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F9 @7l 529 FE AWl FAL 4 gon], 1A gl o9 Aol Utk B APE
SRAS] 715 W97 M8 Aol M AL AFS R4S AL TR ATh 53089 ANAE U4 HFEA B
ol A At 75 1919 SRA (SRA with Upper Range of Motion, SRA-URM) ¢} 3t 715 © 91 2] SRA (SRA with Lower Range
of Motion, SRA-LRM) of] o] 3} A1 A =& 7+ (proprioception) 7} ¥ 7+l ©] 3+ 2141 (perception of peripersonal space; PPS), A1 4|
3} 7+ 7+ (sense of embodiment; SoE)-& =3 319t} 4 ¥ 23}, SRA-URM A8 A] SRA-LRM X T} proprioception©] & 74| &4
o} =3 B Q32 55 proprioception® PPS7}F -9 m) 514 Z71eHS Elstgith B A9 A= SRA 24 F 7t
wret ARG AL HZFo] Aol §g Al Al ek, A oF B A of mh2} SRAE A A8l oF §= Al AFEHTE

Abstract

Supernumerary robotic arms (SRA) are a type of wearable robot that provides users with additional limbs and enhances the degrees
of freedom of their body. Previous studies on SRAs have primarily focused on the relationship between the user and the SRA for the
design and development of SRA. However, there has been a lack of consideration regarding how the workspace of SRA affects the
user’s experiences. The SRA users need to perceive the expanded range of motion and integrate it as part of their body’s operational
space. Otherwise, the risk of collisions with the surrounding environment or colleagues may increase, making safe use more difficult.
This study aims to analyze the impact of SRA’s range of motion on user’s experience. A total of 30 participants were tested in a virtual
reality environment to assess proprioception, perception of peripersonal space (PPS), and sense of embodiment (SoE) when using an
SRA with an upper range of motion (SRA-URM) and an SRA with a lower range of motion (SRA-LRM). The results showed that
proprioception was higher when using SRA-URM compared to SRA-LRM. Additionally, after the formation of SoE, both
proprioception and PPS increased. These findings suggest that user sensory perception may vary depending on the workspace of the
SRA, indicating the necessity of designing SRAs with consideration of their intended purpose and environment.
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B Z AlA 2 8 (supernumerary robotic arm; SRA)2 2H-&-3
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F714 0 FE AT gz XA 52 Af=E T -+
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Al o8 Ade FASAY, o ddo] B3 Ade
gxog £ 4 v} 3] o]2]F SRA= FPAY] &Y
Aot Fhe FAske ol 71oishe, ol® s FAout

A& Aol met ohFe Fej = Nd= of St Jingetal. [4]3%
Zhao et al. [5], Shreyanka et al. [6]& -3 37, A4 & of A 9
485 FHor F T oo RAH ARGAL Foluvt

AYdEes IBY & A=EF AHAAE SRAE Altsisich
Gourmelen et al. [7]3} Ciullo et al. [8]= AMS-AFY] &2l
FRE o] 7} | stk Fo| A AREAY AYES HXoh=

RAE 7] ¥+3) t}. Véronneau et al. [9]- & 2] of] - 2t5] o] 3} 7] 2]
Lol oz Mol e = YJE) 2] SRAE Al <3 ot Yamamura
etal. [10] o] 7 &sH[ZAlarms= o 7] 9, 2 &9, T st F 1S
ol Mol e+ FEI 7hesith wEkA SRA= =2A
A& 1] ko] AFR F 7oAl B 23} SRAS} [4, 5, 6, 1012}
o] B F kel A RZ3=SRA[7,8,9, 102 7 E & = Qlth

SRAS| £ 542 M2 T W 2] 371 Ao, A
T2 A S9 ez vhdnt (11, 12]. 2788 295 ZHextensive
workspace)-2 AH&-2HS] A 7F g2 4 fLA BE SRAE &8-S5}
2+ 7hs5k A 2] F7bo|th d 9 22 7 (collaborative
workspace)-> AH&AHS] A7 & 4 Sl7] wEel SRAE
Zgsto] deol 7kl Fxtolth AW FYe3Hinvasive
workspace)2 SRAZ} AR§ARS] AAA#E A 2R LS
Wel e Aol g Btk I FAE B A
I 2 F2 wrY] g olgke FellAl Alok 7 wtoll
&5 AY FAE 71-0l7] o Folgke AEH
77t} (11, 13]. SRA AH& A 7} W 8Ha1A] 12| 8HA] 23
T Aol AR FE f1del Eobxlth [13]. _EJ
Wolxl &% W99 SRAY 94|, 53] Zo] AHE 5}oetA]
235lo] 8 2 H BA| 7L Al E 2= 9} [14].

SRA AF&AFe] 3A A AL Hrlels Q8 84087
A8 A 2K
peripersonal space; PPS), 21438} Z+Z}H(sense of embodiment;
SoE)o] ¢lt}. Proprioceptione 7| A;RAZRE Y zHzt
NS E FFote] FelAe AA A Z
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(sense of agency), Z+Z+e] FA 71 2 <l o] 2= =7 (sense of
ownership), Z+41 8] A] oF7} §lof oF & 9] X]of] Qlth+= =7 (sense
of self-location)2 234 o 2 3 7}38kt} [17]. SRAY) tial SoE7}
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FETE A7 AL ol SRAZH AHgA Ealo)
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AA A Hist 918 A E £ 23t} Proprioception®} PPS-2
B35 227t wet Debd slsAdo] 9lomE SRAS
A2 Aol #AFH7E 2 4ot} Proprioceptiony}t PPSE
AREAFe] Alofet FaEte] Aglol wel Aeldte]l 71E
ATLES 53 w3 A} (18, 19]. Renzi et al. [18]9]] w2
proprioception¥} PPSE H33t= > < 9 (bilateral superior
parietal lobule, right dorsal premotor cortex, anterior right inferior
parietal lobule) o] =& 7o) Azl whe} th=A &3 o]
ZFol=it}. Zanin et al. [19]+= PPS7} A1 A1 9] otdA T #HEH o=
AQstn, w7 Azt 22 2] PPSe
s v zlckar A ek

SRAS| th 3t e = Q132 F%
WE ALgAe] FBH 7o) Abole S AE BTe
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2112 @72 =9 AA®lE &8sto] SRAO| st

proprioception EA AFE AP Th Arai et al. [22]2
71443 A (virtual reality, VR) 27 o] A} SRA©]| uﬂs} SoE & A4 3}
PPS <1410 PAES vy 28y 7|& =2 AlAY
=4 RS e r IAFH N, 7HE @%4 °§°Z}% =
Ut & A= SRAY T A Fbo] AREAR] F=HA
Azte] mAe TS EAstLAt ok Adoldt 7o
SRAE VR &7 oA A A3} proprioception, PPS, SOE] & A
2ol & B 7Fsh= A o] B3 olth
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(A) SRA-URM

Figure 1. Experiment condition. The Supernumerary Robotic Arm with an Upper Range of Motion (SRA-URM) is attached to the user's

shoulder, extending the workspace from the user's shoulder to the it's fingertip (A). The Supernumerary Robotic Arm with a Lower Range of

Motion (SRA-LRM) is attached to the user's waist, extending the workspace from the user's waist to the it's fingertip (B).
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2.4.1 Joint Position Reproduction Task (JPRT)

JPRT+= proprioception2 =74 3}7] 93+ 2}HA] (Figure 2)©] ™,
Z U GAE 49k 194+ 7| DA ol th @A F
AME Azt AFe] vebd wizkA] 7| gk 29 =
WA oItk A7 Ao e IS &85t SRAE
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Figure 2. Joint Position Reproduction Task (JPRT). Waiting phase: Remain in the default position (A). Reaction phase: Move the SRA fingertip
to the ball and click the mouse (B). Waiting phase: Return to the default position. After a short delay, both the avatar and the SRA become
invisible (C). Re-reaction phase: Reposition the SRA fingertip at the target and click the mouse (D). The SRA’s fingertip, wrist, and elbow

positions from (B) and (D) are compared to compute the position loss value.
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2.4.2 Crossmodal Congruency Task (CCT)
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2.5 Embodiment 3 A 2 & 3}

2.5.1 Embodiment Formation Task (EFT)

Embodiment formation task (EFT)+ SRA¢ th3dF SoEE
3/ 317] 91 gk A o] o} (Figure 4). "7HA 5 o] SRAS] /3,
A5e, ST L Potuk] FAAE vehdth S@AE
SRAE Aot 3t HESE S A|A] Dk I} H5T
SRAS] F.9]0f me} whube it o Q%5 o] Foj itk FL
SRAS} &3 ZA] AgA W, @A 5 A= B 5
oldel MEe TA o] Fo] MAHTE FA £ A
5] @ AH= Fo) Lhebd 9] %) ol ute} 5 @ 8 SRAS AH-§-3) oF 5},
Az Yehd T2 9% SRAR, L EZ0 YEId 32 222
SRAZ Z1%3of Stk mal, Fo %] e 39 SRAY

=

(D) VA/LA

(C) VA/LS

Figure 3. Crossmodal congruency task. VS: vertical synchrony (A), LS: lateral synchrony (B), VA: vertical asynchrony (C), LA: lateral

asynchrony (D). The visual stimulus was a red ball that rapidly appeared and disappeared on either the back or palm of each SRA hand, while

the tactile stimulus was a short vibration delivered to the participant's instep or sole. Participants were instructed to ignore the ball and respond

as quickly as possible to identify the location of the vibration. The relationship between the two stimuli is categorized as VS/VA /LS/LA.
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(A)

Figure 4. Sense of embodiment task. It is a task designed to forming embodiment through visuotactile integration experiences. A ball appears
randomly above or below the left or right SRA (A), and participants are required to use the SRA to touch the ball. Then, an immediate vibration
is delivered to the participant’s foot area corresponding to the contacted SRA (B). The ball disappears instantly upon contact (C), and after the

SRA returns to its default position, a new ball appears in a random location, excluding the previous position (D).
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2.5.2 Habituation Task

4y 2Yste] Bol LA} AL ABFOZA
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2.6.1 Position Loss Value

Position loss value+= proprioception & /3o w2 z2}A| A&
= F7kshe A 3kolt} [33]. JPRTE| 27| &} 4THA o A
4 SRAS] Al RE(FE A, &5, £8) 33D 3 FRE
A 3 T FFo == A (Buclidean distance)E
AAFeEo 2 3 position loss valueE 4+&3Stc}. position loss
valuert 2255 A& AR glo] SRA AAE AAWLL
o] m) kv, proprioception©] 51 345 982 o ulatek,

2.6.2 Multisensory Gain

Multisensory gain-2 PPS &4 F=& 71317 913+ x| ol
[24]. Multisensory gain-> 4] (1)< 53l A4k W LS9} LA 2= 21
ol A 2] inverse effect-based crossmodal congruency effect(IE-
CCE) g+&] Ato]th. IE-CCE& 4] (2) 5 &3l A4 ™ VSLEVA
Z 70| A 9] inverse effect-based response time (IE-RT) k2] 2k
ok IE-RTE: 5432 B3l A5 o) &2 3o gk -3
N2 AS Aol e AT 0E Fokel FHTh

Multisensory gain= |IE-CCE(Lateral syn.) — IE-CCE (Lateral asyn.)| (1)

IE-CCE = |IE-RT(Vertical syn.) — IE-RT (Vertical asyn.)| 2)
IE-RT = RT X ! 3
- Accuracy ®

Multisensory gaingko] 242 9 2 AA o w21 ¢
AEsHA RES T oujoln A Z-F7F F3o] d&atHA

™
o] Fo] A PPS7} 7oA A H a2 vrebdth
2.6.3 Embodiment Questionnaire

SoE-+= Gonzalez-Franco & Peck(2018)2] A &8 &-2-3) T} [26].
AT T RY FFer FA4FH] Jdon, 7 2 73
Likert HZ(-3: W% Fo3tA] &3, +3: i¢ 593 =
A A Th AA A7 Z(sense of body ownership), 39] 7H(sense
of agency), 2} 7]9] X Z(sense of self-location), 2] & (appearance),
W& (response) & 671 T o2 /g th SoE Ao T2
F2 2 4 9l sense of body ownership, sense of agency, sense of
self-location @50l 7}54(x2)S A-&3to] FAbstal, A
2 4~ (appearance, response 5)+= 7FEAE WFISHA] 94l
A4 ok SoE A2 F 4 o] =21 SoE7F st Al B4H de=
o] 3},

. 7 He AdxA tiste vhEEglow,
S} (counterbalanced) = 1t & Z A Alo] of| =208 2]
| FodH ek AA AP S T sk F 1504 ]
.Figure 5= A& A AF A& vepdch

27 28 H
APe 27, W), A% A3 5ol Tk b A, ST,
EFT A JPRT ¥ CCT, EFT & JPRT ¥ CCT, SoE A& <=A|=2
=
Ein

[*]

32 N gt L
Lo

o

2.8 3AEA

Proprioception Z ¥} PPS A3}= 715 9] (SRA-URM vs.
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Counter-balanced

Upper range of motion condition

Lower range of motion condition

Assessment task Training task Assessment task

Questions
Habituation
task

CCT JPRT EFT CCT JPRT

Demographic
questionnaire

Embodiment

Rest

Assessment task Training task Assessment task

Habituation
task
Debrief

CCT || JPRT EFT CCT || JPRT

questionnaire

Embodiment

Figure 5. Procedure with crossmodal congruency task (CCT), joint position reproduction task (JPRT), and embodiment formation task (EFT)

SRA-LRM), &4 A1 A (E A A vs. T Z)of tfjal] 2 ¢ vlE
=7 B A (repeated measures ANOVA, RM ANOVA) ©. &

AESR U |

B3t} SoE A= 715 ¥9)(SRA-URM vs. SRA-LRM ) o]
s o-SEE @A (paired ttesoz B FAH

Fo) 422 p<05E AA e

3.1 Position Loss Value

SRA-URM7} SRA-LRMX .t} position loss value”} A ITHF
(1,29) = 6.782, p=.014). 57 Al Zoll webr = Aol 7+ g3l th (F
(1,29) =.372, p=.547). 7}& B} S B A H o A A2 HF
(1,29) =1.929, p=.175)+= ¢ th

5714 1 &A1& §13 SRA-URM} SRA-LRM €] && 7
T AFE vl ek, 574 Al of] w2 SRA-URM S} SRA-LRM €]
position loss valueE H]w 3t} SRA-URM2 F#HoZ <9l3)
position loss value 7} 2] &}A] 7§ A1 =] #] ¢k Th(¢(1,29) = 1.209,
p =.237). SRA-LRME u}z71 X2 8 o2 <3} position loss
valueo] 238k 7| AL L oHr (1,29) = -.366, p=717). &
2] SRA-URM} SRA-LRM®] position loss value =}ol:=
AATHE (1,29) = -1.183, p=.246). Z&} 7} 523 237,
3 SRA-URM®] position loss value:= SRA-LRMX T}

r

>
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(A) Position loss value

6.5

FEE
55
5
4.5
4

Afier SoE forming task

o

Paosition loss value [cm)]

Before SoE forming task

Ml Upper W Lower

Multtisensory gain [ms]

2] 84 Yol 22 Sl g TH(£(1,29) = -3.614, p<.001). Figure
6 (A)= Al Z}+3} 9 position loss value 2 7}o] t}.

3.2 Multisensory Gain

Multisensory gain> F# * 9 &4A A THF (1,29) =
10.233, p=.003). 7}5 o] w2 multisensory gain®] 2o <}
7hs M9 W F#o A ATHF (1, 29) =.329, p=.570;
F(1,29) =.211, p=.649).

F714 Q1 42§15 SRA-URM %} SRA-LRM 9] & & &
3 2FAE vlaLstar, 54 Al A of] mhE SRA-URM £} SRA-LRM €]
multisensory gain< H] 2 $) t}. SRA-URMS} SRA-LRM 25+ &3
S multisensory gain©] 2] 344 7| A= A Th(£(1,29) = -2.650, p
=013; £(1,29) = -2.402, p=.023). T2 A 2] SRA-URM 2 SRA-
LRMZFe] multisensory gain®] zlo]&= gllon, £3 Jo=
2}o) 74 QLA THE (1,29) = .086, p =.933; £(1,29) = .602, p =.552).
Figure 6 (B)-2 A] Z+3} © multisensory gain 2 o] t}.

o)

R4

2

AuS)

ot

3.3 Embodiment Questionnaire

A

SRA-URM®] tj 3} SoE 4
SRA-LRMoj] tj 3t SoE 4&

B E2AL 154 (FEFHAX}=2.34)0]H

=72 194 (SD = 2.54)0]t}. 7}=

=

o

9] of) w2 SoE 472 §-2] 8 Aol @ THA, 29) =-1.375,
p=.180). ARA AL 93] 6719 319 FEHS AT, o9

B8 25 71E 090l ok 99 3 2jo] 7 YT (all ps> 177).

(B) Multisensory gain Il Upper W Lower

300
*

250

200

. i'

Before SoE forming task After SoE forming task

Figure 6. Results of the proprioception results (position loss value, A) and perception of peripersonal space (multisensory gain, B)
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4. =2

2 AFolA= SRAY 7hE WS 7F AREAE Bl miAle
= &7l s SRA-URM3} SRA-LRM  ARg-2HE]
proprioception, PPS, SoEE &4 st3ith A3 235 &3l SRA-
URM< &&3t= 4% & 535 SRA-LRMe| ]3|
A2 o 2 =8 proprioceptiono] FAE 754 Ao
SRA®] ARA  proprioceptione] FLE FFolAslE
T35 &8 3o = SRA-URM®] proprioception©] SRA-LRM
Z AR 728 #8kth o]+ ¥ ™+ 53] SRA-URMe]| tf gt
proprioception @4 €] 7Fs/d= A|AFgTE PPSO] A9 = SRA
BF s S8l 1o e 7hade] bRk ERk ofyz), SoE
- - S At 7)€ A7 26] = H
A7t G d B SoE7F FAH vk Ad& 4 glok
T 718 AFE BE 6k e
SRA L5+ SoE7F FAH Akl &

1':__
FAe Bl Al AAg SHA

mr

7 A 91 SRA|| T &+ PPS9} SoE B 8 4 7H53t 2 &, AR 2}e]
Aol tist B fdoz &8 shedid, Hop JUst
2ol d23 A% SRA-URMe| ¥ &g & 7Heie

4.1 SRA 2] 715 H $] ¢} Proprioception 2] 37

2 A+ SRAS] EH A Fbe] AR A A ol WA=
AR A ol & LAPTHE HolX 523 71 E o) 53,
SRA7} &2 7 3 91 2 ARS AL = ] A ] 7L IR A Aol &
=8-S 7 o] Ath AlZHA B 2} proprioception-2 ™ 74 3t
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