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Simplest controller possible: Open loop
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Closed Loop Controller W
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Sensing the pose: two methods ¢

e Direct methods: Direct reference to the world reference frame

o The sensors obtain the absolute value of the state we are measurinc

e Indirect methods: Obtain a measurement with reference to a second fra
o The sensors will estimate a relative measurement, that can be

transformed into an absolute measurement
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Second solution e

Fingertip

Wrist {oint
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1. Encoders <H
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Lens
Code wheel ¢

Fixed Slit
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Photo sensor ‘ N
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2. Flex Sensors
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Knecht et al. Actuation, Sensing and Control of the faive Robotic Hand
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. Inertial Measurement Unit
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Kalman Filters

MEASURE @

Input: Input:
Measurement Measured
Uncertainty Value

Tn z

INITIALIZE
Input: Input:
Estimate Uncertainty System State
Initial Guess Initial Guess
: Poo : 70'0

UPDATE a

PREDICT
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Output 1: System
State Estimate X, ,,

Output 2: Estimate
Uncertainty p,, ,,

]

Estimate the current 2 Calculate the predicted state _
Calculate the | Kn | state using the State o for the next iteration using Xotin |
Kalman Gain (K,) . Update Equation system’s Dynamic Model Unit
H Delay
Update the current Pun Extrapolate the estimate Pn+in | (n — n-1)
estimate uncertainty uncertainty ‘
Pnn-1

www.kalmanfilter.net
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Kalman

MEASURE @ INITIALIZE @

Input: Input: Input: Input:

Measurement Measured Estimate Uncertainty System State

Uncertainty Value Initial Guess Initial Guess
Tn Zy g Poo § io'o

UPDATE PREDICT

. ......{-. ]----

Estimate the current Calculate the predicted state _
Calculate the K_n state using the State for the next iteration using Xn+1n
Kalman Gain (K,) Update Equation system’s Dynamic Model Unit
H Delay
Update the current Pnn Extrapolate the estimate Pn+in | (n — n-1)
estimate uncertainty / uncertainty
N B
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Output 1: System
State Estimate X,, ,,

Output 2: Estimate
Uncertainty p,, ,,

www.kalmanfilter.net
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Sensing the touch:
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Weichart et al. Tactile Sensing With Scalable Capacitive
Sensor Arrays on Flexible Substrates (2021)
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Wrapping up

e Pose estimation
o Directly measuring the absolute pose (6 DoF)
m Camera triangulation
o Measuring the pose with respect to the wrist
m  Encoders
m Flex sensors
m |nertial Measurement Unit
o Kalman Filters
e Force estimation
m Force Sensing Resistors
m Artificial Skin
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Inverse Kinematics

e From greek kinema = motion

In the past units we learnt that:
De

J ] pr— e pu—
o J(g)g = x Lv ]

e

e If weinvertit we obtain:
o ¢ = J x.withJ* = J¥(JJ%) !

And in a differential form:
o Ax. = JTAq

ETHzurich oftRobotics

Algorithm 1 Numerical Inverse Kinematics
Iz off s’ > Start configuration
: while || x* — x. (q)]| > tol do > While the solution is not reached

Jea — Jea(q) = (i,’fl (q) > Evaluate Jacobian for q

J + 4 — (Jea )+ > Calculate the pseudo inverse
Axe < X —xe (qQ) > Find the end-effector configuration error vector
X Xe — Xe \ g
q—q+ I Axe > Update the generalized coordinates
eARX P g
: end while

A possible inverse kinematics algorithm Marco Hutter, Roland Siegwart
Robot Dynamics Class ETH

To overcome stability issues the update can be scaled
by a factor k

q< q+ kJAx.with k € (0,1)

However this leads to a slower convergence
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Inverse Kinematics
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[t
Trajectory Control o
We can use a closed loop controller, but we need to add a component for the desired velocities
. t X t
We define A're =T, (t) — T (q )
b3
And the desired joint velocitg =J OP( ) (’f“e(t) + kppA’I“Z)

€

If we have a desired rotation rate we \/\(]lte— J ( ) (w: (t) + kpRAd))

Where ¢ are the angles used to represent the orientation of the end effector.
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Trajectory Control w5

Controller System
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Dynamic control £

The dynamic model is

M(q)g +b(q,q) + 9(q) = 7+ Je(q)" Fe

With:

M(q) : Generalized mass matrix

q,q, § : Generalized position, velocity and acceleration vector
b(q,q) : Coriolis and centrifugal terms

g(q) : Gravitational terms

7 : External generalized forces

F. : External Cartesian forces

J.(q) : Geometric Jacobian corresponding to the external forces
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Dynamic control

The dynamic model is

M(q)d +b(g,q) + g(q) =7+ J(q)" F.

If we know the desired generalized accelerations, velocities and poses we can write

oo*

* ° * °
i =ky(g —q)+kald —4q)
Thus the joint torques will be

E 3

T = M(q)§ +b(g,q)+ g(q)

ETHziirich . Setoe
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Task-space control B4

Rememberthat](q)q' = Xe = [pe:|
We

If you derive that with respect to tirf(%: == J(Q)(j + J (q)q

And if we solve the dynamics equation for the joint acceleration and substitute in the equation ab

get: Xe = JM (T —b—g)+Jg

Finally, remembering that—= JeTFe

We can writeAexe —|—/_j,—|—p: Fe Ae:(JeM_ljg)_l
p=AJ.M1b—AJ.qg
P = AeJeM_lg
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Task-space control B4

Defining the dynamics uniquely depending on the state of the end effector allows us to design a c
loop

* T _re %k

€ _I_k e .
Ad, d(Xe — Xe)

Xe —
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What should you expect?

e Uncertainty and Partial Observability
e Long Horizon

e Under/Over actuation

e Sim-to-real gap

e Tendon strain

e Skin non-linearity

e Encoder's sensibility

ETHziirich . Setoe
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Uncertainty and Partial Observability
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Long Horizon L

Tyssenkrupp X Embotech
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Underactuation and Overactuation W

Filippeschi et al. Kinematic Optimization for the Design of a U i o
Collaborative Robot End-Effector for Tele-Echography (2021)

(a) (b)
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Sim-to-real gap
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Tendon strain W
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Soft non-linearity: example =

ETH:zirich

Young's Modulus
Young's modulus is the modulus of elasticity in tension or

compression.
Strain hardenin Necking
Stress, o S
A
Ultimate strength :
~
Fracture
Yield strength
compressive stress o
Rise E = : : —
axial strain €
Run
Young's modulus = Slope = Rise_
Run
» Strain, €

Science Notes
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Encoder's uncertainty: example

LED

Lens
Code wheel ¢

Fixed Slit

- i e
B
Photo sensor ‘—b—o N

Asahi Kasei Microdevices
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Let's wrap up g
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Useful links \
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