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Save up to 50% in total mass









Form determining load case: dead weight

Betonschale am Rastplatz Deitingen/CH
Architekt and Ingenieur: Heinz Isler



Manipulation of tension and/or displacement fields

The Stuttgart SmartShell is a large-scale
demonstrator in the project HIKE (Image: Bosch Rexroth)



Active load compensation leads to a stress range reduction
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• 𝑢(𝑡)

• 𝑦(𝑡)
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• 𝑦𝑑 𝑡 = min 𝑦(𝑡)
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High Rise Demonstrator

Infrastructure
Tower

Container space
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𝐹𝑎 + 𝐹𝑝 = 𝐹𝑒

•
Δ𝑙𝑎 = Δ𝑙𝑝 = Δ𝑙𝑒
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•
𝐹𝑎 = 𝐹𝑝 = 𝐹𝑒

•
Δ𝑙𝑎 + Δ𝑙𝑝 = Δ𝑙𝑒
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Beam with 1 actuator (left) and 10 actuators (right)
Source: ILEK
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Results – Optimal Deflection Curve
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Results – Optimal Deflection Curve
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Results – Optimal Deflection Curve
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Results – Number of Actuators
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Results – Optimal Deflection Curve
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3m

3m

0.2m

Concrete

Actuator

𝐸 = 30 ⋅ 109
N

m2

𝜈 = 0.2
𝐾 = 2.08 ⋅ 107Nm

𝑟𝑎 = 0.03m
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𝑑𝑎 = 0.05m
𝑑𝑚 = 0.06m





Statische 
Lastkompensation
88,4%

Optimaler Druck
188,9 bar



Statische 
Lastkompensation
94,6%

Optimaler Druck
138,0 bar

90,2 bar
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h = 2 m

b = 0.26 m

𝑴 ሷ𝒒 𝑡 + 𝑫 ሶ𝒒 𝑡 + 𝑲𝒒 𝑡 = 𝒇 𝑡 , 𝑡 > 0

𝒒 0 = 𝒒0, ሶ𝒒 0 = 𝒒1

ሷ𝜼 𝑡 + 2𝚭𝛀 ሶ𝜼 𝑡 + 𝛀2𝜼 𝑡 = 𝚽T𝒇 𝑡

𝜼 0 = 𝚽−1𝒒0, ሶ𝜼 𝑡 = 𝚽−1𝒒1
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𝐹

𝑘𝑖(𝒒(𝑡)) = ቊ
𝑘𝑖 , ∆𝑙𝑖(𝒒(𝑡)) ≥ 0
0, ∆𝑙𝑖(𝒒(𝑡)) < 0

𝑖 = 1,… , 𝑛𝑡

∆𝑙𝑖 𝒒 𝑡 = 𝑙𝑖 𝑡 − 𝑙𝑖,0

𝑙𝑖,0 𝐹

∆𝑙𝑖 𝒒 𝑡

𝑘

1

∆𝑙𝑖(𝒒(𝑡)) < 0 ∆𝑙𝑖(𝒒(𝑡)) ≥ 0



𝐹

𝑘𝑖(𝒒(𝑡)) = ቊ
𝑘𝑖 , ∆𝑙𝑖(𝒒(𝑡)) ≥ 0
0, ∆𝑙𝑖(𝒒(𝑡)) < 0

𝑖 = 1,… , 𝑛𝑡

∆𝑙𝑖 𝒒 𝑡 = 𝑙𝑖 𝑡 − 𝑙𝑖,0

𝑙𝑖(t)

𝑴 ሷ𝒒 𝑡 + 𝑫(𝒒 𝑡 ) ሶ𝒒 𝑡 + 𝑲(𝒒 𝑡 )𝒒 𝑡 = 𝑭𝒖 𝑡 , 𝑡 > 0, 𝒒 0 = 𝒒0, ሶ𝒒 0 = 𝒒1

𝑫 𝒒(𝑡) = 𝛼1𝑴+ 𝛼2𝑲 𝒒(𝑡)

:      𝑲 𝒒(𝑡)



𝑨

𝑽 𝑨

𝚺 𝑨

𝑾 𝑨

𝑨 = 𝑽𝚺𝐖∗

𝑽c
T𝑴c𝑽c ≈ 𝑰

𝑽c 𝑽

𝒒 𝑡 = 𝑽c 𝜻 𝑡 , 𝑽c ∈ ℝ𝑛×𝑛c

𝑴 ሷ𝒒 𝑡 + 𝑫(𝒒 𝑡 ) ሶ𝒒 𝑡 + 𝑲(𝒒 𝑡 )𝒒 𝑡 = 𝑭𝒖 𝑡 , 𝑡 > 0, 𝒒 0 = 𝒒0, ሶ𝒒 0 = 𝒒1

𝑴c
ሷ𝜻 𝑡 + 𝑽c

T𝑫 𝑽c𝜻 𝑡 𝑽c ሶ𝜻 𝑡 + 𝑽c
T𝑲 𝑽c𝜻 𝑡 𝑽c𝜻 𝑡 = 𝑭c𝒖 𝑡 , 𝑡 > 0,

𝜻 0 = 𝑽c
−1𝒒0, ሶ𝜻 0 = 𝑽c

−1𝒒1



𝑴c
ሷ𝜻 𝑡 + 𝑽c

T𝑫 𝑽c𝜻 𝑡 𝑽c ሶ𝜻 𝑡 + 𝑽c
T𝑲 𝑽c𝜻 𝑡 𝑽c𝜻 𝑡 = 𝑭c𝒖 𝑡 , 𝑡 > 0,

𝜻 0 = 𝑽c
−1𝒒0, ሶ𝜻 0 = 𝑽c

−1𝒒1

𝒒 𝑡 = 𝑽c 𝜻 𝑡 , 𝑽c ∈ ℝ𝑛×𝑛c

𝒙 𝑡 =
𝜻(𝑡)
ሶ𝜻(𝑡)

ሶ𝒙 𝑡 =
𝟎 𝑰

−𝑽c
T𝑲 𝑽c𝜻 𝑡 𝑽c −𝑽c

T𝑫 𝑽c𝜻 𝑡 𝑽c
𝒙 𝑡 +

𝟎
𝑭c

𝒖 𝑡 , 𝑡 > 0, 𝒙 0 = 𝒙0

𝒇(𝒙 𝑡 ) 𝒈



Homogenizability Gramian

Controllability Gramian

Deformability Gramian

𝑾 = න
0

∞

𝑒𝑨𝜏𝑩𝑩𝑇𝑒𝑨
𝑇𝜏 d𝜏

𝑾 = 𝑯⊤𝑯, 𝑯 = 𝑪hom𝑲
−𝟏𝑩 𝑪hom𝑲

−𝟏𝑩
+
− 𝑰 𝑪hom𝑲

−𝟏𝑬

𝑾 = 𝑯⊤𝑯, 𝑯 = 𝑪def𝑲
−𝟏𝑩 𝑪def𝑲

−𝟏𝑩
+
− 𝑰 𝑪def𝑲

−𝟏𝑬
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Static 
Adaption

Active 
Vibration 
Damping
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Detection

Load 
Estimation

State 
Estimation

Recon-
figuration

Actuators Sensors

External Loads
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𝑴𝑖 ሷ𝒒 𝑡 + 𝑫𝑖 ሶ𝒒 𝑡 + 𝑲𝑖𝒒 𝑡 = 𝑭𝑖𝒖𝑖 𝑡 𝑡 > 0,

𝒒𝑖 0 = 𝒒0
𝑖 , ሶ𝒒𝑖 0 = 𝒒1

𝑖

𝒒b
𝑖 (𝑡)

𝒒i
𝑖(𝑡)

= 𝑻𝑖𝒒𝒄
𝑖 𝑡

𝒒l
𝑖 𝑡 = 𝚽l

𝑖𝒒c
𝑖 𝑡









ሶ𝒙1 = 𝑨1𝒙1 𝑡 + 𝑩1𝒖1 𝑡 , 𝑡 > 0
𝒚1 = 𝑪1𝒙1, 𝒙1 0 = 𝒙1,0

ሶ𝒙𝑖 = 𝑨𝑖𝒙𝑖 𝑡 + 𝑩𝑖𝒖𝑖 𝑡 , 𝑡 > 0
𝒚𝑖 = 𝑪𝑖𝒙𝑖 , 𝒙𝑖 0 = 𝒙𝑖,0



𝑠1

𝑠2

𝑎1,𝑥

𝜖1
𝜖2

High number of
Sensors generate
loads of data

Quantify the
correlation between
measurements

Model featuring
structural and
quantitative 
dependencies

𝑋4 𝑋3

𝑋5

𝑋1 𝑋2

𝑓1

𝑓2



𝑋4 𝑋3

𝑋5

𝑋1 𝑋2

𝑓1

𝑓2

𝐼 𝑥, 𝑦 =
1

𝑛
෍

𝑖=1

𝑛

log
𝑝(𝑥𝑖 , 𝑦𝑖)

𝑝 𝑥𝑖 𝑝(𝑦𝑖)



𝑣w 𝐹𝐴

𝐹𝑥

𝐹𝑧

𝐹𝑦

𝑥𝑘+1 = 𝐴𝑥𝑘 + 𝐵𝑢𝑢𝑘 + 𝐵𝑓𝑓𝑘 + 𝑏𝑣 𝑣𝑘 , 𝑥0 = ҧ𝑥0
𝑦𝑘 = 𝐶𝑥𝑘 + 𝐷𝑢𝑢𝑘 + 𝐷𝑓𝑓𝑘 + 𝑑𝑣 𝑣𝑘 + 𝐷𝜖𝜖𝑘

𝑦𝑘 ∈ ℝ𝑙𝑦: Systemausgänge
𝑢𝑘 ∈ ℝ𝑙𝑢: Systemeingänge

𝑓𝑘 ∈ ℝ𝑙𝑓: Fehler
𝑣𝑘 ∈ ℝ𝑙𝜖: Störungen
𝜖𝑘 ∈ ℝ𝑙𝜖: Messrauschen

𝑥𝑘 =
𝑥1,𝑘
𝑥2,𝑘

, 𝑢𝑘 =
𝑢1,𝑘
𝑢2,𝑘

𝑦𝑘 =
𝑦1,𝑘
𝑦2,𝑘

, 𝑓𝑘 =
𝑓1,𝑘
𝑓2,𝑘

𝑏1,𝑣 𝑣𝑘 = 𝑏1,𝑣(𝑥2,𝑘, 𝑢2,𝑘, 𝑣𝑘)
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𝝐𝟏𝝐𝟐

𝝐𝟑

𝝐𝟏

𝝐𝟑

𝝐𝟐

?

?

?


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