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Motivation

Haptic Signal Library
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Motivation
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Why Do We Need This?

Attribute Prediction

l Attribute Prediction
. Modeling : Interface I l
Haptic Haptic User ] Modeli _
Properties | Recorded Signals Perception Haptic ng, Haptic Interface User
T | Properties Recorded Signals Perception
Signal Generation T |
Signal Generation
Use Cases (User Perception Prediction) Use Cases (Signal Generation from Perception)

v' Quantify perceptual differences in feel and performance. ¥ Support for countless perception-driven profiles.

v' Generate signals tailored to user-defined

v/ Compare user perception across various signals. )
attributes.

v Detect deviations from expected perceptual results.
v/ Data Augmentation

v Recreate realistic door feel in VR/AR environments.
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How People Are Doing?

Physics Based
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How People Are Doing?

Physics Based

Shin, et al. (2018) Meyer et al. (2016)
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Shin, Sunghwan, and Seungmoon Choi. "Geometry-based haptic texture modeling and rendering using photometric stereo." In 2018 IEEE Haptics Symposium (HAPTICS), pp. 262-269. IEEE, 2018.

Meyer, David J., Michael A. Peshkin, and J. Edward Colgate. "Tactile paintbrush: A procedural method for generating spatial haptic texture." In 2016 IEEE Haptics Symposium (HAPTICS), pp. 259-264. IEEE, 2016.
Cousin, Andreas, et al. Holistic kinematic design of automotive door systems. No. RWTH-2023-12283. Lehrstuhl und Institut fiir Getriebetechnik, Maschinendynamik und Robotik, 2024.
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How People Are Doing?

Physics Based

Advantages

Shin, et al. (2018) Meyer et al. (2016)
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How People Are Doing?

Data-Driven Based
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Interpolation-Based Methods

Data: Acceleration based
modeling

Approach: Interpolation based
approach with Auto Regressive
(AR models)

Heravi, et al. (2024)
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Deep-Learning -Based Methods

= Data: Acceleration + GelSight
Images based modeling

=  Approach: AlexNet Based
Encoder for images; NN for
Tactile processing

Advantages

v Highly Realistic
v' Better Generalizability

v Highly Scalable

Limitations

v Need special hardware to collect data
v Physical object/surface is required

v Deep learning based are computationally
expensive

Culbertson, Heather, J. Unwin, and Katherine J. Kuchenbecker. "Modeling and rendering realistic textures from unconstrained tool-surface interactions." IEEE transactions on haptics 7.3 (2014): 381-393.
Heravi, Negin, et al. "Development and evaluation of a learning-based model for real-time haptic texture rendering." IEEE Transactions on Haptics (2024).
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Literature Review — Research Gap

Objects Properties . Haptic Signal Library Haptic Interface Haptic Perception
Modeling/
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Advantages Advantages Advantages Advantages
* Realistic Feedback * Highly Realistic Feedback * Easytoimplement * Can estimate human-assigned rating
* Input Scalability * Input dimension is scalable
Limitations Limitations
* Requires manual Tuning Limitations * Does not provide actual Limitations
* Requires Segmented Data human rating of attributes * Prior studies utilized either vision
* Interpolation may not or tactile for physical signal space.
cover all interactions e Computational Expensive * Generalizability and
robustness * Limited prior Studies

* Input Scalability issue
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Literature Review — Research Gap
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What we are doing?

Tactile (Texture)
Limited work to Predict  v* Multimodal technique is introduced
perception
v Predict Perception

v" Robust and High Generalizability

Attribute Prediction

|

Haptic User
Signals Perception

Modeling

»

Interface

A

Signal Generation

Lack Of Efficient

Modeling Techniques v'  DL-Based Computationally Efficient Model

v’ Easier Preprocessing
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What we are doing?

Kinesthetic ( Opening of Car Door)
Limited work to Predict v First ever attempt to quantify haptic attributes

perception for car door

v" Introduce an end-to end framework

Attribute Prediction

| !

Haptic Interface User

Signals Perception

1 |

Signal Generation

Modeling

A 4
v

v' Support for countless perception-driven
profiles.

Currently no Signal
Library exist
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Contributions

Modeling/Rendering Haptic Signals and
Quantifying Haptic Attributes

N~
Tactile (Texture) . Kinesthetic (Car Door)
1 2 3 4
Texture Attribute Efficient DL-Based Car Door Attribute Car Door Perception to
Estimation Using Visuo- Texture Modeling & Prediction From Force Force Profile Generation
Tactile Data Rendering Profile with Generative Model

. Awan, Mudassir Ibrahim, Myrah Naeem, and Seokhee Jeon “Text-Driven Generative Framework for Multimodal Visual and Haptic Texture Synthesis ”,In IEEE World Haptics Conference,
2025, (Accepted).

. Awan, Mudassir Ibrahim, Sungjoo Kang, Dongbeom Ko, Waseem Hassan, Seong Tae Kim, and Seokhee Jeon. “Fourier-enhanced Transformer Encoder Network for Efficient Haptic Texture
Modeling/Rendering." IEEE Transactions on Industrial Informatics (Under Review).

. Awan, Mudassir Ibrahim, and Seokhee Jeon." Estimation of Haptic Texture Attributes using visuo-tactile data” IEEE Access (Under Review).

. Awan, Mudassir Ibrahim, Ahsan Raza, Waseem Hassan, Ki-Uk Kyung, and Seokhee Jeon." Quantifying Haptic Affection of Car Door through Data-Driven Analysis of Force Profile” Nature
Scientific Reports (Under Review).

. Awan, Mudassir Ibrahim, Waseem Hassan, and Seokhee Jeon. "Predicting perceptual haptic attributes of textured surface from tactile data based on deep CNN-LSTM network." In
Proceedings of the 29th ACM Symposium on Virtual Reality Software and Technology, pp. 1-9. 2023.

. Awan, Mudassir Ibrahim, Tatyana Ogay, Waseem Hassan, Dongbeom Ko, Sungjoo Kang, and Seokhee Jeon. "Model-Mediated Teleoperation for Remote Haptic Texture Sharing: Initial Study
of Online Texture Modeling and Rendering." In 2023 IEEE International Conference on Robotics and Automation (ICRA), pp. 12457-12463. |IEEE, 2023.
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Texture Car Door

¢

Attribute Modeling & Force Profile Perception to
Estimation Rendering to Perception Force Profile

Texture Attribute Estimation Using
Visuo-Tactile Data

Attribute Prediction

| l

Haptic Haptic Interface User

. # .
Properties Recorded Signals Perception

T |

Signal Generation
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Literature Review

Attribute Prediction l

Haptic Modeling Haptic | Interface User

Properties Signals Perception

? Signal Generation I

Haitian, et al. (2016)

ey
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® Input: Vision Data & Tactile Data

=  OQutput: Texture label
Prediction/Classification

* Zheng, Haitian, et al. "Deep learning for surface material classification using haptic and visual information." IEEE Transactions on Multimedia 18.12 (2016): 2407-2416.

Shan, et al. (2018) Ruihan, et al. (2020)
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Hassan, et al. (2023)
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* Luo, Shan, et al. "Vitac: Feature sharing between vision and tactile sensing for cloth texture recognition." 2018 IEEE International Conference on Robotics and Automation (ICRA). IEEE, 2018.
» Gao, Ruihan, et al. "Supervised autoencoder joint learning on heterogeneous tactile sensory data: Improving material classification performance."” 2020 IEEE/RSJ International Conference on Intelligent (IROS), 2020.
* Hassan, Waseem, Joolekha Bibi Joolee, and Seokhee Jeon. "Establishing haptic texture attribute space and predicting haptic attributes from image features using 1D-CNN." Scientific Reports 13.1 (2023): 11684.
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; cti Texture Car Door
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| Attribute Prediction l Texture Car Door

Modeli 1 2 I 3 ] 4
Haptic o emlg Haptic Interfacel User I'rl I'rl

Properties Signals Perception
D a t a S et Attribute Modeling & Force Profile Perception to
? Signal Generation I Estimation Rendering to Perception Force Profile
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Creating Physical Signal Space

Tactile Data

| Overall Setup

Real Texture '
Sample

Hardware Setup

Haptics and Virtual Reality Lab

Tactile
Signals
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Haptic
Properties

Creating Perceptual Space

Modeling

l Attribute Prediction l

Haptic
Signals

Interface

User
Perception

? Signal Generation l

Experiment 1
(Identify Adjectives)

rating experiment.

' TABLE 1: Attributes presented to participants for the at-
| tribute selection experiment. The four selected attribute pairs,
' highlighted in bold dark blue, were subsequently used for the

|

1

1

: Refined Jarred Bald Mushy Flat Vague

I Furry Grating Silky Warm Thick Smooth

| Hard Bouncy Pleasant | Glassy Pointy Blur

1 Sticky Sharp Dense Angular | Hatched Even

I'| Jagged | Spongy | Bumpy Cold Slow Dark

: Grainy | Patterned | Slippery Light Slick Granular

| Distinct | Irritating | Wooden Mild Bright Rough

I | Prickly | Metallic Bubbly Deep Fast Heavy

! Solid Fine Blur Shallow Rigid Soft

: Glassy Thin Hatched Sparse Blunt Fizzy

b om o om om mm mn o em Em Em Em Em Em Em Em Em Em Em Em Em Em Em Em Em Em e Em Em e e J
Experiment Setup List Of Adjectives

Haptics and Virtual Reality Lab 5th June 2025

Texture Car Door
1 Il 2 Il Il 3 Il : 4 I
Attribute Modeling & Force Profile Perception to
Estimation Rendering to Perception Force Profile

Identified Attributes/Adjectives
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Attribute Prediction l Texture Car Door
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l Attribute Prediction l Texture Car Door

; Modeling Interf $ 2 B $
, , o oote (MO e e ser T T
Attribut Modeli & F Profil P ti t
Evaluation - Attribute Prediction Results 5 seenconmrnnn | Atroue ||| Modeling & | | Force rofle || Percepton o
Actual Vs Predicted
Rough-Smooth Flat-Bumpy
100 100
Smooth BN Actual I Predicted - Bumpy B Actual I Predicted

[,
(=]

LAY LAY LARRRRREY LALRRRREY]

* Atotal of 50 textures (n =50) were used
in this study.

lrr, l' |.I| 'Il I..Jl||'||l'"|"| 1 Il“l I'rl

Adjective Ratings (%)
o

Adjective Ratings (%)
(=]

111|11||1l111111111||111||111l111111111
i nbouuobopp b

i II L |, J

*  For evaluation Leave One Out Cross -50 -50
Validation (LOOCV) technique was used. F Rough Flat
_100III\I\'\I\III\I\‘\l\IIIWII'IIII'\I\I‘\I\III\I\‘\I\IIII -100 |I||||||r||||\|||\|\‘\|\1||\|1||||||\|\|||\|\|\|\|||\
o ) 1 5 10 15 20 25 30 35 40 45 50 1 5 10 15 20 25 30 35 40 45 50
* Results indicate that in most cases, the

predicted attribute values aligned well o Sticky-Slippery o Hard-Soft
with the actual values = - Slippery EEm Actual B Predicted = - Soft EEm Actual B Predicted
. g E R S E
§ 50 ;— -; % 50 é— —;
5 F E = f 3
1 5.0 M) lllllil nE
€ oF mi'p T {1 = ofF I E
Ly || ||'|l|' e || i s L & L 11
Y _sok E Y 5ok E
@ 30F E @ 50F E
T f E T | 3
< - Sticky E < - Hard 1
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1 5 10 15 20 25 30 35 40 45 50 1 5 10 15 20 25 30 35 40 45 50
Texture Samples Texture Samples
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Modeling £, $ ITI I?I $
- - - - Pr';::::es ] :i::;ilt; me’ Perl::::ion " I-rl ITI . .
Evaluation - Attribute Prediction Results T g cunsnn | puviute || Moseng & | Foce e || Percepton o
Comparison with Existing Approaches (MAE) Comparison with Existing Approaches (RMSE)
Methods R-S F-B S-S H-S Methods R-S F-B S-S H-S

Attificial Neural Network ~ 21.13  26.12  22.85 2544 Artificial Neural Network 2441 31.62  25.73  32.19

T
> lyi — il
i=1

Vision 1D-CNN [50] 1855 1963 17.89 17.24 Vision ID-CNN [50] 2235 2483 19.61 2059
| Haptic CNN [14] 13.17 1132 1201 838 Haptic CNN [14] 1821 12,15 1419 12.65
— | = .
I Tactile CNN-LSTM [13] ~ 10.58 898 1376  11.92 ' Tactile CNN-LSTM [13] 1345 1065 1520 13.78
5‘:_1 Tactile SVM [51] 9.40  14.89 1535 1054 @ Tactile SVM [51] 11.26 1637  20.81 1193
=
= Proposed Method 523 448 6.67 521 ~ Proposed Method 681 567 752 613

* The Model was compared against other existing approaches.

* The mean MAE for Flat-Bumpy was recorded as 4.48 out of 100 as the lowest.
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' v 1 21 =] 4
Haptic ModeImE Haptic | Interface User I'rl I'rl
Properties "1 signals . i

Perception

1 - 1 1t Attribut Modeling & Force Profil Perception t
Evaluation - Attribute Prediction Results T synet senrtin Juriute || Modeing & || ForceProfle || Perception o
Aluminum - 1.84 2.33 7.98 5.57
Carpet 3.83 4.12 5.43 7.84 10 z'“z,;'mm(, T
pet- ' ' : : = T11 T12 gi‘?:"""”’ f ‘W T4
; o Textured Textured }‘ A

Paper 1 Paper 2

Foam - 4.24 4.47 5.63 2.99

Hard Board - 5.39 1.88 3.33 4.93

| Jeans 10.07 ’ ‘ 8.30
| I ——

Meshes - 3.96

Jeans

1 Paper

e o o o e . oo oo o o o o e e

Texture Surface Classes

Plastic - 4.03 5.66
Rubber - 6.48 4.90
SandPaper - 3.14 3.77 4
Synthetic - 6.72 3.09
Towel - 2.53 4.73
wood - 4.78 5.46 _2
Rough- Flat- Sticky- Hard-
Smooth Bumpy Slippery Soft

Haptic Attribute Pairs
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Texture Car Door

F——g—G—0

Case Study: Attribute Prediction for Synthesized Signals Avdbute ] [ Wodeing & ] [ Force prfle | [ percepionto

Physical Signal Space -
Haptic Texture Library (=T Synthetic
-------------------- : | Acceleration Signal
: Actual Accs! (a) . | (Unseen Texture)
: WL — REFN : Synthetic e : % %
! L N " Acce.lerat]on o |z @
. Speed (V) > Training I Signals 1|3 z Y
1 FOICe (F) ey ; (v,F J
1 "~ (CNN-LSTM)
____________________ 1 e e e B »
_____________ - Trained Model i i i ifid
# 1. Aluminum 2. Glossy Paper-1 3. Thin Rubber-1 4. Cloth like Rubber 5. Artificial Grass
Haptic Attribute Space | (ist ] = - r—
1
fe-20% 200 |
Py ptual Partici| 1 pa—— M
N H:."_"’" o [P Adiectives |—p|  Adject » [l ¥ ¥ § Adjective Rating
articipants Selection Ratings \ S\ 57 - Predictions
8. Sandpaper-3 9. Plywood 10. Textured Cloth
TEXTURE DATSET DATA PREPARATION NETWORK TRAINING MODEL TESTING

* Used Haptic Texture Library to Synthesize haptic Signals

11. Contoured Cloth 12. Thick Cloth 13. Towel 14. Jeans 15. Rough Cloth-1

* Atotal of 25 texture data was gathered form the Haptic Texture
Library.

* Acceleration Profiles was created by using different speed and 16.RoughCoth-2 | 17.Wet Tissue 18. Line Wood 19. Hard Board 20. Line Wood
force combinations:

v' Speed : (50, 100, 150, 200, 250) ,
v Force: (0.1, 0.2, 0.3, 0.4, 0.5) 21. Thread Mesh 22. Shoe Pad 23. Lined Rubber | Stl esh 25. Thick Rubber

Texture Samples
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Texture Car Door
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Case Study: Attribute Prediction for Synthesized Signals AGBute ] [ Mioceing & | [ Force proffe | [ percepton to

Estimation Rendering to Perception Force Profile

v" A CNN-LSTM based model was proposed.
v Evaluation is done using Leave one cross validation
technique (LOOCV).

70 I vinearRegression [l tsTv M cnw [ cww-stm [l Proposed Model
60 A
E 50 A
I
egresm;n utput -1 ki) 3
: R:S 100 B
( DenTse 2 J o g . = mm e 1: 30
. hs g . D 20
[ Dense 128 ] o E ® g
1 i |
[ Batch Normalization } 2 o 10 ‘ a ‘
[ Flatten & Concatenation Layers ] 100 0-
f f E w Rough-Smooth  Flat-Bumpy  Sticky-Slippery ~ Hard-Soft Irritating-Pleasant
_ [/_ Max Pooling 1 x 2 } / \ ol § »
£ f == £ 2w i i
| | o) | | )| 3 14 || || || || || i || I || || || “ || II || || || ‘I || “ ‘I " Comparison with Other Approaches
z t 1 + |3 w0
E Lr Conv 1x3 ; filter = 64; stride 2 ] ,@‘[’j*[j _D\ E E .
=l & = = 2
. l Conv 1x3 ; fi\(e;: 128; stride 2 ] LSTM Layer 3 256units u—i :
§ | Commeime e m 5~ Adjective Pair MAE | RMSE
S [ Max Pooling 1x 2 ] . - % 100
) T : e e | £ g Rough-Smooth 6.552 | 9.371
& Conv 1x4 ; filter = 64 ; stride 1 E & o
& T — i # £ Flat-Bumpy 5.451 | 7.008
[KCGHV 1x4 ; filter = 32 ; stride 1 1 \STM Layer 1: 128 uni]y y T 20 - -
— L Sticky-Slippery 8.683 | 11.813
[ (ma,wll,r;:‘:; Fovce Segments) J E N Hard-Soft 6.452 8.992
i Irritating-Pleasant || 7.082 | 9.555

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25

CNN-LSTM Model Actual Vs Predicted Attribute Based Comparison
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Attribute Modeling & Force Profile Perception to
Estimation Rendering to Perception Force Profile

Efficient DL-Based Haptic Texture
Modeling & Rendering

Attribute Prediction

| l

Interface

Haptic Modeling - Haptic User

. > . E—
Properties Signals Perception

T |

Signal Generation
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Literature Review

Attribute Prediction l Texture i Car Door
Modeling rf e e = 4
Haptic Haptic |Inte acel User I'rl I'rl
Properties Signals Perception
Attribute Modeling & Force Profile Perception to
? Signal Generation I Estimation Rendering to Perception Force Profile

Texture Modeling and Rendering

Culbertson, et al. (2014)

(o] L L 2 o o L
o o
ol
&
q (o}
> o 'Y
Z 150 a .
(3 Q.
2 =3 x ®
T o1 °
5 © Y
& o
o) \ 'Y
0.5 o <4
oS (e} - °
00 o o o )
0 50 100 150 200

Scanning Speed (mm/s)

= Data: Acceleration based
modeling

= Approach: Interpolation based
approach with Auto Regressive
(AR models)

=  Requires Segmentation Algorithms

Joolee, et al. (2021)

1 =wxk

1D CNN \l del

REENRE

[1

M

FC43
{
¥C 20
C_ain]

= Data: Acceleration based
modeling

= Approach: CNN and
Bidirectional-LSTM based
encoder- decoder network

=  Computationally Expensive

Heravi, et al. (2024)

Material Gel&gnt Image |m;u Encoder T'“"' CL’WW‘

0 i
[ Tamm Enc mdav
O

Texture Class

Normal Force [N] ——
Focs Exoodey mm Acceleration g g
00 Reposrision|  Preor_Accderation
2 ° 3
8—8 Action Encoder §_§ T -
O5A -

Planar Vekx:ty [mmis] 8_8 — 0 00000
Speed Encoder Frequency (HZ)
(é 0 Action

Representation

= Data: Acceleration + GelSight
Images based modeling

= Approach: AlexNet Based
Encoder for images; NN for
Tactile processing

= Computationally Expensive

» Culbertson, Heather, J. Unwin, and Katherine J. Kuchenbecker. "Modeling and rendering realistic textures from unconstrained tool-surface interactions." IEEE transactions on haptics 7.3 (2014): 381-393.

» Joolee, Joolekha Bibi, and Seokhee Jeon. "Data-driven haptic texture modeling and rendering based on deep spatio-temporal networks."
» Heravi, Negin, et al. "Development and evaluation of a learning-based model for real-time haptic texture rendering."
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IEEE Transactions on Haptics 15.1 (2021): 62-67.
IEEE Transactions on Haptics (2024).
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| Attribute Prediction l

Texture Car Door

G0

Haptic Haptic User
. Properties Signals Perception
Ove rVI eW Attribute Modeling & Force Profile Perception to
? Signal Generation l Estimation Rendering to Perception Force Profile
3
Texture Data Collection Stage Data Preprocessing Model Construction Stage
. . ) R
1
MOde I In g Data Acquisition ! Estimated Speed oy
. ' ! Sampling
1 5 = 1 !
: EEFV““”“\/\= :
£2 o }
3c P
= a Normal Force 1 .
a = 1 ' Filtering
< = : '
—> ¥
1 1
i E Dimension
o Acceleration (3-axis) 1 1 Reduction
. ! :
c a . i ‘
=] "5 : 1
20 1| Train/Test/Valid
3 ' 1| DataWindowing
1 1
P

Texture
Rendering

Haptics and Virtual Reality Lab

___________________________

_____________________________

Rendering Environment

Data Preprocessing

Trained Model < }

(mmmmm=mmmmmm——e-

______________

Convert Motion Update Model i : E
. " " 1 1
Uniits e & Force === Sampling == Filtering Input.SegmentI ,\—b: Generate Output !
Check Window ; ! ]
O R )
Stylus Haptuator Voltage Output Hardware
[ S T Tty =, "~ T TTTTTmEmTEEEmEEmmT 1
w
; g—b S [—— — W I:
'@ ! i
VT / ) NI-DAQ |
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Modelin, 1 2 3 :
Haptic Ig Haptic Interfacel User I'rl I'rl

Properties Signals Perception
Attribute Modeling & Force Profile Perception to

D ata S et ? Signal Generation I Estimation Rendering to Perception Force Profile

wmm“ Reflecting Markers

Motion
Tracking Device )

o o o]

(T1) Textured Rubber (T2) Artificial Grass (T3) Steel Mesh

Accelerometer

Force Sensor

Steel Tool Tip

Texture Sample

EEEEEEREN
EEEEEEREN
EEEEENENN
EEEEEERENR
EEEEEERN
EEEEEENNN
HFEEEEERENN

<

(T4) Cardboard (T5) Cloth (T6) Plastic Mesh

Real Texture Samples Tactile Signal Recording
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Haptic Modeling | - otic | Interface

1 2 I5] $
. Properties || Signals Perl::::ion |-|-| |-|-|
Dataset - Preprocessing e

Modeling & Force Profile Perception to
? Signal Generation l Estimation Rendering to Perception Force Profile

* The dataset was captured for six textured

% 1.00 -

E — Accel_tra{n

Su rfaces. = 0.751 —— Accel_valid
g os0d— Accel_test

E 0.25 1 b §

* The data includes interaction signals such as g 0.001 ,
scanning speed and applied force, along with Tl
vibrations recorded as acceleration signals for 20 £ | — speedent

805
seconds. 3
0.0
oy o o« 1.0 { — Force_train
* The collected data was split into training, g [
© 0.5 orce_tes
validation, and test sets. EOO_M
. 0 ZS‘OO 50'00 75‘00 10600 12500 15600 17500 20(')00
* The test set was used for evaluation.

No. of Samples

Processed Data (Train, Valid, Test)
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Car Door

04
1 1 ib deli fil P i
Modeling - Fourier Enhanced Transformer Network (FOTEN) pusbute | [*Wodeing & [ Foce prfle | [ pecepionto
64x1
« A Transformer typically consists of an Encoder and Decoder [ Dense ?"‘"“ )
256 x1
network N [ Dense Layer 256 ]
Concatenation Layer
. 1 X “(TTIXfI..m.m]*
* In this study, only the encoder component of transformer ;] If: - e — A rassvomai= )4
. oge . . . R LY [P E \ ’
networ.k is utilized which is responsible for feature TN '3 o R [ T ) [ . ]
extraction. s For iz 1 mx dma ",' Network
E — :E [ Combining Magnitude & Phase ] E :E [ Encoder Layer 3 ]}‘, [ Add & Normalize ]"
. 1|4 s
* Proposed Transformer Model consist of four encoder layers, sl 15 2 T ] | R4 [ Wl Head ]
. . . - I I~ Encoder Layer Encoder Layer - ! i
one Fourier and one inverse Fourier layer to capture I [ (Magnitude) ] [ (Phase) J '3 [ Encoder Layer 2 ] : Attention
. . . = [ S <l LT—1
information along the spectral content of signals. Rmimii mx1 maa |18 j X Toees | (. vormatize ]
7 _V Eg [ FourierTran:form Layer ] E i [ Encoder Layer 1 ] E .“\ !7)
N h S U e e b o __ ’ .
* The features form encoder stream and Fourier stream are ~ — g Single Encoder Layer
concatenated before passing to the dense layer followed by Embedding & Position E"f"-"’""g‘@_j .
. . . . . . M X dmodel " - M X dmode
a final regression layer in order to make final predictions. I —!
e TTTTTTT T~ ~ & " i

Input Acceleration Sequence L A

Embedding Layer Position Encoding Layer

Transformer Based Architecture

5th June 2025
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Haptic OC€lNE | paptic | Interface User I'rl I'rl
. . Properties Signals Perception
Eva I u at I O n - N u m e rl Ca I Attribute Modeling & Force Profile Perception to
? Signal Generation I Estimation Rendering to Perception Force Profile

Comparison with Existing Approaches

Table 5.1: Comparison of error metrics (MAE and GFC) across existing methods and textures,

Time Domain Error Metric with modeling types and features.

n
1 . Modeling  Segmentation Modelin Textures
MAE = — E |ai — ai| Study _ = £ 8 Metric Mean
n 4 1 Ivpe Technigue Features T2 T3 T4 T5
17—

Plece-wise AR 11 MAE 0.48 036 039 0.41 0.27 (.53 0. 406

[ Stochastic AutoParm Raw Acceleration
" (2014) GFC  87.56 8058 8658 8516 9118 BRR79 B6.604%

1 - WM [ 1 - o A coelerat T1AE 7 v 18

RMSE = - (al . 0-5)2 FNN [39] NN Constant Speed Raw Acceleration + MAE 041 0.2% 0.46 0.29 .39 0.47 0.384
I i1 (2015) & Force Frequency Decomposition GFC  89.31 9088 86.37 86.14 8508 8992 87.94%
GAN-based [38] DL Constant Speed Raw Acceleration + MAE 0.23 0.2% 0.27 0.29 0.32 0.37 0.292
(2018) & Force Spectrogram GFC 9085 8939 8850 9054 8321 9071 8RE6%
DSTN [40] DL Constant Speed Raw Accelerati MAE 0.15 018 0.27 0.17 0.15 0.27 0195

g g AW cceleration
Spectral Domain Error Metric (2021) & Force ) GFC  9L83 80.96 9054 8818 0022 9071 90.24%
HaplInf [83] o _ MAE O0I%8 016 €12 015 017 029 0176

152, A (f:) Am ()]l DL Sliding Window Raw Acceleration )
GFC = i SAd \Ji m \J1 (2023) GFC 8014 9202 9148 9201 91.36 8938 O0.80%
2 2 o . Raw Acceleration + MAE o1y 0l .16 013 014 019 0148
\/HZ] [Ad (f])] ” \/“Ek [Am (fk)] H FoTEN (ours) DL Sliding Window o o )

Fourier Transform GFC Q0,83 9382 9107 9XE3} 9217 9184 9128%

[7]1 S. Shin, R. H. Osgouei, K.-D. Kim, and S. Choi, “Data-driven mod- eling of isotropic haptic textures using frequency-decomposed neural networks,” in 2015 IEEE World Haptics Conference (WHC)
[8] J. B. Joolee and S. Jeon, “Data-driven haptic texture modeling and rendering based on deep spatio-temporal networks,” IEEE Transactions on Haptics, vol. 15, no. 1, pp. 62—67, 2021.
[13] H. Culbertson, J. Unwin, and K. J. Kuchenbecker, “Modeling and rendering realistic textures from unconstrained tool-surface interactions,” IEEE transactions on haptics, vol. 7, no. 3, pp. 381-393, 2014.
[17] A. Abdulali and S. Jeon, “Data-driven modeling of anisotropic hap- tic textures: Data segmentation and interpolation,” in International Conference on Human Haptic Sensing and Touch Enabled Computer Applications. Springer, 2016.
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* Asimilarity rating experiment was compared to gauge the quality of proposed framework where participants compared real
textures and their virtual copies

* The perceptual experiment results shows that the proposed approach was preferred by participants across all textures.

B AR Models [ DSTN [] WaveletTr [l FoTEN

100 .
"))
£ }
- 80 &
0
« 60 { {
) L B
(o)
; ! I
g 401 -
. 20 &

| o2 : . )
Perceptual Experiment Setup Textured Artificial Steel Cardboard Cloth Plastic

Rubber Grass Mesh Mesh

Perceptual Experiment Results

Rendering Envi Datauqu Tmmed Model

Motion Update Model i
& Force Sampling Filtering Input Segment/
Check Window }

Generate Output

'
—_— ]

T
 Amplifier NI-DAQ
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* For each texture, vibrations can be heard.
* Fine textures have lower vibrations, resulting in a lower sound.
*  For grid-like textures, the vibration amplitudes are higher, producing a grated vibration sound.

Demo presented at Korea
Haptic Conference, 2024.
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Car Door Perceptual Attribute Estimation and

Force Profile Generation

Attribute Prediction
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M Ot I Va t I O n Attribute Modeling & Force Profile Perception to
Estimation Rendering to Perception Force Profile

r [Nm]
d 8 o 8 3

User Car Door :
Preferences e v Designer AT
Infinite Car Doors ~ 7

Haptic Attributes
= Easy-to-Pull =90 %
= Damped=50% < :
= Expensive = 90% No framework to estimate the door car profile
= Classy = 60% from perceptual ratings
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Literature Review

Michael, et al. (2010) Ma, et al. (2024)

URS Robot

Aluminum rod

Force sensor

= Designed a car door simulator = Designed a car door simulator
= Canreplicated door = Can replicated door torque/force,
torque/force inertia and weight.

Strolz, Michael, et al. "Development and evaluation of a device for the haptic rendering of rotatory car doors." IEEE Transactions on Industrial Electronics 58.8 (2010): 3133-3140.
Ma, Jihyeong, Ji-Sung Kim, and Ki-Uk Kyung. "A hybrid haptic device for virtual car door interactions: Design and implementation." IEEE Robotics and Automation Letters (2024).
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Torque
£
#

Torgue Sensor

Torque Sensor
Powder Brake

Powder Brake

Servo Motor —
Door Handle 0 0 1

Feature User
Engineering Response

Servo Motor
ervo C Door Handle

11

ullin 2 = -

Perceptual Space N4 L] - % - = —

4 ) o 3 i -

o i - 1. Hard to Pull — Easy to Pull i » — >

H 0 : 2. Recoiling - Damped [ B — L

I i ser 3. Stepwise — Consistent = = =t

! l Hyundai l l Response l 1 Adjective 2 = =

1 1 . 4. Old-New . —

i 1 Selection B

H S Do : 5. Unpleasant — Pleasant 7 7 —

: Knowledge |1 6. Discomfort — Comfort bl I TENENE TS , PRIV TR =

1 ) 7. Cheap - Luxurious - ! HREL Sher . .
AT e - \ J s we e e Force Profile Generation
Adjective Collection Antonymous Adjective Pairs Adjective Rating Experiment From Perceptual Adjective Rating
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Perceptual Space Perceptual Space $ m '? $
. . Physical Physical Signal Bi-directional
F ra m eWO r k P I e I I n e Signal Space Space Modeling Attribute Modeling & Force Profile Perception to
Estimation Rendering to Perception Force Profile
o 0 e

v’ Collecting Force Data
from real cars.

v Preprocess & replay on
Car Door Simulator

Physical Signal Space
Phase 1

Recorded Force Profiles
G

M — G0 — G — R

™

i 3 &
Door Openeing Angle (Degrees)

Haptics and Virtual Reality Lab

1. Recoiling — Damped
2. Stepwise — Consistent

3. Old-New

Perceptual Space
Experiment 1 & 2

v' Exp. 1: Create a lexicon
of adjectives

v Exp. 2: Adjectives
selection from the
compiled list.

v User response for
feature engineering

v Do feature Engineering
on Force Profiles

v’ Create new/augmented
Profiles

v 14 new profiles created
for each car (total 15)

Physical Signal Space
Phase 2

5th June 2025

Perceptual Space
Experiment 3

v’ Adjective Rating
Experiment with Car
Door simulator

v’ Using adjectives from
Experiment 1 & Profiles
from Phase 2

v Modeling 1: Force
Profile to Perception

v Modeling 2: Perception
to force profile

Bi-directional Modeling
Perception & Force

I988888!
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. Physical Physical Signal Bi-directional
P h 1 ° C I I t D t - R I C Signal Space Space Modeling Attribute Modeling & Force Profile Perception to
a S e ® O e C I n g a a e a a rS Estimation Rendering to Perception Force Profile

The Data was recorded for 6 real cars:

v’ Chevrolet BC3 v KIAK3
v' FORD Fusion v KIAKS8
v' GenesisG90  v' Hyundai MQ4

Car Door Handle

_____ W

Motion
Tracking Markers

L

Car Door

Force/Torque
Sensor
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Perceptual Space

Physical

Phase 1 : Force Profile Preprocessing s s

Physical Signal
Space

Texture Car Door
Perceptual Space $1 HZ H?, $4
Bi-directional I I
Modeling Attribute Modeling & Force Profile Perception to
Estimation Rendering to Perception Force Profile

Recorded Force Profiles

- Kia K8
= Hyundai MQ4

T T
[|=== Chevrolet BC3
t| === Ford Fusion

-~ Hyundai Genesis G90
— Kia K3

Force Amplitude (N)

Door Openeing Angle (Degrees)

Preprocessed Force Profiles from 6 Cras

Haptics and Virtual Reality Lab

5th June 2025

Torque Sensor

Powder Brake

Servo Motor

Control Box

Door Handle

Car Door Simulator
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Perceptual Space Perceptual Space $ m I?' $
. . . . Physical Physical Signal Bi-directional I I
E I I l 1 N Ad t I_ Signal Space Space Modeling Attribute Modeling & Force Profile Perception to
X p e rl e n t : J e C Ive eXI CO n Estimation Rendering to Perception Force Profile

1 Agitating 18 Easy to operate | 35 Harmonic | 52 Cheerful, rhythmical
2 Archaic 19 Effortless 36 Heavy 53 Rigid
; : ; ; . 3 Balanced 20 Empty 37 High 54 Rough
The lexicon of adjectives built from four sources : 4 Calm o1 Erratic 38 Jaing | 55 Shaking
5 Calming 22 Exciting 39 Jerky 56 Shallow
. 6 Cheap 23 Expensive 40 Joyful 57 Smooth
v" Hyundai research 7 Classy 24 Stepwise 41 Light 58 Soft
) 8 Clinging 25 Fluctuating 42 Like new | 59 Sophisticated
v’ Literature 9 Comfortable | 26 Fluid 43 Loud 60 Stiff
10 Consistent 27 Forceful 44 Luxurious | 61 Stressing
v Domain expert 11 Constant 28 Free 45 Natural 62 Stuck
12 Cool 29 Frictional 46 Not fit 63 Tightly fit
v Experiment 13 Damped 30 Frictionless 47 Old 64 Uncomfortable
14 Discordant 31 Futuristic 48 Pleasant 65 Unpleasant
15 Disturbing 32 Gloomy 49 Quiet 66 Unstable
16 Easy 33 Hard 50 Recoiling | 67 Vibrating
17 Easy to open | 34 Hard to pull 51 Relaxing | 68 Vintage

Haptics and Virtual Reality Lab

5th June 2025

Constructed perceptual adjective/attributes list
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Car Door

Perceptual Space Perceptual Space T -1 1 -
. . . . Physical Physical Signal Bi-directional
l ' l * Sj IS Space Modeli Attribute Modeling & Force Profile Perception to
EX p e rl e ntz * AdJ e Ct Ive Se I e Ct I O n gnet pace P oeen Estimation Rendering to Perception Force Profile
: T T £ I g | EENE ] L % T L y 3 L | 57 i) % T % :
[ ! ]
1k 1 ® Heavy (36)
[ E @ Frictional (29) ®jerky (ég) ]
sk ! ¢ Bafended (%) J
i ® Easy to operate (18) g -
: | o ord EERLICSES #  Attribute Antonym
10f : o RRSRATEN 00 3 ] B T Tard m
L ! Hard 433
. | e eyl asy-to-pu ard-to-pu
[ ! ® Eas _Ym)
1sf | 3 Eihees o0 ] .
5 L s, s | 2 Damped Recoiling
s I ® Soft (57) - . .
20k 1 ® Easy to open (17) ]
s BR1 e P 3 Consistent Stepwise
C 2sf $ Shear ()13 ]
L st 5 | ] 4  Pleasant Unpleasant
I atur: p
- ® Shaling (5 Q i
Q =g _ CE Egég\f\(fi‘ge((gﬂ) 20 § ‘ 5 N cwW Old
C RV v ] .
g asf o Shbmea oL, 15 6 Comfort Discomfort
- ® Agitating (1) 1 ] .
D b JEEdh G, | 10} 7  Luxurious Cheap
- ) Relaxing (50) | ]
L sdnos |
g 45 _ Et{ri‘?n@i}’:m I 2 2
= o 1o fé . " . Created Antonymous Pairs
- ® Cheerful, rhythmical (51) .
50 - = C.ooslc; glstlcated (58) .
: o iz 68 :
F E%'\Pg/h(t%ﬂ (62) E
55 I : Shallow (5%) .
- ® Stressing (60& ]
® Unpleasant (64) 1
: o fhesaEEnt D :
60 8 High 37) ]
8 [oyful (40) ]
- @® Luxurious (43) ]
65F e Gﬁoixn%f'("s"z}n' ]
; ) Fg{;ﬁ;&a FEt i ]
Bl i L Pl Ll 1 3 i i 1 A i i 1 [
0 5 10 15 20 25 30 35 40

Relevance (% Score)

Relevance Percentage Score by Users

5th June 2025
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Phase 2: Force Profiles Augmentationss s

Perceptual Space
I

Perceptual Space

Texture

Car Door

H

0

I.I.I

.

Post Experiment 2 user interview
suggested:

v’ First Peak Amplitude
v’ Peak Positions

v Peak Slope

v' Number of Bumps

could be the salient features.

Haptics and Virtual Reality Lab

Amplitude (N) Amplitude (N)

Amplitude (N)

Physical Physical Signal Bi-directional
Space Modeling Attribute Modeling & Force Profile Perception to
Estimation Rendering to Perception Force Profile
Chevrolet BC3 Ford Fusion
401 e o
L) e S S [\ | A B . S
: O e A PN . % 0 L W . T -
i (0. 0. 0.2) H te ‘\
—20- (26, L , Y Y S S S . ¥ S . * S S— *
20 MaxAmp 35.4 MaxSlope: 7.0 i i (45 2, -16.6) (62.0, -19.1) 20 MaxAmp 36.3 MaxSIope 16.5 (32 a,-19.2) | (47.0, - 19‘ 2) 162,?0, 250
MmA.‘mp -20.8 MmSIope 4.1 i i i i MinAmp: -19.2 | MinSlope: 4.6 i i i i
0 10 20 30 40 50 60 0 10 20 30 40 50 60

Hyundai Genesis G90

3 ! G 24 433) |
404t g 41_3_9._1_) ________ AT . W —
20 | PO SO =, 2L, ., O - 1<) (TR . WO V.. | [~ 0, VOO, [
0 I RN | (N ¢ ; i o M. 3 S U L7 NN (NG, . N (S 0. |
(o.o,:-o 2) i 3 ! i |
=D fesemsbomsisaaiis P — L. (28.7,-10.5) _____ i | TR =20 esssckiiamasiizas s s s f —————-——(—3-]515———-—7——5—)————J:———(47-8*—‘19-5)————(62.‘:0,—-1-2.6)
MaxAmp 46.9 ;MaxSlope: 9.8 ! | (47.5, -22.5) ! MaxAmp 28.6 'MaxSIope 6.3 ' ! ! !
MinAmp: -26.4 ;MinSIope: 7.1 i ' e (52-30: -24.9) MinAmp: -13.1 MinSlope: -3.4 1 i i |
0 10 20 30 40 50 60 0 10 20 30 40 50 60
Kia K8 Hyundai MQ4
;’ | | | (35.4,44.7) (51.2, 43.6) | | i i ; | (47.0, 43.0) i
40 i N | T .5 _________________________ [ . . S ? _________ 40 il e— :r ! ._IB),_______!?]' 3_’__3_9__9_),, [ . S .i. _________
20 e T et = —:;ff ffffffff f RO (k| [EREARE, . Sty (RRER. SSSER ERTSRERES 20 F=====}== R R I NS 224 M, W ST e
R Pl s oN e [ s N P St N o I o S
(0 0,1-0.0) : : 3 (0.0,‘0 3) : '

. b | I (3]-_!-;_-_9__4_1____J_446 9,41;5) _____ (62.0,-10.7) | _ S I T J: _____________ 126.51 -thQl _____ BV DaB TP REN—— | S
20 MaxAmp 44.7 MaxSlope: 12.8 ' ! ! 20 MaxAmp 43.0 MaxSlope: 10.4 ! “1':' =) ! (51-3 -17.0)
MmATnp -11.6 MmSIope -.5 0 i i i i MinAmp: -17.0 iMinSlope: -5.3 i i i i

0 10 20 30 40 50 60 0 10 20 30 40 50 60

Angle (Degrees)

Angle (Degrees)

Feature Engineering on Real Force Profiles

5th June 2025
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Phase 2: Force Profiles Augmentationses s saite | [ edeims & ] | focemote

Estimation Rendering to Perception

Perception to
Force Profile

A total of 14 new Profiles were created from
each real force profile with a custom developed
Profile Editor:

v' Amplitude Adjustment (g1—g3): First peak

amplitude set to 20N, 30N, and 40 N

Peak Position Shift (g4—g6): First three cycles
compressed to complete before 15°, 30°, and
45°, respectively.

Random Alterations (g7-g9): Introduced
localized changes such as early peaks,
flattened segments, and added minor cycles.

Plateau Modifications (g10—g12): Adjusted
the post 2" peak plateau; unaltered (g10),

stretched (g11), or stretched and raised (g12).

Pre-Peak Bumps (g13—-g14): Small oscillations
added before the first peak using g2 and g3
as bases.

Haptics and Virtual Reality Lab

Interactive Wave Plotter
File Edit

Data Load

Load Profile (Excel) | | Load Profile ( €5V ) | |C:/Users Mudassir/Documents/Research Programs/Car Profile/Data/Hyundai Checker Data/_Haptics_Lab_excel_v3/MQ4FRT New - Copy/Actual Profile.xisx

Unload Profile and Reset| | Reset Editing

T R R S T
40 +
30 +
%
3 204
=
£
Sy
g 104
@
3
g 0
g V
—10 4
—20 1
B T T R
T T
o 10 20 30 40 50 60
Angle
-— .
#EI Q=X
Control Panel
Instructions: onirerFane
= This interactive tool lets you create, edit, and export signal profiles such as force, vibration, or acceleration waveforms. —
+ Load an existing profile from Excel/CSV, or create one from scratch. For dense signals, use dawnsampling first. 3 = SRaoting o mostian
* Axis limits and tick intervals can be adjusted via the Control Panel or Edit menu. Axis labels can be renamed by double-clicking near them.
Editing: 10 = Interpolate Mo Interpolate
« Add Points: Ctrl + Left Click | Move: Drag | Delete: Select + Delete key | Undo: Ctrl + Z
Signal Processing: 2 = Downsamy ple
* Apply spline smoothing for cleaner shapes, interpolate to increase resolution (e.g., 10 points/unit), or downsample for simpler editing.
vibration Generation: Set fus Limits
« Use 'Generate Vibration' to define a base envelope curve and synthesize high-frequency signals using multiple sine components.
+ Adjust sampling rate, amplitude scaling, and preview both the waveform and its DFT. Envelope-only mode is also available. Vibration Design Mode
Saving:
= Save edited or interpolated profiles to Excel or CSV. Ensure interpolation is applied and profile length is sufficient before saving. Save to Excel Save to CSV

Developed Profile Editor Software
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2 . F P f I A m t t Signal Space Space Modeling Attribute Modeling & Force Profile Perception to
P h a S e : O rce ro I e S u g e n a I O n Estimation Rendering to Perception Force Profile

Ford Fusion

Amplitude Adjustment (g1-g3): ey T ARARS 1 AR AR RS
Chevrolet BC3 Ford Fusion E Vi 1 i i t
z g0 — gl g2 g3 ++ g0 —gl 92 g3 -
5 4 e Y o AOF ed ~ \ 1 g
20F ‘.-""% .':. ""-.‘.. ..": .."~ o 20p ."~."’%- i ': ..-". “: ."‘- E .g
b i s s wwia et S e R s re e e peew by = 2
0 10 20 30 20 50 60 0 10 20 30 50 60 £
Hyundai G'enesls ?90 : . Klla K3 . <
s Jlome o ]
20F-; s ,«': \\--\ -;j N 200+ T PR
S ; ; ; | ’\'f nie Lo i i | ; EFR
0 10 20 30 20 50 60 0 10 20 3 2 50 60
Kia K8 Hyundai MQ4
2 -+g0—gl g2 g3 . -+ g0—gl g2 g3
34T A A B I 7S ] 2
E. of A - Y1 of - ‘ / Ty 0
Rl i i i i 1 o i o i i i = s 3
0 10 20 30 20 50 60 0 10 20 30 20 50 60 3
Angle (Degrees) Angle (Degrees) ]
Q
&
Peak Position Shift (g4—g6):
Chevrolet BC3 Ford Fusion
g  flo 5 w 11 .
N\ X AN TN .
20 . N 5 4 20p- i\ % R S A e Hyundal MQ4
° \//'/ S B v J,\ = ok \\M/ \-,\ / ] T T T T T T T — g4 T T T T T T |
-20f ; j j ; ; B -200 i i e j st -~ :
0 10 20 30 40 50 60 0 10 20 30 40 50 60 z
Hyundai ‘?enesls (‘590 Kl'a K3 -~
1 20} /,.-\d//‘x.,«,\ /’\,.\ 1 2
= of A s i £ :
§ -aoppnts D T g | |
0 10 20 30 20 50 60 £ : :
Hyum:'lai MQ4 . < 1 i

. \ é é ‘

P I e B 1 4of ocFree P z | | | | 1 | | 1 | 1 1 1 1 |
20p-LnE \ / \\\ / o 4 20 /\ //‘\ ’\“ o 0 10 20 30 40 50 60 0 10 20 30 40 50 60
o / V7 7 1 opt VAV TR\ D AW N Angle (Degrees) Angle (Degrees)

-20f ; i 4 -20f R
Q 16 26 36 26 50 50 0 16 36 36 6 50 50

Angle (Degrees) Angle (Degrees)

All Augmented Profiles
(Physical Signal Space)
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Perceptual Space Perceptual Space
I Y N —

Texture Car Door
Il: IIZII II3II =4|
Attribute Modeling & Force Profile Perception to
Estimation Rendering to Perception Force Profile

. . . . Physical Physical Signal Bi-directional
Experiment 3: Adjective Rating
S
v' A total of 90 Force profiles D:,;Nm
were used (14 augmented + 1 e

original x 6cars )

Latin Sequence 15

A total of 40 Participants took
part in the experiment.

Adjectives

Easptopal

Users rated 7 antonymous
adjective pairs from scale -10
to +10

Consitent a0 4

-0 9

Nerwt -0 -9

0 9

Luzurious a9

Navigation

Previous Car

Bank Name 45
Bank Account 1123

Group Selection |Group 1

4 7 6 5 o -

P

4 7T 6 -5 4

al|

B T B 5

[=| Loaded Profa [tone

Car 25

How would you rate the amaount of physical effort required to open the car door?

How much bumpy/stepwise you find this car door while opening?

How much unpleasent did you feel when opening the car door?

U

4 T 6 5 4 3 2 -1 0 1 2 3
How woukd you rate the impression of the car deor's operation (New or Old)?
302 1 0 1 2 3
How would you rate the discomfort of use of the car door ?

G 02 1 0 1 2 3

How would you rate the perceived quality of the car door opening experience

il

4 T 6 5 4

I S I R

Driving Expenence Yes
Driving Years 5

Pause Experiment

How much did you feel the resistance and after-movement of the car door as you apen?

(==

Hard-to-pull

Unpleasent

Cheap

=2

Experiment Setup

Adjective Rating Experiment GUI

Haptics and Virtual Reality Lab 5th June 2025
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Texture
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Car Door

H

1 4
R R . R Physical Physical Signal Bi-directional
Adjective Rating Experiment Results so s Atrbute | | Modeling & | | Force poflle || Perceptin to
Estimation Rendering to Perception Force Profile
Hard-to-pull Recoiling Stepwise Unpleasent old Discomfort Cheap Hard-to-pull Recoiling Stepwise Unpleasent oid Discomfort Cheap
10.0 BC3 10.0 FORD
- - g0 - - g0
R - g g 7.5 et
g 5 - g2 o 5o - g2
~ . " - g3 & . - g3
w - g4 - g4
g. g5 g 2,54 g5
- - g6 £ 0.0 . g6
& - g7 ® - g7
o = ‘g8 & 51 g8
o - g9 o : - g9
s = gl0 % 0 = gl0
g - gll ‘.-, = gll
g - gl12 B g - gl2
- gl13 < - gl3
-10.0 = gl4 -10.0 - - gl4
Easy-to-pull Damped C i Pl New Comfort Luxurious Easy-to-pull Damped C i Pl New Comfort Luxurious
Hard-to-pull Recoiling Stepwise Unpleasent old Discomfort Cheap Hard-to-pull Recoiling Stepwise Unpleasent old Discomfort Cheap
10.0 = + - G90 10.0 - * o K3
. - g0 - g0
S 7.5 [—— . T8 r——
a - g2 Q - g2
g - g3 e - g3
» —— 3 ——
g‘ - g5 £ - g5
] = g6 s = g6
©
o - g7 o« - g7
o - g8 ] = g8
o - g9 g - g9
s - g10 < - g10
g - gll > - gll
3 - g12 < - g2
- 13 - 13
-10.0 . gl4 -10.0 o - - gl4
Easy-to-pull Damped C i Pl New Comfort Luxurious Easy-to-pull Damped C if Pl New Comfort Luxurious
Hard-to-pull Recoiling Stepwise Unpleasent old Discomfort Cheap Hard-to-pull Recoiling Stepwise Unpleasent old Discomfort Cheap
10.0 T - - T K8 10.0 - MQ4
- g0 = - g0
2 7.5 - gl < == gl
¥ - g2 (=4 - g2
st 510 - g3 E - g3
3 25 - g4 [} - ga
£ : - g5 g’ - g5
‘6 0.04 = g6 = == g6
(-4 : - g7 I - g7
9 55 == g8 « )
g ) - g9 g - g9
@ 50 == g10 c = gl10
> - gl ) - g1l
< s - g2 I -751 - g2
- gl13 - gl3
-10.0 - gl4 -10.0 - gl4
Easy-to-pull Damped C i Pl New Comfort Luxurious Easy-to-pull Damped C i Pl New Comfort Luxurious
. . .
Adjective Ratings
(Perceptual Space)
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___ FordFusion 6 T T T T T T T T T ! | —e— Hard-to-Pull
= Hop H H H —e— Recoiling
4
2 [ ] . Physical Adjectives s v
3
£ )
-3
5—20 1 -20f g 2 .\‘k
) - ]
— g / ] ] J
— 2 o - —_— . = e
_za g, 8 / c
[ o
g 40 =1 = 40 E ] / .\ ]
o 20f — 4 > e
g —gl < L
£ of —a| % 1
g,m 11— b ‘ ] A 4 —e— Easy-to-pull
4 — a0 > —e— Damped
e e w e o S TR R R - | ] | | | —e— Consitent
g12 -
) = . S & & D SN LN DS S
—— Tt IS S S P AP SV RO AR R A
z A\ ) ‘ L T R P U G G P
g A ‘ 1 20F / Q\'b Q\o Q\'b Q> Q>
2 A/ \
3 VTV WA VAN
£ F
R TR TR R R R P 6 T T T T T T T ! J T I T —e— Oid
Angle (Degrees) Angle (Degrees) - - Unpleasent
Perceptual Adjectives —e— discomfort
ar 1 —=— Cheap
2} 3
v' The trends are visible across all the £ 2. | ——1 4
. L. - >
©
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1 1 i i Attribut Modeling & F Profil Perception to
Force Profile to Perception Model s e | |

v" Model takes force profile as input while

0
predicts haptic perceptual attributes S -~ = ) =
< N (a\] o0 -
m © < =, o~ f: = i Damped 10
. = o e ~ & =~ 2| New 50
v" The model is based on encoder-decoder Bk T nd O g S S o 4 R ST
. . . = (2]
architecture with residual blocks. 3 § 2 § S 5] poweweme e
©

]

v" Model is trained in a way so its encoder

and decoder could be used separately for S Perceptual
repurpose. L . Adjective Ratings

| »

i - , Residual Block - - - -

I f [ 5 I I
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Encoder - Decoder Based Network with Residual Block
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. Physical Physical Signal Bi-directional
Eva I u at I O n Signal Space Space Modeling Attribute Modeling & Force Profile Perception to
Estimation Rendering to Perception Force Profile
Hard-to-pull Recoiling Stepwise Unpleasant old Discomfort Cheap
1) S S e ——— S R e S S T— ] Easy-to-pull - — — {Hard-to-pull
- [ Em BC3
[a] = FORD
5 10F . S DO SRS RRS EE G90 |- . Damped |— _I 4 1Recoiling
H o K3
= T E= ks Consistent| B — {stepwise
o =]
-
=
Ll
o Pleasant} o — HUnpleasant
Bl
=
o New}| — | Joid
K]
<
g Comfort| ° [[ ° - Discomfort
Q
=
Luxurious| — —] 4Cheap
Easy-to-pull Damped Consistent Pleasant New Comfort Luxurious 1 2 3 2 5 6

Mean Absolute Error

Mean Absolute Error (MAE) by Cars and
Attributes

Overall Mean for Attributes
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Eva I u at I O n Signal Space Space Modeling
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Texture Car Door

Perceptual Space Perceptual Space $ |T| |T| $
- Physical Physical Signal Bi-directional
Pe rce t I o n to Fo rce M Od e I Signal Space Space Modeling Attribute Modeling & Force Profile Perception to
p Estimation Rendering to Perception Force Profile

* The model uses an encoder—decoder design, where a 7-dimensional perceptual rating vector is reshaped and passed through 1D
convolutional layers to form a latent representation.

* The encoder includes 4 Conv1D layers (64->128->256->512 filters), max pooling, and a dense projection reshaped to match the
decoder’s latent shape of (155, 128).

* The decoder, pretrained from the signal-to-rating model, is repurposed to reconstruct a 621-point force profile using residual blocks and
up-sampling layers.

* Decoder weights remain frozen to preserve the learned signal structure, while the encoder and final dense output layer are retrained for
perceptual-to-force mapping.

* This architecture enables accurate force waveform generation from perceptual inputs with reduced trainable complexity.
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Layer X

Pre-trained Decoder
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Instructions:

« Adjust the sliders to modify haptic attributes.

« The force profile wil be updated accordingly.

« Use the smoothing slider to control the smoothness of the profile.

« Click 'Save Profile to Excel to save only the waveform as an Excel file.

» Click 'Save Profile + Attrbutes to Excel to save both the waveform and attributes in an Excel file.

« Click 'Save Profile to CSV' to save only the waveform as a CSV file.

Haptics and Virtual Reality Lab

Save Profie Save Profie + Attributes

Save for Simulator

Reset Sliders

5th June 2025

Texture Car Door

G0

Attribute Modeling & Force Profile Perception to
Estimation Rendering to Perception Force Profile

The User Interface (Ul) is designed to
facilitate users/designers to create force
profile.

It includes slider to adjust adjective
values.

User can reset all slider values at any time
using reset button.

The generated profiles can be saved

directly in the format required by Car Door
Simulator Program.
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User Experience
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Instructions:
 Adjust the sliders to modify haptic attribvutes. Save Profile Save Profile + Attributes
« The force profile will be updated accordingly.
» Use the smoothing slider to control the smoothness of the profile.
« Click 'Save Profile to Excel to save only the waveform as an Excel file. ] i
« Click 'Save Profile + Attributes to Excel' to save both the waveform and attributes in an Excel file. Save for Simulator Reset Sliders
« Click 'Save Profile to CSV' to save only the waveform as a CSV file.
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Conclusions

Tactile (Texture)

=  Rough - Smooth =70

Haptic Texture
Attribute Estimation

: = | =  Sticky - Slippery = 30

] Hard - Soft = 80

=  Flat—Bumpy= 10

Attribute Prediction

| !

Interface

I-!aptlc User.
Signals Perception

1 |

Signal Generation

Modeling

Haptic Texture Modeling
And Rendering

Haptics and Virtual Reality Lab 5th June 2025

Kinesthetic (Car Door)

Car Door Attribute

Estimation —=
o] [ o
Attribute Prediction
Modeling Haptic Interface User
Signals Perception

Signal Generation

Car Door Profile
Generation

OECEEEEEE

Page No. 67

Kyung Hee University



Future Directions

%+ Establish a teleoperation setup that integrates attribute estimation, model selection, and texture rendering.

%+ Enhance the car door GUI to dynamically adjust the influence of one attribute on others based on their correlation.

< Develop a text-to-haptics system that can generate haptic signals for multiple properties using only text descriptions

*» Extend the deep learning-based haptic feedback generation system from the car door application to other real-world
product design scenarios, such as:

= Baseball simulators
= Vintage vehicle vibration emulation

= Other physically interactive systems
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Thank you for your attention.
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