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Contact-Rich Manipulation

Unknown contact Object pose Contact force Friction distribution




Difficulties in Tactile Sensing

Representation Reconstruction Application
Hard to capture _ Difficult to translate
o Lack of direct methods , _
uncertainties from o tactile features into
, to measure distributed o ,
unknown objects and o intuitive and convenient
. contact characteristics. o
force conditions contact state indicators.
Science Robotics 2023

Grasping objects is a daunting challenge...To account for uncertainties arising from imperfect
object models and dynamics during interaction, we must move beyond single-point contact
modeling and make substantial progress in fundamental theory.




Reviewing Tactile Sensing in Robot Contact

® Transmission of tactile information in VBVS:

. Tactile features |
i for manipulation i RO
and grasping | (SRS

----------------------------------------------

:  Multi-model :
i reconstruction |

Contact object

how to better utilize
contact information?

How to better obtain
contact information?
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Requirement of Contact Modelling

Contact Modelling

Friction
Characteristics

Grasp Evaluation

Coefficient
of Friction?

Slipping? .l,mg

schematic view of finger pads

85mm @

—
. B M
+
Fthumb Eja;l - ;I 0
t - I > K F\ndex
Materia | Nt
[ ] Xo Xt
Properties
displayed visual feedback
timing indicator moving
ELfFSUr

100ms

500ms * 100m:
500m:

X [mm]

target

(b)




Friction Characteristics (1)

® Incipient Slip:

- Stick region Slip region

Y,

—

Enr Fr Fy + AF,
(Fre 7

slip

-
-
=
=
P
=

Local slip

| | not slip

Local slip
C-Strain rate
Local slip
C-Strain rate

C-Strain rate

C-Strain rate C-Strain rate C-Strain rate

v' Temporal characteristics: The relationship between the strain state and the local slip state

v' Spatial characteristics: The distribution of local slip states and the incipient slip degree

[1] Mingxuan. Li et al., in revision to IEEE TRO



Friction Characteristics (2)

Condition 1:

(d)

[1] Mingxuan. Li et al., in revision to IEEE TRO



Friction Characteristics (3)

—©—True stick ratio

o
o

o
o

Stick ratio

e

o

—A— Estimated stick ratio|

[1] Mingxuan. Li et al., in revision to IEEE TRO

Stick ratio

—

o
o
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04rf

0.2}

—©—True stick ratio

—A— Estimated stick ratio|

Stick ratio

—_—

o
o

06

04r

0.2

-6 True stick ratio
A Estimated stick ratio

4 6 8
Step C,




Friction Characteristics (4)

True stick ratio Our method: Method in [23]: Method in [26]: Method in [27]:

1 T 1A —
0.8 0.8 08 )
O \ —6—True ratio —6—True ratio ._ —6—True ratio
© 0.6 —£—Qur method 0.6 —£—Our method 0.6 - |=A—O0ur method
v ’\ —#—[23] method —#—[26] method \ [ [27] method
S 04 0.4 0.4
% \
0.2 0.2 ¥ 0.2
0 L 0 0
10 15 20 25 10 15 20 25 10 15 20 25
Step G,

[1] Mingxuan. Li et al., in revision to IEEE TRO



Material Properties (1)

® Observations:
« Humans utilize the viscoelasticity of fingertips to enhance grasping stability.
» Viscoelastic contact improves grasp stability by increasing energy consumption.

| Grasping with training [Viscoelastic Fingertips |
120
Grasping I Rigid Fingertips

100 — — — —

Plastic cap  Soft-rubber cube Plastic CD PECR;"Q Tape
Utilizing viscoelastic deformations Human-in-the-loop telemanipulation

Total Violunteers [%4]
2 ]

F=
(=
T

i3
(=]
T

(=]

Motivation: Study the influence of material properties (viscoelasticity)
on robot contact and grasp stability

[2] Mingxuan. Li et al., submitted to IEEE TASE, Jun. 2025
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Material Properties (2)

1 2fl3

=lka=]

=

m
=

® Grasping Stiffness Metrics:

G1: The geometric mean of singular values in |

stiffness matrix (overall stability) G,(t) = ngi(t)
NGt

G2: The minimum singular value in stiffness

matrix (lower bound of stability) G2 (t) = omin(t)

G3: The ratio of the minimum singular value to the Oim (£)

maximum singular value in the stiffness matrix G3(t) =

L
(equilibrium of stability) Tmax(t)

[2] Mingxuan. Li et al., submitted to IEEE TASE, Jun. 2025



Material Properties (3)

60 09r
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(a) Theta (rad) Theta (rad) Theta (rad)
0.34m 0411
0.37m | /3
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S S o
-~ -~ ~—0.371
© @ 0.32m ®
o 0.35m 5 =
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/3
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[2] Mingxuan. Li et al., submitted to IEEE TASE, Jun. 2025



Material Properties (4)

® Grasping Quality Evaluation

Franka Emika
Panda robot

FIT

sensor

Config 2
Config 1
o ; — oy A |
1 config e | Average value
740 : config 2 1o 1452 o Outliegr] '
; <} 720 ! ' © 1 EI |
Parallel jaw Y GelSight = ' €3, 1052
. [ | 1 O 3 i
ripper ' = 70 - =
gripp Wedge tactile > [\ Contig 1.5 =30 ° =
Sensors a »| Config 2, 1s : 23 g 557
Soeeor : g? . T  438°
1 ) I E i
640 : Conflg 2, 5s : % ° !
620 . .. Config 1, Config 1, Config 2, Config 2
0 1 2 3 4 5 6 onmig 1, onng 1, onrg <z, ontg <,
Time (s) 1s 5s 1s 5s

Contribution: Quantitatively evaluation grasp quality

[2] Mingxuan. Li et al., submitted to IEEE TASE, Jun. 2025



Grasp Evaluation (1)

® Normal contact mechanical model:

@FN According to Hertz contact
IndenterE;, v, modified based on Tatara
theory and Yoffe theory:

T I Y2=Hy-v1+H; 71,

32 1-v? Ey
1“9 1-v,2 E,

Elastomer E v,

13

® Mechanical parameter calibration:

Fit the mechanical parameters of the tactile
sensor’s elastomer based on calibration data:
H3E,

1+ V2 ’

H3
E;1=10.993-0.279 - —(1-v;)|"
H,

H
vy =1—0.562-H—i(1—v2)

® Torsional contact mechanical model:

According to Boussinesq-
Cerruti function, Jager
theory, and rod model.:

92=H3'91,
1+ E
Hy=2.014.—12.21
1+Y1 Ez

[3] Mingxuan. Li et al., IEEE RA-L, Jul. 2024

® Contact force reconstruction:
FEM model!?

3=

Contact
N
0Ol))—

Sensing

[2] L. Zhang et. al., IEEE RA-L, 2023.

[4] Mingxuan. Li et al., in preparation



Grasp Evaluation (2)

® Limit Surface:

/R=0

o/R=0.25

1
0.8
0.6
0.4 c/R=2

0.2 c/R— oo

00— 02 04 06 08 1

fx

v Semi analytical numerical calculation:

N
z fx y+ fy x] 4A2 [¢p(D; — D7) + D3]

[3] Mingxuan. Li et al., IEEE RA-L, Jul. 2024

a Fe = 442 Z £ = 482[g, (€, — Com) + G

® Transitional Limit Surface:

Least Squares Fitted Ellipsoid Surface

1NB><NBT “Hy;, i € {1,2} i=1
Ci(ﬁ) = 4 nGr, _
1NBXNBT.H2i+Ta1NsXNS .bjS,’LE{g}
( . M5 7) =
(x5)" - Hyy — (v5)" - Hyy(x5)7,1 € {1,2) n (7e)
D;(B) = 5 G (xg)" - Hy; — (yp)" - Hy; +
()T - bS — (y5)" - bS], i € {1,2}
| 242

v Contribution: Quantitative
description contact stability

[4] Mingxuan. Li et al.

, in preparation

0

0.4
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Convex Homogeneous Quartic Surface Fit (F = 1)

—beta=0

beta = 0.2
beta=0.4
——beta = 0.6
beta = 0.8

0

0.2

0.4 0.6 0.8 1
Force
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Selection of Sensor Type

Array-Type Sensor

Contact  Array Signal
. Processing
N o0
E@<E>W-
o000
o000
o000

15

v Limited functionality in
tactile sensor

v Lack of perception density

Model-Type Sensor

Contact Model Inver§e
Operation

E<PE

.~~~ Optical ™
’ system )

Soft elastomer

Marker pattern

v' Capable of multimodal tactile
information measurement

v Possesses super-resolution
fineness



Vision-Based Tactile Sensor (VBTS)

’ Marker Pattern A Contact  SPRCEme @ —> 2D - MDM
l -
(Discrete markers) » R R 4

R TN NN N N N R R Ry,

|<— Representation Pattern —»| |e Extraction Algorithm ——

4 N )
; iti . e e * Kk-1th frame

kth frame
Search zone

—Nearest distance

[ ! Measured position v et et >

- J J

[5] Mingxuan. Li et al., IEEE Sensors Journal (review article), Apr. 2023
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Contact Representation

. (
4 Raw Information A o
| _ State Description:
v’ Static representation: _
Reflect the current Temporal Topological
contact state Relationships

v" Dynamic representation:

Reflect the changing o
process Process Description: 1

) Spatial Topological

Relationships
[6] Mingxuan. Li et al., IEEE TIM, Aug. 2022 [7] Mingxuan. Li et al., IEEE RA-L, Sep. 2023




Representation Pattern

Example 1: Square-CMP

Continuous Marker

Pattern (CMP) - tttttt
¢ hAAAAAA

] ) AAAAAN
| AAAAAA
' AAAAAA

$ Measured®

Virtual
markers

markers s

Example 2: Multicolor-CMP

Ao da daddade
A dde dddalg
| gl ol gl gl g il gl il <
| o gl gl gl i gl gl ol <
| gl gl g gl g < @l <l <

[6] Mingxuan. Li et al., IEEE TIM, Aug. 2022 [7] Mingxuan. Li et al., IEEE RA-L, Sep. 2023



Extraction Algorithm

19

e
"

Marker pattern

Fm—————m———d

Adaptive Contour Recognition

Directional Search

cl

_

Connection

and Patching

Equal interval

_ Layer 6: agx?
+bgy®+Coxy=1

Feature

=2

Contour
Stitching

*—o
— @@ -
Feature
Information -
Augmentation Extraction
longitudinal line grid Iine\\point
/A pixel |
\ = <+~ original point
\_ x grid line 24 | (y_int
| ‘ / = target
1 > pc{?ﬁty)
horizontal line  jnterest zone

[6] Mingxuan. Li et al., IEEE TIM, Aug. 2022

[7] Mingxuan. Li et al., IEEE RA-L, Sep. 2023



Simulation Evaluation

Test object

\

~
s

Deformation

Error

0.018mm 0.020mm 0.021mm

[6] Mingxuan. Li et al., IEEE TIM, Aug. 2022

I
/
/ . :
/ X-axis Y-axis
; 0.04 0.04 0.04
D M P L % 0oz ° b 0.03 0.03
-~ ~ 0.02 ~ ~
: 0.02 0.02
2 / \ S \
0.01 0.01 0.01
o l 1 0 l -\
% \ 0 ‘ 0 0
\ \ I 0.01 \ . I 0.01 0.01
5 n - /
s ~ ~~’ 7/ 002 -5 ~ o -0.02 -0.02
0 0.03 0.03 f NS 0.03
) o004 10 o004 0L _ 0.04
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0.04 0.04 = 0.04
10 10 100 %% ~
C—MP 0.03 0.03 P 5 N 5 003
. 002 " 002 “ e \ 0.02
! 0.01 ' 0.01 | \ ’ v *‘ 0.01
0 o 0 I RS \) % ;
0.01 -0.01 \ \ -0.01
-5 002 O 002 \ el P
NS
| |l 003 -0.03 \ -0.03
-10 " -10 0l E\
0.04 -0.04 0.04
40 5 0 5 10 10 5 0 5 10 10 5 5 10
AE‘:\
* ;{f‘ ¢ ol
. R £ o <y
* £ :
;\ A L \‘ y
o ;
’

[7] Mingxuan. Li et al., IEEE RA-L, Sep. 2023
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Sensor Design

® Virtual Binocular Vision:

----------------------------

21

Virtual
cameras

ro Tt v T ‘.
/:[ Mirror group 1 ]—:\

. Light Path 1 |

[Camera ]—‘-‘-‘- _ -‘-‘-‘-‘[ Marker ]
: Light Path 2 |
: Mirror group 2 :
S | S———

| Virtual camera 2 —— 22mm—

v" Only one camera is needed to achieve stereoscopic vision
(for synchronization and compactness)

[6] Mingxuan. Li et al., IEEE TIM, Aug. 2022

Lunwei Zhang, Yue Wang, & Yao Jiang. (2022). Tac3D: A
Novel Vision-based Tactile Sensor for Measuring Forces
Distribution and Estimating Friction Coefficient Distribution.



Experiment Evaluation

Force of DMP/N

Match
Failure

[6] Mingxuan. Li et al., IEEE TIM, Aug. 2022
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[7] Mingxuan. Li et al., IEEE RA-L, Sep. 2023
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Deformation Reconstruction

Contact Requirement of Precision:
Deformation:

Requirement of Reliability:

GelSlim sensor

e

FingerVision sensor

23
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Feature Model Analysis

® Examples of corner and line features: o _
v Geometric distortion occurs

‘ ‘ under dynamic contact deformation
! v Fine representation relies on
' ' real-time and reliable detection

of marker features

® Feature model of continuous marker pattern: L L L L L L bbb L L bbb L L .

Feature model

:Corrosion
. region

Double-layer circular : ' : ' s 0

detector A A :
[8] Mingxuan. Li et al., Measurement, Nov. 2023
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Feature Quantization: Intra-Layer Criterion (1)

: Function: f(6) =u(6 +11) —u(6 —74)
: +u@+1,—a)—ul@ —1, —a)

Amplltude frequency characteristic:

+ o
Fiw)= | f(0)- e
; =1, - Sa(wty) + 1, - Sa(wt,) - e /@
Amplitude intensity variation at different frequencies:
|F(jw)| O Secondary peak |F(jw)] O Secondary peak |F(jw)] O Secondary peak
L57 am180°]| 5 E— 15°A S
——a=160° ——71=35° 2.5+ ——71=12=35°|1
a=140° T1=45° T1=12=45°
1l o —a=120°|] 15} —71=55°1 20 ——71=72=55°]
A\ ——a=100° —71=75° ! ——71=12=75°|
1 L
0.5}
0.5
o (1 2 314 5 6 7 8 9 0

w/Hz

w/Hz

[8] Mingxuan. Li et al., Measurement, Nov. 2023




Feature Quantization: Intra-Layer Criterion (2)

® Intra-layer Response Features:

Specialcase 1: 1, =1, =1

Conclusion: Aflz

- 2 sin(t) cos (1 a) and Ay, preserve
_1 |F() 2 ¢
A = o0l = e the true features
(2)) sin(27) cos(@) | \ith large distortion
) ol 1 and filter out the
A -1 F@3p)| sin(r) cos (7 a) false positives in
fa3 F(2)) 3sin(27) cos(a) | white zones.
|F(1))/F (2)) |F(3/)/F(2Z))]
—F2dg —T=20°”
——7=30° ——7=30°
4 00| 4 —40°
—71=50° —71=50°
3 ——7=60° 3t ——1=60°
=70° =70°
| /// L
| N e\ s | N N\ 76 e
/2  3m/4 s 57%/4 3n/2 w2 37%/4 T S5t7/4  37/2
a/rad a/rad

[8] Mingxuan. Li et al., Measurement, Nov. 2023

Ap,= IF2P| = [F(1))],

Specialcase 2: a=mn

26

App= |F(2))| = |F(3))

Conclusion: Af12

. (1
o ‘F(lj) - sin (7 6) fhnthfzsfprTserve
ZE e e ! e true features
! St (7 T) cos(8) with large distortion
N 3 ) si 3 5 and filter out the
-1 [FGD| _ cos (i )Sm (i ) false positives in
f3 F(2j) 3 sin(T) cos(6) black zones.
|F(1)/F(2)) IF(3))/F(2))]
> —&=10°]] - —=10°|]
——§=20° ——§=20°
§=30° §=30°
—— §=40° ——§=40°
——§=50° ——6=50°
§=60° §=60°
1 ___________________________________________
w/2  37/4 s S7/4 3w/2 w2 37/4 s S7/4  37/2
T/rad T/rad
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Feature Quantization: Inter-Layer Criterion

1

0.87

0.6

047

0.2

0

Ry ,(t)

-

2T12

ﬁ

L

a; +Ti2 2m— Ty &

O : Maximum

[ —d=0°
——d=5°
d=10°
—d=15°
—d=20°

I
I
[}
I
1
I
1
I
I
I
1
I
I
1
i

/

-2 -m/4

0

/4

t/rad

7/2

0.8+

0.6

0471

0.2

[8] Mingxuan. Li et al., Measurement, Nov. 2023

Cross-correlation function:
+ o0
Riz@) = | F©)-£50 - )do

® Inter-layer Response Features:

Cross-correlation

Ap= Rl,Z((pmax) .
coefficient

Maximum values
interval

A = ‘pmax,l + ‘pmax,r
¢ 2

Conclusion: A, and A,
describe the symmetry
and similarity between
two sampled signal, and
can filter out the false
positives from noise
(Ap> 0.75 and A,< 20°).
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Evaluation of Feature Detection

® Quantitative Comparison: ® Qualitative Comparison:

False Negative False Positive Origin image: Proposed:
100 T 100 T T ,
%0 57150 72.00 %0 69.50 72.00
- 60 60
w » Proposed 40
Ball 2 1.65 2 2.00
0.00 -0 0.00 :
0 o o= ! - 0 - —— . .
Proposed ChESS Zhang’s  Shi-Tomasi’s Proposed ChESS Zhang’s  Shi-Tomasi’s
100 78775 100 5780 7875
80 53.95 80
60 I 60
. 40 40
20 20
Torus o 000 1.65 | oos 1.80
Proposed ChESS Zhang’s  Shi-Tomasi’s Proposed ChESS Zhang’s  Shi-Tomasi’s
100 78:50 100 78:50
80 54.40 80
60 I 60 36.60
40 40 I
2 2.10 2 1.90
Cube Jooos | 210 Jois ) 20 B
Proposed ChESS Zhang’s  Shi-Tomasi’s Proposed ChESS Zhang’s  Shi-Tomasi’s
100 83125 100 83125
80 80
49.60
‘ 60 1 60 1
T Y o I % 24.05
Rb & . ]
2.45 3.35
o 010 o OQO =
Proposed ChESS Zhang’s  Shi-Tomasi’s Proposed ChESS Zhang’s  Shi-Tomasi’s

[8] Mingxuan. Li et al., Measurement, Nov. 2023




Evaluation of Deformation Reconstruction

3-D Deformation Reconstruction: Execution Speed 120Hz, Success Rate 97.5%

® Static Reconstruction:

Sharp contact:

Smooth contact:

Conclusion:

® Dynamic Tracking:

29
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v" The proposed method achieves the high-density representation (10.7 effective markers per
square millimeter) with advantages in terms of real-time performance and robustness.

[8] Mingxuan. Li et al., Measurement, Nov. 2023
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Force Reconstruction

Fabrication error. Material aging...

Physical-based force estimation: Requiring reliable mechanical parameters (Young’s
modulus E and Poisson’s ratio v) of the contact elastomer in vision-based tactile sensors.

® |n-situ calibration method: Measuring the relationship [11C. Zhaoet al. ity Indentarion Calibraton
. . : | |
between normal contact force and indentation depth. TTT pEreecen il 0
o Streteh i_ | And Force | _,: !
® Limitations: , N i
. 5 v 1
v' Expensive (robot arm, gripper, and ATI F/T sensors); ; | eenamen |1 85 ) 0
| ]
|
|

v Require additional accessories (e.g., DAQ boards);, = **'

v" Difficult to operate outside laboratory environments.

Standard Tensile Calibration

Main Challenge: How to achieve low-cost and easy-to-use mechanical
calibration without using expensive equipment (tensile platform or robot arm).




Simple and Low-Cost Calibration

Purpose: Constructing the contact deformation relationship between the
standard elastic calibration indenter and the sensor’s elastomer.

EasyCalib|_ )

Vision-based
tactile sensor

[3] Mingxuan. Li et al., IEEE RA-L, Jul. 2024

Normal Contact

Pressure

The relationship
between normal
displacements y4

and y,

Indenter
Elastomer

Torsional Contact

Torsion

The relationship
between the
rotational angles

Indenter

Elastomer

6, and 0,

31

Contact deformation
relationship:

gl (Eli V1, Y1, 61)
= g2(E2,v2,72,07)

Calculating E; and v,




Simulation Validation

® Simulation in Abaqus:

Change parameters and verify two contact theories.

Indenter

1 Elastomer

Stress i_

o i Vo o o
1
1
1
1
1
1
1

® Conclusion:

v" The best result is obtained when E, = 2E{~3E,

v In most cases, the simulation and theory

Pressure

exhibit good consistency.

[3] Mingxuan. Li et al., IEEE RA-L, Jul. 2024

Torsion

® Normal contact:

¥2 (mm)

Error (mm)

RMSE =0.0614 -

o W.&iwn!@!i@p error
0,05
01
015
0.2
[+] 02 0.4 0.6 0.8 1

Y1 (mm)

Y2 (mm)

Error (mm)

RMSE = 0.0078

a
.03 v ' '
—=- Simulation crrar
0.02 L
oM i
ﬁ,r
a ﬂ‘“\‘-
-0.01
0.2 0.4 0.6 .8 1 1.2
y1 (mm)

® Torsional contact:

62 (°)

Error (mm)

(bl) E2 = 1,V2 =04

— Theoretical Value|
* Simulation Value
- = Fitting Curve

e
e

—=— Simulation error|
[t} 2 2 10

'8, )

RMSE = 0.9402

"

62 (°)

Error (mm)

(b2) Ez = 2, Vy = 0.4

— Theoretical Value
141 # Simulalion Value

\= = Fitting Curve
12
10
&
4
2 RMSE = 0.2518

02 /’ -
1]

0.4 \
6 [~ Simulation error|

[t} 2 4 8 8 10 12 14 16

61 ()

&
b

=
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(a3) E,=3,v,=04

— Theoretical Value
* Simulation Value
0.6 |~ = Fitting Curve
0.4
02
RMSE =0.0104
0 A
002 . Simulation error |
0.015 r
.
|
0.005 W
a . . . i .
0 02 04 0B OB 1 12 14
Y1 (mm)

(b3) E2 = 3, Vp = 0.4

— Theoretical Value e
i # Simulation Value g
1= = Fitting Curve -
[ g &
:
&
&
4
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(1]
0z E——— .
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02
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£06
08| Ca" Simulation error]
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Design of EasyCalib

® Structure of EasyCalib: ® Usage of EasyCalib:

Rotating handle with

PDMS indenter Z-AXis
. ‘ mounting
\ o bracket
. Cage mountlng ...................................................
brackets and rods Compatible

manual : v Adjust the differential head
: rotation mount  : to obtain the curve from y,

v Adjust the rotating handle to
obtain the curve between
0, and 6,, and fit Hs;

v' Calculate E; and v, based
on H; and H;.

[3] Mingxuan. Li et al., IEEE RA-L, Jul. 2024



In-situ Calibration Evaluation

® Experimental process: Calibrate the elastic indenter of EasyCalib through the experiment
platform, and then use EasyCalib to measure the parameters of the Tac3D tactile sensor.

® Experiment platform:

Linear slide
tables

Rotating
platform

F Calibration
X object

[3] Mingxuan. Li et al., IEEE RA-L, Jul. 2024

® Results of Calibration:

0.15
H, = 0.3397

0.1 RMSE = 0.0068
E o01] = Residual|
@ of
)
O
8 -0.011
m . \ L

0.3 0.4 0.5 0.6 0.7
Y1 (mm)

|| & Measured Value
— Fitting Curve

H, = 0.0948

Y2 (°)

A Measured Value
[|=— Fitting Curve

H, = 0.6023
RMSE = 0.0457

0 2 4 6 8 10 12 14



Force Reconstruction Evaluation

® Force reconstruction evaluation:

3 A Measured Value
— Ground Truth

3} RMSE =0.1172 -

Measured force (N)

I
[N

|- Measurement Error|

Error (N)

S
2

S
)

3 2 1 0 1 2 3

Ground truth of F; (N)

® Conclusion: Effective force reconstruction can be realized based on the mechanical
parameter calibration [ ranges: 1~10 N (normal force) and —3~3 N (tangential force) ].

Measured force (N)

o o
N

Error (N
TR~

-1.2

| & Measured Value
L|=— Ground Truth A

RMSE = 0.4858 |

O N O~ N WM OO N ©® © O

[I—I— IMea‘surel:nentlErrolr‘

01 2 3 4 5 6 7 8 9 10

Ground truth of E, (N)

[3] Mingxuan. Li et al., IEEE RA-L, Jul. 2024

® Force Distribution:

Tweezer

35



g B~ W N -

Overview

. Background and Motivation
. Contact Modelling

. Contact Representation

. Contact Reconstruction

. Contact-Rich Tasks



Task 1: In-hand Object Pivoting

v Utilizing additional resources in the
environment (gravity and extrinsic
contact...) to assist with manipulation

v' The object rotates around an axis
defined by the contact between the
robot hand and itself

For Manipulation: Guarantee of robotic For Grasping:
dexterity and stability: v' Detecting rotational slip

v' Re-locating objects to ) _
Pose Estimation to predict falling events

specific rotation angles

during in-hand pivoting

-

b =
Rotation angle: 11.89




Reviewing Pose Estimation

® Rotation relative to the contact surface:

| Grip
Controller

Angle% and
Velocity of
object

m |
T Tactile
NS > LSTM

® Rotation of the contact surface per se:

Contact area Displacement
. ey
: N
; 33 R%Y
$ \l\l‘
: A
3 A
; 1 3
113
PRI R I 1 I
- W e S be e : ‘ T4
...... Y
PR 13t
P I I B I g8 18
(e) «Initial - Current —Tracking
| .
| Regard as No Slip

Common problem:
Failure to consider
a transition state
during the pivoting:

Incipient Slip

RO

Full stick

. Stick
region

: Slip
region

Icipient slip er macro slip
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A Demonstration of On-Line Measurement

20
18 Measured angle with filtering
161 Ground truth angle
. 14}
o 12|
©
~ el
Q@
. e (@)) 8
C
k— < 6
Right view of 4
Tac3D image 27
0f | | | | |
0O 100 200 300 400 500 600
Camera frames
Left view of Tac3D image Measured angle vs Ground truth

v" The ground truth is provided by the angular sensor.

x: ._ v The determination of stick region and rotation angle are achieved
Side View using the line features provided by continuous marker patterns.

[9] Mingxuan. Li et al., 2024 ICRA, Sep. 2024
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Evaluation of On-Line Rotation Measurement

® Quantitative Evaluation: ® Qualitative Evaluation:
20
18 | Slip
16} . . Incipient slip region
7 T S LTI T TCHII NIRRT <57 SN0 i, W »:
14+
8 12 Stick Stick
2 10} region
QL 38
(@)
c 6
< 4l _
—— Measured angle with filtering S| I P
5 h Ground truth angle _ region
0 100 200 300 400 500 600
Camera frames Msalﬁl)'o
Measured angle vs Ground truth
Conclusion:

v' The proposed method can identify the stick and slip points during the incipient slip process.
v' The error amplifies when the rotation increases until the contact state transitions to macro slip.
[9] Mingxuan. Li et al., 2024 ICRA, Sep. 2024



Gripping and Lifting Tasks on Robot

[9] Mingxuan. Li et al., 2024 ICRA, Sep. 2024



Evaluation of Adaptability to Different Objects

® Household Objects ® Measurement Error Evaluation

O : Contact position o * Outlier e : Average value

089 1 %

[Em—

4

-4

. | 4

(A I l : I l
!i o -
a 4r o MARE:1.34°+0.48° - ]
¢ &l —~ | - : r
5\ "¢ o o ! | '
A f@; S 3 o ° g1 181
S 2 | P g 122
w “ (086 ! 1.04 1.30 120 087 F [*| 088
o [r o '
Is)
C
<

1
O_"‘ -1 L L a2

1 2 3 4 5 6 7 8 9 10
Obiject identifier
Conclusion: Measured angle vs Ground truth

v' The proposed method is suitable for typical household objects of different materials, shapes,
and masses without any prior information.

v It achieves a dynamic MARE of 1.34° + 0.48° (SOTA) [ Baseline: MARE of 1.85° + 0.96° ].
[9] Mingxuan. Li et al., 2024 ICRA, Sep. 2024
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Task 2: In-Hand Object Pivoting

Fingertip Contact Object
------------- - Interaction Deformation Manipulation

g 026 Z4
g

pitch: -2.00
yaw: -6.53 X

#
R

6-D pose , y
estimation

Unit: mm (translation); deg (rotation)

pitch: -2.85
yaw: 2.98

x

6-D pose
estimation

. Contact region
. Stick points
. Slip points

Unit: mm (translation); deg (rotation)

v Fingertip Pose Estimation: Incipient slip detection method that can be applied for soft object

v" OneTip: A non-rigid tactile interface for single-fingertip human-computer interaction with 6 DOFs

[10] Mingxuan. Li et al., Sensors and Actuators: A. Physical, Sep. 2024
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Task 3: Gentle Grasping Control

Manipulation

- o

oY
8 %
.

Requirement: Grasping objects stably and safely (Gentle Grasping)

Nature Review: Human can quickly adjust grasping
force in a short period of time through tactile sensing

(1) The force should not be too small to avoid
object slip (above the minimum force);

(2) The force should not be too large to prevent
damage (typically no more than 60%).

Load

force

Vertical
movement

Grasp
force

Force

A

Reach

Load Lift

Hold

overshoot

Grasp
force

i Vertical
i movement

Load force

»

Time

»
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Safety Margin of Incipient Slip

® Micro-element resultant forces and grasp force
Fusan = | 175l = | 7t n) - mi] - s
S S

Fugne = | Ifill-da= [ = n) -] -da

1~jq=fs(fi-2)-dA=(Fn+Ft)-2

® Dynamical estimation with historical information

IBmax: ift = tm
ﬂ = ,3 ﬁmax - IBmin .
o+ ift<t
min ) m
1+ exp(—k - (t — tbias))
k+1 _ - k k—
FTa+rget,n =put- maX(FMRE,tl Fn 1)
( Fbk' if F l\lflglle,n = FI\I/(IER,n
Fi’“cﬂ t _FI\I/{IER
k+1 _ k k k—1 arget,n n
Eg _<F.'g+(Eg_Eg )Fk _Fk—l
MERn MERn
- k—1 k
L if Fyern # FMern

. ZA Two-finger manipulator
Tactile ’ ; —
: : X :
fingertip y F,
i—1 : Soft
elastomer

7}_%

Tactile
fingertip

Tactile
fingertip
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[11] Mingxuan. Li et al., IEEE RA-L, Jan. 2025

® Time-dependent function of safety margin

v Initially, the grasping force is relatively small,
and the tangential force increases rapidly,
requiring a larger safety margin;

v' As the grasping force gradually approaches
the final target value and the tangential force
increase rate decreases, a smaller safety
margin is needed to prevent overshooting.




Force-Control Demonstration Generation

Apply preload force on
the object in initial state

v

Receive tactile feature
(3-D deformation) in the
k-th cycle

v

Calculate force
distribution through the
physics-based model in

the k-th cycle

v

Calculate Figg , and

(1),(9),(10) in the k-th
cycle

Fiirg n according to Egs.

(1) Demo generation:
Grasping known objects

Apply preload force on
the object in initial
state

Calculate F;*+?
=»| according to Eq. (15)
in the k-th cycle

v

v

Receive tactile feature
(3-D deformation) in
the k-th cycle

Adjust the increment of
grasp force according
to F;*** in the k-th

cycle

v

No

Grasping

v
k+1
Calculate Fryrgetn

according to Egs. (12)-
(14) in the k-th cycle

complete
or timeout?

Calculate force
distribution through the
physics-based model
in the k-th cycle

v

Finish grasping

[11] Mingxuan. Li et al., IEEE RA-L, Jan. 2025

Input the 3-D
deformation and the
force distribution into

the Dual-CNN network
to obtain the output
F;*1 in the k-th cycle

(2) Online implementation:

Grasping unknown objects

Adjust the increment

— of grasp force

according to F/** in
the k-th cycle

No

Grasping
complete
or fail?

Finish grasping
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Robot Experiment Platform

Experiment platform:

F ;',“

s T
Y

“""Franka Emika
Robot

DexHand

Tac3D
sensors

[11] Mingxuan. Li et al., IEEE RA-L, Jan. 2025
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Test object and friction coefficient:

> &

75
8 9 13
4l d;-4_o5 O : Outlier .
- 8 ® :Average
c 35 value
)
‘5 $3.19
= 3 g g
5 o, F278 S
o * 222
.Es 2 E%ﬁh08
©
= ®11.26
1| 591.06 T 2999 <100 _ 079
+0.82 0.93 E_ -
0.5 | £-0.64

1 2 3 4 5 6 7 8 9 10 11 12 13 14



Offline Evaluation

:---u 18l

—

Grasping different unknown objects for four stages like human (reach, load, lift, hold)

Ablation study results:

Models MSE test loss / N*
CNN (trained with deformation only) 0.0236
Dual-CNN (3x%3 kernels) 0.0037
Dual-CNN (5x%5 kernels) 0.0036
Dual-CNN (decrease one layer) 0.0039
Dual-CNN (increase one layer) 0.0054

Conclusion: Force reconstruction module
improve the accuracy of target force prediction

[11] Mingxuan. Li et al., IEEE RA-L, Jan. 2025

Real value (N)

Accuracy Score: 0.6933
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Online Evaluation

T

R Tyl

p] ===
N ¢ =
]

u %X Grasp force (N)

u %X Grasp force (N)

Evaluation of load-force/grasp-force status:

1.4

1.2}

-

0.8T
06
0.4 J
/’ ® Grasping Records
0.2f /’ — = Safety Boundary
7’ = = Stability Boundary

Load force (N)

0 02 04 06 08 1 12 14

= = Safety Boundary

® Grasping Records

y — = Stability Boundary

0 02 04 06 O

8 1
Load force (N)

1.2

[11] Mingxuan. Li et al., IEEE RA-L, Jan. 2025

u X Grasp force (N)

u %X Grasp force (N)

167
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06

04r

0.2f

0

18
16
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1.2}

1
0.8

06
04r
0.2F

/ ® Grasping Records
2 — = Safety Boundary
Vs = = Stability Boundary

0 02 04 06 08 1 12 14 16

Load force (N)

/ ® Grasping Records
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Load force (N)
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Comparison of Grasping Force Control

Grasping based on the Grasping based on online Grasping based on a slip
proposed method friction coefficient measurement detection model
0ot :;ngj:g < 02y :ZS%TSE - 02f

[1] Mingxuan. Li et al., in revision to IEEE TRO
[11] Mingxuan. Li et al., IEEE RA-L, Jan. 2025
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