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Input Shaping-Based Vibration Suppression of a Tractor-Trailer
Mobile Robot

BWITFE%R Gizem Cavus

1 Introduction

Tractor Trailer Mobile Robots (TTMRs) have the
potential to significantly improve transportation effi-
ciency in agriculture and logistics by enabling larger
load capacities and promoting automation. However,
in narrow and constrained environments, precise mo-
tion control is essential to ensure stable and safe trans-
portation of goods. While motion planning has been
widely studied for TTMRs, the impact of vibrations
during transportation remains an important but less
explored factor.

2 Objectives

This study investigates the application of input
shaping to suppress trailer vibrations in a TTMR.
Two types of trailer joints are analyzed: a rigid bolt
coupling and a spring joint. The spring joint pro-
vides passive damping against external disturbances,
such as uneven ground. Additionally, it concentrates
the vibration into specific frequency ranges, enabling
more accurate identification of natural frequencies
compared to the bolt coupling. The input shaping al-
gorithms Zero Vibration (ZV), Zero Vibration Deriva-
tive (ZVD), Extra Insensitive (EI) and Modified Input
Shaping (MIS) are implemented and tested across dif-
ferent trajectories. Furthermore, algorithms address-
ing input shaping drawbacks such as time delay and
trajectory distortion are considered. The overall goal
is to improve feedforward vibration suppression for
safer and more accurate transport in mobile robotics.

3 Methodology

The investigation includes input shaping design, ex-
perimental system parameter identification and vali-
dation on the laboratory’s TTMR.

3.1 Input Shaping Principles

Input shaping is a feedforward method in which the
reference command is convolved with a sequence of
impulses [1]:

Fl) =" At —t;) (1)
i=1

Here, ¢ is the Dirac impulse function and the ampli-
tudes A; and time delays t; are computed based on the
system’ s natural frequency wg and damping ratio C.
The four investigated input shapers (ZV, ZVD, EI,
MIS) differ in robustness and complexity. It should
be noted that input shaping works for systems with
multiple natural frequencies and arbitrary trajectories
but introduces time delays and slight trajectory devi-

ations. It also cannot suppress existing or external

AL S

vibrations, where feedback control is more suitable.
3.2 Experimental System ldentification

System parameters are identified using two meth-
ods: Frequency Response Function (FRF) analysis
and the Logarithmic Decrement Method (LDM) [2].
The laboratory’s robot uses linear velocity v, and an-
In the FRF
analysis, a varying-frequency sine-sweep is applied as

gular velocity w; as input commands.

input. This allows the extraction of natural frequen-
cies and damping ratios from the trailer’s response.
In the LDM, free vibration behavior is analyzed by
manually exciting the trailer through controlled kicks
at different locations and intensities.
3.3 Vibration Suppression via Input Shaping

Once wy and ( are identified, input shapers are de-
signed and applied to different trajectories containing
straight and curved segments. Vibration amplitudes
of the trailer are then compared before and after in-
put shaping. In the frequency domain, the amplitude
ratio

R="" 2)

is used, where A, and A are the amplitudes before
and after shaping. A value of R < 1 indicates a suc-
cessful reduction. Additionally, a mean ratio over a
frequency band of £0.1Hz around the natural frequen-
cies is computed to evaluate robustness.

4 Results and Discussion

Since most amplitude ratios are below 1, the exper-
imental results show that input shaping significantly
reduces trailer vibrations in both joint types. This is
visible in both time and frequency domains: Figure 1
shows the time-domain response for the spring joint
with and without input shaping, illustrating the sup-
pression of oscillations. Figure 2 illustrates the vibra-
tion amplitudes in the frequency domain before and
after input shaping. The pink regions mark the +0.1
Hz band and the black circles label the amplitudes at
the exact natural frequency. As the figure depicts, the
amplitude decreases in all relevant regions if an input
shaped command is used.

It should be noted that nevertheless some outliers
with R > 1 occur, likely due to actuator limits for
higher frequencies in case of the bolt coupling or in-
accurate parameter estimation at the second natural
frequency in case of the spring joint. More robust
shapers (ZVD, EI, MIS) generally perform better than
the basic ZV algorithm. Future improvements could
include a more precise experimental system parameter
identification for example by conducting tests in more
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idealized conditions with even ground surfaces. The
stability of the spring joint could also be improved,
since the current one showed deformations after a cer-
tain amount of experiments. Overall, the results con-
firm that input shaping is a viable approach to reduce
vibrations in TTMRs and supports more stable trans-

" [——with MIS-shaper
—original

port of delicate cargo.
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5 Summary and Outlook

This study investigated the application of input
shaping techniques to a TTMR with the aim to re-
duce trailer vibrations and ensure the safe transport
of delicate loads. Initially, the natural frequencies
and damping ratios of the trailer were identified for
two joint types: a simple bolt coupling and a custom
spring-based joint incorporating a vertical spring and
rubber sheets for additional damping.

Various input shapers were implemented and exper-
imentally evaluated, showing effective vibration sup-
pression in both joint configurations. Additional al-
gorithms addressing the drawbacks of input shaping,
such as time delay and trajectory deviation, were
also developed and evaluated. The results indicated
that trajectory deviations could be reduced, although
achieving this requires careful tuning of design param-
eters to maintain effective vibration attenuation.

In addition, a grey-box model was developed for the
spring-joint configuration to describe the trailer’s vi-
bration behavior in response to input commands. The
model is based on a Lagrangian formulation using a
soft constraint approach and assumes that the joint
can be approximated as a torsional spring-damper
system. Parameter identification was conducted by
solving an optimization problem that minimizes the

deviation between simulated and measured frequency
responses for a specific trajectory. The model captures
the overall system behavior but shows limitations in
accurately estimating vibration amplitudes.

To further improve the results, the following as-
pects should be considered for future developments:
In this study, the system’s spring and damping pa-
rameters were unknown, making experimental inves-
tigation the most crucial step for understanding its
vibrational behavior. However, in systems where the
joint stiffness and damping are known beforehand,
dominant vibration modes can be derived analytically.
This would allow for more accurate and effective input
shaping, potentially improving vibration suppression
performance.

During experimentation, it was observed that the
vertical spring in the joint configuration gradually de-
formed with repeated use. This change in stiffness
over time made it difficult to ensure fully comparable
conditions across different experiments. For future in-
vestigations, it is therefore recommended to use stiffer
or more durable spring elements to improve repeata-
bility and robustness of results.

As the grey-box model struggled to fully reproduce
the amplitude behavior of the measured frequency
responses, further improvement may be achieved by
testing different solvers, increasing the number of op-
timization iterations, or improving the optimization
problem itself. For heavier trailers, a full simulation
of the constrained Lagrangian system including the
Lagrange multipliers may offer deeper insight into the
coupling between tractor motion and trailer vibration.
Moreover, expanding the physical model by incorpo-
rating effects neglected in this study, such as slipping,
could lead to more precise estimations. Improving the
experimental identification of natural frequencies and
damping ratios, for example by conducting tests in
more idealized environments with flat and even sur-
faces, would also increase the accuracy and reliability
of both input shaping and parameter estimation.

In conclusion, the results of this study are particu-
larly relevant for systems where rotational vibrations
are dominant and their suppression is critical. The
presented approaches represent a meaningful step to-
ward more stable and precise transport of delicate
goods using tractor—trailer systems.

BEX
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lators,” Journal of Vibroengineering, vol. 18, no. 5,
pp. 2947-2958, 2016.

[2] M. J. Casiano, “Extracting damping ratio from dy-
namic data and numerical solutions,” Tech. Rep.
NASA/TM-2016-218227, NASA Glenn Research
Center, 2016.
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HE ORD FEBLL TR, #ER RIS CEuR v b
eSS CEMAEFEIEL TV B[6].

Al AWTHEEIZIE, #ET —2 BB THY, TORSIC
VXIRERIE S 0303000, BRI BRIk IE A L7 SRR T, 5k
FHOHRBRARRY AT NRKENEVIEN D -T2, £2
T, INETITEOLNCEMERM OT —F %041, IEH 7o
ITERE 7T O, HAAMERO T MO R AREIZ I E 727
HNHDHZ RS L. ZORBEFIHTDIET, 1774
SVME L, IEERBITOT —ZDIH%EFE U CRE T
%*ﬁ%ﬂf%b, ;'ﬁ;ﬁﬁwﬂ

M3 #Ei - ST - BEXELORY (6]

32 HLLEHmEXEDRY DR

ESTEEILRTEIC LA EOORTFREIL, EoMEIcLk
OFH BT D, 2B BEDEMENDRERR S LD, LvL, BN
ELUI=ml S DSEMELED &35, MIEE DA S BiE L E A A
BIELZRW =8, BB A5 E720, bR 5.
T, BRI P DB RS A L 2O TN E -
LR HIIT A DUA Y& O S A E AL, A
B A REEL TWBL10].

BATHEBIOTE R YN, Misk7eE RN THEHR 121
+53/NITHH— T, —IRERETOMM U2l ORRFTFI AR
HONEDTNENEZETDHE, SHRL/NULREEND.
TIT, ERBATHBED SIS N TE T mR v b —
AT, BRSO MFEEELE N2 CEIRICZ B2 T4 5k
ST A5 D TR AT R Bt R o RO BRFS IZED A TV, A
ARy MO ST AR EMEOTEIZIE, T3 0RISE#R ST
FAWS N REACFiEERIH Uz, SRR e N i R
YNEEROZEMELE BT A2, Hom&E s FITNbs /)
D&% — B S HHIF AN =B R EEE R EL, &
a2l — i a IV AR R L TV D[]

4 EEIAVLAIAVATFYVFaI—4

TEE T TN E B ET DT DT /7 F 22 —F LT,
ERTAVVL AT IF 2 —ZOWF D TWA. R3ITFD
JEARK L BRENF L2 R L CWND. DTV F o —H D a g+

TSI LGS BN D72 Bl B2k C, BURRAME R F1]
L, L—VRBEICED FEH EE2BhEEIDZENAHETHD. T
FiESS ML, 1H HEBREIRO AR EARA12)T 512,
PR T 7 F 2 —ZERE R LI A OB RO IE S 2o
WCHAALLL3], fili 5 S EEE o LTz [14].

5 F&oH

Fex ORI N—TTIE, 2R YR AB B =T A ZTF A
%, iRt BUER T2 CRKEMER, FIRE Rk 2 7 il
DONZESTHEMED B W AT L& FEBL, LS ICEHRT
LZEHHBEL VDS, SEIMELTERVMHAZELICHED S
LB, HiT- e KB THREZED TS T ETHS.
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[1] Gan X, Takeda M, Sato K. Effect of Additional
Compensator Based on Internal Model Principle for Motion
Control. Int J Autom Technol 2025;19:4: 458-469.

[2] Chong S-H, Sato K. Practical controller design for precision
positioning, independent of friction characteristic. Precis Eng.
2010;34, 2:286-300.

[3] Sato K, Takeda M. Robustness Evaluation and Performance
Improvement of the Nominal Characteristic Trajectory Following
Control of a Rotary Mechanism with a Gear Reducer Using
Additional Compensators. Int J Autom Technol 2025;19:4: 480—
487.

(4] Ve —, sCHEVEE, PRI E AW e miE L o
—Z DG A RE, JSPE2025F 7 R TR 352025, ;:711-
712.

[5] Sato K, Takeda M. Practical simulator generation using a
simple feedforward element design method for precision motion
systems. Precis Eng. 2026;98:13-26.

[6] Takeda M, Sato K, Hirata Y, Katayama T, Mizuta Y,
Koujina A. Standing, Walking, and Sitting Support Robot Based
on User State Estimation Using a Small Number of Sensors.
IEEE Access 2021;9:152677-152687.

(7] 75mE N, S Dedh, Rk i . BN SR rAR Y Mt
O BN B A A VTR IEHEE . 25410R] H ARmR Y MEay:
firafETE Sy 2023;:1A4-05.

[8] Takeda M, Saito Y, Sato K. Development and Evaluation of
a Simple Human Body Link Model Considering the Degrees—of-
Freedom of Shoulders. Progress in Scale Modeling, an
International Journal (PSMIJ) 2025;6:1:1-16.

[9] Takeda M, Sato K. Abnormal walking detection using center
of gravity candidate. 11th International Conference on Control,
Automation and Robotics ICCAR) 2025;:R3313-A.

[10] =T Yk, BH Bedh, ek i . Bl 72 =
DI DR RFORMEAE S 9 A Y RIS OB RS, B A
WA TRT 7 A AR =s ZGEH 22025 2025;:1A1-F12.
[11] Takesue N, Takeda M, Sato K. Optimization of Standing—
Up Support Motion for Developing a Cane—Type Robot for
Elderly Assistance. 11th International Conference on Control,
Automation and Robotics ICCAR) 2025;:R4203-A.

[12] Sato K. Wireless Microactuator Using Temperature—
Sensitive Magnetic Material for Remote Operation. Int J Autom
Technol 2025;19:4:441-447.

[13] Guo Wuguang, )\ EA5, B H Hedh, ik v, BURM
MR % =~ A 70T 7F am—F O 1375 [ O BREh R,
JSPE2025F 7 K& i i L 4£2025;:708-709.

[14] £ FiE, B s, ik i, 25 208, BURREMEA
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HEEMEORT 4 0 AHER 2025FFE AELHE

HRIYR

[ZL®IZ
Fx OFFEETIE, MEEMEE (RA~— FEEE, smart
materials) % H\WT, FikZpnARy MO EHIEL

TR ZHED TWET. RIFFEE T, MEEME s LT

a5 B MR 43 - (electroactive polymer, electromechanically-
active polymer, EAP)<°, #USEVES o7 FikiE, FEEME
(piezoelectric materials)’2 K& & LT F7 7 Fa=x
—Z L@y FEOVICET D EMEISHICOWTIFRL
TWET. BT 7 Faxz—H LAz o0 TlLfF
PLRL 1,20 3CHR[3,41 % < 2 &V

20234F 7> 20244220 1 TR [ BR3 [RIF SR ok 2
BOZIRIZEY, RFREPIOGAN TS H « TV T 4
vy aan 7 K% (UBC) MJohn D. W. Madden##%
DIFFRBICHAELE Lz, S8R NI & A A EEME
SyFais, ERFEEZTT > TVET.

L LT, MEEMEIORIE T L OME, HES
T A—=FHEE, HENEEFE L ChET. R L LT

BART 47 AIEHR, PEREEEA~DOISHZ B IR LI A D

b= 2 EIT>TWET.
DT —<IZDONTHFFE L TWET.
1. @AF77Faxz—F -2 IORRT 47X+
AH bv=7 RGBT 058

2. BTV Faxz—4 - wrVogEeT) T
L HIENC BT 2R

3. JEEME c BT 7 Faz—X R HVWIRE)
AN RS 3 2 5L
FRELPDOT—<L LT, Y7 bRy hOETFT I
Sl A B LEIC S EEEICET 2RO
DA, BESHREZER LZrR Y N7 U v
BT 208 2O TN ET.

UKETIE, ThEhoT—<IZB LT, KEFEOIEFE
WEZRLET.

BRI, BHITR

L. BRF7IF1x—% o900 RT 17 REH
L1EEE

T, @177 Fax—2ERWEEZBRRr Ry b
~OMERFEES>TETCVET. Rx DI L—TTiX
7K H TR #) C & A IPMC(lonic Polymer-Metal Composite) 7
JFaxz—ronuRy MNoH, S#ETEETHHFETT
AR =T 7 Faxz—2OIEMH, RMTHSRERAL
flouRy NERZIT>THET. ZNETIZ, IPMCT
JFax—2EHWEICHEZIT>TEE L (M)
BEFZENICMAT, $FRALHEFECT A h~v—0D
JERNZ )2 AV THR Y #A TV ET.

(c) Ray-like robot (ver.2)

(d) Walking robot

X1:IPMCT 7 Faxz—FDuRy MNoHZHET
FRATH &1L, RU->TaqRkicLizr Ak

BAEAL %18, LB BK

WCEE N 2 2 & Al K & < ULHE(10%-20%) 3 2 Bl G
[Haines et al., Science, 2014]|2F|H L7277/ F 2 =—X% TT.
F58 7 E OB FAEHEIIBO T TR ICATTE, 4
BOT7 7 Faz—ZCHPPIHFEINET. ARy FOX
BEE~OIEHEZBEL, TxO 7 V—7TIEZEOE M
Hbﬂ:k%?ﬂ VT, HIBENER CIZOWTHIZE L CUWET.
BELIA =T 7 Faxz—HFLiE, HEOITAED
W KHREBRE BT SN BT 7 Fa—FDO—Ff
'CK?; V, XM CREREWELELDEN TT 7 Fax—
& & L CEHERAITEM TN TWET.

12.XEEONE (F9RALH)

FIR N LR O TI, FEHPEO RN & BT V72
LKA T VAR E R N LA (Twisted Polymer Fiber
Actuator, TPF) DOFAES « BE MV I OETAIHONT,
WoraEDE L.

B DT AL T, SR ERICE Y, RN
TG A—REWETEDHZ L ERLE LEEIRARIEN]. F
7=, TPEDOET METIX, BEIZL > TRPENE(LT %)
REFHIZIZEETHILET, TNETHEAPEEETH -
T EBRAE R AZTHACTE 2= FTR00 25 F L& L
EN]. ZTOTPFOET M L - T, #1556 A LA OBEMER
BAERALGHZL TS ZERTEDLEEZTCVET. &
DFF1L, SICE SIESfTEHSIC CTESREEEZ2ZEH LE
L7

FRHER
HINED, F26lE FH AR ER AT AL T T
— g VEMEES mw%(ﬁﬁ%iﬁ)

MAIZD, F2ell FHHEEGIHEE AT AL T 7L
— 3 PR 2 S12025

13. X EEORE (FETSX +T—)

2025 VL, FETTIA Y —7 7 Faz—X &k
TNRARXELTHWDEE, BEREDEE AV TRIEIC
BT E AL TE B HEEEE L E L [Hiruta et
al,, 2026]. fllZH, TOLDPWEWT 7/ F 2z — X ICET 5
WFFRIZ B HD A4 F LI [KIEEA2025]. B2 iE, F
Wi L ORBREWMICHET T A h~—T 7 Fax—F &0k
DATTIREI AN Z 2 &, FHA S Ao IREV R ED B RV O
PIENTE D20, BESOICHPEIRFTE ET.

T ERSC
T. Hiruta, J. Ohno, N. Hosoya, S. Maeda, 1. Kajiwara, K. Takagi,
Electroadhesive dielectric elastomer actuator for vibration

excitation of mechanical structure, Sensors and Actuators A:
Physical, 397, 117274, 2026.

BERR
R HIED>,  H AR 2 D&DAH 222025
IR, FHAE Bl SERM RS 2025

HiEDy, H 2&%‘2%? B SCHRE B AR TR R

EA-DEA [
Measurement
. point

X2 : $ERAEIC L ADEADEY T &
130 OREEINES A
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2. BAFTIFAI—F O OHBETILLEIE
2.1 E

ESFT I Faxz—20t oS HIZBNT, 3
2 b— g URRE, EFANR—ZBERO-DIC, W
ETFNANEELRDET. FroOs—TTlE, HER
B OFEIIZ AT T REERE S B E T UM L & BT,
TS AT ST T DT L RE DR R TFETH D v
AT LI T 2 Bl U 72 452 T L O o8
A—H OHER EITONTHREZT>TWVET. PHEE
FTNDELNIEBBRB S FRRCTEREIN DD, T8
FIZHR DT VB ERI SR E R e E~ Dl
PR — Z OHIFFRIET L & LTHIE L TV

Ionic Polymer-Metal Composite (IPMC)<°Bucky gel7¢ & @D
A A EEESTFT VT o — X OYR & ELICER
TEHEH>RETVEFEEMEERLETHY, BERILZE,
WA, WY, Eo B EEHVWieET L
NDVHETHDLEEZONET. BrxrDOIV—7TlX, 3
FRFEE & b W7 L RSN & 3T T L O A2 1T
H e b, HEEmET A ~OERE Y I 2L —T g
NZOWTHISEZE LTV ET.

2. AFEORE (M4 VREMRSF)

AF L HEM.E ST - @RS (lonic polymer-metal
composite) DV DET L& Z D EFE IOV THFZE
EHEDTEE LR, Ro & FmXEHRTHZ &N
T& F L7-[Ishikawa et al., Sensos, 2026]. ZhuDET /L% 1
Lz, BryEE, b LIde Y EREEIEEEK
ERRNTHICE T 5 Z LICkE L E Lz, B O%
BT X THEREHVTREINET. &b, B
Y BILINE OREFIREED, 72720 SO BERTERIC &
STHMHALIBZEEHALE LKL (X3) [Ishikawa et
al., 2026]. Z DOEEIISR025EFHREE EZEH LE LT

ftiZ b, NafionMHIZEGEEZ - TEY, 77 F =
T— X REEICBERIF LSS L 2R LE L.

SR X
K. Ishikawa, K. Asaka, Z. Zhu, T. Hiruta, K. Takagi, The
Analytical Solutions to a Cation—Water Coupled Multiphysics
Model of IPMC Sensors, Sensors, 26(2), 695, 2026

ERIRK
K. Ishikawa, et al., SPIE Smart Structures + NDE 2026 (to be
presented)

T. Yoshimatsu, et al., SPIE Smart Structures + NDE 2026 (to be
presented)

HRR A, FHHE B2 ST R PR 2 S12025
AINEA>, FHI A BYHE 2 S SR8 2 S12025 (B %
RRE)

@y<0 ) ® )y

o2 .
e :{\‘ (1)
& -+
e 3 o
) X% ‘e P I
oo e R
c@ @o<y<i (1) am & 3 [=s]
LY e ;-"\ 5 g
. 3 M
.
+ % - 3
N . 3 o
°.° (s % L)
° .. o £
g © s e 5

Oyt () e N e e
' S
LR + oo — 0
:

@ Hydrated cations < ¢ . am

© Water molecules co
Normalized time

X3 : IPMCE oV EEDOEMBG O AR TX 5
MR TE/NT A —H vy

3. fREhHIE
3LBE

IR ERIE B 2 e LT EER T RERE— 2 2 AV
T, BV UV RAORBFIEEZIT O FiE (Vv v MR,
shunt damping) 23% 0 £9. ZHiE, BT —XITLD,
RO RNV F—Z2 BRI RLFXF—IZEHR L CTHED
LLIFEBETA ZLICLY, BBMN/NEILS D ENI
DT . WA EYC AN, %, AT
a Y, REBBESEER E~DOIEARHfFS N ThET.
Frorn—71x, LI, vy MlIEE AR IO
BY FResk7e iz & LTz, MEFEEICE S
HETND/NRT A —=ZHES, HIEROMT &G, 72
5 NZE A B SR 72 BIZ OV THIE L T E T,

Y L ZAOBEBHEOIEMNCH, HLOFECES
SIRBFFNIZ SO T HIFREEZIToTWVET. L<mbhn
TWDHET 4 — Ny 7l TIE, BN %
KB UHEEZE D FETTD, B2 HWLEHE
WITHIESE DB REE b O REEE TN T e D
72ObFEVLEE LB EHA. ITHFERE X 17 Integral
Resonant Control (IRC) & FEIEIL 287 L WREhHIE FIEIT,
WEROEET 4 — RNy ZHf &1 T2 By, s
ROT AT 74— Ny 7 EZHNTEY, HEBRENTE
TY. IRCITEEDOIEE— FITxt L TR E 2R IRENHIER)
R "X MEEZFFS—FT, WIEE— K2t
GUTEHANTEERT A, AFRETIE, BIEE— %
H O L CTIRCEFEH TS MFEEIT> TWVETS.

32 ARGEEONE (HRENHIE)

BOW 72 G v v MR & AT O 72 50 D FRATHY 72 Bl R
ZF 3 3C[Shiono et al. 2025]25ASMEIZ#8#; & 41, Editor’s
picklZIEIXNFE L7z, ERICAIT CTHIEEZED TV ET
ENIE/RR

IRCOMFZE T, HRROMGEEIZ T T, EFXEME—F L
PEEMI Yy MU — 7l E VT ERIEBEEZMELE L
ek ZNEFRR

FHTERC
T. Shiono, K. Takagi, T. Ikegame, T. Hiruta, A. Heya, S. Doki,
T. Inoue, Analytical Optimization of a Rotary Electromagnetic
Shunt Damper for Freely Rotating Two-DoF Torsional Vibration
System, ASME Journal of Vibration and Acoustics, 147(6),
060501.

FERER
IED, A AR 2 D&DRETH 22025
TEAUED>,  H BhENE & 3 222025

4. FEDH

HEEM Bl RT ¢ 7 AMREOMEMRE L, RKEED
MBSO NWTELEOHE LT, HREOKR— L=
[B1bEHIFTEL .

BEH
1 mA, vRy MESFE 37(1), 2019
] @ARIE D, FHEHIAE, 59(11), 2020
[3] Asaka and Okuzaki eds., Soft Actuators, Springer, 2017
] SREIRE, VY7 brARy MEAM, 4— A%,
2023
[5] MEMBrRT ¢ 7 APRER — L=
https://smr.me.tut.ac.jp/
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EBRRIREDOFNORE CREMIESRICEY 53

A

1 FC®IC

HAERNOD LV X > 7 F 2 DOHSHRBIIAERR 4 Jk
HTHb, 205586 HInERESZ LD TWS [1].
PRASE MRS 0 R FHERE 22 ¥ Tl HE 7 BRIB MR P E T
Fi O SIEIRIEEDE L M RD 5T WS,
ANFHEDKREL, AMESLHER EXHETH 3.

INETIE, aRy MAFREOEADEA TV 25
RED I I 0fECKOTFENEG ZHRITE T [2], &
R 2 FEINCHHES 2 Z e AREECTH 2. BEERIET
X, X FHEGR WSS R AW TREOREL BT
3 Fik 3] BB TWE Y, Hhot v i#ilicE
RZEVTWS72OENEEVFHE S AL 2 &S5
NODFEPRENTH 2R EHEN D 5. £z, HEY
HRFICERETREOHA T — X DMERIEETH 5
A3, BRD XS BB T 27T — Xty MR
B9, EDNETH 5.

AMETIEY I 2L —Y a VRETRKBOHET T — &
ZERL, ZOHAET —%T YOLO (You Only Look
Once)[4] ET V¥ EXE 2 Z e TRIGAMHERZ
RENCHERT Z. 51T, 2R FEHIFIILVELR
VFFURGHIIBONTERI R VMiBHERNTH 3
Panorama-VGM[5] £ #i& L, EEEICTHEEE
Ay b (AMR) 2B L7 KiBILE 3D < v 7 1A #i{b
FTRAENETNS A7 LARIRET 3.

2 BhEFHME AT L
21 DRTLIEBR

X 12 RT LM ERT. AMR IZ#E# L7 VGM
M X o Ot Canny ETROUE L, 1[Hz] T
VGM H = [5] IR I N, =D 5 DIRIGETHE
PERE R BT 5. IRIGOURIH A X 5 OE{§IEEE %
AOBMEIC AT N, RiEOBH 3 LRI
AR TEBERTOMBIHEIN S, KRIENLOHEHA
R AMR ofiE#EMEEZHWT, KELO 78—
POVEEREZFE L, Dirt DB B85 5. BEIEHIZ
dirt-viewer (Web #—2X) 2N LT, 774 7~ MfiK
DT IV TE=RY VI $HIEDAEETH 5,

22 EREROER

RGN ORHIZR D MEREE. B IR T 2 N7 — &
DHEYBICKELKFETS. LrL, ERBETKENLD
HigE REICIEL, EEECT AU FITT2Z 2R
HETHB., 22T, ¥Ial—va VEERZHOVTER
EREER T2 7 In—F ke 5. BRI, BRaR
FEHOREN 0R, WiKkos I, 23IkY) OBEYZHR
Ee2AXxy Y LT —255 3D 7T VEERL., &FF
MCG 2 TE20Ry FRAFEHAY I 21— & Isaac
Sim (NVIDIA) AT %, 2L T, WET—&k%EdL
BT L RO R ERSE Bic, MRS 7 A7 ML EE
ATHEL, REIX I THRE TS T CG 2155,
DY ERKHC, 7/ 7T—Ya YEBSHAOIR, Zh
DY T NV D, ZOFET, BRABREAD» SR

(=

NI K=

TS AREE

Localization

odometry

75— R

[dirt Camera] [ VGM Camera ]
Canny
| | s 4
YOLO%:E :
i ;50008 | L {4

1 Hh - (BRI 2 7 2RI

(a) dust

A=A
VGM Server
|

(%:1';: Ei-E L= A |

1’

(b) paper (c) stain (d) tape (e) crack

2 FERXFy IO ELFRETL

K3 EXFyrLE7a7XALZ2ARTERL
REEET L

L7BNT — 2 e REIERT 2 Z e ARETH 5, K
FAOEBTIX, B 48 (dust), #< 37 25 (paper), &
$AH 40 M (stain), 7— 7 6 ## (tape), XA L&l 13
f# (crack)) (X2) ZEFLE LT, ZNHEK 3 IR
TREET TV EICT Y X LCEE L. 5000 B OHH 7 —
ZEREAK L. YOLO E7LO¥E (FE: 4000 #4.
MREE: 1000 B0 WA L7,
2.3 FRBEN®D 3D vy FADER

IRTENEIRD oI ZFE L, 3D ~ v FICHiH
T2 TAHUEZRITS. ANRDOZWEREEIZET % dust
X paper FOWRERIBENIX, SITRPEHOLEICLD
MEPEHT 2R H 5. 22T, HIUIHE—D

/)N

Q
B hags //"

17°U v F o%EE

77Uy Exy7
4 BREHEROEE
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Jetson
AGX Orin

TRAELKIVAGHE LTRHETZ 235, B
DRESZRMT 270, BREIZERTS7Y v FOH
B (50mm x 50mm) (2R 5 H#HEd S N7 TE A ER Ot
REBHNEER: Ry CEFRT S (K3). HHhER2
7 Sgint EH T RGMICHEIERX (1) TERTS. 22
T, (21,ym) E7V v FERE [m], o I3EHERZE (0.3),
(2, ;) WERIENEEAE [m], N IXBENOWEE, (zar, ymr)
W,y AADTZY vy FETH 5.

3 EBRNETEER
3.1 REREH

FEBCHEH L2 AMR 2K 51273, EBIT BB/
BIFAR¥ D B4 B5i2 T AMR 2 FERECETX BT
% U7z rosbag 77— & Z v, HhER a7 o %z
iR AR D IE RS S & R LFHEi 3 5.

3.2 RERGER

6 ICRIBHR DRI DORET & dirt-viewer O fii i #
REIRT. dirt-viewer OHEIN R IE, dust & paper,
tape, RBUCED S crack & L7z, ZL T, HIURHZR
OHEMEREHRIL, BFhER e — by TTRETS Z
ETRENGAZESINCHBETE2 2 2R L. 15
NEHEBROFEEIEIETH 2 F {HIZ, tape 30.90, paper
H0.67T LWHKERTH o 7.

TIZ20264E1 H 14 H225 2026 £ 1 A 30 HIZB
% pl-p2 MOBENER a7 OB L EREERT.
HROBERTFMEZ L2 DH4ABOETIX, #
HEBHEHOFRNCERIMTbITWwS. pl » p2 EfTE
pl < p2 EITOmAHICBWT, HAFOHENEZR a7 D
REZIDEMIBELLA—HLTED, T, tape ®
stain DIENE X a 7B RKREWEABR SN, LarL,
ERHBOBBIESTBENER a7 O LFIIHERETER
Moie. ZAUZ, B 1 EOEERIC X D IERIER X
NBENCREEN, BRENDOBERDOEII/NE W=d7E
EEZOND. Fi, p2 IR ETAL 2 KEDEDRMR
Hick > T, BENER a7 OGRS

-] o
O 0% o

!
o] o B

pl (x,y) = (2.6,54.3)

floor 0.90 tope 085 A |
0;
r" L"pl 087
Ei 0,96 |‘
' e
] g o2 3 [ Poake™

’ dirt tSt‘al‘E‘

BENEZAT
T
>
’
/)
/
\5
\
%\

0 = ==== e~ ]
18148 18158 18168 18198 18208 18218 18228 18238 18268 18278 18288 18298 18308

B¢

7 dirt-score OFFEZAL

4 BbbOIZ

ARFETIX, Isaac Sim THEIER LZRENLT — &
ty PEHOCTHRESRZMEEL, ERETRY LA X
ZHEG» Bt R EHWTRGhZREL, 3D vy 7
LwiEnE R LT 2 FERIRE L. SHBROFEL
LT, SHHEIGTWKRE BT 2 KDL TARNE
DIAATBEOEBR I ZHIH S 2 Z e Foh 5.
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1] ZEE A X7 F v 2GR, % 50 HEEREHRSESE, 2020.
https://cdn.j-bma.or.jp/wp-content /uploads/2020/03/ &
LA V5 F v RIEBRER 2020.pdf, (2025-05-22 7 7 + X)

[2] iRobot  Corporation. Roomba Combo 10 Max.
https://www.irobot-jp.com/roombacombo/10max.
(2025-03-25 7 7t R).

[3] I. S. Singh et al. Vision-based dirt distribution mapping
using deep learning. Scientific Reports, vol. 13, Art. no.
12741, pp. 1-11, 2023. doi: 10.1038/s41598-023-39224-0.

[4] J. Redmon, S. Divvala, R. Girshick, and A. Farhadi. You
only look once: Unified, real-time object detection. In Pro-
ceedings of the IEEE Conference on Computer Vision and
Pattern Recognition (CVPR), pp. 779-788, 2016.

[5] T. Nakao and J. Takahashi. Accurate and Cost-Scalable
Panorama Visual-Geometric-Matching based Localization
System for Robot Navigation. In Proceedings of the 2025
IEEE/SICE International Symposium on System Integra-
tion (SII), Munich, Germany, pp. 1286-1291, 2025. doi:
10.1109/S1159315.2025.10871069.
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