣

∣

0
d
h1

❖♥ ♣❡✉t ❝❛❧❝✉❧❡r ❧❡ t♦rs❡✉r ❞❡s ❡✛♦rts ❡①tér✐❡✉rs✱ Text ❡♥ ✉♥ ♣♦✐♥t ❞❡ ❧✬❛①❡ ❡♥ s✉♣♣♦s❛♥t q✉❡
❧❡ ♣♦✐♥t ❞✬❛♣♣❧✐❝❛t✐♦♥ s✉r ❧❡ ❞❡r♠❡ ❡st ❝♦♥♥✉ ✭rô❧❡ ❞❡ ❧❛ ♠❛tr✐❝❡ t❛❝t✐❧❡✮✳ ❏❡ ♣r❡♥❞ ❞♦♥❝ Text ❡♥
✉♥ ♣♦✐♥t P ❞❡ ❧✬❛①❡✳ ❏❡ r❛♠è♥❡ t♦✉s ❧❡s t♦rs❡✉rs ❞❡s ♠❛❝r♦✲❝❛♣t❡✉rs ❛✉ ♣♦✐♥t P s✉r ❧✬❛①❡ ♦ù ❥❡
❧❡s s♦♠♠❡ ✿

Tcapteurs =







FA + FC + FE zP · FB − (l − zP ) · FD + d · FF

FB + FD zP · FA − (l − zP ) · FC + (h2 − zP ) · FE

FF −d · FE







∣

∣

∣

∣

∣

∣

∣

∣

0
0
zP

❖♥ ✈♦✐t ❜✐❡♥ q✉❡ ❝❡ ♣♦s✐t✐♦♥♥❡♠❡♥t ♣❡r♠❡t ❞❡ ♠❡s✉r❡r t♦✉t❡s ❧❡s ❝♦♠♣♦s❛♥t❡s ❞✬✉♥ ❡✛♦rt
❡①tér✐❡✉r q✉❡❧❝♦♥q✉❡✳

✹✳✸ ❈❛♣t❡✉rs

P❧✉s✐❡✉rs s♦❧✉t✐♦♥s ♦♥t été ❡♥✈✐s❛❣é❡s✱ ♣❛r ♦r❞r❡ ❝❤r♦♥♦❧♦❣✐q✉❡ ✿
✕ ❝❛♣t❡✉rs ❞❡ ❞é♣❧❛❝❡♠❡♥t ✿ ✉t✐❧✐s❡r ✉♥ s②stè♠❡ ❞❡ r❡ss♦rt ♣♦✉r ❞é❞✉✐r❡ ❧✬❡✛♦rt ❛♣♣❧✐q✉é✳ ▲❡
♣r♦❜❧è♠❡ ét❛✐t ❧✬❛♠♣❧✐t✉❞❡ ❞❡ ❞é♣❧❛❝❡♠❡♥t✱ ❛✉q✉❡❧ ♦♥ ré♣♦♥❞ ❡♥ ❛❞❥♦✐❣♥❛♥t ✉♥ s②stè♠❡ à
✷ ✈ér✐♥s ✭❧❡ ♣r❡♠✐❡r à ❢❛✐❜❧❡ ❝♦✉rs❡ ❡t ❣r♦s ❞✐❛♠ètr❡✱ ❧❡ s❡❝♦♥❞ à ❣r❛♥❞❡ ❝♦✉rs❡ ❡t ❢❛✐❜❧❡
❞✐❛♠ètr❡✮✳ ❆❜❛♥❞♦♥♥é à ❝❛✉s❡ ❞✉ ✢✉✐❞❡ q✉✐ ♥é❝❡ss✐t❡ ✉♥❡ ♠❛✐♥t❡♥❛♥❝❡✱ ❞❡ ❧✬❡♥❝♦♠❜r❡♠❡♥t
❡t ❞❡ ❧❛ ❝♦♠♣❧❡①✐té✳ ✭❝❢ ✜❣ ✻✮

✶❡r ❙❡♣t❡♠❜r❡ ✷✵✵✾ ✻
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❋✐❣✉r❡ ✻ ✕ ✶èr❡ ❛r❝❤✐t❡❝t✉r❡ ❡♥✈✐s❛❣é❡✳ ❋✐❣✉r❡ ✼ ✕ ✷♥❞❡ ❛r❝❤✐t❡❝t✉r❡ ❡♥✈✐s❛❣é❡✳

✕ ❝❛♣t❡✉rs ❞✬❡✛♦rts ❋❧❡①✐❋♦r❝❡ ❘© ✿ ♠ê♠❡ ❛r❝❤✐t❡❝t✉r❡ ✧✈ér✐♥✧ q✉❡ ♣ré❝é❞❡♠♠❡♥t ♣♦✉r q✉❡
❧✬❡✛♦rt s♦✐t ❛♣♣❧✐q✉é s✉r t♦✉t❡ ❧❛ s✉r❢❛❝❡ ❞✉ ❝❛♣t❡✉r ❀ ❣r❛♥❞❡ ❝♦♠♣❛❝✐té✱ ❢❛✐❜❧❡ ❝♦ût✱ ♠❛✐s
♣❡r❢♦r♠❛♥❝❡s ❢❛✐❜❧❡s✳ ✭❝❢ ❛♥♥❡①❡ ❈ ❡t ✜❣ ✼✮

✕ ❝❛♣t❡✉rs ❞✬❡✛♦rts ❋✉t❡❦ ❘© ❋❇❇✸✵✵ ✿ ✉♥ ♣❡✉ ♠♦✐♥s ❝♦♠♣❛❝ts✱ ♣❧✉s ❝♦ût❡✉① ♠❛✐s ❛✈❡❝ ❞❡s
♣❡r❢♦r♠❛♥❝❡s s❛t✐s❢❛✐s❛♥t❡s✳ ❉✉ ❢❛✐t ❞✉ ♣r✐① ♦♥ ❞és✐r❡ ❡♥ ✉t✐❧✐s❡r ❧❡ ♠✐♥✐♠✉♠ ♣♦ss✐❜❧❡ ✿ ✻✳
✭❝❢ ❛♥♥❡①❡ ❉ ❡t ✜❣ ✽✮

❋✐❣✉r❡ ✽ ✕ ❉❡r♥✐èr❡ ❛r❝❤✐t❡❝t✉r❡ ❡♥✈✐s❛❣é❡✳
❋✐❣✉r❡ ✾ ✕ ▲❡s ❝❛♣t❡✉rs ❞❡s ❛①❡s r❛❞✐❛✉① ✿ s✉r
❧❡ ♣r❡♠✐❡r ❛♥♥❡❛✉✱ à ❣❛✉❝❤❡ ❡t ❡♥ ❜❛s✱ s✉r ❧❡
s❡❝♦♥❞ à ❞r♦✐t❡ ❡t ❡♥ ❜❛s✳

➚ ❝❛✉s❡ ❞❡ ❧❛ ❝♦♥tr❛✐♥t❡ ❞❡ ♠❡s✉r❡r ❧✬❡♥s❡♠❜❧❡ ❞❡s ❝♦♠♣♦s❛♥t❡s ❞✉ t♦rs❡✉r ❞❡s ❛❝t✐♦♥s ❡①✲
tér✐❡✉r❡s ❡t ❞❡ ❧❛ ❞✐✣❝✉❧té ❞✬✐♥str✉♠❡♥t❡r s✉✣s❛♠♠❡♥t ✉♥❡ ❧✐❛✐s♦♥ ❝❧❛ss✐q✉❡ t②♣❡ ✧❞❡✉① ❞❡♠✐✲
r♦t✉❧❡s✧✱ ✧❝❡♥tr❛❣❡ ❝♦✉rt ✰ ❛♣♣✉✐✲♣❧❛♥✧ ♦✉ ✧❝❡♥tr❛❣❡ ❧♦♥❣ ✰ ♣♦♥❝t✉❡❧❧❡✧✱ ♦♥ s❡ ✈♦✐t ❞❛♥s ❧✬♦❜❧✐✲
❣❛t✐♦♥ ❞❡ r❡❝♦✉r✐r à ❞❡s s♦❧✉t✐♦♥s ♠♦✐♥s ❝♦♥✈❡♥t✐♦♥♥❡❧❧❡s✳ ❆✈❡❝ ❧✬✐♥t❡♥t✐♦♥ ❞❡ ♠❡s✉r❡r t♦✉t❡s ❧❡s
❝♦♠♣♦s❛♥t❡s ❞✉ t♦rs❡✉r ♦♥ ❛❜♦✉t✐t à ❧❛ ❝♦♥❝❧✉s✐♦♥ q✉❡ ❝❡ s♦♥t ❧❡s ❝❛♣t❡✉rs q✉✐ ✈♦♥t ré❛❧✐s❡r ❧❛
❧✐❛✐s♦♥ ♣❛r ❧❡ ❜✐❛✐s ❞❡ ♣♦♥❝t✉❡❧❧❡s✳

P♦✉r ❧❡s ❞❡✉① ♣r❡♠✐èr❡s ❛r❝❤✐t❡❝t✉r❡s ♦♥ ❛ ❞♦♥❝ ❝❤♦✐s✐ ❞✬✐♥t❡r❝❛❧❡r ✉♥❡ ❜✐❧❧❡ ❡♥tr❡ ❧❛ ♣❛rt✐❡
✧♣✐st♦♥✧ ❡t ❧❛ ❝♦q✉❡✳ P♦✉r ❧❛ tr♦✐s✐è♠❡ ❡♥ r❡✈❛♥❝❤❡✱ ♣♦✉r ré❞✉✐r❡ ❧❛ ❞é♣❡♥s❡ ❡♥ ❝❛♣t❡✉rs✱ ♦♥ ❞♦✐t
ré❛❧✐s❡r ❞❡s ♣♦♥❝t✉❡❧❧❡s ❜✐❧❛tér❛❧❡s ❛✉ ❧✐❡✉ ❞❡ ♣♦♥❝t✉❡❧❧❡s s✐♠♣❧❡s✳

P♦✉r ❧❡s ❝❛♣t❡✉rs ❞❡s ❛①❡s x ❡t y✱ ♦♥ ✉t✐❧✐s❡ ✉♥❡ ❝❛✈✐té ❞❛♥s ✉♥ ❛♥♥❡❛✉ ❡♥ P❱❈ ♣♦✉r ♦❜t❡♥✐r
❧❛ ❜✐❧✐♥é❛r✐té✱ ✜❣ ✾✳

P♦✉r ❧❡s ❝❛♣t❡✉rs ❞❡ ❧✬❡✛♦rt ❡t ❞✉ ♠♦♠❡♥t s✉r z✱ ❧❛ ♣❡t✐t❡ t❛✐❧❧❡ ❞❡ ❧❛ ♣✐è❝❡ tr❛♥s♠❡tt❛♥t ❧❡s
❡✛♦rts ♥é❝❡ss✐t❡ ❞❡ ❧❛ ❢❛✐r❡ ❡♥ ❛❧✉♠✐♥✐✉♠ ❛✉ ♠♦✐♥s✳ ❆✐♥s✐ ♦♥ ♦❜t✐❡♥t ❧❡ ❝❛♣t❡✉r ❞❡ ❧✬❡✛♦rt s❡❧♦♥

✶❡r ❙❡♣t❡♠❜r❡ ✷✵✵✾ ✼
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z ✜❣ ✶✵ ❡t ❧❡ ❝❛♣t❡✉r ❞✉ ♠♦♠❡♥t s❡❧♦♥ z ✜❣ ✶✶✳

❋✐❣✉r❡ ✶✵ ✕ ❉ét❛✐❧ ❞❡ ❧✬✐♠♣❧é♠❡♥t❛t✐♦♥ ❞✉ ❝❛♣✲
t❡✉r ❞✬❡✛♦rt s✉r ③✳

❋✐❣✉r❡ ✶✶ ✕ ❉ét❛✐❧ ❞✬✐♠♣❧é♠❡♥t❛t✐♦♥ ❞✉ ❝❛♣✲
t❡✉r ❞✬❡✛♦rt ♣♦✉r ♠❡s✉r❡r ❧❡ ♠♦♠❡♥t s✉r ③✳

➚ ♣❛rt ❝❡s q✉❛tr❡ ♣✐è❝❡s ❡♥ ❛❧✉♠✐♥✐✉♠✱ ❧❡ r❡st❡ ♣❡✉t✲êtr❡ ❢❛✐t ❡♥ ❆❇❙ ♦✉ ❡♥ P❱❈✳ ▲❛ ❝♦♠✲
♣❧❡①✐té ❞❡s ❢♦r♠❡s ❞❡ ❧❛ ♣♦✉tr❡ tr❛♥s♠❡tt❛♥t ❧❡s ❡✛♦rts ❛✉① ❝❛♣t❡✉rs ❡♥ ♣❛rt✐❝✉❧✐❡r ❡t ❧❛ très
♣❡t✐t❡ sér✐❡ ✭♣r♦t♦t②♣❡✮ t❡♥❞❡♥t à ♦r✐❡♥t❡r ✈❡rs ❞❡ ❧✬✐♠♣r❡ss✐♦♥ ✸❉✳ ▲✬✐♥❥❡❝t✐♦♥ ♣❧❛st✐q✉❡ ♥✬❡st ♣❛s
❡①❝❧✉❡ ♣♦✉r ❛✉t❛♥t q✉❛♥❞ ♦♥ ❝♦♥s✐❞èr❡ ❧❛ s✉r❢❛❝❡ à ❝♦✉✈r✐r ✭❧❡ r♦❜♦t ❡♥t✐❡r✮✳

❖♥ ❞♦✐t é❣❛❧❡♠❡♥t ♣r♦té❣❡r ❡t ✐♥str✉♠❡♥t❡r ❧❡s ❛rt✐❝✉❧❛t✐♦♥s✳ ❖♥ ré❞✉✐t ❧❡ ❝♦ût ❡♥ ❝❛♣t❡✉r
❡♥ ré❛❧✐s❛♥t ❧✬❡①tér✐❡✉r ❞❡ ❧✬❛rt✐❝✉❧❛t✐♦♥ ♣❛r ❧❡ ❜✐❛✐s ❞❡s ❝❛r❛♣❛❝❡s ❡t ❧✬✐♥tér✐❡✉r ♣❛r ❧❡ ❜✐❛✐s ❞✬✉♥❡
♣✐è❝❡ ❡♥ ❧✐❛✐s♦♥ ♣✐✈♦t s✉r ❧❛ ❝❛r❛♣❛❝❡ ✜❣ ✶✷ ✿

❋✐❣✉r❡ ✶✷ ✕ ❆✈❡❝ ❡t s❛♥s ❧❛ ♠❛tr✐❝❡ t❛❝t✐❧❡ ✭r❡♣rés❡♥t❛t✐♦♥✮✳

✶❡r ❙❡♣t❡♠❜r❡ ✷✵✵✾ ✽
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✺ ❉✐♠❡♥s✐♦♥♥❡♠❡♥t ❞❡ ❧✬é♣❛✐ss❡✉r ❞❡ ❧✬é♣✐❞❡r♠❡

❖♥ ❝❤❡r❝❤❡ ✉♥❡ r❡❧❛t✐♦♥ s✐♠♣❧❡ ♣❡r♠❡tt❛♥t ❞❡ ❝❛r❛❝tér✐s❡r ❧✬é♣❛✐ss❡✉r ♠✐♥✐♠❛❧❡ ❞❡ ❧✬é♣✐❞❡r♠❡✳
▲❡ ♠❛tér✐❛✉ ❝❤♦✐s✐ ❡st ✉♥❡ ♠♦✉ss❡ ❞❡ ♣♦❧②✉rét❤❛♥❡ ❞♦✉❝❡ ✭❙t ●♦❜❛✐♥ ❑♦r❡❧ ❝©❑✸✵✲✶✺✱ ❝❢ ❛♥♥❡①❡
❊✮✳

▲❡s ❞♦♥♥é❡s s♦♥t ✿ ❧❡s ❝❛r❛❝tér✐st✐q✉❡s ♠❛tér✐❛✉ ❞♦♥♥é❡s ♣❛r ❧❡ ❝♦♥str✉❝t❡✉r✱ ❧❛ ♠❛ss❡ ❞✉
❜r❛s✱ ❧❛ ✈✐t❡ss❡ ❞✬✐♠♣❛❝t ❡t ❧❛ ❣é♦♠étr✐❡ ❞❡s ❞❡✉① s♦❧✐❞❡s✱ ❛✐♥s✐ q✉❡ ❞✐✈❡rs rés✉❧t❛ts ♦❜t❡♥✉s ♣❛r
▼❛rt✐♥ ❇❛tt❛❣❧✐❛✱ ❞♦♥t ❧❛ ❞✉ré❡ ❞❡ ❧❛ ❝♦♠♣r❡ss✐♦♥ ❥✉sq✉✬à ❧❛ ❞é❢♦r♠❛t✐♦♥ ♠❛①✐♠❛❧❡ t0✳ ❖♥ s❡
♣❧❛❝❡ ❞❛♥s ❧❡ ❝❛s ❧❡ ♣❧✉s ❞é❢❛✈♦r❛❜❧❡✱ m = 2 kg v = 1.5m.s−1 ❛✈❡❝ ✉♥ ♦❜st❛❝❧❡ ❞❡ ♣❡t✐t❡ t❛✐❧❧❡
✭s♣❤èr❡ ❞❡ 1 cm ❞❡ ❞✐❛♠ètr❡✮ ❡t r✐❣✐❞❡ ✭E → ∞✮✳

❯♥❡ ♣r❡♠✐èr❡ ❛♣♣r♦❝❤❡ s❡r❛✐t ❞❡ ❝♦♥s✐❞ér❡r ✉♥ é❧é♠❡♥t ✶❉ s♦✉♠✐s à ✉♥❡ s♦❧❧✐❝✐t❛t✐♦♥ ❞❡
tr❛❝t✐♦♥ ❝♦♠♣r❡ss✐♦♥ ♦❜é✐ss❛♥t à ❧❛ ❧♦✐ ❞❡ ❍♦♦❦❡ σ = E · ε✳

❯♥❡ s❡❝♦♥❞❡ ❛♣♣r♦❝❤❡✱ ❝❡❧❧❡✲❝✐ ❜❡❛✉❝♦✉♣ ♣❧✉s ré❛❧✐st❡✱ s❡r❛✐t ❞✬✉t✐❧✐s❡r ❧❛ t❤é♦r✐❡ ❞❡s ♣❧❛q✉❡s
♠✐♥❝❡s ❞❡ ▲♦✈❡✲❑✐r❝❤❤♦✛ ♦✉ ❧❛ ♠é❝❛♥✐q✉❡ ❞❡s ♠✐❧✐❡✉① ❝♦♥t✐♥✉s✳ ▲✬❡♥♥✉✐ ❡st q✉❡ ❧❛ s♦❧✉t✐♦♥ ❛✉
♣r♦❜❧è♠❡ ♥❡ ♣♦✉rr❛ êtr❡ ♦❜t❡♥✉❡ q✉❡ ♣❛r é❧é♠❡♥ts ✜♥✐s ❛✉ ❝❛s ♣❛r ❝❛s ❡t ♥❡ ♣❡r♠❡ttr❛ ♣❛s
❞✬♦❜t❡♥✐r ✉♥❡ r❡❧❛t✐♦♥ s✐♠♣❧❡ ❛♣♣r♦❝❤é❡✳

❯♥❡ tr♦✐s✐è♠❡ ❛♣♣r♦❝❤❡✱ é♥❡r❣ét✐q✉❡✱ ❡st r❡t❡♥✉❡ ❡t ❝♦♥s✐st❡ à ❝♦♥s✐❞ér❡r ❧❛ rés✐❧✐❡♥❝❡ ❞✉ ♠❛✲
tér✐❛✉ Ur q✉✐ ❞é✜♥✐t ❧✬é♥❡r❣✐❡ ❞❡ ❞é❢♦r♠❛t✐♦♥ ❞✉ ♠❛tér✐❛✉ ♣❛r ✉♥✐té ❞❡ ✈♦❧✉♠❡✳

✺✳✶ ❆♣♣r♦①✐♠❛t✐♦♥ ❞✉ ✈♦❧✉♠❡ ❛❜s♦r❜❛♥t ❧❡ ❝❤♦❝

❖♥ ❝♦♥♥❛✐t ❧❛ s✉r❢❛❝❡ ❞✉ ❝♦♥t❛❝t ❞é✜♥✐❡ ♣❛r ❧❡s ❢♦r♠✉❧❡s ❞❡ ❍❡rt③✶✵ ✿ ♦♥ ❛ ✉♥ ❝♦♥t❛❝t
s♣❤èr❡✴❝②❧✐♥❞r❡✱ ❛✉ss✐ ❝❡tt❡ s✉r❢❛❝❡ ❡st ❡❧❧✐♣t✐q✉❡ ❡t ♦♥ ♥♦t❡ ❧❡s ❞❡♠✐✲❛①❡s a ❡t b✳

❖♥ ❝❤❡r❝❤❡ à ❝♦♥♥❛îtr❡ ❧❛ ③♦♥❡ ❞✉ t✉❜❡ q✉✐ s❡ ❞é❢♦r♠❡ ❛✉ ❝♦♥t❛❝t ❡t ❞♦♥❝ q✉✐ ❛❜s♦r❜❡ ❧✬✐♠♣❛❝t✳
▲❡s éq✉❛t✐♦♥s ❞❡ ❧❛ ♠é❝❛♥✐q✉❡ ❞❡s ♠✐❧✐❡✉① ❝♦♥t✐♥✉s✱ ♠❛❧❣ré ❞❡s s✐♠♣❧✐✜❝❛t✐♦♥s ✐♠♣♦rt❛♥t❡s ♥❡
♠è♥❡♥t à ❛✉❝✉♥❡ s♦❧✉t✐♦♥ ❛♥❛❧②t✐q✉❡✳ ❖♥ ré❛❧✐s❡ ❞♦♥❝ ✉♥❡ s✐♠✉❧❛t✐♦♥ ❡♥ é❧é♠❡♥ts ✜♥✐s ✭✜❣ ✶✸ ✫
✶✹✮ à ❜✉t ♣✉r❡♠❡♥t q✉❛❧✐t❛t✐❢✳

❋✐❣✉r❡ ✶✸ ✕ ❈❤❛♠♣ ❞❡ ❞é♣❧❛❝❡♠❡♥t ❞✉ t✉❜❡
s♦✉♠✐s à ❧✬✐♠♣❛❝t✳

❋✐❣✉r❡ ✶✹ ✕ ▲❡ ♠ê♠❡ ❝❤❛♠♣ s❛♥s ❧❡s ❞é♣❧❛❝❡✲
♠❡♥ts ♥✉❧s ♣♦✉r ♣❧✉s ❞❡ ❧✐s✐❜✐❧✐té✳

▲❛ ♣r❡♠✐èr❡ ❡❧❧✐♣s❡ ❝♦rr❡s♣♦♥❞ à ❧❛ ③♦♥❡ ❞❡ ❝♦♥t❛❝t✱ ❧❛ s❡❝♦♥❞❡ ❞é❧✐♠✐t❡ ❧❡s ❞é♣❧❛❝❡♠❡♥ts
♥♦♥✲♥✉❧s✳ ❈❡ ❝❤❛♠♣ ❞❡ ❞é♣❧❛❝❡♠❡♥t ❛ été ♦❜t❡♥✉ ♣♦✉r ✉♥❡ é♣❛✐ss❡✉r ❞❡ 5mm✱ ♦♥ ♦❜t✐❡♥t ❞❡s
rés✉❧t❛ts s✐♠✐❧❛✐r❡s ♣♦✉r 10mm ❡t 15mm✳ ❆✉ ✈✉ ❞❡ ❧❛ ❢❛✐❜❧❡ é♣❛✐ss❡✉r ❞❡ ❧❛ ♣❡❛✉ ❡t ❞❡s rés✉❧t❛ts

✶✵✳ ❤tt♣✿✴✴✇✇✇✳❞✐❣✐③❡✐ts❝❤r✐❢t❡♥✳❞❡✴✐♥❞❡①✳♣❤♣❄✐❞❂❧♦❛❞❡r✫t①❴❥❦❉✐❣✐❚♦♦❧s❴♣✐✶❬■❉❉❖❈❪❂✺✵✸✼✺✵

✶❡r ❙❡♣t❡♠❜r❡ ✷✵✵✾ ✾

http://www.digizeitschriften.de/index.php?id=loader& tx_jkDigiTools_pi1[IDDOC]=503750
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❞❡s s✐♠✉❧❛t✐♦♥s✱ ♦♥ ✈❛ ❝♦♥s✐❞ér❡r q✉❡ ❧❡ ✈♦❧✉♠❡ ❞✉ ♠❛tér✐❛✉ q✉✐ ❛❜s♦r❜❡ ❧❡ ❝❤♦❝ ❡st ❧❡ ❝②❧✐♥❞r❡
❞❡ ♠ê♠❡ é♣❛✐ss❡✉r q✉❡ ❝❡❧❧❡ ❞❡ ❧✬é♣✐❞❡r♠❡ e ❡t ❞❡ ❜❛s❡ ❧❛ s✉r❢❛❝❡ ❡❧❧✐♣t✐q✉❡ ❞é✜♥✐❡ ♣❛r q✉❛tr❡
❢♦✐s ❧❡s ❞❡♠✐s✲❛①❡s ❞❡ ❧❛ s✉r❢❛❝❡ ❞❡ ❝♦♥t❛❝t✱ s♦✐t s❡✐③❡ ❢♦✐s Sc✳

✺✳✷ ❉ét❡r♠✐♥❛t✐♦♥ ❞❡ ❧❛ s✉r❢❛❝❡ ❞❡ ❝♦♥t❛❝t

✺✳✷✳✶ ❙✉r❢❛❝❡ ❡❧❧✐♣t✐q✉❡

❖♥ ❛♣♣❧✐q✉❡ ❧❡s ❢♦r♠✉❧❡s ❞❡ ❍❡rt③ ❛✉ ❝♦♥t❛❝t ❝②❧✐♥❞r❡✴s♣❤èr❡ ♣♦✉r ♦❜t❡♥✐r ❧❛ ❧♦♥❣✉❡✉r ❞❡s
❞❡♠✐s✲❛①❡s ❞❡ ❧✬❡❧❧✐♣s❡ ❞❡ ❧❛ ③♦♥❡ ❞❡ ❝♦♥t❛❝t ✿

1

R∗

= Σρ =
2

r
+

1

R
f(ρ) =

√

1

R2
F (ρ) =

f(ρ)

Σρ

❞✬♦ù ✿ a = ea ·

(

11550 · F ·R∗

E∗

)1/3

b = eb ·

(

11550 · F ·R∗

E∗

)1/3

❖♥ ❞ét❡r♠✐♥❡ ❧❡s ✈❛❧❡✉rs ❞❡ ea ❡t eb ♣❛r ✐♥t❡r♣♦❧❛t✐♦♥ ❞✉ t❛❜❧❡❛✉ ❛♥♥❡①❡ ❈✳

❖♥ ❛ ❞♦♥❝ ✿ Sc = π · ea · eb ·

(

11550 · F ·R∗

E∗

)2/3

P♦✉r ♥♦tr❡ ♣r♦❜❧è♠❡ ♦♥ ❛ E∗ =
Ecompression

1− ν2
= 82800Pa✱ f(ρ) = 20✱ F (ρ) = 0.091✱ R∗ ≈

4.5mm✱ ea = 0.0556✱ eb = 0.0463✱ s♦✐t ✿ Sc ≈ 697mm2✳

✺✳✷✳✷ ❆♣♣r♦①✐♠❛t✐♦♥ ♣❛r ✉♥❡ s✉r❢❛❝❡ ❝✐r❝✉❧❛✐r❡

❙✐ ♦♥ ❛♣♣r♦①✐♠❡ ❧❛ s✉r❢❛❝❡ ❡❧❧✐♣t✐q✉❡ ❞❡ ❝♦♥t❛❝t ❞é✜♥✐❡ ♣❛r ❍❡rt③ ♣❛r ✉♥❡ s✉r❢❛❝❡ ❝✐r❝✉❧❛✐r❡✱
❞❛♥s ❧❡ ❜✉t ❞❡ ♥❡ ♣❛s ❛✈♦✐r à ❝❛❧❝✉❧❡r ea ❡t eb ❡t ❞❡ ♣♦✉✈♦✐r s✐♠♣❧❡♠❡♥t ❛♣♣❧✐q✉❡r ✉♥❡ ❢♦r♠✉❧❡
❞♦♥♥❛♥t e✱ ❡t ❝♦♠♠❡ ea · eb · 11550

2/3 ≥ 1.3✱ ♦♥ ♣❡✉t s✐♠♣❧❡♠❡♥t ♣r❡♥❞r❡ ✿

Sc = 1.3 · π ·

(

F ·R∗

E∗

)2/3

❊♥ ♠✐♥♦r❛♥t ❝❡tt❡ ❝♦♥st❛♥t❡ ♣❛r 1.3✱ ♦♥ ✈❛ ♦❜t❡♥✐r ✉♥❡ é♣❛✐ss❡✉r s✉♣ér✐❡✉r❡ à ❧❛ ✈❛❧❡✉r ♦❜t❡♥✉❡
s❛♥s ❧✬❛♣♣r♦①✐♠❛t✐♦♥✱ ❝❡ q✉✐ ♥❡ ♣♦s❡ ♣❛s ❞❡ ♣r♦❜❧è♠❡ ♣✉✐ss❡ q✉✬♦♥ ❝❤❡r❝❤❡ ✉♥❡ ✈❛❧❡✉r ♠✐♥✐♠❛❧❡
❞❡ e✳

P♦✉r ♥♦tr❡ ♣r♦❜❧è♠❡ ❝❡tt❡ ❢♦r♠✉❧❡ ❞♦♥♥❡ ✿ Sc ≈ 690mm2✳

✺✳✸ ❘❡❧❛t✐♦♥ é♥❡r❣ét✐q✉❡

▲❛ rés✐❧✐❡♥❝❡ Ur ❡♥ ❝♦♠♣r❡ss✐♦♥ ❡st ❞é✜♥✐❡ ♣❛r ✿ Ur =
σ2

yield in compression

2 · Ecompression
✳

❉ès q✉❡ ❧❡ ❝❤♦❝ ❡st ❞ét❡❝té✱ ❧❡ ❜r❛s ✐♥✈❡rs❡ s♦♥ ♠♦✉✈❡♠❡♥t✳ ❆♣♣❡❧♦♥s ❧❛ ❞✉ré❡ ❡♥tr❡ ❧❡ ❝♦♥t❛❝t
❥✉sq✉✬à ❝❡ q✉❡ ❧❡ ❜r❛s ❝♦♠♠❡♥❝❡ ❧❡ ♠♦✉✈❡♠❡♥t ✐♥✈❡rs❡ t0✳ ▲✬é♥❡r❣✐❡ ❝✐♥ét✐q✉❡ ❡st ❛♣♣❡❧é❡ Ek✳

❙✐ ♦♥ ❛✈❛✐t ❧❛✐ssé ❧✬✐♠♣❛❝t ❛❧❧❡r à s♦♥ t❡r♠❡✱ ♦♥ ❛✉r❛✐t ♦❜t❡♥✉ ✉♥❡ ✐♥❞❡♥t❛t✐♦♥ δc ❛✉ ❜♦✉t ❞✉
t❡♠♣s tc ❡t ❧❡ ❜r❛s ❛✉r❛✐t ❛❜s♦r❜é ❧✬é♥❡r❣✐❡ ❝✐♥ét✐q✉❡ Ek ❞❡ ❧✬✐♠♣❛❝t✳ ❈❡tt❡ ❞✉ré❡ tc ❡st ❞♦♥♥é❡

✶❡r ❙❡♣t❡♠❜r❡ ✷✵✵✾ ✶✵
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♣❛r ▼❛rt✐♥ ❇❛tt❛❣❧✐❛✶✶✳ ❖♥ s✉♣♣♦s❡ q✉❡ ❧❡ tr❛♥s❢❡rt ❞✬é♥❡r❣✐❡ ❡st ❧✐♥é❛✐r❡ ♣❛r r❛♣♣♦rt ❛✉ t❡♠♣s✱
❛✉ss✐ ❧✬é♥❡r❣✐❡ tr❛♥s♠✐s❡ ❛✉ ❜r❛s ❞❡✈✐❡♥t En = Ek · (t0/tc)✳

■❝✐ ♦♥ ❛ ✿ t0 = 6ms✱ tc = 32ms ❞✬♦ù En =
1

2
·m · v2 ·

t0

tc
=

1

2
· 2 · 1.52 ·

6

32
= 0, 42 J

❖♥ ❞é✜♥✐t ❧❡ tr❛✈❛✐❧ ❡✛❡❝t✉é ♣❛r ❧✬❡✛♦rt ❞❡ ❝♦♥t❛❝t W ❡t ♦♥ ❝♦♥s✐❞èr❡ ❛✉ss✐ q✉❡ ❧✬é♥❡r❣✐❡
❝✐♥ét✐q✉❡ ❡st ❡♥t✐èr❡♠❡♥t tr❛♥s♠✐s❡ ❛✉ ♠❛tér✐❛✉ ✭❝❛s ❞é❢❛✈♦r❛❜❧❡✮✱ W = En✳ ❊♥ ❝♦♥s✐❞ér❛♥t q✉❡
❧❡ ✈♦❧✉♠❡ q✉✐ ❛❜s♦r❜❡ ❧✬é♥❡r❣✐❡ ❡st ❧❡ ❝②❧✐♥❞r❡ ❞✬é♣❛✐ss❡✉r e ❡t ❞❡ ❜❛s❡ 16Sc ♦♥ ❛ ✿ Ur ·e·16·Sc = En✳

✺✳✹ ❊✛♦rt ❛✉ ❝♦♥t❛❝t

P♦✉r é✈❛❧✉❡r ❧✬❡✛♦rt ❛✉ ❝♦♥t❛❝t✱ ♦♥ ❝♦♥s✐❞èr❡ ❧❡ tr❛✈❛✐❧ ❡✛❡❝t✉é ♣❛r ❝❡t ❡✛♦rt ♣♦✉r ❞é❢♦r♠❡r
é❧❛st✐q✉❡♠❡♥t ❧❛ ③♦♥❡ ❞❡ ❝♦♥t❛❝t ✿ W = F · δc✳

❖r ❧❛ t❤é♦r✐❡ ❞❡ ❍❡rt③ ♥♦✉s ❞♦♥♥❡ ❛✉ss✐ ✿ ✭❝❢ ■♠♣❛❝t ▼❡❝❤❛♥✐❝s✱ ➓✻ ✮

W

E∗ ·R3
∗

=
8

15
·

(

δc

R∗

)5/2

❉✬♦ù ✿ F =





(

8

15

)2

· E3

k · E2

∗
·R∗





1/5

≈ 40N

✺✳✺ ➱♣❛✐ss❡✉r ❞❡ ❧❛ ♣❡❛✉

▲✬é♣❛✐ss❡✉r ❞❡ ❧❛ ♣❡❛✉ ❡st ✜♥❛❧❡♠❡♥t ♦❜t❡♥✉❡ ❛✈❡❝ ✿ e =
En

Ur · 16Sc
✳

✺✳✺✳✶ ❙✉r❢❛❝❡ ❡❧❧✐♣s♦ï❞❡

❙✐ ♦♥ ✈❡✉t ✉♥❡ ❛♣♣r♦①✐♠❛t✐♦♥ ♣❧✉s ❥✉st❡✱ ♦♥ ❣❛r❞❡ ❧✬❡①❝❡♥tr✐❝✐té ❞❡ ❧❛ s✉r❢❛❝❡ ❞❡ ❝♦♥t❛❝t ✿

e = En ·
(

Ur · π · 4ea · 4eb ·
(

11550 ·R∗ · F · E−1

∗

)2/3
)

−1

❉✬♦ù ✿ e =
m3/5 · v6/5 ·

t0

tc

Ur · 655 · 16π · ea · eb ·
(

R2
∗
· E−1

∗

)6/15

P♦✉r ♥♦tr❡ ♣r♦❜❧è♠❡ ✿ e = 7.90mm✳

✺✳✺✳✷ ❆♣♣r♦①✐♠❛t✐♦♥

❙❛♥s ❝❤❡r❝❤❡r à ❝❛❧❝✉❧❡r ea ❡t eb✱ ♦♥ ✉t✐❧✐s❡ ❧✬❛♣♣r♦①✐♠❛t✐♦♥ ✿ e = En·
(

16Ur1.3π
(

R∗ · F · E−1

∗

)2/3
)

−1

❉✬♦ù ✿ e =
m3/5 · v6/5 ·

t0

tc

84 · Ur ·
(

R2
∗
· E−1

∗

)6/15

P♦✉r ♥♦tr❡ ♣r♦❜❧è♠❡ ✿ e = 7.96mm✳
▲❛ ❞✐✛ér❡♥❝❡ ♥✬❡st ♣❛s ❣r❛♥❞❡✱ ♠❛✐s ❝✬❡st ❞û ❛✉① ❢❛✐❜❧❡s ❞✐♠❡♥s✐♦♥s ❞❡ ❧✬♦❜❥❡t étr❛♥❣❡r q✉✐

❝♦♥❞✉✐t à ✉♥❡ ❡①❝❡♥tr✐❝✐té ❞❡ ❧❛ s✉r❢❛❝❡ ❞❡ ❝♦♥t❛❝t ❢❛✐❜❧❡✳

✶✶✳ ■❘❖❙ ✷✵✵✾ ✭❝❢ ❛♥♥❡①❡ ●✮

✶❡r ❙❡♣t❡♠❜r❡ ✷✵✵✾ ✶✶
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❚r♦✐s✐è♠❡ ♣❛rt✐❡

❈♦♥❝❧✉s✐♦♥

✻ P❡rs♣❡❝t✐✈❡s

❉❛♥s ✉♥ ❛✈❡♥✐r ♣r♦❝❤❡✱ ✐❧ ❡st ♣ré✈✉ ❞❡ r❡❝♦♥❝❡✈♦✐r ❧❛ ❝♦♠❜✐♥❛✐s♦♥ ♣♦✉r ❧✬❛❞❛♣t❡r ❛✉ sq✉❡❧❡tt❡
ré❡❧ ❛✈❡❝ ✉♥❡ str✉❝t✉r❡ ✸❉ ❝♦♠♣❧❡①❡ ❡t ♥♦♥ ♣♦✉tr❡✱ ♣✉✐s ❞❡ ♣❛ss❡r à ❧❛ ré❛❧✐s❛t✐♦♥✳ ❈❡❧❛ ♣❡r♠❡ttr❛
❞❡ ❞ét❡❝t❡r ❧❡s ❝♦❧❧✐s✐♦♥s✱ ❡t ❞❡ ❝♦♥s❡r✈❡r ❧✬✐♥té❣r✐té ❞✉ r♦❜♦t ❡t ❞❡ ❧✬♦❜❥❡t ❤❡✉rté ✭♣❛r ❡①❡♠♣❧❡✱
✉♥❡ ♣❡rs♦♥♥❡✮✳ ❉❡ ♣❧✉s ✐❧ ♣❡r♠❡ttr❛ ❞❛♥s ✉♥ ❢✉t✉r ♣r♦❝❤❡ ❛✉ r♦❜♦t ❞✬✉t✐❧✐s❡r ❞❡s ❛♣♣✉✐s ❛✉tr❡
q✉❡ s❡s ♣✐❡❞s✳

✶❡r ❙❡♣t❡♠❜r❡ ✷✵✵✾ ✶✷
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Physical Properties

Thickness 0.008” (0.203 mm)
Length 7.75” (197 mm)

optional 6” (152 mm)
trimmed 4” (102 mm)
lengths 2” (51 mm) 

Width 0.55” (14 mm)
Sensing Area 0.375” (9.53 mm) diameter
Connector 3-pin Male Square Pin (center pin is inactive)
Substrate Polyimide (ex: Kapton)

Available Force Ranges* 
(as tested with circuit shown)

HT201-L Low:  0-30lb (0-133N)
HT201-H High: 0-100lb (0-445N)

*In order to measure forces outside of
specified ranges, use recommended circuit and adjust
drive voltage and/or reference resistance.

Typical Performance**

Linearity ±1.2% of full scale
Repeatability ±3.5% of full scale
Hysteresis 3.6% of full scale
Drift 3.3% per log time
Temperature Range 15°F to 400°F (-9°C to 204°C)
Output Change/Degree F 0.16%

**Specifications based on pressures up to 500 psi and represent the average value throughout a range of temperatures up to 400°F

Actual size of sensor 

Sensing

area

Recommended Circuit

✶❡r ❙❡♣t❡♠❜r❡ ✷✵✵✾ ✶✼
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Ø0.125 [3.2]

FUTEK MODEL FBB300

W I R I N G   C O D E  (WC1)
+Excitation

RED BLACK
-Excitation +Signal

GREEN
-Signal
WHITE

0.75 [19.1]

0.50 [12.7]

1.25 [31.8]

0.25 [6.4]

0.31 [7.9]

T

EXPOSED

ELEMENTS

+OUTPUT
(TENSION)

}

(Previously FR1010)

EXPLODED ASSEMBLED

MCP01027

MCP01026

LOAD

EXAGGERATED
DEFLECTION

44.510 0.031 [0.76]FSH01454

FSH01456

FSH01455

40

20

178

89 0.048 [1.22]

0.06 [1.52]

FSH01451

FSH01453

FSH01452

lb
CAPACITY

STK#

2

5

1

8.9

22.2

4.5

N

0.015 [0.39]

0.025 [0.64]

T

0.01 [0.28]
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Saint-Gobain Korel® K30-15 Soft Micro-cellular Polyurethane Foam

Categories: Polymer; Thermoplastic; Polyurethane, TP; Thermoset; Polyurethane, TS; Thermoset Polyurethane
Foam, Unreinforced

Material
Notes:

Description: The Korel® series micro-cellular polyurethane foams are offered in a broad range of
properties, making them ideal for a variety of gasketing and energy absorption needs. Korel®
microcellular foams are categorized by degree of deflection force. By varying the modulus and
density, Saint Gobain Performance Plastics has developed this series of materials that meets the
demands of design engineers today. All Korel fians are available with an aggressive acrylic adhesive
on one side to facilitate placement. Korel K30  foams are soft, conformable, low deflection, urethane
foams offering excellent compression set resistance and low out-gassing that exceeds fogging
requirements. K30 is ideal for open/close applications.

FEATURES/BENEFITS:

Excellent compression set resistance
Highly resilient (will not collapse)
Dissipates stresses
Resistant to moisture and most chemicals
Conformable and flexible even in extreme environmental conditions
Easy to achieve intricate die-cut parts
Aggressive acrylic adhesive (optional) facilitates assembly
Available cast on to polyester film for stability and low deformation

Typical Applications:  Cellular telephones, electrical enclosures, electronic gasketing, vibration
damping, cushioning, acoustical control, bumpers, instrument panels, spacers.
Specification Notes: Passes Fogging Test SAE-J 1756, 3 hrs. at 212°F (100°C). All  data based on a
0.25 inch test sample.(Available in multiple thicknesses.)
Information provided by Saint Gobain Performance Products.

 
Thermal Properties Metric English Comments
Thermal Conductivity 0.0865 W/m-K 0.600 BTU-in/hr-ft²-°F ASTM E1530
Maximum Service
Temperature, Air

70.0 °C 158 °F Constant use

 121 °C 250 °F Intermittent
 
Descriptive Properties
Standard Color Black

Some of the values displayed above may have been converted from their original units and/or rounded in order to display the information in a consistant
format. Users requiring more precise data for scientific or engineering calculations can click on the property value to see the original value as well as raw
conversions to equivalent units. We advise that you only use the original value or one of its raw conversions in your calculations to minimize rounding error.
We also ask that you refer to MatWeb's disclaimer and terms of use regarding this information. Click here to view all the property values for this datasheet as
they were originally entered into MatWeb.
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Combining Haptic Sensing with Safe Interaction

Martin Battaglia, Laurent Blanchet, Abderrahmane Kheddar,Suuji Kajita and Kazuhito Yokoi

Abstract— We propose a solution which combines haptic
sensing with safe interaction, at low cost. Contact locations are
made through a flexible sheet of tactile binary switch matrix.
This sheet covers the surface of a rigid bumper module assem-
bled to the robot’s basic link through a distributed pressure
sensing units. Combination of location and force provides the
haptic sensing module. The haptic system is covered with a
flexible outer material which role is to absorb contact impacts
and to cast local surface profile on which the robot can take
support. This overall system allows having a combined haptic
sensing with safe and robust physical interaction with both
the environment and the human using active compliance. We
discuss the benefit of such a simple and modular concept and
present how to design the cover material. A simple prototype
is realized and experienced.

I. I NTRODUCTION

Haptic sensing and safe interaction with the environment
and humans are two challenging issues in robotics in general,
and in humanoid robots in particular. These issues are crucial
and even interrelated when humanoid robots are allowed to
take contact supports with entire body on any part of the
environment. This example highlights the importance for the
robot to know where contacts occurred on its body and what
is the total force wrench applied on each of its links, it also
bring to light the importance to have robust contact formation
for a stable whole-body motions support; see a thorough
discussion of this example in [1].

Recent researches are tackling the problem of haptic sens-
ing through bio-mimetic approaches (artificial skin). These
approaches are interesting and challenging; several admirable
technologies and designs have been proposed to build an ar-
tificial sensing skin. However, we distinguish between haptic
sensing that is used for whole-body motions, interaction and
closed-loop task realization, from that haptic sensing used
for robot perception and acquisition of haptic knowledge or
precise dexterous manipulation. There are also considerable
works in achieving human-robot safety collocated physical
human-robot interaction through various techniques that can
be gathered in two main categories: active, passive or hybrid
compliance. Several very sophisticated design and prototypes
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have been recently demonstrated with very impressive re-
sults.

Our work aims at designing a combined haptic sensing and
active safety interaction system which can cover the entire
body of the robot for whole body motion and at low cost. It
will be used for detecting, locating and absorbing safely the
contacts and the collisions of both the (humanoid) robot and
its surrounding. Such a combined system is very useful for a
humanoid robot operating in a changing environment where
objects and possibly human beings are moving. The total
humanoid’s cover surface is important enough for parameters
such as cost, weight, and thickness to be critical.

Fig. 1. Exploded view of the whole design for an arm, from left to right:
the robot links (dark) and the distributed pressure sensors(gray rings), the
bumper, the contact location tactile binary switches, the compliant cover.

Our approach is driven by practical viewpoints, as will
be seen later on, some researches have taken more or less a
similar path considering similar constraints. We simply went
a bit further in our investigations to see how a combined
whole-body haptic and safe interaction can be tackled with
a pragmatic way for real usage and applicability. We consider
any link of the robot to be made of two main parts: (i) the
proper robot link, and (ii) our system; the later consists in
four parts, Fig. 1: (ii) a simple shape bumper surrounding the
robot’s link and attached to it through (i) distributed pressure
sensor units; (iii) a contact location sensor, being a thin
sheet of matrix tactile binary switches (in its simplest form),
and which covers entirely the bumper: its role is to provide
contact locations (contact surfaces and their barycenter), and
(iv) a compliant material (foam) covering the tactile sheet
which role is to well cast the contacting surface and to absorb
chocks at the contact spots.

The first part of the paper discusses the overall concept;
the second part focuses on a computation tool allowing to
determine the characteristics of the compliant outer cover;
the third part presents a preliminary proof-of-concept.



II. PROPOSEDSOLUTION

Our solution combines whole-body haptic sensing and
safety interaction function. The requirements that drove our
approach are summarized as follows:

• coverage of wide areas of robot’s links with minimum
signal processing, latencies, and data flow on the robot’s
network or bus;

• usage of a flexible outer cover to absorb impacts due
to desired or not desired contacts, and to locally cast
surface profile; it can also be used for aesthetics;

• location, on the robot, of contact areas and measurement
of force wrenches per link;

• modular, quickly demountable, interchangeable with an
easily maintenance and life cycle;

• not costly, light and with reasonable thickness

We devised a modular system which allows combining
simple technologies in a multilevel design described in
Fig. 1. Starting from a bare robot’s link, we attach to it a rigid
simple shaped cover (bumper) through distributed pressure
units which deformation measures the resultant force wrench
acting on the link. Distributing pressure units on the link
is preferable to having a single location of force measure
e.g. using a commercial 6dof force sensor. Yet, an optimal
distribution and location is to be found for each link by
restricting the number of the pressure units (if possible to
6 or less). This part will be published in another paper.

The bumper is covered by a flexible tactile sensing sheet,
see Fig. 1. Its role is to sample the contact spots on each
link. That is, where contacts occur and, for each contact,
an estimate of its area and barycenter. Our choice would
have been to use flexible keyboards technology, since it
is simple, mature and cheap enough. But the switches are
mechanical whereas capacitive switches may have superior
advantages. Other options are possible. In [2], a sensitive
skin is developed on the basis of single sided electrode
units covered by a conductive rubber with a resistivity which
depends on the applied pressure. Their matrix tactile system
needs one wire per taxel and could basically be used in
our case. In [3] a multi-contact detection sensor sheet based
on resistive measurement consists in two conductive plates
each in a discrete combination of parallel conductive bands
are separated by a pressure sensitive material that acts as
an electrical insulator under no load but conduct electricity
when pressure is applied. The material is chosen for its
electric characteristics and the thickness being a result of
the fabrication process. If bended in a low curvature, it
could be damaged. The work by [4] uses the same physical
principle for measuring the pressure distribution, but with
a grid architecture, what reduces the number of wires to
one per line and one per column. Using the same kind of
conductive rubber, the system shown in [5] goes further in the
reduction of the wires number by using electrical impedance
tomography that allows measurement only on the borders of
the skin to obtain pressure distribution and can basically be
used in our design. Since we consider pressure sensor units
to have the resultant force wrench on each link, quantifying

the pressure information is not necessary in our case. That is
why we can certainly make previous technologies simpler or
thinner, or make use of binary on/off switches. It is what we
did for the proof-of-concept, with putting a diode after each
switch to avoid ghosting effect. There are obviously several
additional technologies which we did not mention not only
because of space but also because they are not mature enough
for use. We are however investigating capacitive switches.

At this stage we have the choice between designing the
tactile sensor with (i) thick resistive or capacitive foam so
that the tactile sensor could also absorb impacts, or (ii) a
thin tactile sensor and a separate additional flexible cover
to absorb impacts. We decided to win the second choice
for many reasons. Among which, the freedom to design the
sensor with optimal resolution using best of resistive and ca-
pacitive material layers, avoid using stretchable technologies
for the tactile sensor since they compose the surface of the
link, protect the sensor by its inner location possibility i.e.
between the bumper and the flexible cover, design the cover
with esthetic shapes, etc.

Once the tactile sensor technology is decided, it is covered
by a flexible material which role is to absorb impacts during
the necessary time to detect it and react to it (active compli-
ance), and also to cast well the surface to build robust whole-
body motion supporting contacts. This part is very important
and need to be carefully designed. Authors in [6] considered
criteria borrowed from human injury data and tested impact
with different materials. Recent researches make use of data
from crash-tests in automobile industry [7]. But to our best
knowledge, the model for mechanical characteristics and the
thickness determination of the cover has not been thoroughly
studied. This paper focuses on computation of the thickness
for a given material or on characterizing the material both
under constraints related to the issue of haptic sensing and
safe interaction. We also study the influence of the flexible
cover’s thickness and the resolution on the sensitivity of the
tactile sheet.

III. F LEXIBLE COVER’ S CHARACTERISTICS

We based our characterization of the cover on the excellent
review of the impact problem performed by Stronge [8].
We build a method for computing the material properties
of a cover given a set of well defined constraints. First, we
define a set of relations linking several parameters involved
in the characterization of the cover’s material. Only after, we
explain the algorithm which makes use of these relations in
an interactive design process.

Consider two bodiesB and B′ for which the following
parameters can be defined. The effective modulus:E∗ =
[(

1−ν2
B

)

E−1
B +

(

1−ν2
B′

)

E−1
B′

]−1
where Ei is the Young’s

modulus (Pa) andνi the Poisson’s ratio of the bodyi; the
effective radius:R∗ =

[

R−1
B +R−1

B′

]−1
whereRi is the local

radius of curvature of the bodyi (m) at the contact point; the
effective mass:m∗ =

[

m−1
B +m−1

B′

]−1
wheremi is the contact

projected mass of the bodyi.
The collided body,B′, is the obstacle and its mechanical

characteristics are considered known (worst case setting). We



want here to cover the colliding robot bodyB with a flexible
material, whose goal is to absorb the impact during the time
needed to detect and to react (computation of the active
compliance), which is a given time constraintτ (seconds).

A. Impact model

In chapter 6 of [8], Stronge established the impact model
for free colliding spherical bodies; we followed similar
computation steps for establishing an impact model that
would apply for the system represented in Fig. 2. It is a
1dof robotic motorized link, covered by elastic foam and for
which we establish the impact model in the worst case, i.e.
when it hits a rigid, unmovable obstacle like a wall corner.
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v
0

θ

d

l

x

y

O

Fig. 2. Illustration of the prototype case study.

In this simple case study, C is the contact point, G the
center of mass, O the origin,d the distance between the
contact point and the origin,l the distance between the center
of mass and the origin, andθ the joint angle of the arm. The
dynamic model for the arm is:

Jθ̈ +Mgl sinθ = u−dF (1)

where J = mB
12 (3R2

B + d2) + mBl2 is the moment of inertia,
u the motor torque, andF = Ksδ3/2 the contact force, with
Ks = 4

3E∗R1/2
∗ [8]. The relationsθ̈ = δ̈

d andθ −θ0 = δ
d lead

to:
J
d

δ̈ +Mgl sin

(

θ0 +
δ
d

)

= u−dKsδ3/2 (2)

whereθ0 the angle of the arm at the contact. Considering that
δ̈ = δ̇ dδ̇

dδ and the initial conditionṡδ(0) =−v0 andδ(0) = 0,
the integration of the previous equation gives:

J
2d

(δ̇2− v2
0)−Mgld cos

(

θ0 +
δ
d

)

= uδ −
2dKs

5
δ5/2 (3)

When the compression phase ends, att = tc, the normal
relative velocity vanishes, sȯδ = 0, δ = δc, and asδ << d,
cos

(

θ0 + δ
d

)

≈ cosθ0. The eq. (3) gives us the expression
of the compression time:

tc =
∫ δc

0

(

v2
0 +

2d2

J
Mgl cosθ0 +

2duδ
J

−
4Ksd2

5J
δ5/2

)−1/2

dδ
(4)

and becomes:

J
2d

v2
0 +Mgld cos(θ0) = −uδc +

2dKs

5
δ5/2

c (5)

None of these two equations has an analytical solution, so
we can not find an analytical expression ofE∗ in function
of tc as done in the Stronge’s example.

B. Yield aspect

Whatever material we choose, we will forbid to reach the
plastic domain during compression so that the impact does
not become rigid. This second part is in quasi-static and
the results depend of the material and the geometry, not of
the mechanical structure and the dynamics of the robot. The
effective modulus gives us the ratioEB

1−ν2
B
, what we use to

choose a material and so to obtainYB, the yield stress of
the bodyB (Pa). The transition contact pressure between the
elastic and the plastic domains ispY = vYYB. It occurs for
the bodyB at the indentation limit for elastic deformation
δY obtained from:

pY

YB
= vY =

4E∗

3πYB

√

δY

R∗
(6)

where the ratiovY depends on the geometry of the contact
(for example, for a contact between two spheres:vY = 1.1
and between a cylinder and a plane:vY = 1.5). This leads to
the non-dimensional indentationδY

R∗
required to initiate yield,

a material property:

δY

R∗
=

(

3π
4

)2(

vYYB

E∗

)2

(7)

We do not make use of eq. (7) explicitly, it is checked at each
step of the design process to ensure that the indentation do
not reach the yield limit.

C. Skin thickness for energy absorbing

Let Ur be the material resilience which defines the energy
that the material can elastically absorb per unit of volume.
We know that a sphere/cylinder contact (our case study), is
elliptic and can be expressed, according to Hertz’s contact

theory asSc = 1.3π
(

FR∗
E∗

)2/3
. Finite element simulations

show that volume absorbing the energy can be approximated
by a cylinder with a surface 4 times bigger in both dimen-
sions than the contact area, i.e. 16Sc, the thicknesse being
its height.

Considering the energy absorption rate linear leads to the
energy to be absorbed by the skin:En = Ek · (t0/tc), with
tc the time that would have been required if the skin had
to absorb all the impact as defined before.W is the work
done by the contact effort and we state that all of the energy
is transmitted to the material (again, worst case scenario)so

W = En. Stronge’s work [8] gives us:W
E∗R3

∗
= 8

15

(

δ
R∗

)5/2
thus

the effort :F =
(

(

8
15

)2
E3

k E2
∗R∗

)1/5
.

The resilienceUr is given byUr = YB2
2EB

. Considering that
Ure16Sc = En, and thatEk = 1

2mv2
0, we have:

e =
m3/5 · v6/5

0 · (t0/tc)

84·Ur ·
(

R2
∗E−1

∗
)6/15

(8)



D. Sensitivity of the sensor

We will use a sensor build as a square matrix of switch.
As this sensor does discrete contact detection, it is important
to estimate the sensitivity of the sensor, i.e. the necessary
contact force to be detected, considering the thickness and
the resolution of the matrix, i.e. distance between two
switches.

We based our study on [9] (Chapt. 3). We consider
a semi-infinite, homogeneous, linear elastic, incompressible
(i.e. with a Poisson ratio of 0.5) material, on which a normal
punctual forceF is applied. We defineσz the stress in the
normal direction of a given point. This model states:

F =
2σzπ(x2 + y2 + z2)5/2

3z3 (9)

where (x,y,z) are the coordinates of a point relative to the
contact point, the contact point being the origin. In the worst
case, i.e. the contact point being equidistant of each switch,
we set the point on the center of the switch. There, we have
σz = Fs

S , whereFs is the necessary force to press the switch
until the electrical contact andS the surface of the contact
between the switch and the cover,x2 + y2 = d2

2 , d being the
resolution of the matrix andz = e, e being the thickness of
the skin. We obtain:

F =
2Fsπ( d2

2 + e2)5/2

3Se3 (10)

Fig. 3. Schematic of the algorithm.

E. Algorithm for material, thickness and other parameters
determination

Now, considering a given situation of impact (geometrical,
inertial and impact parameters known) and a given sensor

technology (Fs and S known), we determine the unknown
parameters for designing the cover material,EB being the
Young modulus,e the thickness andρ the density of the
skin, andF the minimal detectable force by the sensor andd
the resolution of the sensor. We can have some constrains on
parameters set by external factors, for instanced < dmax and
F < Fmax, or e < emax. Those constraints must be checked at
every step of the algorithm. If not, we have to reconsider the
constraints, or to make different choices, namely a different
material.

IV. PROTOTYPE

We devised a 1dof motorized arm as a proof-of-concept to
perform experiments prior to a first prototype. It is made of
a stainless tube attached to the force sensor which in turns
is linked to a DC motor. We also realized the tactile matrix,
and the polyurethane foam plate on it, see Fig. 4.

Fig. 4. Assembled prototype.

A. Design

We took Elastomeric foams as the cover material. This
material can extend more than 100% in a classical traction
test and remain in the elastic domain. Sensors’ screenings
and control computation latencies sum tot0 ≈ 6ms (we set
it to τ = 8ms). The characteristics of arm aremB = 0.6kg,
RB = 38mm, l = 150mm andd = 200mm. The initial speed
is v0 = 0.4m.s−1 and the contact angle isθ0 = 0rad. The
other constants areRB′ = 38mm andg = 9.81m.s−2.

Our algorithm gives the following solution:EB =
3.65105Pa andδc = 3.2mm. We found a material fitting
this characteristic thanks to the Matweb database: the
micro-cellular polyurethane foam (Young modulus isE =
3.45 105Pa, yield stress isYB = 8.41105Pa). We changed
some values of our device to increase safetym = 2kg and
v0 = 1.5m.s−1, and use the characteristics of the chosen
material in eq. (8); we obtained the following results:
Ur = 4791J.m−3 and e = 7.90mm. We found micro-cellular
polyurethane foam in 5mm and 10mm thick plate, so we used
both as a good approximation of the results of the model,
depending of the degree of safety.

In case of sudden contact (switch on), we stop the ongoing
motion and reverse it up to the contact detection. We also
made an active compliance using the force sensor. We
decided of a limit the torque to 3Nm for couple, this value
being the rated range of our sensor, which corresponds to



15N for the contact effort, the distance between the sensor
and the contact being 20cm.

B. Tactile sheet prototype

We designed a simple matrix of commercial on/off me-
chanical small switches combined with a force sensor
mounted between the link and the actuator; it has 1cm
resolution spacing. The keyboard pattern leads to a reduced
number of wires that allows a direct connection to the I/O
card we used for data processing. In case of an extension
of the matrix, i.e. an increase of the number of wires,
multiplexing is necessary.

Main computations are done at the same time; to op-
timize the contact detection time we used a FPGA chip,
programmed with VHDL language. These chip and language
are particularly designed for task parallelization. The two
main tasks are (i) to identify contact zones, i.e. to gather
adjacent pressed switches in the same contact set, and (ii) to
compute the area and the barycenter of each contact zone.

C. Experiment

We conducted experiments to assess the principle of the
system, i.e. detecting the contact and the subsequent in the
motion’s direction. We also evaluated the efforts resulting
from the contact. The experimentation consists in moving
the arm into an obstacle. A human arm is used as a sudden
obstacle; once detected, the controller reverses the motion,
until the contact is resolved, and finally slowing down until
its stops.

arm

foam

force sensor

motor,

gear, and

coupling

power

Fig. 5. Experimental set-up.

We led the experiment with two thicknesses of the flexible
foam cover, 5mm and 10mm, the Figs. 6 and 7 show the
results of the experiment for the 5mm thick cover. The
influence of the thickness is studied further. The Fig. 6
represents the evolution of the angular speed of the arm,
and the Fig 7 the evolution of the torque between the arm
and the motor.

The Fig. 6 illustrates that the system achieves the previ-
ously described behavior. The Fig. 7 shows that the contact
is not instantaneously detected, but that the torque, i.e. the
contact force, has to reach a certain value for the electrical
contact in a switch to be realized.
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Fig. 6. Measurement of the speed during the experiment.
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Fig. 7. Measurement of the torque during the experiment.

The measured values are 2.3Nm for the torque, so 12N
for the contact force, the distance between the contact point
and the torque sensor being 20cm.

We noted that if the speed starts decreasing as soon as the
contact is detected, it stays positive for around 5ms, when
the torque immediately decreases, what could be surprising
considering that the compression continues as long as the
speed is positive. The explanation of this phenomenon is
that the measured torque is between the motor and the arm,
so when the contact is detected, the reference for the motor
immediately changes and the motor tries to go back, when
the mechanical inertia of the arm maintains the speed positive
for a short time. Indeed the mechanical inertia is higher than
the electrical one. It is not really significant in this case,but
that point must be kept in mind and taken into account for
the next developments of the system.

For our the tactile system we devised, the characteristics
of a unit switch areFm = 1N and S = 12.6 10−6m2, 0 <
d < 0.005

√
2m andz = 0.005m, which leads the graphics in

Fig. 8.
As we can see on Fig. 8 and from the equation (9),

the necessary force to initiate detection grows as a six
degree polynomial toFc = 65N for d = 0.005

√
2, i.e. at the



Fig. 8. Contact force in function of the distance forz = 5mm and of the
thickness ford = 5

√
2mm.

maximum possible distance from a switch.
If we know the force by measurement, as in our ex-

periment described above, we can easily invert this model
to evaluate the distance between the contact point and the
switch. In our example, we measuredFc = 12N, so the value
of the distance isd = 0.0036m.

We can also see the influence of thickness on the necessary
contact force, at the farthest point of any switch, ford =
0.005

√
2m. It shows that in this particular case, the minimal

contact force isFc = 45N, equivalent to a 8.5Nm torque at
the central point of the force sensor. Considering that the
security limit for our force sensor is 3Nm, which stops the
system when reached, the maximum contact force acceptable
is therefore 15N. It is not possible for it to be detected atd =
0.005

√
2m, as the Fig. 8 showed. From the Fig. 8 and from

the equation (9), in the case of a 5mm cover, we find that
the maximum distance isd = 4.2mm. It means a definition
of 5.9mm, asd is the half-diagonal of the square made by
the 4 switches around the contact point.

Here this sensitivity study suggests to us to reconsider
our initial choice of definition, to ensure contact detection
considering the physical limits of the prototype.

D. Linear elastic hypothesis

We run compression tests on our material which led to
the results shown on the Fig. 9. This figure shows that the
material has an elastic linear behavior up to at least 30N for
both thicknesses. The correlation coefficient being superior
to 0.99. Therefore, since the maximum measured force in
our experiment is 12N, the material remains in the elastic
linear domain and the hypothesis made for all computations
hold.

V. CONCLUSION

We proposed a simple design to combine at low cost haptic
sensing with safe interaction and robust contact formation
through outer cover compliance. This system appears to be
modular enough to be envisaged as a potential solution to
embed haptic sensing and compliance to humanoid robots.
We devised a simple one degree of freedom prototype which
assesses the feasibility of the idea. We also proposed a
method to design the cover and proved it detect collisions and
react according to the strategy envisaged for the control. the
haptic function combines a flexible sheet of on/off switches

Fig. 9. Deformation in function of the force for both 5mm and 10mm
thicknesses.

with a force sensor that could be embedded with a bumper
mechanism. It proves the validity of this principle of a tactile
soft cover to introduce a safety against collision for the robot
and its environment. Furthermore, the sensitivity study gives
us valuable information about the possible thickness and
definition, considering a limit contact force and a certain
kind of switch.

The next step of this work will be to design, on the basis
of this principle, a better sensor extensible to a larger area
and able to be installed on a real robot, and to solve the
problem of sensing at the area of the joint’s of the robot.
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