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Accuracy vs. Sample Length for Different Gestures

100 -

80 -

60 -

—&— Tapping+Sliding
—- Tapping+Rotating
—— Sliding+Rotating
—4— Rotating
—¥— Sliding
—8— Tapping

40

Accuracy (%)

20 1

0 200 400 600 800 1000

Sample Length (ms)

Fig. 3. [ L 6 AR METHMMEIIER . X AFEHMEZ5 A SCNN 1y
PR BAREARRERESS 18, EROFEARNKEREHEIAES
MEE . BRI T 10 WHSLIBFTIFMERI A T TR

IV. ghig

A, MREHIR F MIE F)hY TS

XM RREMEIEE), IR T — > Bl SCNN,
N T VA AR RS B BERITERR I, FRATTRE R 23
A 50 ZFPE] 1000 ZE R Y 50 ZERPE]FE .

GEREW], RSN RER T SRR A R B3
T f g, AR R[] (P2 3) o TR H)
s WS A S+ e R SRS R AR &
B frem B 2y RVERE , FERRORFR e ) I 99.5%,
7 B S ERE Mz a1 R SR AR .
B R IR 2] T HIRT R R RORTEE , (HAER AR i
ZAEREKF BT, X R ARz 3l v] RETE
FRLIHRIL T 20 R, (B R AMEREA KM
AR AR SRR B (E B -

BTz sh 4 R T, 2R 400 2Z Rk
BT ANREEE, BB, BN DA X
TS, Bl wek -+ sh AR+ e 2 18]
WPEREAT 2 o RO+ e e K 2 900 ZZ btk 14l
T, X MR R fl e A PP SO R T PASRAS A
(LR EFSE

XL B T R E Y. B, BT
Mz TS AR R, X5 AT
58 [25] —8. HiK, BEEZMHERETFHTiESEL
TERERE 1) RAE IR 18] 2 P s 1) s S R 418 g JHE AL
K, RN ARZEH2ERAH B T RS EE .
BEAL, B A RAFRF LI ] 2 A R X PR AR
HE— PR BT A5 B IR AIE R M . X 2t LA i
PR TSRO T RA, A 2 Sl B
RGP o SR HER R AR E] 5701 P f5 A

TABLE 1

ARIF B B~ 3 Dl

gt
53.75 W
15.95 W
2.42mW

i
67.00 W
16.31 W
6.53 mW

CPU
GPU
Speck2f

I TE) B2 A AL Az S TERE A A S B R A

B. REEFHHHEFR

N T IEFRATR M 2B S HEZL A RE SR, FRA]
Ftese CPU M1 GPU _EIAT Il SE 7 AT 55 1) T35 )
FESEM AT AR AR FEE AT TR 3K
ITEen 7 isghh CPU. GPU M B85
#HIFIIRE (3 1), REER TARKAZIS
fhR (1 4).

Speck2f # &L F S ThFE N 6.53 Z L,
X—HE i BRSO CPU AR
(67 L) 1L 10,000 1%, HIET GPU R (16.31
EL) ARy 2,500 £ X FEAGIE TIEM 2B
B Izt ET SNN MBI RE AR Z . 18
WRWEF I, EaEiash B E R mRe, Kb
R AE 8.47 2 T0, B2+ 8h 8.13 Z 0, 13+
Jigkk 8.04 ZFL. MIHZTN, BASERERIRE D
— U 4.47 22T, Jiekeh 3.06 £ L, {8hh 7.01
0. BIRUNIE SN+ el 5 5 izl L B 950
FEEZ A, (HAEM AL S R G0 ERYHE RERE & A
ARG CPU 20 GPU HEBRMR/ MY . TIFEX AL
A B 225 SRR TR A R IR B R A A A i
JRHAHEZL A AT RETE .

Power Consumption for Different Gesture Modes

mm (dle
m Inference

Power Consumption (mW)
o = N w S w [=)] ~ o

Tap+Rotate Tap+Slide Slide+Rotate Slide

Tap Rotate

Fig. 4. AFHRETHWIFE. ANFRREIDEEHEBET R TS
FEVERHES, B AE B, BRI R PN S R S BT TR . e
FIEEIX 0 S R IFE S BOMERLDI#E .



C. TR R ZA

BT R 3FTRIIMEIRRG R, AT S FE s+
EFEVE R B4 24T 55 vh P AP RS B I 2R ) 2 3
(FTPRLE] 95%KEFE1Y) -

h TR E S R o, SRR i R A
YEREXT SRS [21] A E EEAE MO, FAHER
FEURPE W Sl A Al T PN I 2 R AR A
177555

TEPE R 12 B W B+ R TR R LAt 1 B5cdie
U sE] 87.33% M ERG I, T ERAENESNK 79.67%,
L) AR 10-50 mm/s RYLHEEEE . 10-50°/s #Y
£/ TR R DA B 0.5-2.5 ZE K 1) i IR % 8 5 Bl P A 7 0k
o XHE—25 SRR T i sl A A S il A
SR DASSSR SO AL S (AR, FE AL
BEBE O 1) ¥ B R I e Bl [26],
ST IR YA I A 2 A

FTATRICE TEANFREEH A (LrEAE: 10-50
AR/, AL 10-50°/8F) FIAERE (0.5-2.5 ZK)
R ERLERE (] 5).

T B0 80 E 1 728 AR AN 43 SR B P A T AR RS
HAEBASHEEE (10 22K /8) ST R HERE T
W, T X R RO AR R R IR FE I B I i . RGAE
AN HAWBE R (20-50 2K /F0) AR T Fafdn
T R, B2 R BB TAE 43 28 v fff B el 5 G
YER, BERMIEERIMEAE. R 5% B
S EE e A a liE SN I WA R L/ S0 3 R AN T
PSR BB . L, HORAEREE &7k
WA, ST 3w AR B AR = SR
BIRCR . HOaE SRS AT R, R R IEZ
AR YR T R A R 2k (8
1 80%) MITRBEEE, AL 2.5 KA KT 1-2.5 K.
X T RIS SR 3 S v ) SR DX R R 1) O
VER, JUH R TR EE A A A A T A R

LR BRI, XA R B T
R BB IR RIZEI K SEL, et BB m BT
WAL ME R G UERPE . WESCR BEFZ AL RE ] -

V. g

AR, RATR—MEIFER M SIS v
HBIRRGNHTHA 6 fiRFERZRZsh (i, 3.
ERE . midr e . RIS ) Rac
I FATSs o FRAVEATI A AL 53 A AR A s i) K 88 18 o g

sliding

@ Data Points

Sliding + Rotating

@ Data Points

o oy O g

@
o
L]
e
L]
-
1<}
S

s & 3
Accuracy (%)
N
®
: °
e
. °
L]
. L
L]

®
=]

o
g
Accuracy (%)

5
2‘{3 N
01‘5 \‘,.(\(‘\

1
0
Speey 20 40 L
eed(mm/s) 50 0'503?6‘

2.5
10 2.0
20 1.5 e
5, 30 4o 1070 (oo
Peeq ("hm/SJ 50 05 069"\\

Fig. 5. J7 SCHBIBIAEA [ Bl BEAN BRI RE T i 7 SRR 1. L R3R
AVBBAERE E W BRI A & L

AR A S HE R R PP X SR R AZ B R . &5
R, SRR ZEEIMELEEEA 1000 ZFP I RAERS [R] Y
HRAEIA B N R HERG 28, (HIE sl A 3h -+ e 7e
e ZYERA I AN T 75 28 B B 2R SR 2R 5% 1R 2570 T
T W e/ N RAE B A By T T H A S . FRATTaE—
W TSRS, IR TR IS N2 315 50
DA BN R B EE M . X — AR E SR n] g
ANEAR IR F M 2 [0 A4 % [27],
JUHE % EF| AT NeuroTac £ /a7 i B TEAU
FA1 SZ IR TIRE . FEAH 2 BIALER NSO 2500
faTEs: [19] FZettigshizsh [10] Sk B R SL ot
PR SCBE 38, X R AR B T AR bE 1R
FOMEREE R Ry, FERXRREOLT, M fsE &
12 B30 P SRR e B SORARAE (6] (28]

PP TSP FRE 28 T SNNs FIfh & 3508 F
FEATRETH T T B RE . RGIRARIIRE (KT 9 2 FL)
BERT FEMEIEARA, W0 Loihi (31 2ZF [29]).
PR [R] P A R R B R AR TR, R T
R AT E AR D R D, BB AR SR
SR, FERT B8, MR EIREM B AL T CPU
1 GPU S, X PRI A5 34 2t 55T AR 3 i
JEANHAB SRS . DIFESZ R A v B FH v [30],

Ueah, AR R TIRR I (a4
JE) TSR H 208 K4 il i S PR T AN EL,
WIAR . RMPEAT T ER (31] o FE A, M4
I IR S5 SR ) PR R & e 2R R ) A (3] .
N LAt 258 i S SRR T AT T 6E: B
w, Kirby 88 N5 75 53 Bl m H i =
T 38% IR BIHER [23] o ¥ Rongala 58 NAYET
Wk ok (32] , AT T HE Z0i s fER
FEMIRRDE B 11 o X S8 ISR 2 REAL IR R B 18



FrEHLAR N R G DAY 35 22 48 5 1 i SR

TEARKI TAES D, FATT PR FRA TR AR R 2
WA s B R 55t , Bl AT E Ml AR i
AL G —A e dl i [33], 1% W] #E AT PATE B
YA A T A R SR . X YR i A S AT
ML B A8 NSRRI 20 (5], I nT R Tk
Ed s RNy

FATER) B AR T A e ELIE L 5 1 i i
HUESE , BEOSHE B SC A0 T RISk BE 8O 432 .
FATTH R G VT A I $E th 1 7 A 2 R R s 1%
s PRI, fFE Gelsight [34] il Evetac [35], PA
HE— 2Py S HAE N T Ao R v el ) PR

VI. inlﬁ

FEXIE TAEA, FATR T — >3 2] i ) 1o 22
St RGEIAT B 3E, HUEN] TR T sh i 2
PER— PP AER A RN R R RS . Lok, AT
BB IR IER P AR R I (BN 7T9.7%48 T =
87.3%) FFHGIRA R EERIZALBE ST - ?ﬂl‘]ﬁ%T’Eéi@
BUNIE B+ R 2 S R G TFESE A,
RS IR IR R S A T BUE ) %ﬁ\@%ﬁ
L5541 TR T

REFERENCES

[1] R.S. Dahiya, G. Metta, M. Valle, and G. Sandini, “Tactile sensing
—from humans to humanoids,” IEEE transactions on robotics,
vol. 26, no. 1, pp. 1-20, 2009.

[2] S. J. Lederman and R. L. Klatzky, “Extracting object properties

through haptic exploration,” Acta psychologica, vol. 84, no. 1, pp.

29-40, 1993.
[3] ——, “Hand movements: A window into haptic object recogni-
tion,” Cognitive psychology, vol. 19, no. 3, pp. 342-368, 1987.

[4] L. Seminara, P. Gastaldo, S. J. Watt, K. F. Valyear, F. Zuher, and
F. Mastrogiovanni, “Active haptic perception in robots: a review,”
Frontiers in neurorobotics, vol. 13, p. 467142, 2019.

[5] T. Callier, H. P. Saal, E. C. Davis-Berg, and S. J. Bensmaia,
“Kinematics of unconstrained tactile texture exploration,”
of neurophysiology, vol. 113, no. 7, pp. 3013-3020, 2015.

[6] J. A. Fishel and G. E. Loeb,

identification of textures,”
2012.

[7] A. Basu, J. Acharya, T. Karnik, H. Liu, H. Li, J.-S. Seo, and

C. Song, “Low-power,

Journal

“Bayesian exploration for intelligent

Frontiers in neurorobotics, vol. 6, p. 4,

adaptive neuromorphic systems: Recent
progress and future directions,” IEEE Journal on Emerging and
Selected Topics in Circuits and Systems, vol. 8, no. 1, pp. 6-27,

2018.
[8] S. Huang and H. Wu, “Texture recognition based on perception

data from a bionic tactile sensor,” Sensors, vol. 21, no. 15, p. 5224,
2021.

9]

[10]

(1]

(12]

[13]

(14]

[15]

(16]

(17]

(18]

(19]

20]

[21]

G. Brayshaw, B. Ward-Cherrier, and M. Pearson,

and spatio-temporal domains for neuromorphic tactile texture

“Temporal

classification,” in Proceedings of the 2022 Annual Neuro-Inspired

Computational Elements Conference, 2022, pp. 50-57.
Y. Xie, C. Chen, D. Wu, W. Xi, and H. Liu,

inspired material recognition for robotic tactile sensing,” Applied
Sciences, vol. 9, no. 12, p. 2537, 2019.

“Human-touch-

C. Bartolozzi, G. Indiveri, and E. Donati, “Embodied neuromor-
phic intelligence,” Nature communications, vol. 13, no. 1, p. 1024,

2022.
L. Deng, Y. Wu, X. Hu, L. Liang, Y. Ding, G. Li, G. Zhao, P. Li,

and Y. Xie, “Rethinking the performance comparison between
snns and anns,” Neural networks, vol. 121, pp. 294-307, 2020.

K. Buettner and A. D. George, “Heartbeat classification with
spiking neural networks on the loihi neuromorphic processor,”
in 2021 IEEE Computer Society Annual Symposium on VLSI

(ISVLSI). IEEE, 2021, pp. 138-143.

J. P. Dominguez-Morales, A. Jimenez-Fernandez, A. Rios-Navarro,
E. Cerezuela-Escudero, D. Gutierrez-Galan, M. J. Dominguez-
Morales, and G. Jimenez-Moreno, “Multilayer spiking neural net-
work for audio samples classification using spinnaker,” in Artificial
Neural Networks and Machine Learning—ICANN 2016: 25th In-
ternational Conference on Artificial Neural Networks, Barcelona,
Spain, September 6-9, 2016, Proceedings, Part I 25.
2016, pp. 45-53.

Springer,

X. Xu, N. F. Lepora, and B. Ward-Cherrier, “A neuromorphic
tactile system for reliable braille reading in noisy environments,”
IEEFE Robotics and Automation Letters, 2025.

A. Patino-Saucedo, H. Rostro-Gonzalez, T. Serrano-Gotarredona,
and B. Linares-Barranco, “Event-driven implementation of deep
spiking convolutional neural networks for supervised classification
using the spinnaker neuromorphic platform,” Neural Networks,
vol. 121, pp. 319-328, 2020.

G. Brayshaw, B. Ward-Cherrier, and M. J. Pearson, “A neuromor-
phic system for the real-time classification of natural textures,” in
2024 IEEE International Conference on Robotics and Automation
(ICRA). IEEE, 2024, pp. 1070-1076.

T. Taunyazov, H. F. Koh, Y. Wu, C. Cai, and H. Soh, “Towards
effective tactile identification of textures using a hybrid touch
approach,” in 2019 International Conference on Robotics and
Automation (ICRA). IEEE, 2019, pp. 4269-4275.

B. M. R. Lima, V. P. da Fonseca, T. E. A. de Oliveira, Q. Zhu,
and E. M. Petriu, “Dynamic tactile exploration for texture classi-
fication using a miniaturized multi-modal tactile sensor and ma-
chine learning,” in 2020 IEEE International Systems Conference
(SysCon). IEEE, 2020, pp. 1-7.

A. K. Gupta, R. Ghosh, A. N. Swaminathan, B. Deverakonda,
G. Ponraj, A. B. Soares, and N. V. Thakor, “A neuromorphic ap-
proach to tactile texture recognition,” in 2018 IEEE International
Conference on Robotics and Biomimetics (ROBIO). 1EEE, 2018,
pp. 1322-1328.

G. Brayshaw, B. Ward-Cherrier, and M. J. Pearson, “Simultaneous
velocity and texture classification from a neuromorphic tactile
sensor using spiking neural networks,”
p. 2159, 2024.

Electronics, vol. 13, no. 11,



[22]

23]

(24]

[25]

[26]

27]

28]

(29]

(30]

(31]

32]

(33]

[34]

(35]

D. Xu, G. E. Loeb, and J. A. Fishel, “Tactile identification of ob-
jects using bayesian exploration,” in 2013 IEEE international con-
ference on robotics and automation. IEEE, 2013, pp. 3056-3061.

E. Kirby, R. Zenha, and L. Jamone, “Comparing single touch to
dynamic exploratory procedures for robotic tactile object recog-
nition,” IEEFE Robotics and Automation Letters, vol. 7, no. 2, pp.
4252-4258, 2022.

B. Ward-Cherrier, N. Pestell, and N. F. Lepora, “Neurotac: A neu-
romorphic optical tactile sensor applied to texture recognition,” in
2020 IEEE International Conference on Robotics and Automation
(ICRA). IEEE, 2020, pp. 2654-2660.

M. Hollins and S. R. Risner, “Evidence for the duplex theory of
tactile texture perception,” Perception & psychophysics, vol. 62,
no. 4, pp. 695-705, 2000.

A. Lezkan and K. Drewing, “Interdependences between finger
movement direction and haptic perception of oriented textures,”
PloS one, vol. 13, no. 12, p. e0208988, 2018.

B. Delhaye, P. Lefevre, and J.-L.. Thonnard, “Dynamics of fingertip
contact during the onset of tangential slip,” Journal of The Royal
Society Interface, vol. 11, no. 100, p. 20140698, 2014.

M. Fulkerson, The first sense: A philosophical study of human
touch. MIT press, 2013.

S. F. Miller-Cleve, V. Fra, L. Khacef, A. Pequeio-Zurro,
D. Klepatsch, E. Forno, D. G. Ivanovich, S. Rastogi, G. Urgese,
F. Zenke et al., “Braille letter reading: A benchmark for spatio-
temporal pattern recognition on neuromorphic hardware,” Fron-
tiers in Neuroscience, vol. 16, p. 951164, 2022.

J.-K. Han, S.-Y. Yun, S.-W. Lee, J.-M. Yu, and Y.-K. Choi, “A
review of artificial spiking neuron devices for neural processing
and sensing,” Advanced Functional Materials, vol. 32, no. 33, p.
2204102, 2022.

B.-G. Bok, J.-S. Jang, and M.-S. Kim, “Texture identification of
objects using a robot fingertip module with multimodal tactile

sensing capability,” Applied Sciences, vol. 11, no. 11, p. 5256, 2021.
U. B. Rongala, A. Mazzoni, and C. M. Oddo, “Neuromorphic

artificial touch for categorization of naturalistic textures,” IEFE
transactions on neural networks and learning systems, vol. 28,
no. 4, pp. 819-829, 2015.

U. Martinez-Hernandez, T. J. Dodd, M. H. Evans, T. J. Prescott,
and N. F. Lepora, “Active sensorimotor control for tactile explo-
ration,” Robotics and Autonomous Systems, vol. 87, pp. 15-27,
2017.

W. Yuan, S. Dong, and E. H. Adelson, “Gelsight: High-resolution
robot tactile sensors for estimating geometry and force,” Sensors,
vol. 17, no. 12, p. 2762, 2017.

N. Funk, E. Helmut, G. Chalvatzaki, R. Calandra, and J. Peters,
“Evetac: An event-based optical tactile sensor for robotic manip-
ulation,” IEEE Transactions on Robotics, 2024.



